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Abstract

Coral reefs throughout the world are subjected to a number of anthropogenic stressors.
Some of the most pervasive of these are a result of climate change. Increasing sea surface
temperature of the world’s oceans is resulting in unprecedented, mass coral bleaching events
wherein coral polyps expel their symbiotic zooxanthellae. Research also suggests these
disturbances make coral reefs more susceptible to disease. Occurrences of mass bleaching
and disease outbreaks prompted the U.S. National Oceanic and Atmospheric Administration
(NOAA) to create Coral Reef Watch, a program that monitors many of the indicators of
these events using satellites. Coral Reef Watch provides coral reef managers with near-real-
time alerts of bleaching conditions as they develop. For Coral Reef Watch to adequately
monitor the environmental conditions of coral reefs throughout the world, it is imperative
that collaborations exist between coral reef ecosystem biologists, managers and remote
sensing scientists. This technical report documents a workshop held in 2010 in which
experts from around the world convened to share information and brainstorm about threats
to coral reef ecosystems as a result of climate change. In addition, these experts discussed
additional risks to coral reefs and potential remote sensing tools that could be developed in
order to monitor the threats. This technical report provides substantive information on
experts’ current understandings of coral reef biology, best management practices for coral
reef ecosystem management, and technical considerations for using environmental remote
sensing to aid in these research and managerial pursuits.
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Executive Summary

Executive Summary

NOAA’s Coral Reef Watch and the University of Queensland conducted a workshop in
Queensland, Australia (February 2010) to investigate additional ways satellites can be used
for monitoring coral reef vulnerability in a changing climate. Over the course of a week
remote sensing scientists, coral reef researchers, and resource managers from around the
world discussed “state of the art” uses of remote sensing satellites for coral reef monitoring
as they relate to climate change impacts on coral reefs. This Technical Report documents the
presentations and discussions held during the workshop and mentions future directions that
will benefit this community.

The priorities of the workshop were to:
1) Explain how climate change is affecting coral reefs.
2) Discuss mitigation strategies for safeguarding coral reefs.
3) Investigate how current coral reef remote sensing products could be improved.
4) Explore new remote sensing products of use to coral reef managers and researchers.
5) Identify additional technologies of use to the coral reef remote sensing community.

Focal presentations and discussions of the workshop are listed below.

® Numerous strategies for protecting coral reefs from the effects of climate change were
discussed, one of which is the switching of zooxanthellae from thermally resistant coral
species to less thermally tolerant coral species. The prospect of this was raised in three of
the workshop presentations (Hoegh-Guldberg, Berkelmans, and Dove). The general
consensus from these presentations is that coral’s ability to switch among Symbiodininm
clades is unlikely to safeguard coral reefs against the multiple effects of climate change.
Presenters noted several caveats with this approach such as the limited duration wherein
many host coral can accept foreign zooxanthellae (Berkelmans), the lengthy amount of
time necessary for corals to evolve and become thermally tolerant (Hoegh-Guldberg)
and the potential health deficiencies associated with transferring unfamiliar zooxanthellae
to coral (Dove). These biological hurdles suggest that this technique of protecting coral
from climate change would largely be ineffective and a waste of resources.

Coral reef ecosystems are linked with other tropical marine ecosystems, which include
seagrass meadows and mangroves. Research indicates mangroves and seagrass meadows
provide vital ecosystem services for coral reefs that include shaded areas for small
colonies of corals, reef fish nurseries, filtration of coastal surface runoff, feeding areas
for sea turtles, and early warning areas for coastal environmental stressors. Therefore,
workshop participants voiced an interest in monitoring changes to tropical marine
ecosystems associated with coral reefs, especially seagrass beds (Enriquez), using remote
sensing tools. Much of the technology to derive this information is currently under
development and could be used to derive important information about how seagrasses
are affected by light (Skirving and Enriquez). There is also interest in seagrass cover but
higher resolution data are needed for accurate estimates of this parameter.

® Sedimentation and excessive algal growth on coral reefs, which is caused by high
amounts of terrigenous runoff and inputs of nutrients, can negatively impact coral
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Executive Summary

health. Recent studies have even suggested that some coral reefs can increase their
bleaching tolerance if nutrient runoff is decreased (Wooldridge). Ocean color remote
sensing data are helpful for determining these water quality parameters in optically deep
areas but require additional research and advancements for coral reef use in coastal areas.
In two presentations researchers outlined the efforts being taken to advance ocean color
technology in order to obtain accurate retrievals of water quality parameters in areas over
coral reefs. One project between NASA and researchers at the University of Queensland
is looking into developing algorithms to determine water quality parameters over coral
reefs and incorporate this into the NASA ocean color image analysis software, SeaDAS
(Weeks). Other ideas and initiatives for the advancement of ocean color technology
include efforts on the part of CSIRO to develop compliance products for water quality
total maximum daily loads (Dekker). While technological advancements are needed,
there are a number of products that ocean color data can provide.

An exciting development discussed during the workshop was the transition from 50
kilometer to 4-kilometer operational products and climatologies (Eakin). While the
spatial resolution of CRW products is improving, and there is excitement about the
improved spatial resolution, there is still a desire among researchers for higher spatial
and spectral resolution for coral reef monitoring applications (Fearns). Many of the
questions researchers and mangers have are at small scales and this finer resolution
would facilitate answers to these. Currently most of the data at these requested higher
resolutions are cost prohibitive and not compatible for operational, near-real-time
products.

Information Technology (IT) methods, such as machine learning (the branch of artificial
intelligence that uses computer algorithms to facilitate the learning/evolution of
computers based on data the computer analyzes) and data sharing networks, have the
potential to advance coral reef research and coral reef remote sensing products. The use
of machine learning to automate procedures associated with the processing and
manipulation of remote sensing data has great potential (Ciesielski). Machine learning
technology has the capability to discern between contrasting patterns and colors but
subtle differences are more difficult to differentiate. Advancements in data sharing
networks are also making data easier to collect and store for researchers. A couple
studies are enhancing the quality and collection of citizen science data and compiling
coral reef data from multiple research entities into singular data sharing networks to
advance the study of coral reefs (Hunter).

Coral reef remote sensing products legitimate resource manager decisions in the eyes of
stakeholders. The importance of validating management decisions using data and third
party resources is integral to maintaining stakeholder trust. In the absence of this data
many decisions are reduced to bilateral debates that are not easily resolved. While some
events, such as bleaching events, may not be readily apparent to some stakeholders,
when equipped with remote sensing products it is easier for managers to convey the
rationale for their management decisions (Causey and Kosaki).

Coral reef resource managers agreed that it is more beneficial to have a remote sensing
product that has known limitations than to have no product at all (Causey and Kosaki).
Remote sensing products may work well in one part of the world and not in another due
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to a variety of complications such as platform technical limitations or algorithm
inaccuracies. Many remote sensing scientists are aware of these problems but the end-
user may not be. These limitations should be conveyed to the resource manager so end
users are aware of this aspect when making their management decisions and when
answering stakeholder questions.

Future coral reef remote sensing products will ideally incorporate algorithms that include
multiple parameters such as temperature, light, pH, wind, seasonality, sediments and
nutrients. Currently many of these parameters are being collected as individual,
operational, or experimental products. Many remote sensing scientists and coral reef
researchers at this meeting would find value in combining these into a singular coral
health product. While there are still inaccuracies to sort out with existing products and
developments are needed for experimental products, this is an interesting
multidisciplinary and applied focus to have for a future product.

This workshop facilitated the exchange of ideas necessary for the enhancement and
development of more applicable and rigorous remote sensing tools for monitoring coral
reefs. Information derived from this workshop and documented in this report will provide
remote sensing and coral reef scientists with information and ideas for future products that
will be beneficial to coral reef managers, scientists, and policy advocates.

vi
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Section I: Workshop History

Throughout the past two decades, the Coral Reef Watch (CRW) workshop has developed
into a forum for multidisciplinary coral reef collaboration. CRW workshops have become
events where coral reef scientists, managers and conservationists of governmental, non-
governmental and institutional backgrounds can convene to discuss how CRW products can
be improved and what other products can be developed to aid in the study and management
of coral reefs. CRW workshops have tailored their objectives to suit contemporary concerns
and have evolved to serve the needs of the broader coral conservation community. This
brief historical account will provide a glimpse of the various agendas and directions CRW
Workshops have taken in the past.

1998 was a pivotal year for the world’s coral reefs. A large El Nifio occurred which caused
bleaching of corals in many locations throughout the world. In addition, the U.S. Coral Reef
Task Force was established. These events prompted one of the first workshops, to
investigate how remote sensing products could assist managers of coral reef ecosystems.

The first CRW workshop, held in 1999, facilitated a global exchange of ideas and
investigated how remote sensing could be used to study and understand emerging threats to
coral reefs and aid in their management. Organized by NOAA/NESDIS with approximately
75 attendees from 10 different countries in attendance, the workshop shared information
about coral bleaching and fostered institutional collaborations. The workshop set the stage
for developing satellite products for reef managers by legitimating the need for these
products. Together with initial funding from NESDIS, this led to the establishment of the
Coral Reef Watch office in the following year. Collaborations formed at this initial workshop
led to meetings between U.S. and Australian researchers, which blossomed in subsequent
years.

The second CRW workshop specifically focused on how scientists could use satellites to
monitor and predict coral bleaching. This workshop was held in 2002 and was a smaller
event than its predecessor. The workshop was held on Magnetic Island near Townsville,
Queensland and was jointly organized by William Skirving and Al Strong. Participants from
governmental agencies, universities and institutions from the United States, Australia and
Europe attended. In addition to the presentations and discussions, a number of working
groups and small group meetings were held amongst the World Bank, the United Nations
Development Programme (UNDP), the Global Environmental Facility (GEF), the Coral
Reef Targeted Research (CRTR) Remote Sensing Working Group, and the International
Global Observation Strategy (IGOS).

In response to the 2002 National Action Strategy to Conserve Coral Reefs resolution from the US
Coral Reef Task Force, the third CRW workshop was held in Oahu, Hawaii in 2003 and
concentrated on information sharing, management tool kits, and program planning. This
meeting identified a need for providing training and outreach to coral reef managers on the
topic of coral bleaching. Participants decided to use Australian Research Council (ARC)
Centres of Excellence - Coral Reef Studies to provide training for coral reef managers on
CRW products. Eventually “A Reef Manager's Guide to Coral Bleaching” was
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collaboratively written by the Great Barrier Reef Marine Park Authority (GBRMPA),
NOAA, and TUCN staff and published by GBRMPA to provide reef managers with
information about how they can manage coral reefs in the midst of climate change. CRW
had created the foundation of their product line for the larger coral community through the
combination of remote sensing research for coral reef management and outreach efforts
designed to provide coral managers with this information,.

The most recent workshop was held in 2010 at O’Reilly’s in Lamington, Queensland. The
workshop focused on ways to enhance current products and develop new remote sensing
and outreach products that aid managers in protecting coral reefs. CRW workshops have
contributed to the scientific community by providing a forum wherein coral reef
conservationists of all backgrounds and occupations can exchange ideas, enhance
monitoring methods, and chart a course for enhancing the ways we monitor and conserve
these resplendent ecosystems.
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Section II: Workshop Presentations

Presentation Themes

The workshop was organized around three primary themes. The themes represent the
multidisciplinary natute of the workshop and include physical/biological, technical, and
management considerations. The implications and importance of these interacting
components are integral in developing remote sensing products that are both informed by
sound science and provide information to managers that assists them in making credible
management decisions. This portion of this document will provide an overview of these
themes through synopses of workshop presentations. An asterisk (*) indicates a workshop
presenter.

Physical and Biological Considerations

Presentations on physical oceanography and coral reef biology contributed to the workshop
by providing participants with an understanding of the extent of our knowledge in regard to
the environmental factors that influence coral reefs and our knowledge of how coral reefs
are affected by these factors. Topics included the role of waves and mechanical damage to
coral reefs, monitoring systems available for monitoring physical parameters, factors that
influence coral resilience to climate change, variables that influence coral vulnerability, coral
reef monitoring methods, and the symbiotic relationship between coral and zooxanthellae.
The following is a synopsis of each presentation in this section of the workshop.

Oceanography, waves, and mechanical damage

Scott F. Heron®' and Craig R. Steinberg

'NOAA Coral Reef Watch

2 Australian Institute of Marine Science

Coral reefs are affected by a number of oceanographic and atmospheric physical phenomena
Factors such as thermocline tipping as a result of the acceleration of major currents,
connectivity between reefs, eddies and recirculation, upwelling and downwelling, and
gradients in salinity as a result of freshwater inputs or evaporative effects from isolated water
bodies all play a role in the health of coral. Most of these components can be measured by
remote sensing devices, such as the monitoring of waves and salinity with satellites. Other
sources of obtaining useful wave information include the use of ground-based radar and
hydrodynamic wave modeling. Through the use of these tools it is possible to analyze the
physical forces that influence the health of coral reefs. If these data were to be combined
with additional ecosystem impacts, as Heron pointed out, a composite index of reef
longevity may be of use in management planning decisions.
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Abstract

The interactions of the physical ocean with coral reef ecosystems cause a multitude of
effects. These include thermocline tipping related to the acceleration of major currents;
physical connectivity between reefs; mesoscale eddies and recirculations, and resultant
upwelling or downwelling; and salinity effects, such as freshwater inputs from river plumes
and evaporative hypersalinity in enclosed water bodies (atolls, lagoons). Mixing of the
vertical water column can be due to current shear (bottom friction) and/or wave energy,
particularly at the reef front. Waves can be monitored using satellite and ground-based radar
systems and by hydrodynamic-wave modeling. Mechanical damage to coral reefs is an
extreme of wave impacts that may result from tropical storm and tsunami events. The
combination physical oceanography with other ecosystem impacts and responses can define
the longevity of reef ecosystems.

