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ABSTRACT
Coral reefs are among the most sensitive ecosystems to climate change. Managing coral
reefs at a time when changing sea temperatures, levels and chemistry are already
negatively affecting the capacity of hard corals to settle, grow, calcify and persist,
presents a unique set of challenges. In many reef areas, increasingly frequent
environmental disturbances combined with anthropogenic stressors are challenging the
natural resilience of reef systems. Adaptively managing coral reefs to support their
resilience requires a dynamic understanding of their health and condition. The journey
towards the goal of ensuring managers of the Great Barrier Reef (GBR) have a dynamic
understanding of reef health and condition forms the focus of this thesis.
Dynamic information on reef health will only become available to managers at the scale
of the GBR by building capacity among regular reef visitors to assess and monitor reef
condition and impacts. A key issue is that many impacts on coral reef health are cryptic,
ephemeral and readily confused with other impacts. Chapter 2 describes the
development and production of a field guide that enables observers to recognise
characteristic signs of compromised coral health on Indo-Pacific Reefs. The guide’s
structure is based on a colour-coded decision tree that serves as a visual index to help
users navigate the content. The decision tree aids the differential diagnosis of diseases
and other reef health impacts using characteristic macroscopic signs. The layout of the
content was developed in consultation with coral health experts, managers, rangers and
tourism operators. The final guide, published in 2008, takes the form of a spiral bound
book of underwater cards made to fit the pockets found in dive equipment.

In the year following publication of the guide, it was used to enable managers, rangers
and tourism staff working within the GBR Marine Park (GBRMP) to distinguish among
coral diseases and other reef health impacts. Since 2009, this enhanced capacity among
non-specialist observers has provided an early warning system for disease outbreaks.
The value of this early warning system is described in the strategic framework for
responding to disease presented in Chapter 3.

The strategic framework enables

managers to use remote sensing and field observations to produce a near real-time
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estimate of outbreak likelihood and impact severity. Automated coral disease outbreak
alerts are now created at the Great Barrier Reef Marine Park Authority (GBRMPA)
based upon outbreak thresholds developed while writing the response framework.

The development and implementation of the framework helped to focus the views of
my GBRMPA colleagues on the increasing need for holistic evaluation of coral reef
health. Until 2009, GBRMP managers had limited access to detailed information on
reef condition and impacts, primarily from only 48 sites surveyed once every two years
by the AIMS Long Term Monitoring Program. In Chapter 4, I describe how from 20092014, I led the process of developing the revised ‘Eye on the Reef’ program, which
integrates previous participatory monitoring programs and includes: a Reef Health and
Impact Survey (RHIS) method tailored to the time constraints of rangers and tourism
operators, an online and field-based training system, a web-enabled database and data
entry interface, and automated reporting through Google EarthTM. The integrated Eye
on the Reef program has now become the primary mechanism by which the GBRMPA
gathers up-to-date information on coral reef health and impacts in the Marine Park.
Previously, the GBRMPA had access to less than 10% of the information on reef
condition and impacts that is available now. Importantly, the scene is now set to use
the information extensively to inform adaptive resilience-based management.

A severe tropical cyclone in 2011 provided an opportunity to test the RHIS protocol
and evaluate the effectiveness of a management action. TC Yasi was a category 5
cyclone when it crossed the Park and was unique among the storms that have crossed
the Park since 1985, in that it was both severe and had a large circulation size. In the
weeks that followed TC Yasi crossing the Reef, dozens of managers, rangers and
research scientists conducted 882 RHIS at 76 reef locations. In Chapter 5, I present the
results of this study, which revealed cross-shelf variation in the severity of mechanical
damage caused by the storm, as well as patterns in impact severity with respect to
direction (north and south) and distance from the cyclone eye. A key conclusion from
this work is that more coral was lost in the 24-hour period in which TC Yasi crossed
the Park than in any other 24-hour period in at least the last 30 years.
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Understanding spatial patterns in the severity of impacts following TC Yasi helped the
GBRMPA to communicate key information about the event and to target local-scale
actions to support recovery. After such actions are implemented, the integrated Eye on
the Reef network can help managers evaluate the effectiveness of the actions. Chapter
6 reviews a recent example of such an evaluation from the southern Great Barrier Reef,
where the RHIS protocol was used to assess the effectiveness of no-anchoring areas
(NAAs) established in 2008.

I led teams of managers from GBRMPA and rangers

from Queensland Parks and Wildlife that completed RHIS protocols within the NAAs
and at control sites from 2008-2012. Declines in anchor damage were immediately
apparent in 2010 and virtually no anchor damage was seen within the NAAs by 2012.
The Keppel Bay case study is an example of how the effectiveness of a management
action can be evaluated by having non-specialist observers undertake RHIS.

A

significant outcome of the Keppel Bay study is a precedent for using the observer
network and survey protocol to assess management effectiveness and that can guide the
use of the network/protocol in this way in future years.
The ability to target local-scale, short-term actions to support recovery of the GBR has
been greatly enhanced as a result of the work presented in this thesis. The Keppel Bay
study within Chapter 6 highlights that there are multiple benefits for managers (and
management of the Reef) as a result of involving community members in monitoring
coral reef condition and impacts. The Keppel Bay study encapsulates the primary
message of my thesis and the story of how adaptive management is meant to work.
Actions to support reef resilience and recovery (Chapter 6), can now be targeted,
evaluated and refined as a consequence of building capacity among non-specialists to
monitor reef condition and impacts (Chapters 2-5). The network of observers
participating in Eye on the Reef monitoring is now providing information on reef
condition and impacts from hundreds of reefs every year. The consequence is that we
are starting to dynamically understand reef health, condition and environmental
exposure. Importantly, this enables the GBR to be managed adaptively by responding
to impacts and by increasingly targeting and trialling actions to support reef resilience.
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CHAPTER 1
Introduction
Coral reefs are hugely biodiverse and critically important to hundreds of millions of
people as both a source of protein and the basis for a diversity of livelihoods (reviewed
in Hoegh-Guldberg et al. 2007; Hughes et al. 2003). Reefs also provide other services
like shoreline protection, which buffers island and coastal communities throughout the
world’s tropics from the effects of severe storms (reviewed in Wells, Ravilious &
Corcoran 2006). These vital ecosystems are now critically threatened by climate
change (reviewed in Hoegh-Guldberg et al. 2007; Hughes et al. 2003; Hughes et al.
2010; Pandolfi et al. 2003; Pandolfi et al. 2011). Corals grow within a narrow range of
environmental conditions that constrain them to the warm shallow (<40 m mostly)
coastal waters of the world’s tropics (Jokiel 2004; Wilkinson 2000). The climate
change and coral reef crisis has been widely communicated because climate change
greatly increases the frequency and severity of stress coral reef communities must
endure (Bellwood et al. 2004; Veron et al. 2009) and the impacts of some of these
stressors are already apparent (De’ath et al. 2012). As an example, coral bleaching
caused by higher-than-normal sea temperatures devastated 16% of the world’s reefs in
1998 (reviewed in Wilkinson 2000 and 2008). Bleaching events are expected to
increase greatly in both frequency and severity in the coming decades as the climate
changes (Hoegh-Guldberg et al. 2007; Van Hooidonk, Maynard & Planes 2013).
Importantly, acute mortality impacts only tell part of the story of coral health dynamics.
Recovery following coral bleaching is energetically expensive for corals, reducing
growth rates (Albright 2011; Anthony, Connolly & Willis 2002) and gamete production
(Albright 2011; Doropoulos et al. 2012) and increasing susceptibility to disease (Burge
et al. 2013; Harvell et al. 2007; Raymundo et al. 2008). In addition, bleaching events
often do not occur in isolation from other pressures on reefs; storm damage, predation
and competition can all occur during the recovery period (De’ath et al. 2012; Graham,
Nash & Kool 2011; Osborne et al. 2011; Raymundo et al. 2008; Sweatman, Delean &
Syms 2011).
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Higher frequencies of severe storms are expected as a result of climate change (Stocker
et al. 2013), as are changes to the ocean circulation patterns that drive regional-scale
reef connectivity (Stocker et al. 2013). Changes in rainfall patterns are also expected,
(BoM / CSIRO report card 2013, Stocker et al. 2013), which will cause flooding events
that result in freshwater inundation of some near-shore reefs as well as greater sediment
and the transport of nutrients and other pollutants into reef lagoons (McCulloch et al.
2003; Stocker et al. 2013). All of these acute episodic disturbances are expected to
increase in frequency and/or severity in the coming decades and are compounded by
chronic stressors (Hughes et al. 2010). As an example of a chronic stressor, sea levels
are and will continue to rise, meaning corals need to grow at rates sufficient for reefs to
accrete rapidly enough to stay within optimal light habitats (Lough & Hobday 2011;
Stocker et al. 2013). Also, the root cause of climate change – an increase in greenhouse
gas emissions – is acidifying the world’s oceans. Ocean warming is already weakening
coral skeletons and slowing growth rates, and both trends are projected to be
exacerbated by ocean acidification (reviewed in Anthony et al. 2011). Recent research
indicates that crustose coralline algae are highly sensitive to ocean acidification.
Reductions in the abundance of crustose coralline algae over the coming decades
threaten both reef accretion and coral recruitment (reviewed in Anthony & Maynard
2011; Doropoulos et al. 2012). More rapid acidification at high latitudes in the oceans
is also likely to limit the capacity of coral communities to adapt via larval migration
pole-wards as the climate warms. The combined effects of warming and ocean
acidification on reefs by mid-century are unprecedented in recent history, and are
forecast to tip the balance from net accretion to erosion (Pandolfi et al. 2011; Van
Hooidonk, Maynard & Planes 2013; Veron 2008), limiting the capacity of coral reefs
to keep pace with expected sea level rises (Stocker et al. 2013).

Projected climate change impacts on reefs have been widely popularised, however,
most reefs are under greater immediate threat from stress and pressure created by local
anthropogenic activities than from climate change (Hoegh-Guldberg et al. 2007;
Hughes et al. 2003; Wooldridge & Done 2009). In many parts of the world, fishing
pressure depletes the stocks of herbivores that consume the algae that compete directly
with corals for space, which slows recovery following disturbances. The act of fishing
can also badly damage corals and reef substrate via anchoring or when destructive
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fishing practices like bombing and trawling are used. Coastal development, land
clearing and use, waste management and shipping can all work to deteriorate water
quality on reefs. Increased sedimentation and nutrient input typifies declining water
quality on reefs (Brodie et al. 2012; reviewed in Fabricius 2005). Furthermore, in the
Great Barrier Reef (GBR) region, poor water quality has been implicated in the
development of outbreaks of crown-of-thorns starfish (Fabricius, Okaji & De’ath
2010), a major predator of corals, and hypothesised to increase the sensitivity of corals
to coral bleaching (Wooldridge 2009a, 2009b; Wooldridge & Done 2009). Thus high
sediment and nutrient levels, high fishing pressure and all of the impacts expected from
and associated with climate change, compromise the health of scleractinian corals, the
primary framework builders on coral reefs (Authority 2009, 2014).

Coral reefs have always been dynamic systems; stable periods of growth and
maintenance are punctuated by disturbances that ‘set the coral growth clock back’
(reviewed in Graham, Nash & Kool 2011). Following partial or whole colony mortality
of corals and other sessile modular invertebrates, any resulting empty space is recolonised and the system recovers (Diaz-Pulido et al. 2009; Hughes & Connell 1999).
This natural capacity of reefs and other ecosystems to withstand and tolerate
disturbances and to recover following disturbances is now commonly referred to as
resilience (Holling 1973; Hughes et al. 2003; Levin & Lubchenco 2008; Nyström, Folke
& Moberg 2000; reviewed in Plummer & Armitage 2007; Walker et al. 2002).
Considered from an adaptive management perspective:
“Anderies et al. (2004 and 2006) make the key point that resilience is a framework for
systematically thinking through system dynamics (rather than a coherent body of
theory) and that the concept helps in our understanding of complex systems behaviour.”
(Plummer & Armitage 2007, p. 65).

Viewing resilience in this way has implications for managers (like me) who are tasked
with operationalising resilience theory. In essence, resilience provides a way of thinking
about the challenges that complex systems face now and in the future, offering an
approach to adaptively prioritise management actions. The immediate and urgent
challenge for coral reefs and coral reef managers is that the compromised health caused
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by multiple, cumulative (or interactive) anthropogenic activities, combined with
increases in disturbance frequency and severity, reduce reef resilience (Anthony &
Maynard 2011; Anthony et al. 2014; Nyström, Folke & Moberg 2000). Less resilient
reefs are more susceptible to all of the common stressors on reefs, and consequently
recover more slowly (Hoegh-Guldberg 2011; Hughes et al. 2010; Nyström et al. 2008).
Managing reefs to maintain and support their natural resilience will give reefs the best
chance of persisting as the coral-dominated systems that provide the ecosystem goods
and services on which so many have come to depend (Anthony et al. 2014; Hughes et
al. 2010; Nyström, Folke & Moberg 2000; Nyström et al. 2008; Plummer & Armitage
2007). As a practicing coral reef manager I am currently responsible for implementing
my research findings, in partnership with my colleagues, to enhance the recovery of the
Great Barrier Reef and hence its long-term outlook (Anthony et al. 2014; Authority,
GBRMP 2014).

Resilience-based management (Anderies, Walker & Kinzig 2006; Brock 1998; Folke
2006) of reefs in an era of climate change requires a two-pronged approach. Firstly,
members of the coral reef community must continue to contribute to national and global
policy debates, communicating the dire need to reduce greenhouse gas emissions and
anthropogenic impacts on reefs. Efforts in this area by the coral reef scientific and
management community resulted in the Inter-governmental Panel on Climate Change
(IPCC) dedicating an entire chapter in the 2007 technical report to the coral reef crisis
(Pachauri & Reisinger 2007). However, total outputs of greenhouse gas emissions and
the growth rate of emissions continue to increase. Thus managers must focus on their
second and more tractable option – reducing stress on reefs and supporting recovery
processes directly and indirectly and at multiple spatial scales by limiting and shaping
resource use, extraction and land practices (Authority, GBRMP 2009, 2014).

Management approaches based on reducing anthropogenic stress on reefs are nothing
new, however managing for resilience adds a prognostic dimension to these efforts
(Anthony et al. 2014; Nyström, Folke & Moberg 2000; Nyström et al. 2008; Walker et
al. 2002). The added imperative to manage for resilience increases the impetus for, and
defines the reasoning and justification behind, actions that shape and limit use to reduce
current and future risk. As in the past, in an era of climate change, broad-scale actions
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(e.g., watershed-scale changes to land use to improve water quality, Brodie et al. 2012,
ReefPlan 2013) need be complemented by local-scale actions that reduce specific
impacts (e.g., anchoring, Beeden, R et al. 2014b; Dinsdale & Harriott 2004; Malcolm
1998; Maynard et al. 2010). To adaptively manage coral reefs to support their natural
resilience, managers need a dynamic understanding of reef health and condition, and of
the critical thresholds that determine the future state of the reef areas that they manage
(Mumby et al. 2011). Many reef systems are large and include remote sites impossible
for a small group to regularly monitor, particularly in the Great Barrier Reef Marine
Park (GBRMP), the world’s largest coral reef ecosystem, which includes thousands of
reefs more than 50 km offshore and/or hundreds of km from main population centres.
However, thousands visit reefs in the GBRMP daily and Marine Park rangers visit
hundreds of reefs every year creating the potential for visitors, reef users and rangers to
provide information to reef managers. This potential has been utilised to assess
individual impacts for a number of decades (see review by Kenchington 1978; and coral
bleaching example in Marshall & Schuttenberg 2006). Full realisation of this potential
is vital to gaining access to holistic information on condition and impacts with sufficient
spatial and temporal resolution to inform actions and strategy. The focus of this thesis
is the journey towards the goal of ensuring GBRMP managers have a dynamic
understanding of reef condition.