Vulnerability of coral reefs in a changing climate

Ove Hoegh-Guldberg
University of Queensland

This presentation describes, the complexities of understanding how corals react to climate
change. While coral bleaching has utility in indicating the sensitivity of coral to thermal
stress, more research is needed to ascertain the role of other factors in the bleaching process.
For instance, there is some evidence that seasonality, coral and/otr Symbiodinium species,
sedimentation, and nutrient concentrations can influence coral sensitivity to sea temperature.
In addition to stressors of coral, there is a need to include other organisms and ecologically
important processes to fully understand coral reef sensitivity to climate change, such as coral
reproduction and inhabitation of impacted coral areas by fish. This is necessary because
bleaching does not tell researchers how the ecosystem is responding to increased sea
temperatures and other disturbance factors at the ecosystem level. A number of
considerations for ways coral may be able to cope with these external stressors were also
mentioned, but it was emphasized that these considerations were not likely due to temporal
constraints and evolutional incompatibility. Two of the prevailing considerations included (i)
whether or not corals can change their sensitivity over time and (i) whether or not it is
possible for corals to exchange less thermally tolerant Symbiodinium for more thermally
tolerant Symbiodininm. In the first consideration there are a number of ways that corals can
alter their sensitivity through adaptive processes such as mutation, genetic drift, social
recombination and gene flow; however, it is largely thought that the temporal pace of
climate change will exceed that of the aforementioned evolutionary processes. In the second
consideration Hoegh-Guldberg explained the idea of exchanging the Symbiodininm of the
coral to increase its thermal tolerance. While some coral may manipulate the mix of two or
more genetic strains of Symwbiodinium, the relationship between coral colonies and their
Symbiodininm are tightly linked and much of the evidence indicates that the ability to
exchange thermally tolerant Symbiodininm amongst different coral types is an unlikely
prospect. In summation, Hoegh-Guldberg recommends that local factors on coral sensitivity
be explored in conjunction with the expansion of current measures to include reef processes
and other reef organisms. In addition, seasonal variability, ocean acidification, and the notion
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that corals from highly variable environments have greater tolerance to climate change need
to be explored.

Abstract
Understanding the vulnerability of coral reefs to climate change is central to our ability to
develop effective strategies for managing these important environmental assets sustainably.
In this talk, the component parts of vulnerability are presented and related to the three
distinct expert communities that are concerned with the sustainable management of coral
reefs into the future. Figure 1, adapted from (Schroter and ATEAM, 2004) illustrates the
relationship between exposure (measured by remote sensing) and sensitivity (measured by
biologists) in determining the potential impact on a reef attribute of value. Reef managers are
principally tasked with the role of modifying the exposure and/or sensitivity through an
influence on the adaptive
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capacity of the system being
managed. How much they are e.g. Coral

. VULNERABILITY AND ITS COMPONENTS _ _ sensitivity to
able to do that influences the === E———
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. carbonate (... on coral reef
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Of Vulnerablhty n depth' Fig 1. Adapted from D. Schroter and the ATEAM consortium 2004, Global change vulnerability —
assessing the European human—environment system, Potsdam Institute for Climate Impact Research.

Vulnerability

Bleaching as a proxy for the overall sensitivity of coral reefs to climate change

The tendency for corals to undergo bleaching (breakdown of their symbiosis with
Symbiodininm) has been used as a proxy for the sensitivity of coral reefs to changes such as
rising water temperature. In many ways, this has been highly successful and has led to
accurate predictions of underlying retail. As Associate Professor Sophie Dove outlined in her
presentation, there are some problems with using bleaching as the sole indicator of whether
or not coral reefs are in a good condition or not. Corals that regain their color after a
bleaching event, for example, have often been used as evidence that the reef has ‘recovered’
from the impacts of bleaching. Given that physiological processes such as coral reproduction
may take several years to recover, using coral bleaching as an indicator would miss these sub-
chronic impacts on health. As well, a study which we undertook as part of the ARC Linkage
NOAA project (Diaz-Pulido et al., 2009) indicates that coral reefs that would have been
written off had remarkable if not stunning rates of recovery (indicating that bleaching and
mortality was not a good indicator of overall reef sensitivity to climate driven changes in
water temperature). Similarly, as Associate Professor Dove indicated, many fish species
remain absent from coral communities that would otherwise appear to have recovered or be
in a high state of health. For this reason, it is very important that we consider adding other
organisms and potentially ecologically important processes to the set of proxies, which we
might use to determine how sensitive coral reefs are to climate change.
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Factors affecting the sensitivity of corals to climate change.
Understanding how the sensitivity of corals can be affected by other factors, both local and
global, is very important to the development of tools, which aim to track the vulnerability of
corals over time. For example, it is important in terms of predicting the vulnerability of
corals to a factor like sea temperature depends on how local factors such as water quality
influences the overall sensitivity of corals to elevated sea temperatures. The influence of
other factors on the sensitivity of corals will also be important within strategies aiming to
reduce the influence of climate change on coral reefs. In this respect, there is evidence
(albeit, in need of further exploration) that the sensitivity of reef-building corals to sea
temperature is influenced by:

a. Seasonality

b. Coral and/or Symbiodinium species

c. Sedimentation

d. Nutrient concentrations

Can sensitivity change over time?

One of the most debated issues of recent times has been whether or not corals can change
their sensitivity to climate change through genetic adaptation (evolution) quickly enough to
keep pace with climate change. In this respect, sources of genetic variability are required in a
population if natural selection is to produce individuals that have new traits with respect to
new environments created by climate change. In this respect, new genetic variability can arise
from mutation, genetic drift, social recombination, and gene flow. If one looks at the overall
probability of new variation arising for a complex trait like thermal tolerance (which
invariably involves multiple genes), the chance that these processes will provide enough
variability to fuel the production of new individuals appears to be too short. The basis of this
conclusion is the subject of a review of I am currently writing, and which will be in press
later this year.
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Fig 2. Key components of the variability that is needed to underpin the adaptation of corals
through natural selection.
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Changing the holobiont

The last source of potential variability for corals dealing with rapid changes to the
environment around them comes from the idea proposed over 15 years ago (Buddemeier
and Fautin, 1993). Inherent within this proposal is the assumption that the genetic strain of
Symbiodinium ultimately determines the thermal tolerance of the coral-Symbiodinium holobiont.
Despite the obvious problems with assigning thermal tolerance to solely to a partner (which
only represents less than 10% of the biomass of the holobiont), the evidence for corals being
able to form completely novel symbioses with new varieties of Symbiodininm in ecological
time frames is completely absent from the scientific literature. On the other hand, there is
some evidence that a small number of corals may manipulate the relative mix of two or more
genetic strains of Symbiodinium, and that some of these symbionts are associated with hosts
that have higher thermal tolerances. Our laboratory has accumulated substantial evidence
that the variability in the genotype of Symbiodinium is directly correlated with genetic
variations in the host species.

In a series of transplant experiments, (Sampayo et al., 2007) were able to show that deep
water members of some species of corals had different symbionts to the same species found
in the shallows. The critical piece of information comes when deep-water corals are
transferred to the shallows and shallow-water corals are transferred to the deep. If corals
transferred to deep-water switch to deep-water symbionts, then co-evolution is minimal and
switching represents a possible way to vary sensitivity. If, on the other hand, corals
transferred to deep water retain shallow water symbionts, then co-evolution of host and
symbiont would be suspected — and the sensitivity of corals relatively inflexible in ecological
time frames. Sampayo e7 a/. (2007)’s observation that transplantation did not lead to a change
in the host-symbiont combinations confirms that host and symbiont are involved in a closely
coevolved relationship which does not allow the flexibility in ecological time frames for
changing the type of symbionts that inhabit host coral tissues. This work backs up similar
observations by (Iglesias-Prieto et al., 2004) and others (Bongaerts et al., 2010), and suggests
that the ability for the sensitivity of corals to change as a result of this mechanism is more or
less non-existent.

Conclusion and recommendations:

Understanding the sensitivity of reef-building corals factors such as temperature and acidity
is critical to the development of effective and accurate satellite tools for tracking their overall
vulnerability to climate change. In exploring the sensitivity of coral reefs to climate change, it
is important that we begin to consider other types of organisms and ecological processes
which will give us a more complete picture of their vulnerability to climate change. There is
strong evidence, as well, that the sensitivity of corals to factors such as elevated sea
temperature may be seasonal, influenced by local factors such as water quality, and may vary
significantly geographically and among species and communities. Evidence that corals and
their symbionts can undergo rapid evolutionary change is missing at this point, and even the
most optimistic assumptions about sources of variability lead to the conclusion that the
evolution of the sensitivity of corals is far too slow to keep pace with our rapidly changing
global climate.

Given this and other issues outlined in this talk, it is recommended that:
1. Current measures of sensitivity are expanded beyond coral bleaching and mortality
(e.g., to include other organisms, reef processes, e#.). Caution must also be applied in
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terms of how we interpret changes in the frequency of bleaching given that
communities structure may be changing towards more thermally tolerant yet more
vulnerable (to other factors such as disease) communities and coral reef ecosystems.

2. Seasonal variability in sensitivity needs to be explored and, if it exists, incorporated
into how seasonality is used to inform predictive models (e.g, seasonally shifting
thresholds) — as well used to recognize how communities might change as conditions
change.

3. The impact of local factors on sensitivity must be explored. If this is significant, the
influence of local factors needs to be incorporated into measurement systems and
remote sensing strategies.

4. Exploring how ocean acidification is likely to vary the sensitivity of coral reefs to
other climate change related stresses such as sea temperature must be a priority of
future studies.

5. Understanding how sensitivity varies according to environmental variability in
stresses will be important if we are to understand coral reef vulnerability to climate
change. In this regard, the suspicion that corals from highly variable environments
have greater tolerance to climate change needs to be explored.

The zooxanthellae story: Does it matter for management? How can satellites help?

Ray Berkelmans and Madeleine van Oppen
Australian Institute of Marine Science

In this presentation Ray Berkelmans expands on the question of whether or not
zooxanthellae have the potential to withstand the changes brought about by climate change,
how this links to management, and the use of remote sensing tools. Beginning with an
overview of the corals in Australia’s Great Barrier Reef (GBR) that have the ability to host a
mixture of zooxanthellae genotypes (70% of GBR species are capable of this) Berkelmans
discussed the concept of ‘shuffling’ wherein individual corals change the dominant symbiont
types after a period of thermal stress. Acrgpora millepora is one species of coral with this
ability. This is interesting because experimental evidence suggests that shuffling from
sensitive clades of zooxanthellae, such as C2, to tolerant clades of zooxanthellae, such as D,
can increase thermal tolerance in Acrgpora millepora by 1- 1.5° C. While Berkelmans noted this
as an interesting prospect, he also explained that there are caveats. The research is still in its
early stages and it is not possible to extrapolate, from one coral species to all coral, the ability
to acclimate to climate change. Furthermore, in some of the studies where coral have shifted
their symbionts, the corals shift back to the original zooxanthellae after a few months. Lastly,
Berkelmans pointed out that even if the shift to more tolerant zooxanthellae was possible,
there could be physiological costs to the coral as a result. Despite these caveats, there are
insightful uses to the knowledge gained in these preliminary findings. Managers may be able
to use this information in efforts to map resilience. For example, coral communities with
diverse symbiont types may be able to cope with thermal stress more adeptly and serve as a
resilience indicator for managers. High fluorescent proteins in coral have the ability to
modulate light stress in corals and may be yet another useful resilience indicator. Pigment is
another characteristic that would be useful when mapping resilience. Corals with dark
pigment are more sensitive to bleaching than corals with a lighter pigment. Therefore, if
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remote sensing could be used to identify locations of darkly pigmented corals, it would
contribute to the mapping of resilience. While the science of investigating thermally tolerant
symbionts is still in its preliminary stages, there is a great deal of contemporary information
that would allow scientists and managers to move forward with conservation efforts.

Abstract

The biology of corals can have a substantial effect on their bleaching susceptibility. Symbiont
(zooxanthellae) make-up and pigment state of corals are two important characteristics, which
can modulate its bleaching response. Approximately 70% of corals on the GBR contain a
mixture of zooxanthellae genotypes. It has also been established that individual corals have
the potential to change dominant symbiont types following thermal stress by a process
known as ‘shuffling’. Symbiont shuffling in Aeropora millepora on the southern Great Barrier
Reef has been shown to occur after an intense but relatively small-scale bleaching event in
2006. Experimental evidence suggest that shuffling from sensitive C2-type zooxanthellae to
tolerant D-type zooxanthellae can increase thermal tolerance in this species by 1 — 1.5 deg C.
These are tantalizing snippets of science that suggest a capacity of reefs to acclimatize to
warming waters. However the science is in its eatly stages and it would be dangerous to
extrapolate beyond a small number of studies where symbiont shuffling has been shown to
occur, or the single coral species in which increased thermal tolerance was demonstrated. In
addition, where symbiont shuffling has occurred, a gradual drifting back to pre-stress
symbiont communities has occurred over a period of months. We also do not know what
the necessary pre-conditions are for corals to shuffle symbiont types. Even if coral
communities could acclimatize permanently to a more thermally tolerant type, there are
physiological costs, in particular in decreased growth and reduced fecundity.

Notwithstanding the above caveats, there may be value to managers in mapping the natural
occurrence of symbiont types on coral reefs. Communities with diverse symbionts types may
have a greater capacity to withstand acute thermal stress events and as such may be an
important resilience indicator. High levels of fluorescent proteins in corals may be another
resilience indicator as these provide an additional mechanism to modulate light stress in
corals. High zooxanthellae pigment density on the other hand is likely to make them more
vulnerable to bleaching. Tissue temperatures of dark corals have been shown to be 1.5 — 2.0
deg C warmer than the surrounding water in calm, high irradiance conditions. These are the
exact conditions we usually experience during “doldrum” periods, which are frequently
associated with coral bleaching episodes. Inshore turbid reefs generally have darkly
pigmented corals and are hence likely to be more bleaching sensitive. Satellites may be able
to help predict where areas of high symbionts diversity and/or fluorescent corals are, or
conversely, areas of darkly pigmented corals.

Monitoring the biological state of coral reefs: Current technology

Hugh Sweatman
Australian Institute of Marine Science

This presentation emphasized how monitoring serves two primary functions. The first of
these is providing “situational awareness” to provide observations on stressors to coral reefs,
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which can in turn be used to inform managers so that they may use this information to
inform stakeholders and policy. The second is determining whether or not management
policies are effective. Information gathered through this process is helpful but there are
different categories of useful monitoring information. The best variables or indicators are
derived from ecosystem functional processes. However, these are complex to measure. The
more tangible means of monitoring include identifying stressed ecosystems as opposed to
healthy ecosystems. By examining the abundance of sensitive organisms it is possible to
determine the extent to which external factors are impacting the location. According to
Sweatman, an ideal suite of indicators would include sub-lethal stress variables. Numerous
advancements have been made in order to enhance the monitoring process, such as using
autonomous vehicles and 7z siu instrumentation, but more wotrk needs to be done to
automate this process. This is largely because the extensive amount of data that is gathered
through these mechanisms requires an individual to analyze the data, which can be time
consuming.

Abstract
Monitoring the biological state of coral reefs serves two primary functions.
(1) Monitoring can give managers “Situational awareness” — information on occurrences

that may need management intervention such as damage from flooding or bleaching as
well as the appearance of new threats such as diseases or introduced pests. Sharing such
knowledge with stakeholders (and with political masters) builds credibility.

(2) Monitoring can show whether or not management is effective. This can range from
general information such as whether various indices of condition are increasing or
decreasing across a reserve network to whether specific management interventions as
no-take areas are achieving their goals.

This often touches on the complex subject of ecosystem health, which in turn comprises
both ”status” and the more conjectural “resilience,” which can only really be assessed in
retrospect. The best variables (indicators) to monitor are related to the maintenance of
ecosystem functions, though these are often more complex to measure. Thus the extra effort
involved in assessing the size structure of the coral colonies and fishes in a location can give
information about population dynamics and allow distinction between relic assemblages of
old individuals and assemblages with sustaining rates of recruitment that are likely to persist.

It is easier to identify attributes of stressed ecosystems than healthy ones. As a
generalization, stress reduces the abundance of sensitive organisms resulting in drops in
diversity and different frequencies of disturbance favor organisms with different life-history
strategies, with frequent disturbances favoring “weeds” and long intervals between
disturbances favoring species that occupy and hold on to space.

The ideal suite of indicators would include some that indicate sub-lethal stress.
There are moves to make more use of autonomous vehicles and 7z si## instrumentation. The
former needs to be linked with major advances in automated processing, primarily of image

data; it is currently relatively easy to gather enormous numbers of images, but the task of
analyzing them for useful biological content involves many laborious man-hours.
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What are the key environmental variables that contribute to coral vulnerability and
resilience?

Roberto Prieto-Iglesias
Universidad Nacional Autdnoma de México

In a presentation about the role of multiple stressors on coral reefs, Roberto Prieto-Iglesias
explained the fundamental biological and societal roles of coral reef health and contribution,
such as net increase in calcification of the reefs and environmental services (biodiversity,
tourism, fishing, coastal zone protection) provided by the reef. Iglesias also discussed the
multiple roles of light in the life of corals. With the advent of climate change many of these
fundamental biological processes and ecosystem services are threatened by increasing sea
temperatures (bleaching) and ocean acidification (erosion). Therefore, it is important to
analyze the multiple stressors of coral to provide a realistic and holistic explanation of how
combined factors affect coral. Prieto-Iglesias began with the processes of photosynthesis and
respiration of coral reefs, which are essential for coral growth via calcification. Insolation
used for photosynthesis is not constant, however, and coral have developed mechanisms
(photoacclimation) to regulate light by interchanging intensity of the light field and/or
photosynthetic sinks. Coral symbionts can sense the changes in light conditions, in addition
to other sinks, such as carbon, nitrogen, oxygen, and sulfur, which can modulate the flow of
electrons to the host and sense excessive light. Because of the symbiotic relationship coral
have with zooxanthellae, the effects of light and other factors like temperature, water
motion, and nutrients in a particular location can have varied influences on coral. For
instance, the same coral species in one area may look very different in color and shape
depending on light, nutrients and other conditions in another habitat. This prospect is very
exciting for scientists using remote sensing to asses coral health because if there is a potential
for incorporating all of the varied factors that influence coral growth, it is possible to derive
coral products from remote sensing data and models that indicate coral growth and
calcification. In order to obtain light information from coral it is necessary to measure the
incoming light and reflected light through direct zz sitn remote sensing of the coral and to
take core samples of coral for laboratory tests. Several studies were discussed to illustrate
multiple conditions wherein light either damages corals enough so that they will not fully
recover or conditions where light inputs are adequate for recovery. Another important
example was the role of seawater flow and mixing over corals. In a study by (Mass et al.,
2010), which was discussed in the presentation, there is evidence that water flow over corals
enhances the photosynthetic rate of corals by increasing the release of oxygen from the
organism into the water. Light stress is a result of whether the coral can deal with the
incoming light (temperature) and if the coral has enough sinks to buffer itself from excess
excitation energy. After a certain degree of increased temperature, most corals will reach a
point where they are incapable of repairing themselves. However, some coral species have
zooxanthellae that are more capable of repairing themselves. Prieto-Iglesias provided an
example where Porites cylindrica was capable of experiencing thermal stress and repairing itself
to previous conditions whereas S#ylophora pistillata was not. Another notable distinction was
that the pigment or color of the zooxanthellae was not important to bleaching, but the
quantity of symbionts in the coral was. This is an important biological component to
consider when determining bleaching criteria for remote sensing products. Ocean
acidification was discussed next. Because ocean acidification is linked to photosynthesis it is
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important to consider how these interact. In numerous examples a consistent trend emerged,;
where water temperatures increased, coral calcification decreased. Another example
highlighted how ocean acidification model predictions are in agreement with current
observations and in some cases worse. In summation, biological information exists that
allow us to take into consideration multiple coral stressors, specifically light, temperature,
nutrients and acidification and model these to see how corals will react to changing
conditions. Current outlooks, however, are not good and even in the best modeling
circumstances where “super corals” would somehow have the ability to acclimate to
increasing temperatures, a characteristic many biologists agree is improbable at best,
calcification rates would still decrease due to suboptimal temperature conditions.

Is coral bleaching a reliable indicator of coral reef vulnerability to climate change?

Sophie Dove
University of Queensland

A central argument of Dove’s presentation was that “corals don’t make reefs, other things
have to be incorporated in it.” In line with this logic is the assumption of recognizing that
different attributes are appropriate at different scales. For instance, at the reef scale, net
positive carbon balance is important. At the coral and Symbiont scale, genet or highest
proportion of gene set survival into the future is important. Given these preconceptions,
Dove asked the question “Is coral bleaching a reliable indicator of the reefs vulnerability to
climate change”? Dove pointed out that from the point of view of managers and scientists,
the predictability of mass bleaching has increased their credibility amongst policy makers and
the general public. However, Dove’s concern is if reefs were to stop bleaching, what
symptom or indicator could scientists use to illustrate how environmental stressors adversely
affect the health of coral reefs (i.e., climate change, ocean acidification, land-based pollution,
ete.). What additional indicators could be used to show that coral reefs are vulnerable to
external stressors? An example of this used by Dove is one in which coral were subjected to
highly acidic water where the coral polyps proved to be resilient, but the skeletons of the
coral were affected, thereby diminishing the net reef building capacity of the coral. The
corals in the study started out as hard corals with a skeleton. When the corals were subjected
to highly acidic water, the coral polyps were resilient and able to exist biologically, but their
reef building functionality was diminished or eliminated. There were corals but no reef. In
other words, corals are a “necessary” contributor to reef building, but there are instances in
which they are not “sufficient” reef builders. These characteristics of being “necessary” but
not “sufficient,” Dove argues, hold true for other organisms in coral reefs. For instance,
presence of a symbiont is a necessary condition for coral autotrophy but not a sufficient
condition, meaning that there may be a symbiont in the coral but the energy exchange
between it and the coral may not be sufficient enough to say that the symbiotic relationship
is “healthy.” Finally, corals aren’t a necessary condition for reef survival as Rudist Reefs
(bivalve created reefs) were once prevalent.

Given these observations, Dove argues that looks can be deceiving and that new, alternative

ways of gauging coral reef health and vulnerability should be considered. For instance, Dove
argues that the statement “Shifting to new algal symbionts may safeguard devastated reefs

12



Workshop Presentations

from extinction” (Baker et al., 2004) is inherently flawed because of the previously
mentioned argument. Just because a symbiont is in the coral does not mean that this
relationship is sufficient. And just because coral is on the reef it does not mean that the
contributions of the coral to the reef, in terms of calcification rates, is sufficient for net reef
growth. Therefore, Dove suggests that Baker’s logic is flawed and that coral reef scientists
need to develop alternative means of assessing coral reef health. Despite this contradiction
Dove mentions there are widespread uses of this line of logic from introductions of peer
reviewed papers to reef health identification cards used for monitoring in which pigments
are associated with coral health. The difficulty with developing alternatives to these widely
used methods largely centers on developing individualized species thresholds for
determining when a coral is healthy or unhealthy. This is no easy feat given the dynamics of
coral reefs. Investigating this concept further Dove asks the question “Does bleaching
necessarily lower net photosynthesis in Acropora millepora?” She found no one to one
relationship between the photosynthetic production and pigment densities of symbionts. If
the pigmentation densities are reduced, the symbionts work harder. If the pigmentation
levels are higher, they work less. Another question posed was “Does bleaching necessarily
increase propensity for polyp mortality”’? Ray Berkelmans noted that he had data to suggest
that bleaching does increase the propensity for polyp mortality, but Dove argued that it does
not make a difference and that in previous studies bleaching resistant clade D coral had the
same mortality as bleaching prone clade C coral. Another common assumption is that coral
mortality is more important than coral growth. Dove argues that as long as the coral keep
producing asexually in excess of their mortality then it really does not matter what their
mortality rate is, considering they are largely from similar genets, and that it may be more
beneficial to measure coral health by their growth. In summation, Dove argued that the
reasons for reduced growth / death of coral, despite the abundant presence of the symbiont,
is a result of a reduction in energy translocation from the symbiont to the host. This energy
not only contributes to coral growth but also calcification. This is important because it
suggests that bleaching tolerant corals are unlikely to contribute to the carbonate balance of
reefs and further challenges the argument of Baker if we are to consider ocean acidification
within the ambit of climate change. In the end, the challenge Dove emphasized is how do
scientists convey the importance of reef growth in relation to reef health and how can we
monitor the carbonate balance remotely?

Abstract

The ability of derived algorithms to predict mass bleaching events from remotely collected
data has been highly successful from a management point of view, principally because it has
increased the credibility of scientists, and thereby facilitated the uptake of “no-take” zones
and other management strategies. Given that thermally driven mass bleaching events first
appeared 30 years ago, most analyses point irrevocably to the conclusion that our reefs are
changing negatively, especially given the high rates of mortality that follow many mass
bleaching events. There has, however, been a tendency to identify “bleaching” as the
problem, rather than as a symptom or a manifestation of a more insidious underlying threat
to reefs. The later being a reef syndrome that is not necessarily accompanied by a beacon as
obvious as a bleaching event. This syndrome is the decline in the ability of hermatypic corals
to sustain net reef calcification and hence provide valuable ecosystem services such as coastal
barriers and fisheries habitat. Coral bleaching is also frequently presented as the breakdown
in the symbiosis between corals and their endosymbiotic algal partners. Frequently forgotten
from this statement, however, is the notion that symbiosis covers a continuum from
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mutualism, to commensalism, and ultimately to parasitism. Coral growth and calcification are
sustained because the relationship is mutualistic and that the coral derives sufficient
supplementary energy from their symbionts for these processes in addition to that which it
can acquire through heterotrophy. The key observation is that symbionts can persist within
corals, but that the relationship can, through environmental change, be driven towards a
commensalism that does not effectively support long-term positive net coral growth or the
required rates of calcification that are necessary for reefs to stay ahead of the natural forces
of physic and biological erosion. Some have postulated that the advent of non-bleaching
corals may save coral reefs. To maintain our credibility as scientists, however, we should be
asking: Will coral reefs be safe from global warming if reefs were to stop bleaching? If
‘bleaching’ is identified as the problem per se (as it is in all those scientific articles where dark
corals are explicitly labeled healthy, and pale corals implicitly assumed unhealthy), then the
answer to this question would be ‘yes’. However, to conclude this would be to ignore
periods as long as several million years in the history of our planet where corals have existed
yet coral reefs have been absent. This issue is discussed in terms of understanding and

solving potential shortcomings of satellite-based products for the detection of coral reef
health.

Water quality and coral bleaching thresholds: Formalising the linkage for the inshore
reefs of the Great Bartrier Reef, Australia

Scott A. Wooldridge
Australian Institute of Marine Science

In this presentation Wooldridge argues Dissolved Inorganic Nitrogen (DIN) contributes to
temperature stress by reducing the bleaching resistance of symbiotic reef corals. In the first
section of the talk Wooldridge explains the direct linkages between DIN and bleaching that
have been found in other studies, which suggest that exposure to DIN with concentrations
of <1 — 10 uM have a detectable impact on temperature-dependent bleaching sensitivity.
Wooldridge provided additional studies that have indirectly suggested that DIN works in
conjunction with water temperature to reduce the bleaching resistance of coral reefs. In
Wooldridge’s studies, near shore and off shore sites were used in comparison to determine
whether or not increased nutrients supplied by river plumes near land influence the
bleaching tolerance of coral reefs. Using methods such as geographically weighted regression
and Bayesian network-modeling, Wooldridge was able to spatially discriminate amongst areas
that had more or less of a propensity to bleach. An additional consideration mentioned the
role of currents in the process of bleaching and exposure to DIN via mixing and upwelling.
To investigate this, the influence of riverine and upwelling impacts were merged into a
singular DIN product. The relevance of this product is that DIN exposed corals have
enlarged (fast growing) zooxanthellae populations and that bleaching sensitive corals are
characterized by the same type of (large) zooxanthellae population. Therefore, if we have a
metric for identifying areas of high DIN, it is possible to locate bleaching sensitive corals. It
was also pointed out that these same large zooxanthellae populations may be an asset during
the colder winter months and that high nutrient levels and temperatures may not need to co-
occur for the impacts of nutrients to be important. The significance of these findings can
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inform management efforts, such as designating protected areas, and serve as preliminary
studies to more fully understand the concept of a DIN / bleaching biophysical linkage. This
is especially the case when Wooldridge estimates that within a disturbed inshore area, the
reduction of terrestrial DIN has the potential to reduce the upper thermal threshold of
bleaching by roughly 2°C.

Abstract

The threats of wide-scale coral bleaching and reef demise associated with anthropogenic
climate change are widely known. In this presentation, I consider the additional role of poor
water quality in lowering the bleaching ‘resistance’ of symbiotic reef corals. In particular, I
outline a quantitative linkage between terrestrially-sourced dissolved inorganic nitrogen
(DIN) loading and the upper thermal bleaching thresholds of inshore reefs on the Great
Barrier Reef, Australia. Significantly, this biophysical linkage provides concrete evidence for
the oft-expressed belief that improved coral reef management will increase regional scale
resilience of corals reefs to global climate change. Indeed, for the most disturbed inshore
areas I demonstrate that the potential benefit of this ‘local’ management imperative is
equivalent to ~2.0° C in relation to the upper thermal bleaching limit.