Informing resilience-based management of the Great Barrier Reef forms the unifying
theme of this thesis. My overarching goal has been to build capacity among a range of
different types of observers to assess and monitor coral reef condition and impacts in
the Marine Park; a goal that has been achieved through a collaborative process that I
co-led during my candidature that was enabled by my role at GBRMPA. The parts of
the process I directly led involved all of the following: (1) ensuring cryptic impacts like
coral disease could be correctly identified (Chapter 2), (2) developing a strategic
framework for responding to coral disease when disease prevalence is found at outbreak
levels (Chapter 3), and (3) developing a survey methodology that meets management
needs but fits within the time and knowledge/skill constraints of non-specialists
(Chapter 4). I then (4) tested the utility of the survey methodology and participatory
monitoring network by assessing spatial variation in the impacts of a severe cyclone
(Chapter 5) and (5) assessed the effectiveness of a management action (Chapter 6). The
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published descriptions of these five parts of the progression of my work as a GBRMPA
manager form the data chapters within this thesis.

The specific objectives addressed by the thesis chapters build on one another and are
inter-related; all are work programs that relate to building a dynamic understanding of
reef health to manage the GBR adaptively (Figure 1.1). At the commencement of my
PhD research, I identified the following management needs, and formulated the
accompanying specific objectives that were designed to address these needs.

1. Building capacity - Create a guide that builds capacity to identify coral disease and
assess reef health impacts (Chapter 2).

2. Strategic response planning - Develop a response framework for managers for coral
disease that links information on status to management actions (Chapter 3).

3. Participatory monitoring - Iteratively develop and refine a monitoring protocol that
enables rapid assessments of reef health by a range of observer types complemented by
a data storage and reporting system that meets the adaptive management information
needs (Chapter 4).

4. Impact assessment - Demonstrate the capacity of non-specialist observers to quantify
impacts following a major reef health disturbance (Chapter 5).

5. Evaluating actions - Use the protocol developed and the participatory monitoring
network to test the effectiveness of a management action (Chapter 6).
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Figure 1.1. Conceptual diagram relating thesis chapters (C2-C6) to an adaptive
management cycle. The expressions used to describe the chapter content
represent capabilities that coral reef managers need to invest in so that dynamic
reef health information can inform adaptive resilience-based management. The
graphic is shown again at the start of each chapter with a caption that describes
how that chapter’s content builds on that of the preceding chapter. The graphic
is also reviewed in the conclusion to describe the implications of th is body of
thesis work for the future of GBR management.

Each chapter begins with an abstract, and where applicable, the chapters end with a
section on management applications that details how managers in Queensland and the
Indo-Pacific are already using outputs of the work presented here. The concluding
chapter, Chapter 7, contains an overview of key findings and outcomes, and focuses on
how the objectives described above were met and how they are linked. The document
concludes with my personal vision for the most logical progression from here to build
on areas of research and work contained within this thesis.
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CHAPTER 2
Development of a decision tree and field
guide for assessing coral health impacts
on Indo-Pacific reefs

Marine biologist from Reef Check Australia
using the Underwater Cards developed to
help observers distinguish among coral
diseases and other reef health impacts in the
Indo-Pacific.

This chapter describes the process through which
capacity to identify coral diseases and other reef
health impacts was built throughout the IndoPacific through the development and distribution of
an underwater field guide.

Source Reference:
Beeden, RJ, Willis, BL, Raymundo, LJ, Page, CA & Weil, E 2008, Underwater Cards
for Assessing Coral Health on Indo-Pacific Reefs. Coral Reef Targeted Research
& Capacity Building for Management Program, St Lucia.
http://www.gefcoral.org/Portals/53/downloads/disease_products/0807%20Indo
%20Pacific%20Underwater%20ID%20Cards.pdf
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2.1 Abstract

Outbreaks of disease can cause extensive coral mortality and are expected to occur with
greater frequency and severity on Indo-Pacific reefs as the climate changes. Disease
also affects coral resistance to and recovery from other disturbances, like cyclones and
predation; therefore, an understanding of disease dynamics is a valuable indicator of
reef resilience. Because the signs of coral diseases are cryptic, challenging to identify
and difficult to distinguish from other reef health impacts, there is a critical need to
build capacity to accurately identify diseases and infer potential causes. Increased
capacity to identify coral diseases will: 1) alert management and research communities
to the occurrence of disease outbreaks, 2) increase current understanding of disease
dynamics and their influence on reef resilience, and 3) enable targeted management
responses to address this emerging threat to Indo-Pacific reefs. To meet this need, an
underwater field guide was designed, published and made publicly accessible via the
World Bank-funded Global Environment Facility’s Coral Reef Targeted Research
website. The guide’s structure is based on a decision tree that classifies diseases
affecting stony corals and other reef organisms based on their visible signs. The
presence of three types of signs helps to classify coral diseases: tissue loss causing
partial colony mortality, tissue discolouration, and anomalous growth. Within these
broad classifications, other signs can be used to help identify both the specific disease
and the potential cause. The guide has 8 main sections: (1) Tissue loss – Predation, (2)
Tissue Loss – Non-Predation (coloured bands), (3) Tissue loss – Non-Predation (no
coloured bands), (4) Tissue discolouration (white), (5) Tissue discolouration (nonwhite), (6) Growth anomalies, (7) Other indicators of compromised health, and (8)
Diseases in other reef organisms. Within each section, the following information is
provided: a description of each reef health impact, causative agents when known, key
identification characteristics, and a list of other diseases or impacts that can commonly
be confused with the disease. Images of diseases and other common signs are shown
throughout the guide at the polyp and whole-of-colony scale. The guide was published
in 2008, and is now widely used throughout the Indo-Pacific by researchers, tourism
operators, conservation staff, and park rangers.
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2.2 Introduction

Corals, like all animals, can be affected by a range of diseases (Burge et al. 2014;
Harvell et al. 2007). More than twenty different coral diseases have been described
based upon macroscopic signs (Bourne et al. 2009; Harvell et al. 2007), although
infectious agents have been identified for only a small subset of these (reviewed in
Raymundo et al. 2008). Current understanding of the microbial associations that
underpin coral health is also generally poor.

Reef-building corals live in close

association with endosymbiotic algae called zooxanthellae (Symbiodinium sp.) and with
diverse microbial communities that live on and within coral tissues (Ainsworth &
Hoegh-Guldberg 2009; Harvell et al. 2007; Ritchie 2006). The combined coralmicrobial complex is referred to as the coral holobiont (Margulis & Fester 1991;
Rosenberg et al. 2007; Rowan 1998). As a relatively simple invertebrate, the coral
animal has an innate immune system (Mydlarz et al. 2009; Willis, Page & Dinsdale
2004); however the combined coral ‘holobiont’ also displays characteristics akin to the
adaptive immune systems found in vertebrates (Bourne et al. 2009; Reshef et al. 2006).
Recent research indicates that changes in microbial communities associated with corals
may provide immune functions similar to that of acquired immune systems (Mydlarz
et al. 2009; Palmer, Bythell & Willis 2010; Palmer, Mydlarz & Willis 2008; Palmer et
al. 2011; Ritchie 2006), and that the coral holobiont should be considered as the
evolutionary unit of adaption (Rosenberg et al. 2007). It is likely that the complex
associations that comprise the coral holobiont have contributed to the persistence of
corals over millennia (Bourne et al. 2009; Burge et al. 2014; Harvell et al. 2007;
Rosenberg et al. 2007; Willis et al. 2006). However, the future persistence of corals is
increasingly threatened by a changing climate and other anthropogenic disturbances
(Veron et al. 2009). Holobiont health (coral health) can be compromised in a number
of ways, highlighting the need for greater understanding of coral diseases, their causes
and enhanced capacity to detect coral disease outbreaks by their characteristic signs.

Health in corals and other animals is a dynamic balance between host susceptibility to
infection and pathogen load and virulence. Changes in environmental conditions can
shift the fulcrum to favour either the diseased or healthy state (Altizer et al. 2013; Burge
et al. 2013; Burge et al. 2014; Harvell et al. 2009; Harvell et al. 2007). For example,
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environmental conditions can: 1) increase the virulence or abundance of coral
pathogens (Bourne et al. 2009; Harvell et al. 2007; Mydlarz et al. 2009; Raina et al.
2010), 2) increase the susceptibility of the coral host to infection (Rosenberg et al.
2007), and/or 3) result in changes in the typical microbial community associated with
the healthy coral holobiont (Ainsworth & Hoegh-Guldberg 2009; Bourne et al. 2009;
Littman, Willis & Bourne 2011; Mieog et al. 2009; Mydlarz et al. 2009; Raina et al.
2013; Sato, Willis & Bourne 2009). All three changes in host-pathogen dynamics can
be caused by changes in environmental conditions that are either gradual and chronic
(Burge et al. 2014; Harvell et al. 2007; Rosenberg & Ben‐Haim 2002) or abrupt and
acute (Haapkylä et al. 2013; Haapkylä et al. 2011; Osborne et al. 2011; Raymundo et
al. 2008). Examples of rapid acute impacts to coral health include mechanical damage
caused by tropical cyclones (Haapkylä et al. 2013; Osborne et al. 2011), low salinity
stress caused by exposure to freshwater inundation (Haapkylä et al. 2011; Thompson et
al. 2011), and thermal stress caused by anomalously warm sea temperatures (Bruno et
al. 2007; Harvell et al. 2009; Ruiz-Morenol et al. 2012; Selig et al. 2006; Thompson &
Dolman 2010). Variation in disease susceptibility among coral species and in virulence
among the causative agents of coral diseases (Mydlarz et al. 2009; Palmer, Bythell &
Willis 2010; Zilber‐Rosenberg & Rosenberg 2008) suggests that reef resilience (the
capacity to resist and or recover from diseases) is dependent on the structure of coral
communities, coupled with their exposure to pathogens and unfavourable
environmental conditions.

Over four decades of research on the impacts of thermally-induced bleaching on coral
communities (reviewed in Hoegh-Guldberg 1999; and Marshall & Schuttenberg 2006)
has led to the practise of considering bleaching to be a process distinct from disease,
and has even led to controversy over what constitutes coral disease (e.g. Lesser et al.
2007; but see Work et al. 2008) . Coral health and disease dynamics are still poorly
understood though knowledge is improving (reviewed in Raymundo et al. 2008; and
Ruiz-Morenol et al. 2012). Although diseases caused by environmental (abiotic)
conditions can be considered to have different disease causation mechanisms than
infectious (biotic) diseases (Bourne & Webster 2013; Burge et al. 2014), longestablished biomedical definitions clearly identify any interruption, cessation or
disorder of body functions, systems or organs as a disease (Cutler & Hensyl 1976;
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Wobeser 2006; Work et al. 2008). Moreover, the classic epidemiological triangle
highlights that the host, causative agent and the environment are all involved in disease
causation; thus from the perspective of the holobiont, it can be difficult to distinguish
the proximate (pathogen) and ultimate (changed environment) cause of many diseases
(Aeby et al. 2011; Ainsworth et al. 2007; Bourne et al. 2009; Burge et al. 2014; Pollock
et al. 2014). Coral bleaching occurs as a consequence of a breakdown in the coralzooxanthellae symbiosis that is integral to coral health, and thus clearly falls within the
abiotic class of coral diseases (Burge et al. 2014; Glynn 1993; Harvell et al. 2007;
Hoegh-Guldberg 1999; Mydlarz et al. 2009). Under normal conditions, zooxanthellae
perform photosynthesis and provide corals with food in the form of glucose in exchange
for being provided a home. Under stressful conditions, such as anomalously warm
temperatures combined with high light (the usual cause), zooxanthellae produce
reactive oxygen species (ROS), which are toxic to the coral (Baker, Glynn & Riegl
2008; Glynn 1993; Hoegh-Guldberg 1999; Wooldridge 2010). In response, the
symbiosis breaks down and the zooxanthellae are lost from the inner tissue layer (the
gastroderm) of the host coral.

Zooxanthellae give corals their healthy brown

colouration, so once absent or in low densities, the white skeleton can be seen through
the transparent coral tissue. Aside from elevated temperatures, bleaching can be caused
by lowered salinity, altered ocean chemistry or infection by pathogens such as Vibrio
shiloi (Glynn 1993; Hoegh-Guldberg 1999; Kushmaro et al. 1997). Bleached corals are
still alive and zooxanthellae densities can return to typical levels, but if stress persists,
coral mortality can be extensive (e.g., global bleaching event in 1998 (described in
Wilkinson 2000); GBR-wide bleaching events in 1998 and 2002 (Elvidge et al. 2004)).
The widespread practice of considering coral bleaching separately from other diseases
has confounded a holistic understanding of coral health, warranting the development of
a clear concise operational field guide to identify signs of coral health on the IndoPacific reefs.

Corals have a limited repertoire of macroscopic signs that signify stress or disease, with
bleaching and tissue loss being the two most common signs. Visibility of white skeleton
through transparent tissue during bleaching is visually striking, but the resulting white
appearance of corals can be confused with macroscopic signs associated with other
impacts. Predation and a range of diseases remove coral tissues to expose underlying
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white calcium carbonate coral skeleton. At first glance, tissue loss exposing white
skeleton can look very similar to localised tissue bleaching, the difference being that
predation and diseases cause partial mortality so the tissue is no longer present.
Typically, white signs associated with tissue loss are ephemeral because turfing and
other algae quickly colonise the skeleton. Consequently, mortality, both partial and
whole-of-colony, can only be attributed to causative agents, like bleaching, predation
or diseases that leave a white skeleton, if observations occur within days to a few weeks
of the disturbance. Similarly, bleaching that does not kill corals may only be visible
temporarily, limiting a manager’s capacity to ascribe a causative factor. Coral diseases
pose other challenges to observers aside from the transient nature of their impacts. For
example, signs of many coral diseases (e.g. the presence of ciliates; see Figure 2.2) are
more cryptic than the appearance of bare white skeleton. In summary, diagnostic signs
of many coral diseases can be cryptic, ephemeral, challenging to identify, and difficult
to distinguish, all of which poses challenges for non-specialist observers. In the IndoPacific, at least seven distinct infectious diseases have been described (Anthony et al.
2008; Bourne et al. 2008; Boyett, Bourne & Willis 2007; Page & Willis 2006; Page &
Willis 2008; Sato, Bourne & Willis 2009; Sussman et al. 2008; Willis, Page & Dinsdale
2004). Most of these share signs that can be confused with each other and with a range
of other signs of compromised health that are typically seen on reefs in the Indo-Pacific.
Accurately identifying diseases requires that observers know colony level signs of
common diseases, know the potential causes of those signs, and can deduce which
disease is the most likely cause of the signs (Raymundo et al. 2008).

Coral disease prevalence has been increasing on reefs around the world over the past
few decades (Burge et al. 2014; Harvell et al. 2007; Raymundo et al. 2008; Rosenberg
& Loya 2004; reviewed in Ruiz-Morenol et al. 2012; Willis, Page & Dinsdale 2004).
This trend is expected to continue and disease outbreaks will likely occur more
frequently as the climate changes and the frequency of disturbances on coral reefs
increases (reviewed in Burge et al. 2014; Raymundo et al. 2008). The presence of coral
disease can provide critical insights into reef health and resilience (McClanahan et al.
2012). However, the spatial and temporal constraints of most reef monitoring programs
and similarities among the visible signs of disease mean it is easy to misidentify coral
diseases and to miss (due to survey timing) disease progression and impacts. Clearly,
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building capacity to accurately identify diseases and infer potential causes is critically
needed so that: 1) management and research communities know when outbreaks are
occurring, 2) understanding of disease dynamics and their influence on reef resilience
can be increased, and 3) management responses can be targeted to address this emerging
threat to Indo-Pacific reefs.