In situ monitoring of environmental coral stress

Al Strong*', Jim Hendee’, Craig Steinberg’ and Rusty Brainard'

'NOAA Coral Reef Watch

’NO.AA Coral Health and Monitoring Program
" Australian Institute of Marine Science
*NOAA Coral Reef Ecosystem Division

A number of observing systems are placed adjacent to coral reefs throughout the world.
Many of these are collectively situated within the network of NOAA’s Coral Reef Ecosystem
Integrated Observing System (CREIOS). Platforms such as the Coral Reef Early Warning
System (CREWS) stations, which are part of NOAA’s Integrated Coral Observing Network
(ICON), and Virtual Stations, operated by Coral Reef Watch, provide data to researchers
and managers for a variety of purposes. These observation stations provide high-quality
meteorological and oceanographic 7z situ data in real-time. The equipment used to gather this
data include satellites and multiple generations of remote access data loggers attached to
buoys and pylons. With the use of these systems researchers have been able to compare
disparate ecosystems with one another on a variety of ecological impacts such as nutrient
loading, sedimentation, ocean warming and ocean acidification. Furthermore, if these
stations acquire reliable data they can be used for remote sensing calibration and validation.

Abstract

To provide integrated zz situ interdisciplinary ecosystem observations, a network of Coral
Reef Ecosystem Integrated Observing Systems (CREIOS) is evolving within NOAA’s Coral
Reef Conservation Program to better organize and build upon some of the existing coral
reef observation systems being developed domestically. These zz sitn programs throughout
the Pacific and Caribbean are outlined in this paper to demonstrate some of the approaches
and technologies available for acquiring biological, physical, and geochemical observations
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using combinations of visual surveys, moored instrument arrays, spatial hydrographic and
water-quality surveys including satellite remote sensing (Virtual Stations — NOAA’s Coral
Reef Watch). Efforts to integrate across scientific disciplines and observational approaches

including observations and monitoring will become more efficiently facilitated under
CREIOS.

It is envisaged that CREIOS will ultimately sit at the pinnacle of a larger international coral
reef monitoring and assessment network, providing the scientific validation and explanation
for data obtained through basic, government-level monitoring, as encouraged by the
GCRMN, and community and volunteer monitoring, as encouraged by Reef Check and
other volunteer networks. Such a nested network would permit greater coverage of the
world’s coral reef areas, and increase awareness of reef status and problems. Though beyond
the scope of this presentation, all monitoring activities should be complemented by
socioeconomic assessments to ensure that the explanations are complete and conveyed to
affected communities.

With a common goal that versatile, accessible, and robust observations will be enhanced, the
existing infrastructure and capacity provides a foundation by which increased global
cooperation and coordination to develop common protocols and standards could naturally
lead to a broader, more globally comprehensive CREIOS. This fledgling network represents
the early stages of an integrated observing system for coral reef ecosystems capable of
providing policymakers, resource managers, researchers, and other stakeholders with
essential information products needed to assess various responses of coral reef ecosystems
to natural variability and anthropogenic perturbations. The network’s continued support and
further development will ensure the increasing value of its data holdings and the network’s
observational and predictive capacity.

The CREIOS-Pacific 7n situ network, directed by Dr. Rusty Brainard out of NOAA’s Coral
Reef Ecosystem Division in Honolulu, combines an array of instrumented platforms with
regular ecological field observations that are capable of providing resource managers,
researchers, and other stakeholders with the ability to discern and assess responses of coral
reef ecosystems to oceanographic processes. The network has enabled comparisons of
heavily impacted and degraded reef systems with remote, relatively pristine reef systems on
multiple spatial scales through comprehensive standardized data sets. Through these direct
comparisons, researchers are rapidly improving their ability to assess both local ecological
impacts, such as nutrient loading and sedimentation, extractive activities such as fishing, and
predicted global effects such as ocean warming and ocean acidification.

The Integrated Coral Observing Network (ICON) program, under the leadership of Dr. Jim
Hendee of NOAA’s Atmospheric & Oceanographic Marine Laboratory in Miami, has
constructed and installed a series of Coral Reef Early Warning System (CREWS) stations
which provide a wealth of high-quality meteorological and oceanographic 7 sit data in near-
real-time. CREWS stations date back to 2001 with the deployment of an early buoy-type
design in the Bahamas. Beginning in 2002, the program shifted to a pylon-type design, which
was reengineered in 2005, resulting in the modern CREWS stations found in the Bahamas,
Puerto Rico, the US Virgin Islands, Little Cayman and Jamaica. The ICON/CREWS
instrumentation architecture described has evolved over time into a robust package that,
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combined with a regimen of regular instrument cleaning and recalibration, has yielded a
continuous, long-term, high-quality dataset from these harsh marine environments.

Technical Considerations

Technical considerations constituted a large portion of the presentations and discussions
mentioned in the workshop. These included remote sensing, modeling, and information
technologies that applied, or could apply, to coral reef biology, monitoring and databases.
This segment of the paper will sequentially discuss the technical aspects of remote sensing,
modeling and information technologies mentioned during the workshop.

Satellites and remote sensing: An introduction to environmental remote sensing of
the marine environment

William S kirving® and Kelvin Michael

'NOAA Coral Reef Watch
*University of Tasmania

This presentation discussed the fundamental components of remote sensing, which included
the definition of remote sensing, the use of the electro-magnetic spectrum and ways in which
algorithms can be constructed from a combination of brightness (radiometric analyses),
color (spectral analyses), and texture (spatial analyses). The presentation provided a simple
and effective way of understanding how remotely sensed products are developed. In addition
to the way data are analyzed, Skirving pointed out some of the common platforms that are
used to obtain remotely sensed data of the marine environment, such as satellites, aircraft,
near surface, and sub-surface instruments. Additional topics included the types of indices we
can obtain through remote sensing and the algorithms that we can employ to derive
additional data from raw, remotely sensed, images.

Abstract
This talk covers the basics of Remote Sensing methodologies and algorithms. It describes
the various platforms in use and how they are used to derive the amazing array of marine
products.

Remote sensing coral reef environmental stress: Where we are now

C Mark Eakin®, Dwight K. Gledbilf and Gang Lin'

'NOAA Coral Reef Watch
’NO.AA Ocean Chemistry Division

This presentation focused on two of the most prominent stressors to coral reefs, increased
sea surface temperatures and ocean acidification, both of which are the result of climate
change. Remote sensing is a useful tool for monitoring these indices because it provides
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multiple types of information gathered from a global scale, a scale that 7z siz# measurements
are simply not capable of monitoring. By providing data at these scales, coral reef managers
are able to identify, prioritize, and mobilize management efforts in specific locations.
Furthermore, through the archiving of this data it is possible to analyze change over time
and track disturbances. Remote sensing data is not without errors, however. Cloud cover and
coastal areas with turbulent waters (a.k.a. case 2 waters) can result in images that are
incapable of being analyzed or difficult to analyze, respectively. Imagery correction,
acquisition of some types of remotely sensed data, and calibration and validation with 7 situ
instruments can also be expensive. Despite the technical complications inherent with
remotely sensed data, the benefits often outweigh the disadvantages. Currently several coral
reef watch products are operational and there are more experimental products in
development that Mark Eakin discussed. The operational products Coral Reef Watch
provide include near global coverage of 50-kilometer pixel sea surface temperature (SST),
SST Anomaly, Coral Bleaching HotSpots, Degree Heating Weeks, “Virtual Stations” and
Coral Bleaching Alert Areas. Experimental products currently under development include a
finer resolution land mask to make more of the coastline available for analysis, an enhanced
spatial resolution for both remote sensing data and climatology, transitioning from a 50 km
to 4km pixel resolution, and the repair of inaccuracies in the climatology. Additional new
products include an ocean acidification product, a disease outbreak product, a winds
product, and an ocean color product for detecting stressors like sediment and chlorophyll a.
Future products in consideration include a light proximity index that provides a proxy for
development in coastal areas and the mapping of coral reefs at high spatial resolutions to
map community changes over time and bleaching incidents. Currently high spatial resolution
data are not feasible for use at a regional or global scale due to prohibitive costs and time
investments.

Abstract

As carbon dioxide rises in the atmosphere, climate change and ocean acidification are
impacting physical and chemical parameters in the oceans causing important changes to
coral reef ecosystems. At the same time local perturbations continue to have significant
impacts on reef systems. As we look to manage coral reefs, especially in light of climate
change, there are key environmental parameters that we need to monitor. Because satellites
can usually provide products at a wide geographic coverage at no cost to local managers,
they can provide monitoring at sites and spatial scales that are not possible through 7z situ
monitoring alone. We can combine satellite remote sensing with other monitoring to
enhance capabilities, can track disturbances and environmental changes, and provide
moderately-long, continuous time series for hindcasting and research. Satellite data are not
without their weaknesses. Calibration and validation of new algorithms and data streams can
be an expensive process and relies on iz situ data that may not exist. Most satellites detect
light for parameters like temperature and color and are blocked by clouds. Some parameters
require data from commercial satellites and may be too expensive for monitoring.

Monitoring for the Stress that Causes Coral Bleaching

The Coral Reef Watch (CRW) program at the US National Oceanic and Atmospheric
Administration (NOAA) uses near-real-time satellite measurements of sea surface
temperature to monitor for thermal stress. These operational data provide up-to-date
measurements to pinpoint areas that are currently at risk for coral bleaching using 50 km
(0.5°x0.5°) nighttime SST data. The most important index that CRW produces is the Degree
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Heating Week (DHW) that provides the accumulation of thermal stress over time that can
cause coral bleaching. When SST rises above a bleaching threshold temperature, 1°C above
the mean temperature for the warmest month, DHWSs begin to accumulate. Thermal stress
builds up over a 12-week window, providing a reliable indicator for coral bleaching and
mortality. While these products are made available through broad-scale data fields, NOAA’s
“virtual stations” provide information on thermal stress at over 190 coral reef sites around
the world. Like the broad-scale products, these can be accessed through the Internet. An
important tool for local managers is the automated bleaching e-mail alert system for the
virtual stations. These are sent out to subscribers around the world, providing information
on threats at the local level at times when corals are threatened with bleaching.

Recent improvements have addressed three limitations in NOAA’s current operational
global data:

1) Inaccuracies in the climatology

2) Land mask

3) Data/product resolution

NOAA has developed a new experimental product that addresses the first two of these
issues globally. Using a new climatology built from the 4km Pathfinder dataset, CRW has
produced a new climatology that corrects the climatology in certain areas of the world where
there were known errors in the old climatology. More importantly, the 4km data allowed
CRW to develop a climatology that encompasses near shore areas. This has been used with
near-real-time satellite data within pixels previously masked out to extend the existing
product site right up to the coastline. Where the old land mask prevented direct observations
on 60% of the world’s reefs. The new Enhanced 50km products directly observe SST and
thermal stress on over 99% of reefs. Local efforts have developed higher resolution products
such as the operational ReefTemp product from the Great Barrier Reef Marine Park
Authority and developmental efforts at the Australian Institute for Marine Science and the
University of South Florida are providing high resolution (1-3 km) SST data and thermal
stress products for the Great Barrier Reef (GBR) and Caribbean. Combining temperature
and light is providing new possibilities of improving our monitoring of bleaching. As
bleaching occurs as a result of the thermal stress to the photosystem of zooxanthellae, a new
physiology-based algorithm using these two parameters especially promises a potential for
better estimates of coral mortality and rates of recovery from bleaching.

New Observations and Improved Applications

Other new developments are bringing new data into our observations of coral reef stress and
existing data are being used in new ways. One new project uses SST to predict the potential
for infectious disease outbreaks in corals, currently for the GBR and the Hawaiian
archipelago. Another new parameter used for coral reefs is satellite-based winds. By looking
at low wind conditions, it is possible to detect the doldrum-like conditions that can set off
coral bleaching.

In a completely different area, recent work by NOAA has developed a system for monthly
monitoring of ocean carbon chemistry. The model uses SST, salinity, and atmospheric CO2
levels to estimate changes in surface water chemistry. Currently limited to the Caribbean,
these data provide information on changes in carbonate saturation state and other
parameters relevant to ocean acidification and its impacts.
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Optical remote sensing is another field of remote sensing that has been very helpful in
oceanic waters and potential for coral reefs. While there are challenges in developing
algorithms and quantitative ocean color products for coastal waters, new developments
suggest that we may soon be able to develop products with application in coral reef
management. Satellite observations of surface lights can provide new information on human
development. The Light Proximity Index provides information on the development and
human stress to reefs. This is important in remote areas with poor census and land use data.
Finally, optical remote sensing can be used to map coral reefs, detect community changes,
and directly observe coral bleaching. Some of these use publicly available data, but many of
these efforts require high resolution (meters) data sensed from commercial satellites. In these
cases, cost is currently a limiting factor in the widespread application of these techniques.

The important questions for coral reef managers are:
1) What are the new observations required from satellites?
2) What enhancements are needed for existing products?

Thermal stress links with coral bleaching and infectious diseases

Scott F. Heron™ and Alan E. Strong
NOAA Coral Reef Watch

In this presentation two key satellite-SST monitoring efforts were mentioned, namely Coral
Reef Watch’s (CRW) Satellite Monitoring Product Suite and the ReefTemp project, a
collaboration between Australia’s Commonwealth Scientific and Industrial Research
Organisation (CSIRO), Great Barrier Reef Marine Park Authority (GBRMPA) and Bureau
of Meteorology (BoM). In the coral bleaching segment of the talk, the methodology of how
these products determine key SST indicators, such as CRW’s HotSpots, Degree Heating
Weeks (DHW) and ReefTemp’s Degree Heating Days (DHD) and Heating Rate, were
discussed in the context of how their respective climatologies are calculated. The
presentation discussed the relevance of the fixed +1°C threshold above the maximum
monthly mean, currently employed by the CRW product suite, as an indicator of bleaching
and whether or not we should be using additional components, such as local temperature
variability, extreme lower temperatures, and current coral health status to assess bleaching.
An additional thermal metric by CRW, the Short-Term SST Trend, was also presented. The
short-term SST trend uses a shorter temporal span (21 days) to calculate the recent change in
SST at a given location to provide managers with a rate of temperature change. SST data are
currently being combined with other variables to experimentally predict coral disease. (Bruno
et al., 2007) used weekly SST anomaly data with coral cover to illustrate how coral diseases
have the tendency to occur in thermally stressed waters with high percentages of coral cover.
Subsequent research efforts have led to the experimental coral disease outbreak product by
CRW (Heron et al., 2010) as well as a ReefTemp coral disease outbreak predictor (Maynard
et al., In Preparation). These efforts defined temperature metrics based on thresholds that
include climatological averages and their standard deviations and then combined these with
observations of Acrgpora spp. cover to predict outbreaks of white syndrome disease. By using
SST metrics in conjunction with other variables, like coral cover, it is possible to predict
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coral disease events. A thorough understanding of the climatologies used in the bleaching
and disease products, as well as the experimental nature of several of these, is essential for
end users.

Abstract

Preceded by eatly findings of bleaching-inducing thermal thresholds during summer periods,
several satellite-monitoring efforts are now operational, globally and regionally, to monitor
thermal stress. These efforts utilize varying parameterizations for long-term means
(climatologies) and thresholds to produce metrics that associate coral bleaching and disease
outbreak events. Here we discuss the metrics and their differences with a view to applying
similar methods in other applications.

Combining heat stress and light to produce a new bleaching product

William Skirving®, Tim Burgess', Susana Emz'qmrf, Roberto Iglesias-Prieto’, John Hedley’, S ophie
Dove', Pete Mumby’ and Ove Hoegh-Guldberg'

'NOAA Coral Reef Watch

*Universidad Nacional Auténoma de México
"University of Exeter

*University of Queensland

The experimental light stress damage (LSD) product uses remotely sensed SST and light data
to monitor and predict coral stress that leads to bleaching. Developed from coral
photobiology studies conducted in a series of studies from the Universidad Nacional
Auténoma de México in the Mexican Caribbean, Skirving explained how the relationship
between light and temperature results in the LSD product. Based on a function of SST and
Photosynthetically Active Radiation (PAR), the LSD product is expressed as an index that
mimics the reef-scale relative potential quantum yield (F,/F,). The index ranges from 0 — 1
where corals are expected to cope with light / temperature conditions in the 0.4 — 1 range
and where corals expetience light / temperature stress in the 0 — 0.4 range, which will result
in bleaching and may result in coral death. Recovery is expected once values return above 0.4
on the index. The LSD product is another experimental product designed by CRW to
predict various aspects of coral bleaching.

Abstract

NOAA Coral Reef Watch’s (CRW) global near-real-time coral bleaching operational
monitoring product suite is extensively used by US and international resource managers, reef
scientists, and the general public to monitor thermal stress and predict the onset,
development, and severity of mass coral bleaching. However, its algorithms are based solely
on satellite sea surface temperature (SST) observations. The new experimental Light Stress
Damage (LSD) introduced here is the first product to combine satellite-derived light and
SST data to monitor/predict coral stress that can lead to bleaching.

The LSD product provides a relative measure of the effect of the combined light and

thermal stress on the coral photo-system with values ranging between 0 and 1. Corals are
expected to efficiently cope with light/temperature conditions when LSD value is close to 1,
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but are expected to bleach when LSD value falls below 0.4. Recovery is expected once the
value moves back above 0.4.

The LSD product is underpinned by a series of experiments done on corals at the
Universidad Nacional Auténoma de México, Cancun, Mexico. These experiments allowed
the determination of relationships between the excessive excitation energy (EEE), relative
potential quantum yield (F,/F,), change in SST and differences in total daily
photosynthetically active radiation (PAR), such that:

F, _F
Temp: —m =f(ss7) ® EEEr—f( Fm) EEE = EEE, + EEE,
Light: EEE, = f(rar) .

— =f(eEE)

T

m

Hence, in simple terms LSD is based on a function of SST and PAR and is expressed as an
index that mimics the reef-scale relative F /F,_.

Monitoring coral surface UV & visible solar radiation from space

Kelvin Michael*', John Hedley’ and William S kirving

"University of Tasmania
*University of Exeter
"NOAA Coral Reef Watch

This presentation described how light interaction affects coral and discussed the historical
role of remote sensing in estimating surface radiation fluxes over land and the ocean.
Characteristics that remote sensing satellites have been able to detect, such as cloud
coverage, cloud fraction, and cloud thickness at various levels in the lower atmosphere were
also discussed. Additional topics included surface reflectivity and atmospheric aerosol
characteristics. These characteristics are important measurements for surface radiation
characteristics but they may be unavailable for measurement by remote sensing satellites due
to cloud cover or surface albedo. Applying simple statistical models to determine surface
radiation flux can circumvent this issue. Radiative transfer models (RTM) have been used to
develop comparatively accurate estimates of surface radiation flux under specific conditions.
A complication with radiative transfer models is that they are computationally expensive, but
as Michael pointed out, there are accepted hybrid approaches available that populate a
multidimensional matrix (lookup table) through a more limited set of RTM calculations. This
lookup table is then used in conjunction with satellite images to produce surface radiation
fluxes. A drawback to the use of these models is that it is reliant on 7 siz# measurements of
light and water conditions for calibration and wvalidation. Currently these i situ
measurements are lacking in a variety of locations, especially in coral reef locations.
Moreover, the spatio-temporal variability and optical properties of these measurements are
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not well understood. Nonetheless, research in this area is making strides. Michael presented
animations from a three-dimensional radiative transfer model that depicted the way light flux
interacts with coral and a map of global solar radiation over the Great Barrier Reef and its
agreement with an independent assessment of coral bleaching during the 2001-2002 summer
(Masiri et al., 2008).

Abstract

There is a rich history of satellite data being used to assist in the estimation of surface
radiation fluxes over land or ocean regions. At a basic level, satellite data can map the
coverage of cloud, but at a more sophisticated level can provide information on cloud
fraction and cloud thickness at various levels in the lower atmosphere. Satellite data can also
provide information on surface reflectivity, and more recently on atmospheric aerosol
characteristics.

A surface radiation flux estimate can be derived with a simple statistical model, where the
role of satellite data may be restricted to cloud information and surface albedo. More
commonly over the last decade, radiative transfer models are employed to produce more
accurate estimates of surface radiation flux under specified conditions — however these
RTMs are computationally expensive. An accepted hybrid approach is to populate a multi-
dimensional matrix (look-up table) via a more limited set of RTM calculations. Then the
look-up table is employed to produce surface radiation fluxes corresponding to a given
satellite image.

Model development requires 7z sitn measurements — for calibration and validation in the case
of statistical models, and usually for validation only in the case of physically-based models.
The in sitn data need to be collected with an appropriate radiometer, working in the relevant
region of the spectrum (g, global solar radiation, PAR, UV, UV-A, UV-B, e#.). Reliable
sitn data is not widely available in space and time, and its availability in coral reef regions is
particularly limited. The accuracy of surface radiation fluxes is typically 5-20% for
instantaneous / daily values. These errors can be greatly reduced via temporal averaging.

To estimate light delivered to the coral surface, it is necessary to have knowledge of the water
conditions, in particular its optical properties in the relevant part of the spectrum. Again,
there is little data on these optical properties, and even less is understood about its spatio-
temporal variability.

Finally, some example animations from a three-dimensional radiative transfer model for
shallow water environments are shown, as well as some discussion of the results of a large-
scale mapping of global solar radiation over the Great Barrier Reef and the level of
agreement with an independent assessment of coral bleaching over the 2001-2002 summer
(Masiri et al., 2008).

Water quality: What is the current capability of ocean color products in shallow
coastal waters?

Arnold Dekker
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The Commonwealth Scientific and Industrial Research Organization

Water quality stressors such as sediment and nutrients adversely affect coral reefs. In this
presentation Dekker explained the biological and remote sensing complexity of analyzing
water quality in coastal areas. In a singular remote sensing scene Dekker illustrated how it is
possible to discern sediment deposited by river plumes, tidal resuspension of sediment near
reefs, and algal blooms caused by nutrients. Due to natural variation in particulate matter and
seasons, coastal (case 2) waters are difficult to analyze using remote sensing platforms. Many
remote sensing platforms are specifically designed to analyze open (Case 1) waters and
therefore require intensive 7z situ calibration and validation data, in addition to place specific
algorithms for analyzing Case 2 waters. In examples of Australian rivers, such as the
Burdekin and the Fitzroy River, varied water quality conditions were portrayed along with
their respective spectral histograms. Each of these cases requires a unique algorithm for
analyzing a specific type of water quality criteria. The primary types of water quality that are
capable of being distinguished consist of chlorophyll, colored dissolved organic matter
(CDOM), non-algal particulate matter and the vertical attenuation of light in the water
column. In addition, when remote sensing conditions are not optimal, such as during times
of cloud cover, it is possible to incorporate models to estimate where plumes are going until
they can be verified again with satellite data. Products Dekker thought would be useful
included threshold maps that are able to distinguish CDOM from river sources and coral
reef primary productivity and a compliance mapping tool that uses chlorophyll as an
indicator. When measured over time, these maps can be used to analyze which areas are
noncompliant with regional regulations. The need for developing products that incorporate
compliance measures, primary productivity, flood plumes, algal blooms and coral bleaching
were emphasized; however, it was also noted that these required more work in reference to
the calibration and validation of remotely sensed data. Additional products of interest
included plume monitoring using Multifunctional Transport Satellite (MTSAT) geostationary
satellites for their high temporal revisit time, which would allow researchers to analyze fluvial
dynamics associated with flood plumes. Another application dealt with determining the
bathymetry of lagoon areas using Medium Spectral Resolution Imaging Spectrometer - Full
Resolution (MERIS-FR) data. Detection of coral bleaching was also mentioned as a
possibility, but this needs to be validated by bleaching events, which can be difficult to
obtain temporally speaking. Finally, while incorporating remotely sensed data into
sophisticated (or simplified) products is useful for making products accessible, this is
difficult and much work needs to be done to accomplish this.

Abstract

The Great Barrier Reef lagoon coastal marine environment, along with the reef itself, is an
important and integral part of Australian environmental heritage and culture. However,
recent degradation in water quality in some of the source catchments, flowing into the GBR
lagoon receiving waters threatens the system such that now a challenge exists to assess and
discriminate the effects of anthropogenic land-use change (increased run off with sediment,
organic matter, pesticides and nutrients) from anthropogenic-induced climate change and
shorter natural shorter term weather variability effects due to La Nifia-El Nifio cycles.

Overall aims

Reliable Earth Observation data from coastal-marine sensors has existed from 1997
onwards. Over the last 13 years for the GBR lagoon CSIRO has collated a sophisticated time
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series of satellite data from ocean and coastal water color/quality sensors, and has spent
considerable effort in developing physics-based inversion methods to quantitatively assess
optical water quality variables. To determine with a sufficient reliability what changes in the
GBR lagoonal waters are taking place it is essential to validate the remote sensing data at the
raw, pre-processed and processed processing stages such that we have reliable quantitative
(temporal and spatial) measures of: phytoplankton contents (and blooms) and composition;
suspended sediments composition and concentration; dissolved organic matter
concentrations and source material identification and; light availability assessments for
photosynthesis.

Although a satellite time series from 1997 onwards is relatively short, it is also the sole
spatially and temporally comprehensive data set available for this large coastal water body
(2500 km long by 300 km wide). As more sophisticated satellite-based measurements will
continue into the future, an accurate and reliable baseline over the past 13 years will create a
reliable point of reference (over 1997- 2009, with 2010+ added during this project). I situ
data are unable to adequately assess spatial and temporal variability effects, and thus are
limited in detecting trends in water quality. This research intends to address shortfalls in
knowledge of water quality trends in GBR waters by developing methods for extracting
relevant water quality information for the GBR lagoon from 13 years of satellite data
(amounting to several Terabytes of data) covering a La Nifia-El Nifio-La Nifa cycle.

Remote sensing global algorithms versus regional specific algorithms

Global algorithms for Moderate Resolution Imaging Spectroradiometer (MODIS) and Sea-
viewing Wide Field-of-view Sensor (SeaWiES), based on research in the 1980’s-1990’s, were
designed for ocean type waters and based on the assumption that phytoplankton and their
breakdown products determine all variable optical properties. More recent global algorithms
are improving but commonly applied algorithms (e.g, NASA) still cannot cope with high
optical variability such as occurs in GBR World Heritage Area waters and can produce errors
of 600 % or more (Qin et al., 2007). As the presence of clear blue water is commonly
assumed in atmospheric correction routines, frequent failure in turbid waters results and the
water quality algorithms (that translate water color to quantitative water quality variables) are
unsuited for discriminating chlorophyll from suspended matter from colored dissolved
organic matter. Thus, NASA global algorithms are less suitable for these optically complex
waters.

By significantly improved atmospheric correction and water quality algorithms the CSIRO
has developed methods for remote sensing of inland-estuarine, coastal and marine water
quality, which are applicable to any satellite system available, thereby avoiding total
dependency on single satellite sensors. CSIRO also accesses all MERIS (European Coastal
Water Sensor) data and could easily switch to any other coastal or ocean color sensor (g,
Indian, Chinese, Korean, Japanese, ez.). Furthermore, the CSIRO method can be applied to
much higher spatial resolution data if required, such as WorldView-2, QuickBird, IKONOS,
SPOT, Landsat, Advanced Land Observing Satellite (ALOS), e#. The CSIRO method
therefore provides independence from any one sensor system and any one space agency,
thereby ensuring longer-term provision of data (the current MODIS and MERIS sensors are
beyond their planned lifetimes).
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Through collaborative research CSIRO has invested significantly in developing a regionally-
specific approach to remote sensing algorithms that provides reliable, quantifiable
information, even in the most complex water such as river flood plumes on:
e Chlorophyll (CHL) and related pigments: primary productivity and eutrophication,
light availability factor)
¢ Colored Dissolved Organic Matter (CDOM): carbon land-ocean, freshwater plume
tracer, light availability factor)
e Suspended Matter (TSS): erosion, smothering, light availability factor)
e Light interaction properties such as: vertical attenuation of downwelling irradiance
(Kd); Secchi Disk Transparency and Turbidity

The simultaneous estimation of concentrations of CHL, TSS and CDOM via inverting the
full visible and near-infrared spectrum using the Specific Inherent Optical Property sets (and
the resultant Kd assessment) makes this method significantly more reliable than global
algorithm approaches as the resultant concentrations always create a spectrum close to the input
thus ensuring a physics based internal consistency in the solution. This reliability is expressed as error
maps that are also provided with our products (note that NASA does not provide error
maps although they do provide an overall global estimate of error). Once water quality
variable maps and associated error maps are available per pixel, per image, ez., it is possible
to assimilate this remotely sensed data into biogeochemical and hydrodynamic models, a
feature unique to the CSIRO approach. Analysis of such error maps also allows systematic
assessment of where “increased predictability” gains are most likely, and hence provides a
means to help direct future strategic research, and more importantly provides a mechanism
to discuss continued improvement with management agencies.