To meet the urgent need for greater understanding of the impact of coral disease on
coral reef communities, the Global Environment Facility’s (GEF) Coral Reef Targeted
Research program established an expert working group on coral disease, co-chaired by
Professors Drew Harvell from Cornell University and Bette Willis from James Cook
University (http://www.gefcoral.org/en-us/targetedresearch/disease.aspx). The group
was tasked with summarising the current state of knowledge on coral disease processes
globally and with developing tools to aid with identifying both diseases and potential
management actions (e.g. Cohen et al. 2013; Harvell et al. 2007; Page et al. 2009;
Raymundo et al. 2008; Ruiz-Morenol et al. 2012). I was included in the annual meeting
of the expert working group in 2007 and suggested an underwater decision support tool
as a partial solution to helping non-specialist observers identify Indo-Pacific coral
diseases. My objective for research described in this chapter was to develop a decision
support tool, in the form of an underwater field guide for Indo-Pacific coral diseases, to
enable reef users and managers to detect the early signs of coral disease outbreaks and
inform the implementation of response actions (see Chapter 3). The following sections
describe the process by which the content for the decision support tool was structured
and how the final product was designed, constructed and then distributed and used.

2.3 Underwater Cards for Assessing Coral Health on Indo-Pacific Reefs
2.3.1 Guide Content structure and layout
Through discussions with members of the GEF Coral Disease Working Group
(CDWG), key criteria for the underwater field guide were identified. As the first step,
a decision tree was developed in the form of a polytomous key to enable users to
distinguish among visible signs of disease (Figure 2.1). The decision tree also fulfilled
the dual purpose of providing an index for the field guide. At the highest level of the
decision tree hierarchy, coral health impacts are classified into groups that share
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characteristic visible signs: (A) tissue loss leading to partial colony mortality (colour
coded red/orange in the tree; Figure 2.1), (B) tissue discolouration (colour coded blue),
and (C) anomalous growth (colour coded green). Subdivisions within each of these
three primary groups correspond to sections numbered 1-6 in the Tree. The Tissue Loss
group (A) includes sections: (1) Tissue loss – Predation, (2) Tissue Loss – NonPredation (coloured bands), (3) Tissue loss – Non-Predation (no coloured bands). The
Tissue Discolouration group (B) includes sections: (4) Tissue discolouration (white)
and (5) Tissue discolouration (non-white).

The Growth Anomalies group (C)

comprises section (6) Growth anomalies. Sections 1 – 6 are distinct from the final two
sections in the guide sections 7 (Other Indicators of Compromised health) and 8
(Diseases in other reef organisms). Other indicators of compromised health could be
considered to be signs of disease, however, they have not yet been classified as such.
Hence, these last two sections are maintained as separate sections to help observers to
distinguish them from the specific diseases that have been described in the Indo-Pacific.
Section 8 on ‘Diseases affecting other reef organisms’ was included to assist untrained
observers in distinguishing diseases affecting organisms from those that affect stony
corals. Overall, the hierarchical nature of the decision tree (Figure 2.1) is arranged as
a tool that enables differential diagnosis, with the most likely cause of each observable
sign listed first followed by other impacts encountered less frequently.
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Figure 2.1: Decision Tree for Indo-Pacific Underwater Cards. The decision tree
serves as a dichotomous key – users can determine the likely classification and
cause of impacts to coral health based on characteristic visible signs. The tree
also serves as a visual index as the colours used match the colour-coded titled
index bars in the right-hand margin of each content page.

A number of choices were made with respect to the content, design and layout of the
Guide to ensure the final product facilitated its use underwater. For example, the main
groups and sections in the decision tree are colour coded so that the tree serves as a
readily accessible, visual index. Users can easily pair pages within the guide with the
relevant visible signs described in appropriate section of the decision tree, as all guide
pages include a colour-coded titled index bar along the right-hand margin (Figure 2.2).
Furthermore, in keeping with the concept and target audience for the Guide, content
within the various pages was set out to help users identify a disease and to distinguish
diseases from other reef health impacts that have similar signs. The standardised layout
places text on the left hand side of each page at a font size that is easily read through a
mask (noting the 33% page magnification underwater). Following the colour-coded
title, information is provided in succinct bullet points, with text divided under three
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subheadings: ‘Description’, ‘Key ID characteristic’, and ‘Commonly confused with’
(Figure 2.2). These subsections provide details of the cause (where known), features
and scale of each impact, the key visible differentiating characteristics, and the other
impacts with which the signs may be easily confused. Page text was written to be as
concise and simple as possible, with clear headings that serve as memory prompts for
the user to differentiate between similar signs. Where relevant, circled numbers
(corresponding to numbered circles on images) are appended after specific bullet points
to highlight specific parts of the images provided within the page (Figure 2.3).

On each page, photographs of various diseases and impacts were sourced from CDW
members and other disease experts to clearly illustrate the visual signs that can aid with
differential diagnosis (Figure 2.3). Images for all diseases and impacts are shown at
several scales, including the colony, branch, polyp (and microscopic level when
available). Comparative images from different scales prompts users to examine affected
coral colonies at the appropriate scale before reaching a conclusion (Figure 2.4).
Photographs illustrating characteristic signs for each disease and other indicators or
compromised health are placed to the right of the text. The right hand margin of each
page is reserved for the visual index tab and number that corresponds to the decision
tree. Section numbers are included on the bottom right corner of facing pages and the
top right corner of reverse side pages. The dual page-numbering feature ensures users
can rapidly flick through the guide and find the relevant pages when they are in the
water, irrespective of the direction in which they flip through the pages (Figure 2.2).
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Figure 2.2: Colour-based visual index facilitating use of the Guide underwater. Examples of the first page of four of the eight colourcoded sections of the field guide. The coloured, right-hand margin of each content page and the section numbering match that in the
decision tree (see Fig. 2.1).
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Figure 2.3: Standard page layout for Underwater Cards for Assessing Coral
Health on Indo-Pacific Reefs (Beeden et al. 2008). Left-hand side of page: a
description of the impact is provided, key identification characteristics are
described and references to commonly confused sign of reef health impacts are
listed. Centre and right-hand side: images of the disease or other impact
illustrate key signs at a range of scales. Highlighted numbers: these pair text
with images illustrating key features/signs. Right-hand margin: titles and
colour bars match the decision tree (see Figure 2.1).

To provide an overview of the common coloured band diseases in the Indo-Pacific and
facilitate comparisons among their respective signs, the one exception to the standard
layout is the first page of section 2: Tissue Loss - Non-Predation – Coloured Band
Diseases. This page, entitled ‘Coloured Band Diseases’, contains images without text,
and the images are arranged in a matrix, where the rows correspond to images of
skeletal eroding band (SEB), black band disease (BBD) and brown band (BrB). Each
column contains representative photographs taken at the same scale: whole of colony
first, and then branch, individual polyps and microscopic images (Figure 2.4).
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Figure 2.4: Overview of coloured band diseases to facilitate comparison of
signs at different scales. Section 2, page 1 of Underwater Cards (Beeden et al.
2008). Reference images are shown here at a range of scales to assist users in
distinguishing between the similar signs of these diseases, and to illustrate the
pathogens that cause each of these diseases.

The Guide also contains three additional pages that further increase its usefulness as an
Underwater Decision Support Tool. The first page describes the Guide’s intended
purpose and instructions for appropriate use (Figure 2.5). The penultimate page
describes the most commonly used methods for surveying disease abundance,
prevalence, incidence and / or progression (Figure 2.6). Lastly, a double-sided matte
datasheet is included as the final page and is an adaptation of field datasheets used by
members of the coral disease working group.
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Figure 2.5. Introduction and instruction page for the Underwater Cards for
Assessing Coral Health on Indo-Pacific Reefs (Beeden et al. 2008). Background
on coral disease and the CRTR Disease Working Group is provided, and a
description of what can be achieved using the cards and how to use them.
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Figure 2.6. Survey methods overview in the Underwater Cards. Text-based
descriptions are offered on this page of the guide to aid observers in quantifying
disease abundance, incidence and progression.
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2.3.2 Construction and distribution of the guide
In addition to extensive consideration and testing of the contents and layout of the Guide
(as described above), the utility and functionality of the field guide was maximised by
careful consideration of the materials used in its construction. Each of the double-sided
content pages is made from a flexible lightweight plastic, with a durable gloss lacquer
finish over the pages to prevent scratching and the trapping of salt crystals. Following
discussions with potential users, including dive tourism staff and community
volunteers, dimensions of the Guide were constrained to enable it to be stored in pockets
of SCUBA buoyancy compensation devices (BCD). The pages were designed to be
slightly larger than the content so that a pencil could be attached and inserted through
the spiral binding. The final page was printed with a matte finish so that observers could
record their observations on the printed data sheet using the attached pencil. The printed
version of the guide has a durable and flexible construction, including a clear cover to
protect the guide pages from being scratched when stored with dive equipment.

Figure 2.7: Final product: Underwater Cards for Assessing Coral Health on
Indo-Pacific Reefs CRTR distribution webpage (left), and Cover of Underwater
Cards illustrating use during a training session on the Great Barrier Reef (right).

The field guide was completed in early 2008 and the full guide is included as Appendix
1 of this thesis. The guide was launched at the International Coral Reef Symposium in
Florida in July of that year. The guide was made available at cost price ($24.20 AUD)
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to the general public immediately following its launch via the CRTR website (Figure
2.7). The original print run of 1000 guides sold out in 2010.

2.4 Use of the Guide and Future Plans

The decision tree and field guide have been used extensively since they were first
published. To date, field guide users have primarily been tourism operator staff, marine
park rangers, researchers and recreational divers. In the Great Barrier Reef Marine Park
(GBRMP) the field guide has become a core capacity building tool to provide early
warning system information for the Reef Health Incident Response System that I
developed for the GBRMPA (Authority, GBRMP 2013a). Specifically, coral disease
identification capacity developed through the use of the field guide is vital to the
effective implementation of “the framework for responding to coral disease outbreaks
that facilitates adaptive management” (see Chapter 3). Currently, the guide is a primary
reference resource when training managers, rangers, tourism staff and community
volunteers to conduct the Reef Health and Impact Survey (RHIS) protocol described in
Chapter 4. The field guide has fulfilled its intended purpose in that a decision tree-based
tool was developed and distributed and is now helping a wide range of observers to
recognise the characteristic signs of coral diseases and compromised health in the IndoPacific.

Future revisions to the decision tree and field guide will include the addition of a section
detailing signs of coral damage based upon the findings of the impact assessment
conducted after Tropical Cyclone Yasi (see Chapter 5). It is also proposed that the slate
included at the back of the field guide will be replaced with the datasheet I developed
for RHIS. The inclusion of the RHIS protocol datasheet at the back of the revised guide
will also require that the survey method, benthic categories and coral and macro algae
life-forms used in RHIS are illustrated. All of this information is shown in the visual
aid I developed to support RHIS (see Figure 4.4, and Appendix 2). A revised guide will
be produced in the coming year and will contain updated photographs to improve clarity
about reef health signs that have proven to be especially difficult to identify.
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CHAPTER 3
A framework for responding to coral
disease outbreaks that facilitates
adaptive management

Diver from James Cook University
examines white syndromes lesions while
undertaking reef health surveys in the Far
Northern Great Barrier Reef.

This chapter describes a strategic framework for
responding to coral disease outbreaks that enables
adaptive management and involves people trained
to distinguish coral diseases using the Underwater
Cards described in Chapter 2.

Source References:
Beeden, RJ, Maynard, JA, Marshall, P, Heron, S & Willis, B 2012, ‘A framework for
responding to coral disease outbreaks that facilitates adaptive management’,
Environmental Management, vol. 49, no. 1, pp. 1-13, doi: 10.1007/s00267-0119770-9
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Authority, GBRMP 2013a, Coral Bleaching Risk and Impact Assessment Plan, eds RJ,
Beeden, JA, Maynard, J, Dryden & PA, Marshall, Great Barrier Reef Marine
Park Authority, Townsville.
http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2810

Authority, GBRMP 2013b, Coral Disease Risk and Impact Assessment Plan, eds RJ,
Beeden, JA, Maynard, J, Dryden & PA, Marshall, Great Barrier Reef Marine Park
Authority, Townsville.
<http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2809>

Authority, GBRMP 2013c, Reef Health Incident Response System, eds RJ, Beeden,
JA, Maynard & PA, Marshall, Great Barrier Reef Marine Park Authority,
Townsville.
<http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2808>

3.1 Abstract

Predicted increases in coral disease outbreaks associated with climate change have
implications for coral reef ecosystems and the people and industries that depend on
them. It is critical that coral reef managers understand these implications and have the
ability to assess and reduce risk, detect and contain outbreaks, and monitor and
minimise impacts. Here, I describe a coral disease response framework that I developed
with strategic input from collaborators, which has four core components: 1) an early
warning system, 2) a tiered impact assessment program, 3) scaled management actions
and 4) a communication plan. The early warning system combines predictive tools that
monitor the risk of outbreaks of temperature-dependent coral diseases with in situ
observations provided by a network of observers who regularly report on coral health
and reef state. Verified reports of an increase in disease prevalence trigger a tiered
response of more detailed impact assessment, targeted research and/or management
actions. The response is scaled to the risk posed by the outbreak, which is a function
of the severity and spatial extent of the impacts. Potential management actions to
mitigate coral disease impacts and facilitate recovery are reviewed, considering
emerging strategies unique to coral disease and more established strategies to support
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reef resilience. I also describe approaches to communicating about coral disease
outbreaks that will address common misperceptions and raise awareness of the coral
disease threat. By adopting this framework, managers and researchers can establish a
community of practice and can develop response plans to manage coral disease
outbreaks based on local needs. The collaborations between managers and researchers
suggested will enable adaptive management of disease impacts based on costeffectiveness evaluations of emerging response actions and will incrementally improve
understanding of outbreak causation.

3.2 Introduction

Coral diseases can cause widespread coral mortality and have been a key factor in the
degradation of important reef ecosystems, such as the Florida Keys (Porter et al. 2001)
and the wider Caribbean (Pandolfi et al. 2005; Weil 2004). Because coral diseases can
progress rapidly, there is often only a brief window of opportunity for observations that
can confidently attribute mortality to agents of disease (Harvell et al. 2007). Some coral
diseases are more prevalent in summer, like black band disease (BBD) (Sato, Bourne
& Willis 2011; Sato, Bourne & Willis 2009) and white syndromes (WS) (Willis, Page
& Dinsdale 2004). Summer provides a focal period for disease detection but even
monitoring programs that visit sites repeatedly can underestimate disease-induced
mortality if they are not undertaken when temperatures are at their peak. Therefore, the
extent to which disease drives coral community structure – especially on Indo Pacific
reefs – is largely unknown (Bruno et al. 2007; Sutherland, Porter & Torres 2004) and
probably under-appreciated since it is likely that mortality caused by disease may be
attributed to other disturbances (Osborne et al. 2011). The risk of more frequent coral
disease outbreaks as the climate changes will be exacerbated by regional and local-scale
anthropogenic stressors (Bruno et al. 2007; Marshall & Schuttenberg 2006). This
makes it almost certain that coral disease will be an increasingly large contributor to
coral reef decline as the climate changes this century (Harvell et al. 2007)

The ecological and social impacts of coral disease outbreaks can be severe, and a
Handbook (Raymundo et al. 2008) has been produced that provides a review of
management options and aids managers in the identification of diseases and the
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assessment of impacts when they occur. As yet though, there remains little guidance
for coral reef managers faced with the need to operationally respond to coral disease
outbreaks in a clearly defined, structured manner. From this point forward, ‘managers’
refers to anyone who has a responsibility to respond over any time scale to coral reef
health impacts from the perspective of impact mitigation, communications, or
policymaking. Response actions for managers include: determining where outbreaks
are likely to occur, effectively targeting response capacity and prioritising management
investment, mitigating impacts at severely affected sites, trialling various emerging
strategies, and communicating with other managers and stakeholders about outbreaks
and their impacts. Guidance in all of these areas is critical given the prospect of
increasingly frequent coral disease outbreaks and increasing expectations of a
meaningful management response (Raymundo et al. 2008). The framework for
responding to coral disease outbreaks presented in this chapter helps meet these
emerging challenges, enabling a structured adaptive response to this important
emerging risk.