The quantitative water quality variable maps produced, are validated with the Australian
Institute of Marine Sciences (AIMS long term zz sitw data as well as with dedicated fieldwork
in sitn data and with the newly installed Integrated Marine Observing System (IMOS) funded
Lucinda Jetty Coastal Observatory data (see the Water Quality and Ecosystem Monitoring
Program Reef Water Quality Protection Plan; Final Report, Volume 1, August 2006 (Revised
November 2006)). These water quality maps are suitable for:

Water quality maps
e Analysis of the distribution and temporal changes in Chlorophyll, TSM, CDOM and
Kd maps:

e Min, Max, Median, Mean, Standard Deviation of Chlorophyll, TSM, CDOM
and Kd for the GBRWHA

*  Weekly and monthly (seasonal See Figure 1) and yearly and whole of life
means

e Trend analysis Chlorophyll, TSM, CDOM and Kd over satellite sensor
system life period

e Spatial and temporal autocorrelation analysis of Chlorophyll, TSM, CDOM
and Kd

e Trichodesmium and other algal bloom detection (incl. early warning) and monitoring

Process analysis of river discharges

e Determining maximum direct influence of river-estuarine waters by tracing CDOM
(also suitable as an inverse salinity tracer)
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* River plume extent of a flood events and analysis of transformation processes in
river plumes as they progress further away from the estuary (see Fig 2.).
* Average distribution of river material in plumes into GBR lagoon for all events

Adaptive management related:

e Light availability maps of GBRWHA to be superimposed on bathymetry maps for
calculation of light availability in the water column and at the bottom for primary
productivity assessment.

* Data set to put into a spatio-temporal perspective for relation to zz situ data sets
collected by others: e.g, seeming anomalous TSM or turbidity measurements or the
relevance/representativity of current AIMS long term monitoring plans.

* Relevance of current water compliance guidelines and creation of improved water
quality compliance guidelines based on the actual behavior of the coastal waters

e Analysis of the correctness of hydrodynamic and biogeochemical models and
subsequent improvement by data assimilation techniques.

Further strategic considerations include:
Integration of measurement systems, where, through data —assimilation, best returns on
investment are obtained:
¢ Optical, sea surface temperature and radar remote sensing data integration
* Integration with /# situ measurement systems
e Assimilation into biogeochemical and hydrodynamic models
Development of remote sensing products that caters to
* Near-real-time needs
e Project needs
* Long-term trend monitoring needs
Information from remote sensing must:
¢ Show processes
* Be quantitative and fit-for-purpose
* Be presented in a manner that can be interpreted and used by managers (training and
education loop between providers and users, allowing providers to better understand
end-users decision making processes which impacts assessment of accuracy,
timeliness and refresh rates when designing operational systems)
* Be media, web and water quality report card suitable

Some relevant publications of the CSIRO team

Blondeau-Patissier, D., V. E. Brando, K. Oubelkheir, A. G. Dekker, L. A. Clementson, and
P. Daniel (2009), Bio-optical variability of the absorption and scattering properties of
the Queensland inshore and reef waters, Australia, ]. Geophys. Res., 114, C05003,
doi:10.1029/2008]C005039.

Brando, V. E., Blondeau-Patissier, D., Dekker, A. G., Daniel, P., Anstee, ]J. M., Wettle, M.,
Oubelkheir, K. and Clementson, L. (2006). Bio-optical variability of Queensland
coastal waters for parameterisation of coastal-reef algorithms. Ocean Optics XVIIIL.
2006. Montreal, Canada, ONR-NASA.

Brando, V.E., Anstee, ].M., Wettle, Dekker, A.G., M., Phinn, & S.R., Roelfsema, C (2009)
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Figure 1: Log Mean values for Chlorophyll a for the Burdekin Region for the wet season from 1 November
2006 — 24th April 2007 (based on averaging +/- 180 daily images)
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Figure 2: CSIRO algorithms applied to river flood plume of the Burdekin River on 26% January 2008. RGB =
(Pseudo) true color image; CHL = chlorophyll; NAP= total suspended matter; CDOM = colored dissolved
organic matter; Kgq = vertical attenuation of light coefficients.

What is being done to make ocean color products work over coral reefs?

Scarla |. Weeks

University of Queensland
This presentation revisited some of the difficulties of utilizing remote sensing data to extract

information from coastal areas, or Case 2 waters, and explained how remote sensing
scientists are working to overcome them. The difficulties of extracting useful data on water
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quality and light availability in these areas include bottom reflectance, which results in the
need for masking areas in the image or significantly inaccurate calculations. Currently,
standard operational algorithms do not correct for bottom reflectance. This is of particular
concern for the Great Barrier Reef where the bathymetry is complex. The primary objective
of Week’s work is to collaborate with NASA scientists to develop an operational remote-
sensing algorithm that can efficiently and reliably correct for backscattering effects in
optically shallow waters where the effects of bottom reflectance are evident and significant.

The euphotic zone depth, the depth where photosynthetic available radiation reaches 1% of
its surface value, provides a measure of water clarity. This is based on the principle that the
Inherent Optical Properties (IOP) of the water column determines the vertical variation of
the subsurface light field. NASA recently implemented a Quasi-Analytical Algorithm (Lee et
al., 2007) describing the vertical attenuation of the subsurface light field. This algorithm has
now been validated in a number of locations globally, including the Arabian Sea, Monterey
Bay, Gulf of Mexico, and the Yellow Sea, but not in the Great Barrier Reef since the IOPs
are not available. However, collaborative work is in progress to develop an operational
remote-sensing algorithm that can efficiently and reliably derive the key IOPs to determine
the transparency or turbidity of Great Barrier Reef waters. Once completed, the water-clarity
algorithm will be integrated into NASA’s freely available SeaDAS software so as to be able
to provide maps of water clarity for coral reef and coastal waters from multiple platforms,
such as SeaWiFS, MODIS, MERIS.

Abstract

Monitoring and management of coral reefs has a high demand for efficient ocean color
algorithms that can produce accurate synoptic imagery and estimates of water-column
optical properties. These products are essential for understanding the links between
oceanographic processes, climate change, water quality and the biological response in
optically shallow habitats such as the Great Barrier Reef (GBR). The current state of
operational satellite remote sensing is that algorithms for measuring geophysical parameters,
such as chlorophyll concentration or water turbidity, are reasonably reliable over deep water.
However, these algorithms are currently unable to correct for bottom reflectance in optically
shallow regions so their products are either significantly inaccurate or masked out. This
limits the ability to use satellite data in coastal areas.

Considerable progress is being made in the applications of polar-orbiting satellite data in
mapping parameters such as phytoplankton concentration, turbid river outflows, and near
shore optical properties where there are no bottom reflectance effects. Aircraft sensors are
proving effective in mapping shallow water habitats and bathymetry in focused, high spatial
resolution campaigns. Validation and comparison workshops in coastal waters globally have
demonstrated the maturity of the shallow water remote sensing science.

Over the next three years, a collaborative project between Australian and NASA scientists
will combine quasi-analytical deep water algorithms with shallow water mapping
optimization schemes to develop an operational remote-sensing algorithm that can
efficiently and reliably derive water clarity information in shallow waters of the GBR. This
capability is especially important for studies of coral reef ecosystems where water clarity is
one of the key factors influencing reef growth and health. Once validated, the algorithm will
be integrated into a widely-used NASA satellite image processing package (Sea Data Analysis
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System -SeaDAS) so that, in combination with existing algorithms for optically-deep waters,
the algorithm suite will be able to provide measurements of water properties for all natural
waters of the GBR and coral reefs globally from current and near-future ocean-color
sensors. This will have significant benefits for scientists and coastal managers who will be
able to use these products to understand and monitor these important parameters in coastal
waters of coral reef ecosystems.

Can we develop other useful satellite-based management tools?: A seagrass

algorithm. Utility of seagrasses for satellite monitoring of coral reef condition

Susana Enriguez
Universidad Nacional Autdnoma de México

This presentation advocates advancements in ocean color remote sensing observations of
ecosystems associated with coral reef ecosystems, specifically seagrass habitats. Monitoring
seagrass beds is important due to their interconnected relationship with coral reefs, for
example acting as juvenile reef fish habitats. Enriquez pointed out how seagrasses can be
used as powerful early bioindicators of coral reef deterioration before those changes can
impact water quality on the coral reef community. Seagrasses and their associated macroalgae
display large changes in abundance and diversity of species, but also in the morphology of
the main builder/s of seagrass canopies. The productivity of seagrass is so substantial that
they are second in productivity only to swamps, marshes and tropical and temperate forests
in terms of dry weight production per day (Duarte and Chiscano, 1999). They also provide
an important contribution to carbon uptake. While seagrasses only cover 0.15% of the ocean
floor, they take up 15% of the total CO, processed by oceanic biota. The interconnected
processes between seagrass and coral reefs are not fully understood, and neither are seagrass
responses to the same global and local threats currently affecting coral reefs. (Waycott et al.,
2009) reported an alarming reduction in seagrass area since 1980 for the temperate meadows.
However, less information is available on the actual situation of tropical seagrass beds. The
large morphological plasticity shown by seagrass beds is indicated by adjustments in leaf self-
shading, which is a response to the light levels of the water column (Enriquez and Pantoja-
Reyes, 2005). This response is also dependent on the magnitude and frequency of coastal
perturbations, hydrodynamics and, especially important in the tropics, the trophic condition
of the ecosystem. Given these important ecological functions and needs, and the large
morphological plasticity and fast response shown by seagrasses to environmental changes,
Enriquez discussed the utility of monitoring these ecosystems with remote sensing
techniques. By using remote sensing platforms it would be possible to monitor spatial and
temporal changes in canopy biomass and light utilization at scales beyond manual surveys
and without geographic restrictions (Green et al., 2000). Research using remote sensing in
conjunction with 7 situ determinations of the physiological condition of seagrass leaves and
the information “registered” in the pattern of growth of the underground biomass, can
provide strong tools for monitoring seagrass bed condition and productivity but also coastal
dynamics of erosion and sedimentation and abnormal changes in the coral reef system.
Specifically, Enriquez proposed that the pattern of variation associated with the vertical
growth of Thalassia testudinum shoots provides useful information on the magnitude and time
of occurrence of different coastal events such as storms, hurricanes, and even coastal
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management projects related to beach restoration. She also showed that the pattern of
variation in Fv/Fm along seagrass leaves may allow an understanding of the spatial and
temporal changes in leaf growth and seagrass productivity if it is combined with (1) a
seagrass algorithm based on the estimation of the excessive excitation energy (EEE); and (2)
the description of the canopy light fields. To develop this seagrass algorithm it requires
similar information already being used in the LSD product, and radiative transfer
descriptions of light propagation within the seagrass canopy that have been recently
published (Hedley and Enriquez, 2010) as an application of a 3D global illumination method
for aquatic environments developed earlier (Hedley, 2008). With these new tools, effective
monitoring of the expansion and reduction of seagrass biomass will allow managers to use
seagrass beds as early bioindicators of coral reef changes and environmental deterioration
before poor water quality can produce serious and irreversible effects on the coral
community.

Abstract

Seagrass beds rank among the most productive autotrophic ecosystems, second only to
swamps, marshes, and tropical and temperate forests in terms of dry weight production per
day (Duarte & Chiscano 1999). They are responsible for 15% of the total net CO2 uptake by
oceanic biota, despite only covering around 0.15% of the ocean surface. Seagrass beds are
also important associated ecosystems of coral reefs where they display large morphological
variation related to the complexity of the macrophyte community (abundance and diversity)
but also to the changes experienced by the main builder/s of the seagrass canopy (Entiquez
& Pantoja-Reyes 2005). This variation is strongly regulated by light to adjust leaf self-shading
to the light levels of the water column, and is also dependent on the magnitude and
frequency of coastal perturbations. Optical remote sensing by airborne sensors or satellites
offers the possibility for monitoring spatial and temporal changes in both canopy biomass
and canopy light utilization at scales greater than can be achieved by manual surveys alone
and with less geographical restrictions (Green ef al. 2000). These tools can be reinforced
adding “zz sit” information contained in the underground seagrass biomass and in the
physiological condition of seagrass leaves. Specifically, the pattern of variation of Fv/Fm
along the leaf may allow understanding changes in leaf growth and seagrass productivity that
can be predicted by means of a seagrass algorithm that requires for its development similar
information already being used in the LSD product, based on the estimation of the excessive
excitation energy (EEE). A recent quantitative global assessment of seagrass loss (Waycott ez
al. 2009) has reported an alarming reduction in seagrass aerial extent since 1980 for the
temperate meadows. Less information is available about the actual situation of tropical
seagrass beds and their responses to local and global impacts. Effective monitoring of the
expansion and reduction of canopy biomass should be a key objective for management of
seagrass beds and associated marine environments. Seagrasses can provide very useful
information to understand many processes in coastal areas but they also can be used as
powerful early bioindicators of coral reef deterioration before those changes can impact
water quality or the coral reef community. A recent application of a 3D global illumination
method for aquatic environments (Hedley 2008) that allows describing radiative transfer of
light propagation within the seagrass canopy (Hedley & Enriquez 2010) has clear
applications to improve understanding of seagrass canopy light harvesting and
photosynthetic carbon fixation, and to aid the development of quantitative bio-optical
remote sensing methods for seagrass beds.
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The future of ocean colour products on coral reefs: What can we expect in the near
future?