The framework has four core objectives:

1. To increase our understanding of coral disease outbreak causation and help
elucidate the relative importance of climate-related and anthropogenic stressors
as drivers of outbreaks.

2. To enable rigorous assessments of outbreak severity so that the investment of
management responses can relate directly to the severity and spatial extent of
the impacts.

3. To facilitate prioritisation (based on cost-effectiveness and successful trials) of
emerging responsive management actions that mitigate disease impacts or
enhance recovery.

4. To ensure timely and credible information on coral disease outbreaks is made
available to inform management responses and raise awareness of the coral
disease threat amongst stakeholders.
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The coral disease response framework is based on the widely adopted response
framework for coral bleaching (see Maynard et al. 2009), which also has 4 components
(Authority 2013a): an early warning system, impact assessment and monitoring,
management actions, and communication. Although the framework component names
are shared, the nature of coral diseases and coral disease outbreaks requires that
managers develop a response plan based on a framework that is distinct from bleaching
because: a) diseases affect corals year-round rather than seasonally, b) diseases can be
cryptic and can be difficult to identify rather than nearly always being visible at great
distance, c) there is greater scope for management action at a range of spatial scales,
and d) coral disease outbreaks pose unique challenges for communications given the
potential for misperceptions and lack of understanding of what coral disease outbreaks
mean for human communities.

Each component of the framework forms a section of the chapter and has been set up
to be readily adapted by managers everywhere. Managers can prepare a tailored
response plan based on the framework presented here by adapting the parts of the
framework they find most applicable and relevant in their management area and given
their organisation’s structure and resources.

The early warning system section describes tools that predict the likelihood of
outbreaks of temperature-dependent diseases (Heron et al. 2010; Maynard et al. 2011).
These tools are combined with a monitoring network that can both ground-truth
predictions and report to managers when anomalous levels of disease are observed.
Managers can either use the guidance here to develop their own predictive tools and
monitoring networks or can use or tailor those already established. In the impact
assessment and monitoring section, reports of outbreaks trigger site inspections that are
used to determine whether further management investment is warranted in more
detailed impact assessments.

Managers can either undertake impact assessments

themselves or collaborate with those implementing other monitoring programs and/or
with researchers. If outbreaks are documented during impact assessment, management
actions and communications efforts are triggered that vary from targeted research to
temporary closures, reef restoration, trials of emerging strategies to mitigate the impacts
of coral disease, and communication.

A range of management actions and
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communications approaches are proposed so that all managers have at least some
options and to provide implementation guidance for the framework (Figure 3.1).

Figure 3.1. Flow chart describing routine and responsive tasks for the coral
disease response plan framework. Famework implementation involves
completion of routine and responsive tasks through the course of a year. The
coloured bar running along the top highlights the elevated risk of outbreaks of
some coral diseases during summer, though managers could be at any stage of
the response framework during any part of the year (*), depending o n when
outbreaks are documented. The framework and its implementation are both
necessarily adaptive; evaluation informs the preparations for implementation
as the results of targeted monitoring and advances in research inform future
management actions and iterative framework improvements.

3.3 Early Warning System

An effective response to coral disease outbreaks depends on knowledge of where they
are likely to occur and/or timely receipt of in situ observations of an outbreak.
Therefore, the early warning system has two parts: 1) predictive tools for assessing the
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risk of temperature-dependent disease outbreaks, and 2) a monitoring network
(volunteer or otherwise) for in situ detection of all diseases that has the added benefit
of strengthening relationships between managers, stakeholders and community
members.

More generic guidance on monitoring environmental conditions and

assessing reef health can be found in the detailed publications available on these topics
(e.g., Hill & Wilkinson 2004; Marshall & Schuttenberg 2006; Raymundo et al. 2008).
3.3.1 Predictive tools

Outbreaks of some coral diseases are caused by combinations of environmental and
ecological conditions that can be used to assess outbreak likelihood. For example,
researchers have shown that outbreaks of WS and BBD both appear to be seasonal, with
the greatest prevalence detected at the end of hot summers (Bruno et al. 2007; Maynard
et al. 2011; Selig et al. 2006). Tools that assess bleaching risk can also be useful for
determining the likelihood that outbreaks of temperature-dependent diseases will occur
because bleaching increases disease susceptibility (Mydlarz et al. 2009).

For

temperature-dependent diseases, there are four approaches to determining the
likelihood that an outbreak will occur. Two are useful in the lead-up to summer:
seasonal outlooks and forecasts of temperature anomalies. These help predict the
likelihood of a spatially extensive bleaching event and are reviewed in (Maynard et al.
2009), so are not covered here. Two others are useful during the months when sea
temperatures usually peak (summer or otherwise): near real-time monitoring of sea
surface temperature (SST) and measures of temperature stress, and integrated risk
prediction models. Tools that enable near real-time monitoring of SST and measures
of temperature stress help to target surveys of bleaching impacts (Maynard et al. 2009),
and managers can then survey these sites in the months that follow for disease. Here, I
focus on new integrated risk prediction models developed specifically for a group of
coral diseases called white syndromes (WS).

Seasonal outlooks for temperature-dependent diseases can be produced in the lead-up
to the known risk period for outbreaks of temperature-dependent diseases (i.e.,
summer). Research in Australia suggests the likelihood of outbreaks of WS in summer
is increased when preceded by mild winter temperatures (Heron et al. 2010, see Figure
3.2a). The experimental seasonal outlook product produced by NOAA Coral Reef
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Watch is currently only available (at http://coralreefwatch.noaa.gov) for Australia’s
Great Barrier Reef and the Hawaiian archipelago but will become available for other
reef regions as our understanding of the role of winter temperatures in causing coral
disease outbreaks in other reef regions increases.

Forecasts of sea surface temperature (SST) anomalies are produced for the tropical
oceans at lead times 0-5 months by the dynamical coupled ocean-atmosphere model
POAMA (Predictive Ocean Atmosphere Model for Australia, available at:
http://poama.bom.gov.au/experimental/poama15/sp_gbr.htm)

(Spillman

2011;

Spillman & Alves 2009; Spillman, Alves & Hudson 2011). In addition, NOAA Coral
Reef Watch employs a statistical forecast model of SST to produce a 2-4 month outlook
of global thermal stress (Liu et al. 2008; http://coralreefwatch.noaa.gov). In the months
that precede the summer, these forecasts can be used in conjunction with the statistical
seasonal outlook described above, providing managers with advance warning of the
likelihood of anomalously warm temperatures, suggesting risk of a spatially extensive
bleaching event, which would greatly increase susceptibility to disease at sites where
bleaching occurs (Figure 3.2b). Current and past forecasts are presented in Google
EarthTM, so managers can readily compare forecasts for an upcoming summer to
observations of past summers when bleaching events or disease outbreaks occurred.

The abundance of WS on the Great Barrier Reef has been related to temperature stress
and coral host density (Bruno et al. 2007), leading to the recent development of two
near real-time tools for monitoring likelihood of outbreaks of WS. Using a decisiontree approach, one tool (Heron et al. 2010) uses winter and summer sea temperature
stress metrics at 50-km resolution to produce an outbreak risk assessment that has to be
interpreted based on local knowledge of host density – i.e., risk is highest where coral
cover is highest (http://coralreefwatch.noaa.gov). The complementary tool (Maynard
et al. 2011) provides advanced capacity to inform management decision-making in two
ways: (1) it is based on the high-resolution (~1.5 km) temperature data used for the
ReefTemp product suite (Figure 3.2c, and see Garde et al. 2014; Maynard et al. 2008),
thus the tool enables the monitoring of disease risk at the scale of an individual reef;
and (2) an overlay of historical coral cover is included, so outbreak likelihood is only
shown to be high for locations where long-term monitoring suggests host density
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exceeds an empirically derived threshold. The integrated risk prediction tool (Figure
3.2d) presented in (Maynard et al. 2011) is based on a multivariate regression model of
disease abundance, temperature stress and coral cover calibrated against the values for
each variable documented during an known outbreak of WS on the Great Barrier Reef
(GBR).

Figure 3.2. Predictive tools used in the coral disease outbreak early warning
system. The experimental seasonal outlook of disease risk for the 2010/11
austral summer, issued October 2010, is shown in (a) and reflects that the 2010
winter was amongst the warmest on record for the area (Heron et al. 2010). The
Bureau of Meteorology’s POAMA forecasts of tropical sea surface temperature
(SST) anomalies for SW Asia in February 2010, as of December 1st, 2009 are
shown in (b). Tools from the ReefTemp product suite that enable remote
monitoring of SST anomalies at the scale of individual reefs (c – from winter
2010), and the likelihood of outbreaks of white syndromes (d – from Swains
reefs in the southern Great Barrier Reef in 2002). The images shown in (b, c
and d) were produced in Google Earth TM .

The value of the integrated risk prediction tool (Figure 3.2d) was demonstrated in the
north-central GBR in 2009 when the tool correctly identified locations where
abundance levels of WS were anomalous. Targeted expert prevalence surveys in these
locations (Figure 3.3e) revealed more disease than was expected at sites with less than
50% coral cover (Maynard et al. 2011). This result suggested that the density of coral
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hosts required for WS outbreaks on the GBR is likely to be lower than earlier research
had suggested (Bruno et al. 2007). The implication is that more reefs on the GBR are
susceptible to WS outbreaks when temperature stress is severe than previously thought.
This validation work has changed the way outbreak risk is calculated on the GBR
enabling more targeted impact assessment and management responses.

Ground-truthing predictions made by predictive tools helps increase our understanding
of the links between stressful temperatures and both the susceptibility of corals to
diseases and the virulence of disease-causing pathogens. For now, these models are
available for the Great Barrier Reef and Hawaii only and only for WS. However, the
iterative approaches used to produce predictive models and tools can be applied to other
diseases and/or reef regions. Models can be conditioned based on observations made
at sites where disease outbreaks are known to have occurred in the past, then used to
predict outbreaks, and validated and refined when stressful conditions suggest
outbreaks will occur.
3.3.2 Monitoring Network

Detecting the early signs of a disease outbreak requires a network of observers because
many reefs are visited by managers infrequently and because a disease outbreak can
spread quickly (Francini-Filho et al. 2008). For temperature-dependent diseases,
observer networks can ground-truth predictions made by tools that predict bleaching,
as well as the models predicting disease described above and others like them when
they become available. For all other coral diseases, networks can provide cost-effective
reports on disease abundance from sites throughout a management area (see Mayfield,
Joliat & Cowan 2001for a general review).

During the 2002 coral bleaching event GBRMPA established BleachWatch, a
community based monitoring network designed to detect the early signs of coral
bleaching (Marshall & Schuttenberg 2006). BleachWatch was subsequently adopted by
NOAA, and the two networks have proven their merit by detecting the early signs of
bleaching on the Great Barrier Reef and in Florida and helping to quantify the spatial
extent and severity of bleaching events (Maynard et al. 2009). Establishing and
maintaining volunteer monitoring networks requires: 1) identifying potential
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participants, 2) training and knowledge/skill testing, 3) data collection, and 4)
facilitating communication between participants and managers (Musso & Inglis 1998).
Several community-based monitoring programs have been established globally (e.g.,
ReefCheck, Global Coral Reef Monitoring Network (GCRMN)). Managers may find
benefit in strengthening links with these networks to increase participation or improve
alignment of the objectives of monitoring programs with the information needs of
managers (as in Pattengill-Semmens & Semmens 2003). New networks can be set up,
or existing networks can be aligned with the managers’ information needs, irrespective
of local resource availability. How each of the four steps recommended above are
carried out, the technologies used, and the extent to which existing training materials
and datasheets are tailored for local use can all be adapted to local resource levels.

The training required will vary with different observers (i.e., some participants will not
need to be trained) and needs to focus on the data collection protocol (see Chapter 4)
while also providing critical background and some insights as to how the information
collected will be used. Ideally, the protocols used for monitoring networks will produce
data that are comparable between reef regions (see Beeden et al. 2008 ; and Bruckner
2002). This suggests that protocols for regularly collecting coral disease data at the
scale of the GBR should have the following characteristics: cover a defined area,
produce estimates of the % of coral cover affected, list the number of colonies affected
by the common types of coral diseases in a management area, describe the coral lifeforms affected by each of the common diseases, and be able to be completed in a
timeframe (10-20 minutes) that does not interfere with the reason the observer is
visiting the reef (see Fig. 3.3b, c). The development, characteristics and use of the data
collection protocol used by the volunteer monitoring networks in Australia is the
subject of Chapter 4.
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Figure 3.3. Suggested impact assessment (a-c) and monitoring protocols (d)
for the response framework. The simplest surveys conducted by participants
in a monitoring network might only record presence/absence of disease (a).
The monitoring network of marine park rangers, tourism staff and volunteers
on the Great Barrier Reef use the protocol shown in (b), as do managers when
undertaking targeted impact assessments during site inspe ctions, enabling
completion of the table shown in (c) (See detailed description of development
and use in Chapter 4). When outbreaks occur, surveying reefs using the
protocol shown in (d) enables a rapid assessment of impacts and the creation of
a longer-term record. Protocols forming a, b, and d are useful in determining
‘status’, measures of coral health and reef condition. Researchers can
undertake (e) annually to determine trends in disease prevalence in an area.
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In summary, a series (usually 3) of circular areas of reef with 5m radii are surveyed at
the same depth and the number of colonies within eight life-form categories affected
by common disease types are recorded, as is the coral cover, and percentage cover
affected by disease (Figure 3.3c). Notes regarding the prevalence of other diseases can
also be taken as can photos. More simply, managers can have participants collect data
on presence/absence of diseases (Figure 3.3a). In this way, even when resources are
limited managers increase the chance that they will detect disease and can get in contact
with collaborating NGO’s, universities, or other management agencies to determine
whether more detailed assessment and monitoring can be undertaken.

Observations of diseases from a monitoring network can ensure broad coverage that
may help make clear whether coral diseases are more or less prevalent in areas of higher
relative anthropogenic stress. In this way, having an early warning system helps ensure
that targeted impact assessment, monitoring and research efforts help to elucidate the
relative importance of climate-related and anthropogenic stressors in disease outbreak
causation (objective 1 of the framework). Monitoring networks can also promote
stewardship (Savan, Morgan & Gore 2003; Stepath 2000) by encouraging members of
reef-dependent industries (such as tourism and fishing), regular reef visitors, amateur
naturalists and other enthusiasts to participate in monitoring while also tapping into the
great wealth of their knowledge (see Chapter 4).

Monitoring seasonal outlooks of disease risk, sea temperature forecasts, measures of
sea temperature stress in near real-time, custom-developed predictive tools (see Figure
3.2) and reports sent in by observers all form routine tasks carried out every year
regardless of conditions (see Figure 3.1). ‘Site inspections’ will be conducted if
conditions are highly conducive to disease outbreaks and/or reports of disease outbreaks
are received from observers participating in a monitoring network. Site inspections
form a responsive task and part of the impact assessment and monitoring component of
the framework (Figure 3.1), discussed in the next section.
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3.4 Impact Assessment

The overarching objective of the assessment and monitoring component (objective 2 of
the framework) is to assess the spatial extent and severity of outbreaks as a foundation
for: communicating the status of coral health and reef condition at impacted sites,
making management decisions, and taking account of likely social and economic
impacts. Both assessment and monitoring and management actions are responsive tasks
in the framework (see Figure 3.1) and hence represent investment of management
resources. A hierarchical approach whereby relatively small investments are made into
site inspections first is valuable, since they can determine whether larger investments
are justified. Under the framework site inspections are impact assessments at high risk
sites. These surveys determine whether and where targeted research and monitoring
should be undertaken, which, in turn, determines whether and where management
actions should be taken, as well as what management actions are appropriate.