Peter Fearns* and Arnold Deklker’

'Curtin University of Technology
“The Commonwealth Scientific and Industrial Research Organisation

In the presentation by Peter Fearns remote sensing advancements, such as future
technologies, remote sensing products, coordination and management of research efforts,
integration of data, and uptake and applications of data, were discussed. Enhanced
technologies mentioned included constellations of mini, micro, and nano-satellites with
enhanced spatial and spectral resolution to provide more detailed images of surface features
and better signal to noise characteristics, all of which are important components in coastal
remote sensing. Another desirable characteristic of future satellite platforms include multi-
sensor platforms that span the electro-magnetic spectrum and would include visible, near
infrared (NIR), thermal, and radar capabilities. Off-nadir capability is also a desirable
characteristic of future satellites so that temporal constraints as a result of infrequent revisit
time are reduced and areas of interest can be readily acquired. With the improvement of
sensor technical accuracy and the increased understanding of 7z situ optical properties of
various water and substrate types, it is possible to derive improved water column products,
such as chlorophyll concentration, dissolved substance concentrations, water temperature,
and water quality, and more detailed habitat maps. Improved, derived (separate remote
sensing products that are combined), and hybrid (remote sensing data combined with
models or 7 situ data) products will also become more sophisticated resulting in the ability to
take into consideration multiple factors to create an index of coral reef sensitivity or to track
and predict the course of algal blooms, for example. While these improvements will likely
enhance management decisions, Fearns noted that there is a need to enhance the
communication channels between remote sensing scientists and end users. Through the
development of networked, online data-stores that are abundant with remote sensing and
coastal biology data that is easily searchable and accessible to authorized users, the possibility
for collaboration amongst interested parties could be facilitated. These centers of
information would provide a storechouse of information that would serve to establish
baseline data to inform long term monitoring, provide data for multi-scale views of
environmental problems and historical data for environmental assessment amongst other
applications. Through increased use and application, standardization of the processes used in
the analysis of remote sensing products will become routine and the information derived will
become more accessible through software and applications like Google Earth.

Abstract

We present reflections on the future of coral reef remote sensing under the topics:
1. Future technologies - implications

Products

Cootdination/management

Integration

Uptake & Applications

DAl
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Current airborne remote sensing systems can demonstrate the technologies that will one day
be space-borne. Technological developments in satellite vehicles, with coordinated
constellations of mini-, micro- and nano-satellites, increased spatial resolution, as well as
increased temporal coverage will be available from space. Advanced sensor technologies will
lead to better signal-to-noise characteristics, an important aspect of marine and coastal
remote sensing.

Multi sensor approaches to environmental observation will provide information from across
the electromagnetic spectrum, encompassing visible, near-IR, thermal sensing, as well as
radar. Add to these improvements in technology the capability to steer the view direction of
a sensof, these space-borne sensors will be able to provide rapid response capabilities to the
routine monitoring and management of reefs and other shallow water coastal environments.

New remotely sensed products will come about due partly to the improved accuracy of
sensors, but also as we gather more information on zz situ optical properties of different
water types, and different substrate classes such as algal species or coral species. The
outcome of better sensors, more spectral knowledge and improved in-water optical models
will lead to improved and new water column products (eg, chlorophyll concentration,
dissolved substance concentrations, water temperature, water clarity) and more detailed
habitat maps.

An interesting development based partly on remote sensing data will be higher level derived
and hybrid products. We make the distinction here between derived and hybrid products as,
derived are based essentially on remotely sensed products, combined to generate a new
products. An example is primary productivity, which can be derived from remotely sensed
temperature and chlorophyll concentration. Hybrid products are those that combine
remotely sensed data with information from non-remote sensing systems, such as circulation
or ecosystem models, or with 7 situ instrument data, to derive a new product. A circulation
model might be used to propagate a remotely sensed algal bloom through time to track the
likely path and impact of the bloom.

Better technologies, with improved products will lead to potentially better management.
However, the timely access to and dissemination of data is often a key to the efficient
management and monitoring of a coral reef. To this end we suggest the communication
channel between remote sensing scientist and end users needs to be improved such that
information can spread rapidly and efficiently to the end users, and at the same time
feedback to the remote sensing scientists can help guide the development and validation of
new products. More efficient and easy-to-use data search tools, with free and open access to
on-line data stores, with the potential for the date store to be updated by remote sensors as
well as end-users will foster the development, via feedback, of more useful and applicable
remote sensing products.

On their own, remote sensing data can provide an invaluable large-scale view of coral reefs
and other coastal environments, but the value of such data can be multiplied by integration
with other advanced application systems such as ecosystem models, or simply delivered
within universal “standard” data display systems such as Google Earth. In our experience,
remotely sensed products are often utilised in one-off novel applications, in support of a
larger mutli-disciplinary project, or might be included to provide a snapshot of spatial
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relationships in an environmental impact assessment for example. The potential of long term
monitoring with space based sensors, the value of large scale views and baseline information
contained in long term data bases is often overlooked. As databases grow through time, and
extreme events, as well as base line conditions, are observed over longer periods of time,
remote sensing data will be the only source of historical data for many environmental
assessment projects. There are currently “standards” for the processing, analysis, application
and display of many environmental measurements (water quality measurement methods, data
analysis and reporting protocols, observations required for environmental impact
assessments), but applications of remote sensing data to environmental assessment tasks
have not yet been standardised. As remotely sensed products develop and improve, as the
use of remote sensing data increases and more end users realise the potential and value of
remotely sensed data, these products will be adopted as required routine and added as
regular additions to coral reef management and monitoring,.

Use of climate models to predict coral reef vulnerability

Claire Spillman*®, Mark Eakin® and Simon Donner’

' Australian Burean of Meteorology

’NOAA Coral Reef Watch
"University of British Columbia

Predictive models provide the ability to forecast environmental conditions and their
potential impacts on coral reefs. To understand and compare the various types of models
used in forecasting stresses on coral reefs, Claire Spillman explained the various
characteristics of forecast models such as model type, resolution, timescales, forecasts,
products, downscaling, skill and applications.

Common models can generally be classified as either statistical or dynamical systems, with
different characteristics and distinctions particular to each. A primary distinction between
these two types of models is the way in which statistical models use historical data and
stochastic relationships to predict future events, while dynamical models use recent
observations and the principles of physics to provide predictions. Examples of the Bureau of
Meteorology’s statistical and dynamical models provided included Australia’s current
statistically based seasonal rainfall forecasts and dynamical oceanic predictions from the
Predictive Ocean Atmosphere Model for Australia (POAMA). Hybrid models combine
characteristics and techniques of both statistical and dynamical models and can lead to more
accurate predictions than either approach alone.

Much like remote sensing products, forecast models differ in both temporal and spatial
resolution, so it is important to choose scales that are appropriate to the study. Computing
power is often a limiting factor when developing models of increasing resolution. Timescales
are also an important consideration for studies and, depending on the topic of interest, very
different timescales may be used. For instance, when predicting coral bleaching, seasonal or
intra-seasonal timescales may be used whereas long-term climate predictions require
centennial timescales. One technique used for obtaining higher resolution information from
a model forecast is “downscaling”. This is the process whereby high-resolution climate
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information is derived from output of coarse resolution General Circulation Models
(GCMs). Both temporal and spatial downscaling is possible. Statistical downscaling uses
statistical relationships between historically observed small-scale and large-scale variables to
transform predictions. Dynamical downscaling is an additional process that uses a regional
climate model driven by boundary conditions from a GCM. Downscaling using these
processes does, however, have caveats; the primary one being that, even though downscaling
is in some cases possible, the uncertainty in predictions at coarse scales may translate into
meaningless predictions at fine scales.

Model forecasts are either deterministic or probabilistic, and may be accompanied by
uncertainty estimates or tolerances. Deterministic forecasts generally predict a single
outcome and uncertainty is not measurable. Probabilistic forecasts are derived from
ensemble prediction systems and provide the user with the likelihood of occurrence; these
forecasts provide added benefits, such as the ability to be used for cost/benefit analyses.
Methods of assessing forecast skill, or performance, were also discussed. Some techniques
include comparing predictions with observed events, finding correlations in time/space with
observed events, using skill metrics (eg hit rates), comparing forecasts with other models,
and how the predictions capture trends and characteristic features. The desired level of
forecast skill is dependent on the application and there is often lower accuracy in predicting
local scale events compared to large climate processes.

Forecast products of interest to the coral reef remote sensing community include sea surface
temperature (SST) anomalies, tropical cyclone frequency, Madden-Julian Oscillation, thermal
stress duration, bleaching risk and climate change indices. A consideration for forecast users
is the distinction between operational and research model products. Most models used for
research products are experimental, and are in the process of being designed and evaluated
for efficacy. Operational products are well maintained and supported to reliably provide
regular information to end-users. It is important that managers and policy makers are aware
of both the type of forecasts product they are utilizing, and the assumptions and limitations
of the models that are used to develop the product.

The applications of models are numerous and include advance warning of bleaching risk,
allowing coral reef managers to implement mitigating strategies, cost/benefit analyses,
identification of future threats for policy development and long term planning, in addition to
an improved understanding of physical processes and large-scale climate drivers. In order to
develop the best possible models and products, Spillman re-emphasized the need for
communication between reef managers and modelers. Finally, examples of Coral Reef Watch
and POAMA predictions for bleaching were presented (Goreau and Hayes, 2005; Strong e#
al., 2004; McClanahan ez a/., 2007; Spillman and Alves, 2009), along with how these forecasts
have the potential to be invaluable tools in reef management.

Abstract

Climate models can be used in a variety of ways to predict reef vulnerability, from seasonal
bleaching risk to long-term impacts under climate change. Forecast models vary greatly in
their composition, resolution, timescales, type of forecasts produced, performance, and
applications. This talk serves as a brief introduction to both statistical and dynamical forecast
models and their use in coral reef management and research.
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Statistical models are built on empirical relationships derived from historical data and can
often be quite skilful, though assume stationarity and thus may not capture future climate
changes. Statistically based forecast products such as the NOAA Coral Reef Watch Seasonal
Coral Bleaching Thermal Stress Outlook have been quite successful in forecasting upcoming
summer conditions and potential bleaching risk (http://coralreefwatch.noaa.gov). The
current seasonal rainfall and temperature outlooks for Australia are also based on a statistical
forecast system run by the National Climate Centre.

In contrast, Global Circulation Models (GCMs) are dynamical multivariate models,
comprised of differential equations based on the basic laws of physics and fluid motion.
GCMs can simulate system responses to a changing climate though require a detailed
understanding of the processes involved. The global ocean-atmosphere forecast system
POAMA is currently run by the Bureau of Meteorology to produce seasonal SST forecasts
for determining bleaching risk as well seasonal ENSO outlooks (http://poama.bom.gov.au).
GCMs can also be used for decadal and centennial predictions, including system response
under climate change scenarios.

Both statistical and dynamical models have limitations, depending on the application and the
design of the forecast system, and can include poor model resolution, limited data availability
and an inability to capture future conditions under global warming. However, these models
can provide invaluable insight into future conditions as well as the processes occurring over
reef regions, leading to improved management of coral reef systems.

Integrating remote sensing data into ecosystem models to predict vulnerability
C. Mark Eakin*', Peter |. Mumby’, lan A. Elliotf, William Skirving and Scott F. Heron'

'NOAA Coral Reef Watch
*University of Exeter

Mark Eakin’s presentation focused on combining models and remote sensing to aid in
planning protected areas that have the potential to reduce coral vulnerability to thermal
stress. Models can be powerful and effective tools for understanding how physical
phenomena are likely to occur, and when they are coupled with additional data they can
apply to broader applications. The first example of the presentation focused on a joint
project between Coral Reef Watch and AIMS to examine small-scale hydrodynamic
modeling in Palau (Skirving et al., 2010). Through the use of intensive instrumentation that
collected 7z sitn measurements and the application of a model with a 250-meter resolution,
researchers developed a local scale hydrodynamic model that revealed the thermal
capacitance of waters in coral reef areas of Palau, which could then be used for fine-scale
reserve planning. Palau is heavily influenced by tides and this has an influence on coral
conditions. The parameters measured in this study included tidal flow, currents, tides,
temperatures, connectivity and salinity. The objective of the study was to spatially measure
the thermal capacitance of Palau’s reefs and to identify areas that are characterized as having
a high thermal variability with a low thermal capacitance (reef areas that are capable of
withstanding bleaching events) and areas that are characterized as having a low thermal
variability with a high thermal capacitance (reefs areas that are less capable of withstanding
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bleaching events). Findings suggested that there are few areas where there are natural
mechanisms for facilitating thermal capacitance in Palau and that when bleaching events
occurred, areas that had a high thermal capacitance and low temperature variability
recovered faster than those in low thermal capacitance and high temperature variability areas.
This information provides managers with another data set that allows marine park planners
to maintain diversity and protect organisms. In short, it allows managers to look at stressors
in addition to the overall ecosystem when designing MPAs.
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Final output from the Palau model of thermal capacitance, expressed as surface cooling
degree-weeks (i.e., how much the mixing cooled the surface temperature during the one-
month period) (from Heron and Skirving 2004).

Another question in reference to long-term trends and climate change was “how can thermal
stress and current circulation aid management”? This is the research question of the second
study recently published by (Mumby et al., 2010). This project utilized thermal regimes and
larval connectivity to prioritize reserve areas. Over a 20-year data set this study examined
which areas were getting warm the fastest rather than areas that were the warmest. Given
this analytical foundation, a distinction was made in reference to the type of thermal
exposure corals are subjected to, which consists of chronic and acute exposure to thermal
stress. When plotted on an X-Y graph, a quadrant of thermal regimes was developed and
used to classify corals that were accustomed to thermal stress that varied across the
following spectrum: High Chronic and Low Acute, Low Chronic and Low Acute, High
Chronic and High Acute, and Low Chronic and High Acute. A variety of reefs (Montastrea
and gorgonian) were identified from the national habitat map and mapped using polygons. A
total of 286 polygons were created that contained these coral sites. The thermal history was
then determined for each site. The utility of this data lies in being able to consider the
reserve design and classifying areas as high, medium and low priority for inclusion in
reserves based on their climate history and predicted climate change. Then an additional
component, larval connectivity, is included in the analysis. In this portion of the study, areas
adversely impacted by climate change (locations with low chronic and low acute thermal
exposure) are identified and prioritized in the design of the reserve so they are located within
proximity to areas that will be minimally affected by climate change, locations with high
chronic and low acute thermal exposure, for example.
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Figure 1 Catcgorization of coral reefs in the Bahamas by thermal Figure 3 Graph-theoretical representation of coral larval connec-

stress regime. Empty (white) polygons are unclassified, falling tivity among reefs in the Bahamas. Polygons represent reefs of

between thermal regimes. habitats Montastraea and hardbottom and lines denote predicted
flux of Montastraea larvae during a single spawning and recruitment
event. Graph cut-nodes (crossed circles) are important locations
for maintaining network cohesion and cause network fragmenta-
tion if such reefs are lost.