Locations may be classified as having a high risk of an outbreak due to conditions at
the site being conducive to either bleaching or diseases. At these locations, site
inspections will often be the first surveys conducted at the site since the onset of
stressful conditions. Alternately, disease outbreak risk at a site may be classified as
high due to the receipt of numerous reports of coral disease from participants in the
monitoring network. In these cases, site inspections serve to validate observations
made by observers participating in monitoring. In either case, the survey protocol could
be that proposed for the monitoring networks (Figure 3.3d) and completed by either
managers or collaborating researchers.

On the Great Barrier Reef (GBR), the severity of an outbreak is defined by a matrix of
disease abundance (cases in a defined area) and the spatial extent of the outbreak – the
number of reefs affected in the management area (see Figure 3.4). The matrix helps to
scale management responses and could be adapted for any management area. Managers
can work with researchers to determine what level of disease abundance or prevalence
should correspond to the low, medium and high categories. Spatial extent may not be
a useful component of a measure of the severity of threat posed by a disease outbreak
in small management areas. For larger areas, managers can set the spatial areas (or
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number of reefs) that define local, regional and widespread. Managers may also want
to simplify the matrix to low and high, and local and regional. In these cases, the
severity of the disease threat either triggers a management response or does not, rather
than the scaled responses produced by the 4x3 matrix shown in Figure 3.4. In the matrix
used in the Great Barrier Reef, expert site inspections are triggered if disease abundance
is high and/or medium disease abundance (see Figure 3.4) has been observed at reefs
throughout the management area.

Figure 3.4. Extent and severity matrix for disease impacts. The matrix inf orms
hierarchical investment of management resources. The criteria for each level
of coral disease impacts and spatial extent can be adapted to local knowledge
of diseases and the size and number of reefs contained within a management
area. Values shown in brackets for the levels of coral disease impacts refer to
those used in the Great Barrier Reef (based on Raymundo et al. 2008; and
Willis, Page & Dinsdale 2004).

The approach to monitoring coral disease outbreaks on the GBR is similar to that used
for bleaching for two reasons.

Disease outbreaks require some of the same

communication and engagement with the media and stakeholders (but see
communications section below for more detail). Also, like bleaching events, disease
outbreaks create opportunities for researchers and managers to collaborate to advance
our understanding of outbreak causation and trial actions to mitigate impacts (see next
section). Rapid assessments of outbreak severity are complemented with detailed
surveys to meet communications and engagement requirements as well as take
advantage of the research opportunities outbreaks present. The survey protocols used
in the Great Barrier Reef for disease are shown in Figure 3.3 (b and e). The rapid
assessments are conducted using the same protocol employed by the monitoring
networks whereby disease cases are counted within 78.5 m2 circles using a radial belt
sampling method (Figure 3.3b, Chapter 4, Beeden, RJ et al. 2014). Detailed prevalence
surveys involve counting all corals and disease cases on three 20 m x 2 m belt transects
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at two sites at each reef location (Figure 3.3e). The detailed surveys are undertaken in
collaboration with researchers that identify infected and healthy corals to genus to help
determine whether spatial patterns in disease prevalence are correlated with climate
and/or anthropogenic stressors.

Given links between bleaching and disease, managers and their collaborators can look
for disease when assessing the spatial extent and severity of bleaching impacts or when
undertaking surveys to assess recovery from bleaching. Surveys of bleaching may work
to target disease surveys to locations where bleaching was most severe (see * in Figure
3.4). This highlights that managers will want to train staff to identify a range of reef
health impacts. Protocols used to monitor impacts are useful in determining the status
of coral health and reef condition but managers may also want to work with researchers
to develop a long-term monitoring program that can detect trends in disease abundance
and prevalence (see Beeden et al. 2008; Page et al. 2009).

3.5 Levels of management responses in the GBR
GBRMPA uses the Australasian Inter-service Incident Management System (AFAC
2011) framework to coordinate the governance, planning, operations, logistics,
financial and inter-agency liaison arrangements required to adequately respond to a reef
health incident (see top of Figure 3.4). Information gathered from the early warning
system and site inspections help managers understand the severity and spatial extent of
impacts. Once the spatial extent and severity of the impact have been classified based
on the standardised criteria for each incident, the matrix in Figure 3.4 is used to inform
a detailed situation analysis.
The information presented within the situation analysis is assessed by the governance
group to make a final decision on the required level of response. The situation analysis
is assessed by the GBRMPA governance group (the executive management group, the
incident coordinator and the scientific, communications and liaison, and stakeholder
advisory groups), which makes a final decision on the required level of response (Figure
3.5). There are three potential response levels — 1, 2 and 3. Each increase in response
level (from 1 to 3) correlates to a corresponding increase in the severity and spatial
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extent of the impacts as well as an increase in the management investment and resources
required to effectively respond. The activation and conditional activation of the incident
response framework varies according to each response level but the framework used
for each of the three response levels is standardised for all reef health incidents.

Figure 3.5. Incident response chain of events during a reef health event. The
situation analysis is informed by the matrix seen in Figure 3.4 and is re-visited
following responses if the high risk season has not passed . The flowchart is
consistent with the recommendations of the U.S. Government’s Field Manual
for Investigating Coral Disease Outbreaks (Woodley et al. 2008, p. 14).
Once the appropriate response level has been determined, the corresponding planning
and resource provisions of the incident response are activated. Communication, liaison,
and reporting tasks are activated for all response levels. For response level 1, which
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may lead to response levels 2 or 3 if impacts become more severe or extensive through
time, the logistics for extensive underwater surveys are only conditionally activated,
and budgeting, contracting, staff procurement, and impact mitigation/recovery surveys
are not activated (Figure 3.6). Conditional activation is based upon the type of incident
and the outcome of the situation analysis. For response level 2, vessel support and
underwater surveys are activated, as are budgeting and administration. Contracting,
staff procurement, and impact mitigation/recovery surveys are all conditionally
activated (Figure 3.7). For response level 3, the entire incident response framework is
activated (Figure 3.8).
The degree of management investment in a response to a coral disease (or other reef
health impact) is determined based upon the assessment of the risk of an outbreak and
the reality of any outbreak observed in the field. The scaling of management responses
to coral disease outbreaks in the Great Barrier Reef is dependent upon the disease
impact matrix in Figure 3.4. Field observations that generate scores colour coded
yellow (1-2) in figure 3.4 are assigned a response level of 1 (figure 3.5, 3.6). Scores
colour coded orange (3-4) warrant a level 2 response (figure 3.5, 3.7) and regional or
widespread outbreak scores colour coded red (>4) trigger a level 3 response (figure 3.5,
3.8).
The management resources that are mobilised for each level of response are depicted
in Figures 3.6, 3.7, 3.8). Management resources are separated and organised based upon
the Australian Interagency Incident Management System Australian Standard for
incident response developed by the Australian Fire Service. Responses to coral disease
outbreaks are organised and resourced in a consistent manner to that used for coral
bleaching, and tropical cyclone impacts under the GBRMPA Reef Health Incident
Response System (Authority, GBRMP 2013c).
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Figure 3.6: Response level 1 within the disease response plan framework.
Activation and conditional activation of components are illus trated by the
intensity of colour and border for each box within the diagram above. Scenarios
shown in the maps are examples as are the disease types shown (i.e., local
disease in a different planning area would result in the same management
response, and so would different disease types). The response level 1 threshold
can be reached due to the prevalence of a single disease type or numerous
disease types.
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Figure 3.7. Response level 2 within the disease response plan framework.
Activation and conditional activation of components are illustrated by the
intensity of colour and border for each box within the diagram above. Scenarios
shown in the maps are examples as are the disease types shown (i.e., local or
moderate disease in a different region would result in the same management
response, and so would different disease types). The response level 2 threshold
can be reached due to the prevalence of a single disease type or numerous
disease types.
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Figure 3.8: Response level 3 within the disease response plan framework.
Activation and conditional activation of components are illustrated by the
intensity of colour and border for each box within the diagram above. Scenarios
shown in the maps are examples as are the disease types shown (i.e., severe
disease in a different region would result in the same management response,
and so would different disease types). The response level 3 threshold can be
reached due to the prevalence of a single disease type or numerous disease
types.
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3.6 Management Actions

The response framework described here is designed to facilitate the implementation of
established management strategies to support reef resilience while enabling testing and
evaluation of the effectiveness of emerging actions specific to restoring reefs and
mitigating coral disease impacts (objective 3 of the framework). Both types of actions
are described below. For restoring reefs and actions that can mitigate disease impacts
knowledge gaps are identified that when filled will enable managers to prioritise the
action options based on their effectiveness.
3.6.1 Mitigating disease impacts and reef restoration

The growing awareness of disease risk has resulted in an exponential increase in
research efforts to identify and test ways to mitigate disease impacts (Bruckner 2002;
Raymundo et al. 2008). Preventing outbreaks or reducing their impact may be acheived
by boosting immunity, or reducing pathogen abundance or rates of disease transmission
(see overview in Raymundo et al. 2010). Strategies include: stimulating coral immune
systems (as in Little & Kraaijeveld 2004), removal of disease by physical means
(Hudson 2000), aspirating the disease bands on corals affected by black band and
yellow band and covering the affected area with clay or putty (reviewed in Raymundo
et al. 2010), phage therapy (Efrony, Atad & Rosenberg 2009; Efrony et al. 2007), using
normal cell micro-biota as probiotics (Ritchie 2006), disruption of cell-cell
communication in pathogenic bacterial communities (Teplitski & Ritchie 2009), and
traditional strategies like quarantining, vaccination, and antibiotic treatment and culling
(Wobeser 2006). Though these strategies have strong potential to be vital to managers
in the future, currently they are all highly experimental and likely to be prohibitively
expensive on all but the smallest of spatial scales (10’s-100’s of m2, but not km2). Just
as importantly, there are critical gaps in our understanding of how to implement these
strategies. A list of the critical knowledge gaps is provided in Table 3.1, which can
serve to inform future research and trials of these actions both in labs and at outbreak
sites. Managers communicating the need for this research and targeting trials of the
approaches at sites severely affected by disease can help ensure the most effective of
the strategies listed above become operational in the future.
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Table 3.1. Potential management response actions for coral disease outbreaks:
Critical knowledge gaps for management action options (1) specific to coral
disease outbreaks and (2) for enhancing reef recovery once the outbreak aba tes
or is controlled. This list is not intended to be an exhaustive list of the research
that should or could be conducted in each of these areas but highlights the
knowledge gaps that, if filled, would facilitate a re-assessment of the feasibility
of implementing these strategies over any spatial scale.
Category

Strategy

Critical knowledge gaps


Removal of disease by
physical means




Traditional strategies
including quarantine,
vaccination, antibiotic
treatment, and culling.




Phage therapy
(1) Mitigating disease impacts
by boosting immunity, and
reducing pathogen abundance
and rates of disease
transmission

Normal coral micro-biota
as probiotics







Disruption of cell-cell
communication in
pathogenic bacterial
communities





Stimulation of coral
immune systems

(2) Promoting recovery

Coral
transplantation/assisted
colonization and coral
gardening
Mitigating anthropogenic
stressors





Extent to which known methods will be
successful when suctioning disease agents
from branching corals
Procedures for safely implementing known
methods in areas with high coral cover have
yet to be developed
Causative agents of many types of coral
diseases
The threshold number of affected colonies
that have to be treated in an area (of any
given size) for the strategy to significantly
decrease either disease transmission rates or
total mortality rates
Understanding the effects of phages on
other closely related bacteria
Threshold numbers of affected colonies that
have to be treated to significantly decrease
disease transmission rates and/or total
mortality rates
The precise roles of beneficial bacteria
The cellular mechanisms underlying the
anti-microbial activity, and conditions
driving microbial activity
Whether cell-cell communication is an
important virulence mechanism in coral
diseases
Whether strategies to disrupt cell-cell
signalling and reduce pathogenicity will
disrupt the production of antibiotics that
contribute to natural mechanisms of disease
resistance
Whether coral immune systems can be
primed at all
If the immune systems of corals can be
primed, whether a process can be developed
that prevents undesirable decreases in
physiological resources that affect
susceptibility to diseases or other
disturbance and reduce reproductive output
The threshold number of colonies that need
to be translocated to see significant
increases in recovery rates
The extent to which threshold numbers vary
between species
Effectiveness when anthropogenic stress is
low to moderate.
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Sites severely impacted by disease can be restored through well documented
approaches that are notoriously expensive and challenging to implement like
transplantation, coral gardening and installing artificial reefs (Edwards & Gomez 2007;
Edwards, AJ 2010). These actions are like those described above to mitigate impacts in
that they are likely to be useful only on small spatial scales but may be warranted at
high priority sites (e.g., sites with high resilience, or special conservation, social,
cultural, historical and / or economic significance).

There are critical gaps in our understanding of approaches to restoring reefs given the
extent and nature of all of the potential downsides to these approaches (see Table 3.1
and review for coral transplantation in Edwards & Gomez 2007). For that reason,
continuing to fill those knowledge gaps should be complemented with other actions that
managers can take to promote reef resilience.
3.6.2 Promoting reef resilience

Replacement of corals by macroalgae following disturbances or as a consequence of
competition for space will reduce reef recovery rates, either through limiting the growth
of resident corals or by reducing substrate available to new recruits for settlement
(Hughes et al. 2007). Local stressors, like poor water quality (i.e., nutrient rich), the
extraction of herbivorous fishes (Mumby et al. 2006), and physical damage due to
anchoring and/or divers and snorkelers (McManus, Reyes & Nanola 1997) all have the
potential to increase the competitive advantage of macroalgae and hence reduce
recovery rates. Aside from reducing recovery rates, these anthropogenic stressors can
increase pathogen virulence and coral susceptibility (Raymundo et al. 2008; Willis,
Page & Dinsdale 2004). As an example, increased dissolved nutrients, bacterial loads,
and dissolved pollutants (i.e., poor water quality) have all been linked to some coral
diseases and can increase the susceptibility of corals to pathogens (Raymundo 2010).
Management actions that minimize human stressors therefore promote both of the key
components of reef resilience: resistance and recovery.

Improving local water quality and temporary closures could be the most successful
management actions in response to disease. Improving water quality is an action some
local managers will have control over and can result in a number of positive
78

Chapter 3: Coral disease response plan framework
consequences for coastal ecosystems (Raymundo et al. 2009). Managers with no or
limited direct control over the quality of water coming from adjacent catchments can
add increasing coral bleaching (Wooldridge 2009a, 2009b, 2010; Wooldridge & Done
2009) and disease resistance to the list of coral health and resilience benefits to come
from improving water quality when engaging with the agencies with jurisdictional
responsibility. Local stressors can also be reactively mitigated by many coral reef
managers following outbreaks through temporary closures (Day 2002), as was done
following the severe bleaching in 2010 in Thailand. Some of the benefits of temporary
closures will be realised immediately because preventing entry can reduce rates of
disease spread directly (i.e., through disease transfer, though this requires more
research) or indirectly (i.e., through injuring corals with fins or anchors Lamb et al.
2014; Lamb & Willis 2011; Raymundo et al. 2008; Raymundo et al. 2009).

Other

benefits could take years to manifest (i.e., increased larval survival see Lukoschek et
al. 2013) and the capacity of temporary closures to enhance recovery rates will depend
on the severity of anthropogenic stress in the area, and whether the site is severely
disturbed again in the near-term. The latter is largely out of management control. The
former, however, requires managers to decide whether it is worth investing resources –
temporary closures will have the greatest impact on recovery timeframes in areas where
anthropogenic stress is high (but will also be the most controversial here), while
closures may have no impact on recovery if anthropogenic stress is low or moderate
(review in McClanahan et al. 2009).

Identification of reefs (or reef sites) with greater relative resilience to climate change
provides an opportunity to build the goal of minimizing coral disease risk into longterm spatial management plans. Approaches to assessing coral reef resilience are
available (Maynard et al. 2009; Obura & Grimsditch 2009) that focus mostly on
resilience to thermal stress and bleaching. These approaches are also likely to be of use
in identifying sites resilient to disease given links between bleaching and disease and
between thermal stress and temperature-dependent diseases (Raina et al. 2013; Selig et
al. 2006). The published resilience assessment protocols identify sites: 1) that are likely
to have lower relative exposure or greater resistance to exposure, and/or 2) have
features (like high coral diversity) that reduce the likelihood a coral bleaching event or
disease outbreak will kill high proportions of coral colonies at the sites.
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Sites with lower relative exposure often have features (e.g., adjacent deep water or high
mixing) that reduce exposure to stressful temperatures, which can be identified,
measured or estimated (see Salm 2006). As for resistance, when exposed to stressful
temperatures, recent evidence suggests having highly variable temperatures can confer
resistance to bleaching (Howells et al. 2013; McClanahan et al. 2007; Oliver & Palumbi
2011). Managers can identify locations with features that reduce exposure, and efforts
are underway to produce high-resolution maps of locations where past temperature
regimes are characterised by high variability (Guest et al. 2012). Identifying and
protecting sites with low exposure or greater relative resistance can and should be
complemented with protecting sites with high biodiversity when possible. Protecting
and promoting diversity could offer some protection from loss of reef services and
resilience (as shown for bleaching in Baskett et al. 2010) given differences among coral
taxa in their susceptibility to bleaching (Marshall & Baird 2000) and disease (Willis,
Page & Dinsdale 2004).

Communication, discussed next, will be vital to the success of trials of emerging actions
to mitigate disease impacts and to the implementation of the established actions
discussed above to support reef resilience.

3.7 Communication

Communication is critical to an effective management response to coral disease
outbreaks. Disease outbreaks can cause significant and rapid declines in reef condition,
and therefore have the potential to attract interest from the public, media and fellow
managers. Response plans produced by adapting this framework can ensure timely and
credible information on coral disease outbreaks, enabling reef managers and reef users
to be proactive in presenting information to the broader community (objective 3 of the
framework). Some of the issues warranting strategic management of communications
relating to coral disease include:


Outbreaks of diseases can catch managers by surprise, highlighting the
importance of raising awareness of the threat of coral disease amongst managers
to facilitate allocation of resources to support outbreak responses.
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Injuries and other stressors have the potential to increase susceptibility of corals
to diseases. Consequently, increased management of tourism activities at reef
sites susceptible to disease outbreaks may be warranted.

Appropriate

communications can be used to minimise the frequency of touching, kicking
and otherwise contacting corals by tourists visiting vulnerable sites.


Managers need to train participants to identify coral diseases and motivate
participants through a two-way exchange of information for monitoring
networks to be effective as part of the early warning system.



The term ‘disease’ may frighten the very stakeholders and community members
that need to support actions managers take in response to coral disease.
Managers can play an educational role and explain that: impacts from human
activities can increase susceptibility of corals to diseases, but humans cannot
contract the common types of coral diseases, and that caution will need to be
exercised if outbreaks of an unknown disease occur as the disease may pose a
human health risk.



Awareness also needs to be raised amongst stakeholders and community
members that some management responses to coral disease necessarily limit
use. Heightened awareness is likely to raise support for and compliance with
management actions when implemented. Through informing resource users,
managers can raise their own awareness of stakeholder needs, ensuring future
management strategies are as tailored to the needs of users as possible.



Misinformation can affect reef-dependent industries like tourism operators, who
depend on clients whose perception of reef condition in an area can be easily
influenced by the media. Timely reporting of the severity and extent of coral
disease outbreaks can dispel misinformation in the media about an outbreak.



Managers need to select sites and determine timeframes for trials of emerging
strategies to mitigate coral disease impacts. This decision-making process
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should be transparent and participatory to raise further support for the
implementation of management actions in response to coral disease.


Researchers and managers need to share results following trialling various
management strategies through inter-institutional collaboration and email and
report exchange.

3.8 Implementation of the response framework

Response plans produced based on this framework would be in effect year-round since
coral disease outbreaks can occur during any time of the year (e.g. annually updated
plan for the GBRMP Authority 2013b). However, research suggests corals become
more susceptible to diseases following periods of anomalously warm summer and
winter sea temperatures (e.g. Bruno et al. 2007; Heron et al. 2010; Maynard et al. 2011).
Also, spatially extensive bleaching events, caused by anomalously warm temperatures,
can greatly increase the susceptibility of corals to diseases, as can seasonal rainfall and
runoff (Haapkylä et al. 2011; Miller et al. 2009; Mydlarz et al. 2009). For these reasons,
the schedule of implementation (shown in detail in Figure 3.1) has been set up with
‘Preparation’ scheduled for pre-summer. This ensures that systems that monitor
summer conditions as part of the early warning system are maintained, and also
provides an opportunity to evaluate the response framework and revise/update it as
necessary. Both preparation and evaluation are routine (shown in grey in Figure 3.1)
and hence ongoing tasks. Assessing impacts when disease outbreaks are documented
and the implementation and trial of management actions both form responsive tasks.
Re-prioritising various management actions once tested may need to become a routine
task given the severity of the climate change threat and the need for adaptive
management (Tompkins & Adger 2004).

3.9 Conclusion

This framework was developed to meet a rapidly emerging need among coral reef
managers. While initially developed for use on the Great Barrier Reef, it draws on
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studies and management experiences from coral reef regions around the world and
makes operational the components of a structured adaptive disease response first
reviewed by Raymundo et al. (2008). The framework can be tailored to different
regions and scaled to suit different levels of management resources and operational
capabilities.

Widespread adoption of the framework presented here would help establish a
community of practice. A community like this already exists for bleaching, with more
managers adopting the response framework presented in Marshall and Schuttenberg
(2006), see also Maynard et al. (2009) each year and sharing their experiences. A
similar community of those managing coral disease could lead to vital advances in our
understanding of how to manage coral disease outbreaks. Knowledge transfer and
experience sharing are critical to determining the cost-effectiveness of the emerging
strategies to mitigate disease impacts reviewed in this chapter. For this reason, adding
to the arsenal of strategies available to managers to respond to coral disease outbreaks
requires management responses be implemented in collaboration with researchers.
This framework is designed to encourage and facilitate such a collaborative approach,
and thus can accelerate improvements in the management of coral disease impacts and
risk globally.

The responsive tasks described within the coral disease response plan framework are
triggered by managers learning that coral disease abundance has breached the outbreak
threshold at one or many reef sites. In order to receive that information, people need to
be taught to identify the signs of coral disease (focus of Chapter 2). However, in a
system as large as the GBR, only a large network of non-specialist observers can
provide information about coral and reef condition and impacts with sufficient spatial
and temporal resolution to detect the early signs of outbreaks and inform some of the
responses described within this chapter. The next chapter, Chapter 4, describes the
iterative development of a survey methodology tailored to the non-specialist observers
that regularly visit reefs within the GBR. Effective implementation of the coral disease
response plan framework is dependent upon the large participatory monitoring network
of observers that use the survey protocol to provide year-round surveillance of disease
and other reef health impacts.
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CHAPTER 4
Rapid survey protocol that provides
dynamic reef health condition
information to managers of the Great
Barrier Reef

Diver conducting a Reef Health and Impact
Survey as a part of the integrated Eye on the
Reef Network on an outer-shelf reef in the
Great Barrier Reef.

This chapter describes a rapid survey protocol
developed for use by observers participating in the Eye
on the Reef network, which now forms part of the early
warning system for a range of reef health impacts,
including coral disease, as described in Chapter 3.

Source References:
Beeden, RJ, Turner, MA, Dryden, J, Merida, F, Goudkamp, K, Malone, C, Marshall,
PA, Birtles, A & Maynard, JA 2014a, ‘Rapid survey protocol that provides
dynamic reef health condition information to managers of the Great Barrier Reef’,
Environmental Monitoring and Assessment, vol. 186, no. 12, pp. 8527-8540, doi:
10.1007/s10661-014-4022-0
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Authority, GBRMP 2013c, Reef Health Incident Response System, eds RJ, Beeden,
JA, Maynard & PA, Marshall, Great Barrier Reef Marine Park Authority,
Townsville.
<http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2808>

4.1 Abstract

Managing to support coral reef resilience as the climate changes requires strategic and
responsive actions that reduce anthropogenic stress. Managers can only target and
tailor these actions if they regularly receive information on system condition and impact
severity. In large coral reef areas like the Great Barrier Reef Marine Park (GBRMP),
acquiring condition and impact data with good spatial and temporal coverage requires
using a large network of observers. Here I describe the result of a nearly 10 year process
of evolving and refining participatory monitoring programs that have rangers, tourism
operators, and members of the public as observers of reef health on the Great Barrier
Reef (GBR). Participants complete Reef Health and Impact Surveys (RHIS) using a
protocol developed to meet coral reef managers’ needs for up-to-date information on:
benthic community composition, reef condition, and impacts, which include coral
diseases, damage, predation and the presence of rubbish. Training programs ensure the
information gathered is sufficiently precise to inform management decisions.
Participants report regularly because the demands of the survey methodology have been
matched to their time availability. Undertaking the RHIS protocol involves three ~20
minute surveys at each site. Participants enter data into an online data management
system that can create reports for managers and participants within minutes of data
being submitted.

The two-way exchange of information between managers and

participants increases the capacity to manage reefs adaptively, meets education and
outreach objectives and can increase stewardship. The general approach used and the
survey methodology are both sufficiently adaptable to be used globally in all reef
regions.
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4.2 Introduction

Using adaptive management to minimise vulnerability and support coral reef resilience
will require complementary long term strategies that reduce exposure to anthropogenic
stress at all spatial scales, combined with responsive actions targeted to minimise
impacts and support recovery processes at local scales (Beeden et al. 2012; Done &
Reichelt 1998; Done 1999; Maynard et al. 2009). Tailoring long-term strategies and
targeting local-scale actions both require dynamic information on system condition and
impacts (Beeden et al. 2012; Conrad & Hilchey 2011; Kenchington 1978; Maynard et
al. 2009). Consequently, coral reef monitoring will become increasingly important to
management decision-making as disturbance frequencies increase under the interaction
of climate change and other anthropogenic impacts.

All approaches to monitoring represent trade-offs between precision and spatial and
temporal

coverage

(Hobbs

2003).

Traditional

monitoring

schemes

use

expert/researcher observers and are highly precise but usually resource intensive and
thus always provide limited coverage (Danielsen, Burgess & Balmford 2005; Danielsen
et al. 2010; Hill & Wilkinson 2004; Kenchington 1978). In the Great Barrier Reef, coral
reef monitoring has been occurring for many decades (i.e. Kenchington 1978),
including the Australian Institute of Marine Science’s (AIMS) Long Term Monitoring
Program (LTMP) has been surveying the health of reefs since 1993. The LTMP enables
critical studies on trends in condition, and this information and the resultant research
meet some management needs but not for all timeframes or spatial scales required. The
capacity to rapidly and regularly gather information with good spatial coverage is
critical in the GBRMP because the system is very large (344,000 km2) and contains
hundreds of reefs more than 100 km from a population centre (Authority 2004; McCook
et al. 2010), so monitoring is especially resource-intensive. Temporal coverage is
important too because some impacts on coral reefs are difficult or impossible to detect
with infrequent monitoring because they are cryptic and ephemeral, like coral disease
and crown-of-thorns starfish outbreaks (Harvell et al. 2007; Sweatman 2008; Willis,
Page & Dinsdale 2004). Only a large network of non-expert trained observers can
provide information regularly enough and with sufficiently broad coverage to manage
a system like the GBR adaptively.
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Using non-expert observers - ‘citizen scientists’ - in participatory monitoring programs
has rapidly expanded in the terrestrial and marine environment since the early 1990’s
(Danielsen, Burgess & Balmford 2005; Hodgson 2001; Wilkinson et al. 1999). In the
1990’s uncertainty about global coral reef condition and an unprecedented worldwide
coral bleaching event (1998) established the critical need for spatially extensive
information on reef condition and impacts. This resulted in a proliferation of
participatory monitoring programs in reef regions (Hodgson 2001; Wilkinson et al.
1999). The Global Coral Reef Monitoring Network (GCRMN) was created to produce
Status of the Coral Reefs of the World reports (Wilkinson 2000) and the Reef Check
organisation began to train volunteer observers (Hodgson 2001).

The shift in the last 20 years towards participatory instead of, or to complement,
‘professional’ (paid expert based) monitoring schemes is bordering on paradigmatic
(Danielsen et al. 2010). There are now thought to be more than a hundred participatory
monitoring programs run by management agencies (Conrad & Hilchey 2011; Danielsen
et al. 2010). Agencies first questioned the defensibility of actions implemented on the
back of the seemingly imprecise information non-expert observers could provide
(Danielsen, Burgess & Balmford 2005). This has and continues to be overcome by
aligning monitoring objectives with observer capabilities (Savan, Morgan & Gore
2003) and investing in training so that data collected are sufficiently accurate and
precise to inform decisions (Danielsen et al. 2009; Danielsen et al. 2010; Mayfield,
Joliat & Cowan 2001; Savan, Morgan & Gore 2003; Uychiaoco et al. 2005). Recent
research indicates that data from participatory monitoring programs is often more
readily and rapidly translated into management actions than data from professional
monitoring schemes that require expert observers (Danielsen et al. 2009; Danielsen et
al. 2010; Uychiaoco et al. 2005).

This chapter describes the endpoint of a 10+ year evolution of the survey protocols and
training components of the participatory coral reef monitoring program for the
GBRMP, known as Eye on the Reef (EotR). The EotR program combines quantitative
and qualitative monitoring tools that are used by rangers, tourism operators, and
community participants. The primary quantitative reef health assessment tool regularly
completed by participants is the Reef Health and Impact Survey (RHIS). There are four
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information needs common to coral reef managers that participatory monitoring
programs can meet (Conrad & Hilchey 2011): reef condition, impact detection, impact
assessment following disturbances, and assessments of the effectiveness of
management actions. The last three describe the role of RHIS and the EotR network in
GBRMPA’s operational incident response plans (Figure 4.1 and Chapter 3). The
response plan framework includes routine tasks of assessing conditions and
communication that may trigger responsive tasks of assessing impacts, implementing
executing actions and evaluating their effectiveness (Beeden et al. 2012; Maynard et al.
2009). In the framework, completing RHIS is both a routine and responsive task
because: data from the surveys provide an early warning, surveys are targeted if impacts
are observed or suspected, and follow-up surveys help assess management
effectiveness. In essence, the EotR participatory monitoring network tightens the
adaptive management cycle (Uychiaoco et al. 2005), enabling actions to be linked
closely to system condition and an ongoing evaluation of their effectiveness.