This configuration allows less impacted coral reefs to disperse their larvae to areas that are
more impacted by climate change, thereby potentially rejuvenating the areas impacted by
climate change. To model these scenarios researchers used the high-resolution biophysical
computer model (HYCOM-based), which simulates the release of larval particles into the 3-
D model and predicts where the larvae will settle. Researchers can then select options for
preferential larvae settlement sites, which results in the selection of the most viable reefs for
withstanding climate change impacts. Another valuable component to this research is that
these models are to be added as an extension tool to MARXAN, the marine reserve-
planning tool. The benefit of combining climate change stress potential and larval
connectivity in these models is a doubling of larval connections when compared with
conventional reserve planning methods, which has the potential to improve the resilience of
reefs within reserves.

Abstract

Recent efforts have begun to incorporate remote sensing with modeling to improve the data
needed for planning and managing marine protected areas. This work is introduced on two
scales: modeling of hydrodynamics

Determining Thermal Capacitance for Protected Area Network Design in Palau

During the latter half of 1998, Palau experienced unprecedented bleaching that resulted in
significant mortality and the loss of significant proportions of one of the few remaining
pristine coral reefs in the world. The Nature Conservancy and the Palau Government joined
forces to design and implement a protected areas network (PAN) for Palau’s coral reef
ecosystem. At the same time, NOAA and the Australian Institute of Marine Science (AIMS)
were collaborating on the use of hydrodynamic models to predict heat stress during a
bleaching event. In 2003, it was decided to combine these efforts and for NOAA and AIMS
to produce a heat stress model for Palau for use in the PAN planning as an attempt to
identify factors that might confer resilience to climate change. NOAA and AIMS
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implemented a data collection effort to develop bathymetry, measure high-frequency
currents, temperatures, tides, and other parameters needed to develop a high-resolution (250
m) two-dimensional hydrodynamic model for the largely tidally driven circulation within
Palau.

Currents and mixing were used in conjunction with the vertical temperature profile to
determine cooling of surface water due to mixing and thus the likely spatial distribution of
sea surface temperature during a bleaching event. In fact, this model is best interpreted as a
measure of thermal capacitance. The warmer regions in the model represent areas with a low
thermal capacitance meaning that a given amount of solar energy heats these regions faster
than the cooler regions in the model, which have a high thermal capacitance and resist
temperature change. The warm regions portray those locations that likely experience little to
no mixing and hence represent low thermal capacitance. The organisms that live in these
regions experience an extreme climate, characterized by relatively large temperature ranges.
In contrast, those regions shown as cool were most likely to experience greatest cooling at
the surface due to mixing and hence represent the regions with high thermal capacitance.
This provides the organisms that live there with a very mild climate, characterized by
relatively small temperature ranges.

In general, most protected area networks (PANs) are currently designed so as to provide
protection to “representative bioregions.” However, it is important to recognize that an
ecosystem is not only made up of different species but also of organisms within each species
that can have unique physiological characteristics. With respect to a changing climate, the
phenotypes that result in varied physiological characteristics are likely to correspond to
different thermal capacitances throughout the region. While we may not know what these
characteristics are, the relevant characteristics for resilience against climate change are more
likely to be better protected if representative samples of each thermal region within the
thermal capacitance map are protected. The innovative techniques and methodologies
presented in this report represent a new approach for MPA/PAN design.

Incorporating Thermal Stress and Connectivity in MPA Design

Rising sea temperatures cause mass coral bleaching and threaten reefs worldwide. While reef
managers are unable to avert warming, maps of variations in thermal stress across the
seascape can be used to help manage reefs for climate change. In particular, a model that
incorporates both thermal stress and connectivity has been tested to provide information to
inform protected area network planning. The first step involves mapping chronic and acute
thermal stress to develop evidence-based hypotheses for the future response of corals to
each stress regime. Then the model incorporates spatially-realistic patterns of larval
connectivity among reefs and applies novel reserve design algorithms to create reserve
networks for a changing climate. By selecting preferred source and recipient populations
based on potential connectivity and the relative amount of chronic and acute stress, the
model can be used to optimize the potential survival of coral recruits under an expected
climate change regime.

Using remotely-sensed thermal stress data for the largest Atlantic reef system in the
Bahamian archipelago, we show that reefs predicted to experience the most benign future
conditions should have sufficient larval connectivity to be networked into a reserve system.
Optimal reserve designs differ according to the anticipated scope for phenotypic and genetic
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adaptation in corals. Unfortunately, both the rate and possible extent of adaptation in corals
remains uncertain. While this effort provided reserve design criteria that hedge against
present uncertainty, the approach is flexible and new discoveries such as coral and algal
adaptation can be integrated to update the reserve design algorithms. This information can
be incorporated into planning tools such as MARXAN and can play an important role in
adaptive management.

Machine learning and data mining

Vie Ciesielski
Royal Melbonrne Institute of Technology

This presentation focused on how to develop remote sensing products from a multitude of
data in a way that is efficient both temporally and economically. New advancements in
computer science have developed methodologies for accomplishing these objectives through
the process of machine learning. Vic Ciesielski described the capabilities of this concept and
how this could be used to develop new and improved satellite products. The presentation
began by drawing parallels with remote sensing and machine learning in the areas of data
analysis and vocabulary similarities. This was followed with an organizational depiction of
the subfields within machine learning, which highlighted the breadth of the field and the
abundance of applications the field can contribute to. Numerous areas such as data mining,
evolutionary computing, classification, clustering, association finding, feature selection,
outlier detection, anomaly, multi-dimensional visualization, and genetic programming were
just some of the more prevalent machine learning subfields. The first subfields mentioned
consisted of classification and discrimination. The primary foci areas for developing
algorithms in this subfield consist of distinguishing items that are disparate or have varying
degrees of differences. In order to accomplish this it is imperative to have abundant, known,
and labeled examples of each class. Numeric prediction is one type of classification noted as
an example. Algorithms are different in this case from class predictions when viewed from a
machine learning perspective. Regression is one method of doing numeric prediction, which
has focused on linear regression classically, but is moving to include nonlinear numeric
prediction. A major area of data mining and machine learning is in time series analysis and
prediction. Ciesielski provided an example of how machine-learning methodologies would
tell the difference between land and water in an image. This process, he pointed out, is not
exclusive to imagery and is applicable to any type of data. The first step involves taking
samples of the items we want to differentiate between. From this point image features to be
used are determined, training data is constructed, test data is constructed, then an algorithm
is run from numerous choices (e.g, decision tree, neural network, nearest neighbor, support
vector machine) to develop a classifier. Known test data is then passed through the classifier
created from the algorithm and the error rate is determined. Once an acceptable error rate is
achieved, the classifier is applied to unseen examples. Another method in development is
using texture for segmentation. While it is incredibly easy for the human eye to distinguish
between different textures, getting a computer to discern these differences is another matter.
The goals of classification are to be as accurate as possible and to explain and understand the
data.
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The second major area is clustering and in this methodology there are no labels. The primary
question is “how do separate clusters of groups interact”? Some examples of this were
middle-aged people who bought vitamins, and consumers who bought both beer and diapers
at convenience stores. The obvious benefits of using this methodology are that this
information can be used for identifying target markets. With clustering there are fewer
algorithm choices (roughly 5) and it can be used in anomaly detection and change detection
but the researcher generally does not want to know about any change unless the change is
significant. Association finding is another task in machine learning and is used often in
market basket analysis, which is the analysis of what items people buy with other items.
Feature selection is another machine learning technique that is used for finding the
important variables from numerous possibilities. Data visualization is another technique that
has been successful at certain levels, specifically 2 and 3 dimensions, but unsuccessful at
higher dimensions (eg, 25-100 dimensions). The last example of machine learning
mentioned is symbolic regression using genetic programming. The programs are made up at
random and make it perform in a task where it is evaluated on how well it performs that
task. Working along an evolutional philosophy, the fitter programs are selected and
combined with other, fitter programs. Over time these programs become better and better at
performing the tasks and are utilized in various capacities, such as time series modeling and
relationships between variables. In conclusion, there are many robust techniques, some good
software, and many successful applications but data preparation and cleaning can be time
consuming, some techniques are computing intensive, and in some cases nothing interesting
is found.

Abstract

Machine learning is a large field that is concerned with the development of algorithms that
make it possible for computers to exhibit various kinds of intelligent behavior by learning
from examples rather than by direct programming. Data mining is a major subfield, which is
primarily concerned with learning from data. Most data mining algorithms expect the data to
be available in the following form.

No | Attributel | Attribute2 | Attribute3 | Attribute5
1 1.5 2.3 5.4 GOOD
3.7 2.1 1.5 BAD

There are number of data mining techniques that can be used on data of this form.

Classification: This is basically the task of learning to tell the difference. If the above data
were to be given to a classification algorithm the output would be a classifier, that is, a
program that can take an unseen example and predict whether it is good or bad, that is, its
class. There are several hundred different classification algorithms. These include decision
trees, rules, neural networks, support vector machines and nearest neighbor classifiers. Some
classification algorithms can accept a numeric attribute as the class. Some classification
algorithms focus on high accuracy and the classifier is a black box, other classification
algorithms focus on understanding and the classifier is a rule or decision tree that could
reveal relationships in the data. Assuming that suitable data were available, it would be
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possible to have the class attribute as BLEACHED or NOT-BLEACHED and to learn and
analyze a classifier.

Of course the classifier needs to be tested on data not used in its construction to determine
its error rate.

Clustering: In contrast to classification where one of the attributes must be designated as
the class, clustering algorithms on operate on data in which no one attribute is designated as
special. The task is to divide the examples into groupings, or clusters. The members of a
cluster should be similar to each other in some identifiable way, and each cluster should be
different to the others. In analyzing shopping transactions, for example, one might identify a
cluster of old people buying vitamins and another cluster of young people buying CDs.
Using clustering techniques on coral reef data might identify unanticipated groupings.

There is only a small number of clustering algorithms. Clustering generally requires a lot of
search and the algorithms are practical only on relatively small data sets.

Association Finding: This is the task of directly looking for relationships between the
attributes and is primarily used in market basket or transaction processing analysis. In
analyzing supermarket transactions one might find, for example, that buying bread is
frequently associated with buying milk. There are a small number of algorithms, which are
computationally expensive. A disadvantage of the approach is that trivial associations, such
as not buying bananas are associated with not buying fly spray, which need to be filtered out.

Attribute Selection: In some situations there can be very many attributes, perhaps
hundreds. Attribute selection is the task of determining which of these attributes are the
most relevant/significant to a classification task. Only these attributes will subsequently used
in building a classifier. There are around a dozen algorithms for attribute selection, some of
which are computationally expensive.

Symbolic Regression: This is the task of finding a formula to relate the attributes. For
example, one could find that attribute3 = (2*attribute2-attributel) / log (attributel). These
algorithms tend to be computationally expensive, but there have been a number of successes
for a small number of attributes.

Other Tasks: There is a small number of algorithms for tasks such as outlier detection,
anomaly detection and change detection.

Experience in the practical use of data mining techniques is mixed, but promising. There are
many robust techniques, some good software and there have been many successful
applications. However, preparing and cleaning the data can be costly, some of the algorithms
are computationally very expensive, and sometimes nothing of real interest is discovered.

An  excellent, public domain system for machine learning is = Weka:
http://www.cs.waikato.ac.nz/ml/weka/
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Web-based delivery of NOAA Coral Reef Watch products

Gang Lin* and Tyler R. 1. Christensen
NOAA Coral Reef Watch

CRW works to meet the various needs of its growing user community by utilizing both
existing and emerging new technologies, by collaborating with partners to prepare data in
various formats, and to deliver products through various mechanisms. Coral Reef Watch’s
(CRW) user community comprises coral reef managers, scientists, and stakeholders from
broad and versatile backgrounds who have significantly different information and data
requirements and handling capacities. The locus for all CRW products and data is the CRW
website http://coralreefwatch.noaa.gov. Liu’s presentation emphasized CRW’s goal to make
its online products easy to access and its web site easy to navigate. By working with users
directly and collecting user comments and feedback, CRW has been working to understand
how its users access and use the data. A simple product overview webpage introduces all of
the CRW products and describes all the data formats and product delivery mechanisms
provided. Users have the convenience of choosing the best options of data format and
mechanism suitable for them.

CRW’s data formats and delivery mechanisms include:

* Suites of images, graphs, charts, and animation products

* Image product suites in the Google Earth format

* Numerical data
o global and regional data in Hierarchical Data Format (HDF)
o time series data in text (ASCII) format for Virtual Stations

* Automated bleaching e-mail alerts

* Interactive data query and delivery via ReefBase’s online GIS

* Online message board

* Data analysis tool software package for CRW’s HDF data

* Online product tutorials and methodologies

Image format, as the simplest and most straightforward format for viewing data, is provided
for all of the CRW products with continuous spatial coverage. Both global and regional
images are provided for showing the global scale of the targeted environmental conditions
and for close examinations of the condition in the regions of interest, respectively.
Animations of these products are also available for easy viewing of the change in the coral
reef environmental conditions. CRW also takes advantage of existing software packages that
are free and widely used. For instance, CRW produces most of its products in the Google
Earth format. Numerous useful built-in functionalities and data layers of Google Earth allow
users to enhance CRW’s products and to combine them with products from other sources.
Interested users can download the numerical data of CRW’s products, currently in HDF
format, for further analysis and application. Although HDF data are especially useful for
users who handle the data using computer programming languages, many free software
packages are available for viewing HDF data and performing certain analyses. CRW provides
free, customized HDF data viewing and analysis software package, CoastWatch Data
Analysis Tool (CDAT), to its users. For easy and quick access to the current environmental
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conditions at some major coral reef locations, CRW developed more than 190 Virtual
Stations globally. Users can visit CRW’s Virtual Stations webpage to see the current
condition at the reefs of their interest or simply subscribe to CRW’s automated Satellite
Bleaching Alert e-mail system, which sends the update of the status of environmental
conditions to subscribers’ e-mail addresses as soon as the update becomes available. Time
series data of these stations are provided in ASCII text format on CRW’s website. These text
data are desired by many users because this type of data is ready to be read on any computer
and can be analyzed easily in a spreadsheet. CRW also summarizes its near-real-time
monitoring products into composite products to show monthly and annual mean and
extreme conditions. CRW also works with many collaborators to deliver CRW products
through as many useful and unique mechanisms as possible. For instance, monthly and
annual composites, along with 