Figure 4.1. Schematic illustrating components of the GBRMPA’s year -round
operational incident response plan. Asterisks denote the three primary roles of
the RHIS based survey network: Monitoring * denotes i) regular monitoring of
reef health and impacts, ii) assessment of the extent and severity of impacts
when they occur. Management Actions * denotes iii) monitoring and
assessment of management action effectiveness (figure adapted from Beeden et
al. 2012, also see Chapter 3).
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In this chapter, my objective was to iteratively develop and refine a monitoring protocol
that enables rapid assessments of reef health by a range of observer types,
complemented by a data storage and reporting system that meets management
information needs. Here I describe the resulting Reef Health and Impact Survey (RHIS)
protocol, and capacity building program that is now used to train and educate
participants. I also describe how the monitoring program makes adaptive management
possible through a system that uses readily available technology that is, to my
knowledge, unique in marine park management. The following Chapters (5 and 6)
provide two detailed examples of how the RHIS observer network and information
management system has met management information needs in the last 3 years.

4.3 Survey protocol

In collaboration with colleagues and GBRMPA staff, I led the development of the RHIS
survey form, which was iteratively developed over three years (2009-2012) in response
to user feedback about form layout and terminology. Changes were introduced to align
the terminology used with other monitoring programs, and to ensure survey data
gathered could be quantitatively assessed. The survey methodology is described below,
followed by the specific types of information collected on the RHIS form and the ways
the information is useful to managers.
4.3.1 Survey methodology
Stakeholder consultation led to the conclusion that participants could only undertake
surveys regularly and at a large number of sites if a survey could be completed in ~20
minutes or less. Such a timeframe enables the rapid completion of a survey on snorkel
by tourism operators who have no more than 20 minutes available during a day.
Furthermore, a survey methodology taking ~20 minutes can be completed three times
during a one hour dive time, which is common for ranger participants diving in shallow
water.

To undertake a RHIS survey, observers first select a site (based upon their survey plan
objectives) and then swim to find the habitat (lagoon, reef crest, slope, reef flat, see
Figure 4.2) they intend to survey and then do several fin kicks with their eyes closed to
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randomly select a starting point. A memorable starting point on the substrate is found
and the observer raises a hand so people on the boat can get a GPS fix on the centre of
the survey. The survey area is a circle with a five metre radius, so observers learn the
number of their fin kicks that equate to five metre. From the survey start point, a five
metre swim is made to four points from the centre; like the N, S, E and W cardinal
points of a compass. These points form the circle perimeter and, as with the centre
point, something memorable on the substrate is noted at each point. Observers then
swim the circumference while looking into the survey area to estimate the percent cover
of the substrate made up by the various benthic groups (see section 4.3.2). Coral and
macroalgae are then classified by life-form and type, respectively, and then observers
focus on signs of impacts and infer their potential causes.

SCUBA divers swim around the survey area while completing the form. Snorkelers
survey from the surface maintaining a synoptic view of the survey area, and then swim
down to clarify anything difficult to see or to more carefully review any impacts.
Photographs are recommended for impacts and to aid with post-survey identification of
anything observers do not immediately recognise. Observers take three photographs of
impacts to corals; the whole coral, the branch or part of the coral affected, and a closeup at the polyp-scale of the impact. Macro photographs enable observers to differentiate
between similar impacts, such as coral disease and predation. The surveyors then check
each section of the form for completion, checking that: the benthic group percent cover
estimate adds up to 100; all impacts noted have been described, and comments have
been written about the photos taken and any sightings of protected species. The survey
protocol is completed three times in the same habitat, either on the same dive or day for
divers, or during the same snorkel outing or day for snorkelers.
4.3.2 Survey form: information collected and its uses
The RHIS survey form is divided into four sections: 1) observer and site details, 2)
benthos, 3) impacts, and 4) additional information (Figure 4.2). Aside from basic
contact information about the observer and the survey date and time, the observer and
site details section captures the coordinates of the survey location, its classification as
a habitat type, and its orientation. Site location information ensures the site can be relocated for follow-up surveys, enabling managers to track condition through time. By
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regularly surveying the same location, tourism operators participating in the program
can track the progression of impacts like coral disease. Site environmental condition
information is also captured, including: air and water temperature, prevailing winds,
visibility, and the presence or absence of algal blooms. Information on environmental
conditions enables ground-truthing of the remote sensing data used in systems like
ReefTemp (Elvidge et al. 2004; Maynard et al. 2011; Maynard et al. 2008) to predict
bleaching and disease conditions, and ongoing refinement of algorithms that interpret
remotely sensed water quality data (Brodie et al. 2012; Fabricius, Okaji & De’ath 2010;
Phinn et al. 2005; Weeks et al. 2012).

Observers record information on the benthic community structure in the benthos
section. The percentage of the substrate made up by macroalgae, live coral, recently
dead coral, live coral rock, coral rubble and sand is recorded (Figure 4.2). This is
valuable information on current habitat condition that can be indicative of the presence
of processes that support reef resilience (McClanahan et al. 2012).

Macroalgae

abundance can be indicative of the presence or absence of healthy herbivore
populations and the levels of nutrients in the water column (Hay 1997). Coral cover
and recently dead coral can be indicative of the conditions for coral growth in the area,
and the time since the last severe disturbance. The ratios between live coral rock and
rubble/sand are indicative of how optimal the substrate is for coral recruitment and thus
help assess the recovery potential of the site (Lukoschek et al. 2013).

For macroalgae and corals, observers also note the percentage of various types and lifeform classifications that make up each of these two groups (e.g., filamentous and
leafy/fleshy for macroalgae, and branching and massive for corals).

Recording

macroalga type and the average height of specimens increases our understanding of the
extent to which herbivory and nutrients at the site potentially control or fuel algal
growth. The susceptibility of the coral community to bleaching, damage and predation
can be derived from the life-form information (Diaz & Madin 2011; Madin 2005;
Marshall & Baird 2000; Marshall 2000).

General information on benthic habitat captured in the benthos section of the RHIS
form describes current reef condition. This is valuable information for all reefs
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globally, given the dynamic nature of reef condition, and for the GBR in particular,
because little to nothing is known about a large percentage of the approximately 3000
individual reefs being managed. Habitat condition, however, is driven and influenced
by both current and past disturbances and impacts. Typically, signs of current impacts
are easily discernible and readily captured in the impacts section of the RHIS form
(Figure 4.2), which is divided into five key reef health impacts: bleaching, disease,
predation, physical damage, and rubbish. In contrast, signs of past disturbances and
impacts are difficult to identify, although the benthic community structure itself
provides some insights (Bruno & Selig 2007; Graham, Nash & Kool 2011; Hughes &
Connell 1999).

For bleaching, the percentage of each life-form bleached and the severity of the
bleaching is classified on a 1-4 scale (Figure 4.2). The coral disease section captures
the proportion of coral cover affected and the life-forms affected by four disease
classifications: black band disease, brown band disease, white syndromes, and ‘other’.
The predation section captures the proportion of coral cover affected by adult and
juvenile corallivorous crown–of–thorns starfish (Acanthaster planci) and snails
(Drupella spp.). The recently incorporated coral damage section asks observers to
assess the percent of coral cover damaged, the life-forms damaged and the suspected
causes of the damage (e.g., storms, anchoring, vessel grounding, Figure 4.2). The
rubbish section provides an indication of use in the area that may be illegal (i.e., fishing
line found in a no-take protected area zone), and can trigger a management compliance
and/or clean-up response. Plastic found in high abundance can be harmful to a range
of animals, especially turtles and seabirds, and abandoned nets and other gear can ‘ghost
fish’, so may need to be removed.
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Figure 4.2. Reef Health and Impact Survey datasheet. The datasheet is used by
participants in the Eye on the Reef network managed by the Great Barrier Reef
Marine Park Authority.
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The success of the observer network in meeting identified management needs (see
section 4.2) is dependent on many observers visiting many different areas of the Marine
Park. Large numbers of participants necessitates having a training and education
program. An ongoing communication mechanism is also required so that managers can
reward and reinforce participation. The training and education program is described
next.

4.4 Training observers

The capacity building and communication process for RHIS has three parts: 1) elearning and in-water training, 2) resources to assist with completing surveys, and 3)
ongoing access to assistance and support. Everyone taking part in RHIS must complete
the e-learning tutorial and has the option of attending an in-water practice session. The
training and education ensures that all observers can accurately and efficiently
undertake surveys and complete the form to a standard proficiency level. Having the
tutorial online is critical, as this enables self-paced learning and adds cost-efficiency to
the training and education process. People interested in participating first request a
login

ID

for

the

online

tutorial

on

the

GBRMPA

homepage

(http://www.gbrmpa.gov.au/visit-the-reef/eye-on-the-reef/get-involved-with-eye-onthe-reef), which is provided following electronically signing a participation agreement.

The tutorial has four parts: a tutorial overview, 5 modules of curriculum, a final exam,
and a section on data submission guidelines (Figure 4.3). The overview page describes
the tutorial itself and how to use the interface. The 5 modules of curriculum are: 1 Eye on the Reef Integrated Monitoring System; 2 - Introduction to the Great Barrier
Reef; 3 - The Reef Health and Impact Survey Form; 4 - Recipe for a Reef Health and
Impact Survey; and 5 - Reef Health Indicators (Figure 4.3). The introductory module
(1) details the importance and value for managers and participants in undertaking the
training and regularly completing RHIS forms at sites they visit once the training is
complete. Each module has an introduction, a page on key learning objectives, video
content specific to each module, several interactive downloadable materials and a series
of review questions. Examples of module content include learning and practice sections
on estimating percent cover, and identifying impacts and coral life-forms. The learning
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modules are followed by a 40 question final exam. Participants must answer 75% of
the questions correctly to complete the tutorial.

Figure 4.3. Structure of the e-learning tutorial and training process for Eye on
the Reef. Observers must review and successfully complete the process prior
to being certified as beginner or intermediate RHIS observers.

In-water practice sessions are offered 1-2 times per year to reinforce learning; these are
mandatory for park rangers and optional for tourism staff and community participants.
The in-water practice takes place over one day and lets participants put their e-learning
into practice. Participants learn how many of their fin kicks equal roughly 5 m and
practice some of the following skills: algae type and coral life-form identification,
percent cover estimation, and key features to distinguish various impacts. During the
in-water sessions, trainers also help participants use the visual aids and ID resources
made available to all RHIS participants. The top of the front page of the waterproof
RHIS visual aid describes the survey methodology (section 4.3.1) and has helpful tips
and tricks for estimating percent cover (see Figure 4.4). The bottom half of the front
page contains photos that aid in identifying benthos categories, algae types and coral
life-forms (e-supplementary material). The back of the visual aid contains a decisiontree (e-supplementary material) that takes users through the process of identifying the
various impact types (section 4.3.2) captured on the RHIS form. The decision tree is
critical to ensuring the data provided by participants can meet the 4 management needs
96

Chapter 4: Rapid survey protocol for the Great Barrier Reef
that underpin the program (section 4.2). Identifying impacts and surmising their causes
is key for regular monitoring, assessing the severity and extent of impacts (see Chapter
5), and assessing whether a management action, like establishing no anchoring areas,
is working (see Chapter 6). Other aids and resources made available include the
guidebook Underwater Cards for Assessing Coral Health on Indo-Pacific Reefs
(Beeden et al. 2008), and a web-accessible interactive PDF to aid in filling out the
survey form. All RHIS participants have access to a RHIS coordinator and can call or
email at any time with questions.

Figure 4.4. Underwater visual aid provided to participant observers. The visual
aid assists observers to fill out the RHIS form (see also e-supplementary
material). The four steps shown include: 1) site selection along the reef being
surveyed, 2) classification of the benthos into 6 categories, 3) estimation of %
cover of each benthic category using one of four approaches and 4)
classification of coral life-forms and macroalgae types. Learning modules refer
to the e-learning tutorial and training process described in Figure 4.3.
The online tutorial provides the necessary streamlined and standardised training
required to build capacity amongst many participants. Once certified as observers,
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participants begin to undertake surveys; the survey network in the GBRMP produces
thousands of surveys each year (see section 4.5). These data fulfil the needs managers
have for dynamic information on reef health and impacts only if the data can be
accessed and analysed. Bridging the common divide between monitoring and making
management decisions is described next.

4.5 Informing decision-making and reinforcing participation

Ensuring survey data are accessible and interpretable by managers is a two-part process:
submitting the data to central storage, and generating summary reports. For RHIS,
participants enter their data through an online interface, essentially a database front end
that looks just like the RHIS form (Figure 4.2). The information can be entered in 510 minutes for each survey. Having participants enter their own data is vital to the
observer networks overall cost-efficiency and for data accuracy.

Previously,

monitoring programs managed by the GBRMPA used survey forms that could be folded
and sent cost-free to managers by post. Forms were often returned incomplete, and
many markings and explanatory notes were legible only to the writer. Online data entry
by participants overcomes these issues, makes the data available for analysis nearly
instantly, and ensures participants go through the process of checking their completed
form against their memory of the site.

Online data submission and central data storage both reduce timeframes between data
collection and the generation of reports managers need (Conrad & Hilchey 2011; Savan,
Morgan & Gore 2003). For this reason, general ‘static’ database queries have been
developed to automatically generate reports managers can use and provide to
participants. To my knowledge, the reporting capability of the system developed to
house and analyse RHIS survey data is unique in marine management. Three report
types can be rapidly generated upon request: 1) activity reports, 2) annual survey
summaries, and 3) reef health and impact summaries. The reports are PDFs containing
images and text, and KML files viewable through Google EarthTM, and each serves a
different purpose, as follows.
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1) The activity reports produced provide a data and graphics-based overview of
participation: who has been submitting reports, from where, and can be over any
specified timeframe such as the last week, month or year (Figure 4.5).

2) Annual summary reports are like activity reports as they describe participation and
show the locations of completed surveys. The annual reports are polished one-page
graphics that present a reef health and impact summary for July to June of the following
year (Figure 4.6). The annual reports are shared with participants to reinforce the value
of the information being collected and so that participation of tourism operators and
community members can be showcased and shared with others. These strengthen
relationships between managers and stakeholders, as they ensure participation involves
a two-way information exchange (Conrad & Hilchey 2011; Danielsen et al. 2010;
Savan, Morgan & Gore 2003).

(3) Reef health and impact summaries are survey reports for a selected timeframe. Reef
health and impact data can be viewed for preset annual data or for any custom
timeframe. Reports are generated as ‘time aware’ KML files for Google EarthTM; these
have a slide bar function enabling users to view the desired timeframe. Summaries of
impacts can be viewed for coral bleaching, disease, predation, and coral breakage
(Figure 4.6). These report outputs are how the EotR network fulfils the ‘early warning
system’ need described in the introduction and shown within Figure 4.1. As examples,
at any point in time, managers can view a ‘snapshot’ of the percentage of the substrate
at reefs surveyed occupied by corals and the severity of impacts at the reef. For the
KML files, the range in coral cover determines the size of the circle site marker (larger
circle denotes higher cover), and the impact severity determines the colour, where
grading shades indicate none and low impacts (green and tan) to severe and extreme
(orange and red). The impact severity colours originate from a custom matrix for each
impact that relates the most common damage severity level seen at the sites surveyed
to the percentage of corals affected (see coral disease example in Figure 3.4). Minor
impacts trigger only continued monitoring (R1 in the IRF box, Figure 4.1). Moderate,
severe and extreme impacts trigger more spatially extensive assessments of impact
severity (R2, 3 in Figure 4.1), and can trigger management actions to reduce stress
(where possible), and support recovery processes (e.g. coral disease response levels and
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actions in Chapter 3). When undertaken before and after management actions, the RHIS
enable assessments of the effectiveness of management actions. Examples of events
where RHIS and the EotR network were used to assess impact severity and management
effectiveness are described within Chapters 5 and 6.

Figure 4.5. Map output from the EotR database showing participation of various
agencies in the monitoring network. The map shows where surveys have been
completed since use of the RHIS survey protocol commenced in 2009. As of
15 th September 2014, 211 participants have surveyed a total of 628 different
reefs in the Great Barrier Reef Marine Park.
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Figure 4.6. Maps of reef health
impacts from the EotR database.
These maps show reef health
impacts for the 2011 summer
(Dec 2010-Feb 2011); coral
bleaching (a), coral disease (b),
physical
damage
(c).
Observational data from surveys
are translated into dots of a size
and colour dependent on the coral
cover affected and severity of
impacts, respectively. The extent
and severity of impacts translate
to five classes of management
action
(d)
ranging
from
continuing to monitor conditions
to Response Level 3 (see also
Figure 4.1), which can involve
both targeted monitoring and
local-scale actions to support
recovery processes.
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4.6 Conclusion

While the RHIS protocol is tailored for use in the GBR, the approach could be readily
customised to meet the needs of managers and conservationists working in other coral
reef areas. In the GBR, the Eye on The Reef network fills a critical niche in a
hierarchical monitoring scheme that complements professional monitoring schemes.
Figure 4.7 depicts hierarchical monitoring within the GBR as a pyramid of stacked
triangles. There are trade-offs associated with the type of monitoring conducted at each
level. Two key examples are: as the expertise requirements increase, the number of
reefs that can be surveyed decreases and, using non-expert observers sacrifices some
precision and information detail but greatly increases spatial and temporal coverage and
engagement/outreach opportunities (see the arrows in Figure 4.7).

Figure 4.7. Pyramid describing hierarchical monitoring within the GBR MP.
This diagram illustrates differences in the ways managers can use information
from the different kinds of assessment and monitoring programs ongoing in the
GBRMP (right side and titles in triangles). Only the EotR RHIS network of
observers can regularly provide information related to status and trend from
hundreds of reef locations. However, the opposing arrows highlight major
trade-offs that would result from investment in a single kind of program, which
clarifies why both professional and participatory monitori ng programs are
critically needed.
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The trade-offs mean managers would lose critical opportunities to understand the
system and take action if either professional or participatory monitoring programs
operate in isolation. A key message emerging from running this program on one of the
world’s largest reef systems is that only a participatory monitoring network can costeffectively provide information with broad spatial and temporal coverage. Between the
1st January 2009 and the 15th September 2014, 211 participants completed a total of
10529 Reef Health and Impact Surveys covering 628 different reefs (Figure 4.5). To
ensure that this dataset continues to grow the GBRMPA is actively recruiting
participants to the Eye on the Reef network via its Reef Guardian stewardship program.

Establishing a participatory monitoring network can have high start-up costs (Danielsen
et al. 2009) but maintenance costs are usually low. Once participants are trained, the
experiences in the GBR suggest that receiving regular reports requires: 1) matching the
demands of the survey protocol to the time participants have and to the skill level
attainable with training resources, and 2) ensuring a two-way exchange of information
where managers provide reports back to participants that have provided data. When
these key requirements are fulfilled, participatory monitoring networks can meet the
information needs identified in the introduction, i.e., current and regular information on
reef condition, impact detection and severity, and management effectiveness. These
information needs are common to reef managers and conservationists, and meeting the
needs is increasingly important to adaptively manage reefs in an era of increasing
environmental pressures and uncertainty.

The upcoming chapters describe the use of the Reef Health and Impact Survey protocol
and participatory monitoring network to quantify the impacts of a severe disturbance
and to test the effectiveness of a management action.
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CHAPTER 5
Impacts of severe tropical cyclone Yasi
on the Great Barrier Reef

Diver from GBRMPA next to an overturned
massive colony of Diploastrea exemplifying
the structural damage resulting from waves
generated during severe tropical cyclone Yasi.

This chapter describes the use of the survey protocol
developed and described in Chapter 4 to assess the
impacts of severe tropical cyclone Yasi, which
crossed the Queensland coast as a category 5 storm on
February 3, 2011, on coral reefs in the Great Barrier
Reef.

Source References:

Beeden, RJ, Puotinen, M, Marshall, P, Goldberg, J, Dryden, J, Williams, G &
Maynard, J (in review) ‘Impacts of severe tropical cyclone Yasi on the Great
Barrier Reef’, submitted to PLoS One
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Authority, GBRMP 2013c, Reef Health Incident Response System, eds RJ, Beeden,
JA, Maynard & PA, Marshall, Great Barrier Reef Marine Park Authority,
Townsville.
<http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2808>

Authority, GBRMP 2013d, Tropical Cyclone Risk and Impact Assessment Plan, eds
RJ, Beeden, JA, Maynard, J, Goldberg, J. Dryden & PA, Marshall, Great Barrier
Reef Marine Park Authority, Townsville.
<http://elibrary.gbrmpa.gov.au/jspui/handle/11017/2813>

Authority, GBRMP 2011, Impacts of tropical cyclone Yasi on the Great Barrier Reef:
a report on the findings of a rapid ecological impact assessment, Great Barrier
Reef Marine Park Authority, Townsville.
5.1 Abstract
Full recovery of coral reefs from tropical cyclone (TC) damage can take decades, making
cyclones a major driver of habitat condition where they occur regularly. Since 1985, 44
TCs generated gale force winds (>17 m/s) within the Great Barrier Reef Marine Park
(GBRMP). Of the hurricane strength TCs (H1 – Saffir Simpson scale; category 3
Australian scale), TC Yasi (2011) was the largest. In the weeks after TC Yasi crossed the
GBRMP, managers and rangers assessed the extent and severity of reef damage via 858
Reef Health and Impact Surveys. Records were scaled into five damage levels representing
increasingly widespread colony-level damage (1, 2, and 3) and reef structural damage (4,
5). Average damage severity was significantly affected by latitudinal location of the reef
with respect to the TC track (north vs south of the cyclone track), reef shelf position (midshelf vs outer-shelf) and habitat type. More outer-shelf reefs suffered structural damage
than mid-shelf reefs within 150 km of the track. Structural damage spanned a greater
latitudinal range for mid-shelf reefs (400 km) than outer-shelf reefs (300 km). Structural
damage was patchily distributed at all distances, but more so as distance from the track
increased. Damage extended much further from the track than during other recent intense
cyclones that had smaller circulation sizes. Just over 15% (3,834 km2) of the total reef area
of the GBRMP is estimated to have sustained some level of coral damage, with ~4% (949
km2) sustaining a degree of structural damage. Based on intensity, size and persistence it
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is likely that severe TC Yasi caused the greatest loss of coral cover on the Great Barrier
Reef (GBR) in a 24-hour period since 1985. Severely impacted reefs have started to
recover; coral cover increased an average of 10% between 2011 and 2014 on reefs within
100 km of the track. The RHIS protocol (developed in Chapter 4) was an ideal tool to
rapidly assess the immediate impact of TC Yasi on the GBR, the legacy effects (e.g. coral
disease abundance) and the recovery of affected reefs. The in situ assessment of impacts
described in this study is the largest-in-scale ever conducted on the Great Barrier Reef
following a reef health disturbance and highlights the important role a trained participatory
monitoring network (Chapters 2 and 4) can play in assessing impacts on Reef health (
Chapter 3) and targeting management actions to support ecosystem recovery (Chapter 6).

5.2 Introduction
Extreme winds during tropical cyclones (TCs, also known as hurricanes, typhoons)
generate heavy seas that can devastate coral reef communities (Harmelin-Vivien 1994;
Scoffin 1993). The types of damage to corals and reefs includes breakage of coral colony
tips and branches, sand burial, dislodgement of large colonies, and structural damage,
where sections of the reef framework are partly or wholly removed (Done 1992; Fabricius
et al. 2008; Scoffin 1993). Recovery may take decades to centuries (Connell, Hughes &
Wallace 1997; Hughes & Connell 1999) in cases of structural damage assuming access to
a sufficient larval pool (Coles & Brown 2007; Hughes & Tanner 2000). When such damage
reoccurs frequently, especially in combination with other disturbances and anthropogenic
stress, coral cover may be lowered sufficiently to threaten the ability of reefs to sustain
themselves as coral-dominated systems (Hughes 1994; Hughes et al. 2010; Hughes et al.
2007; McClanahan, Polunin & Done 2002). For example, recurrent cyclones combined
with overfishing and coral disease have been a major driver of the decline of reefs in the
Caribbean over the last three decades (Perry et al. 2013).

The Great Barrier Reef is regularly exposed to gale force (17m/s) or higher winds generated
by TCs, averaging 4 days per year from 1985 to 2009 in the central GBR (Carrigan &
Puotinen 2011). Where such TCs are intense or persistent enough or both, the heavy seas
they generate can cause structural damage to coral reefs, as was recorded in field surveys
after intense TCs Ivor in 1990 (Done 1992) and Ingrid in 2005 (Fabricius et al. 2008).
These high-energy events leave a lasting legacy in the geological record, producing storm
ridges that can be preserved for thousands of years (Scoffin 1993). Dating of such ridges
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throughout the GBR and adjacent coast provides evidence of repeated TC structural
damage over the past 5,000 years (Nott & Hayne 2001). Cyclones are a major driver of
habitat condition in the GBR; De’ath et al. (2012) attribute nearly half of the observed coral
loss across the GBR from 1985-2012 to TC wave damage.

Intensity is only one factor affecting the potential of TCs to generate heavy seas capable of
damaging coral communities. Although more intense TCs create faster maximum winds
and higher maximum wave heights than less intense cyclones and are characterised by
lower central pressures (Holland 1980; Young 2003), the overall area encompassed by a
cyclone’s circulation may be more important in determining its destructiveness (Powell &
Reinhold 2007). For a given intensity, large TCs extend extreme conditions over much
greater distances than small TCs (100s vs 10s of km – (Knaff, Longmore & Molenar 2014;
Merrill 1984). In general, intense TCs can be any size (Merrill 1984), although near the
northeast Australian coast, TC intensity tends to peak when TCs are small (Knaff,
Longmore & Molenar 2014). Recent studies of TC damage to coral reefs often assume that
structural damage is generally not found beyond a certain distance away from the track
determined by cyclone intensity (e.g. 100km (Gardner et al. 2005); 90 km (Manzello et al.
2007)), or by intensity and side of the track (160 km (Edwards et al. 2011)). To date, there
are no published studies presenting field survey data on the spatial extent of wave damage
to coral reefs from a TC that is both large and intense.

TC Yasi crossed the Australian east coast on 3 February 2011 and made landfall on the
Queensland coast at the highest intensity since 1918 (Australian Government Bureau of
Meteorology 2011). With an estimated extent of gale force winds more than 600 km wide,
TC Yasi was also notably large (Figure 5.1), posing challenges for comprehensively
mapping the spatial extent of the damage caused to coral reefs. However, when TC Yasi
crossed the coast, I had just finished integrating mechanical damage into the Reef Health
and Impact Survey (RHIS) protocol for the Great Barrier Reef Marine Park Authority’s
(GBRMPA) Eye on the Reef participatory monitoring network (see Chapter 4, (Beeden,
RJ et al. 2014)). Having trained managers, rangers and participating researcher teams
available to use the protocol meant that a large number of reefs could be rapidly assessed
spanning the entire potentially affected area.
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My objective in this chapter was to demonstrate the capacity of non-specialist observers to
quantify impacts following a major disturbance. The impact and recovery assessment for
TC Yasi provided a valuable opportunity to fulfil this objective. Other published field
surveys after TC Yasi looked for evidence of damage at only 2 (Lukoschek et al. 2013) and
4 reefs (Perry et al. 2014). This study first compares the characteristics of TC Yasi with
other TCs that have generated gale force winds in the GBR Marine Park (GBRMP)
between 1985 and 2014, and then presents and discusses the results of the impact
assessment and subsequent recovery surveys. The study clearly demonstrates the capacity
of the network of non-specialist observers to use the RHIS protocol to quantify impacts
and recovery following a major reef health disturbance.

Figure 5.1. Spatial extent of TC Yasi with wind zone boundaries. (a) Satellite based photograph of TC Yasi on February 2, 2011 prior to crossing the Queensland
coast between Townsville and Cairns on February 3 (images courtesy of the
Australian Government Bureau of Meteorology (BoM). (b) Boundaries of gale
force, destructive and very destructive winds from BoM; the extent of gale force
winds north to south along the GBR exceeded 600 km.

5.3 Materials and Methods

Data from the Australian Government Bureau of Meteorology were used to compare TC
Yasi’s key characteristics to each of the 43 other TCs that produced gale force (>17 m/s)
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winds in the GBRMP between January 1985 and September 2014. The potential for a TC
to cause structural damage to reefs is driven by three key factors: the TC’s intensity, size,
and duration of extreme conditions near reefs (‘persistence’). To capture this, each cyclone
was classified based on its maximum intensity (maximum surface wind speeds in m/s), its
average size (mean radius from the eye of the storm to the outer edge of gale force winds
in km), and its persistence (total hours of gale force or higher winds within the GBRMP).
Intense TCs are those that reach hurricane force (wind speeds of 33 m/s; central pressure
<970 hPa; category 1 on the Saffir Simpson scale, category 3 on the Australian cyclone
scale). The mean gale radii of large TCs exceed 300 km, while radii of small TCs are less
than 150 km (Merrill 1984). Gale force wind duration was estimated by calculating the
cyclone-generated wind speed across the GBR every hour during each TC and counting
the number of hours it met or exceeded gale force conditions. Cyclone generated wind
speeds were reconstructed at a 4 km resolution using a parametric TC wind model based
on Holland et al. (2010) , with an asymmetry correction from McConochie et al. (2004)
and scaled to the gale radii (Puotinen et al., in review). Each TC’s intensity, size and
persistence were plotted on a conceptual diagram of structural wave damage potential.

The RHIS protocol described in Chapter 4 was used to document the geographical extent,
severity and patchiness of damage to reefs exposed to extreme winds (and consequent
rough seas) during TC Yasi (Beeden, RJ et al. 2014). Teams from GBRMPA, QPWS, the
Australian Institute of Marine Science (AIMS), and the tourism and fishing industries
completed 858 surveys at 76 reefs within five weeks (between 10 February and 17 March
2011) of TC Yasi crossing the Queensland coast (3 February 2011, Figure 5.2). The reefs
surveyed included nearly 10 percent (73 / 775) of those located within TC Yasi’s gale force,
destructive or very destructive wind boundaries (Figures 5.1b, 5.2) and three reefs beyond
these zones. Surveys spanned the continental shelf (ninner=15 reefs, nmiddle=35 reefs,
nouter=26 reefs), and extended from 150km north (weak side) to 350 km south (strong side)
of the TC track. Teams completed at least three surveys for at least three sites around each
reef, including a range of habitat types (lagoon, reef flat, crest, slope or bommie fields).
Surveys were undertaken on snorkel and SCUBA.
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Figure 5.2. TC Yasi survey site locations (surveyed February 10 to March 17,
2011). Bar charts for each 50 km Marine Park segment north and south of the TC
track represent the proportion of surveys that had each of 5 levels of damage (see
legend on figure). Locations in red denote reefs where >60% of surveys recorded
structural damage (level 4 or 5); the two labeled reefs (Bramble and Dip reefs)
show the locations of reefs photographed in Figure 5.7.
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Figure 5.3. Cyclone damage matrix. Damage extent and severity scores in light
blue represent the survey area damaged (Damage extent) and the dominant type of
colony-level damage observed (Damage severity description). Damage levels 1, 2
and 3relate to coral damage, while 4 and 5 relate to reef/structural damage. See
Figure 5.4 for representative examples and descriptions of each damage level.

For these assessments, team members estimated the proportion of coral cover damaged,
and classified the most common level of impact severity observed as one of the following:
None, Tips/Edges, Branches/Parts, and Colonies. A damage impact matrix was developed
to integrate the extent and severity scores for each survey into one of five levels of damage
(Figure 5.3). The matrix and damage levels were developed to be comparable to those
developed by AIMS to assess the impact of TC Ingrid (Fabricius et al. 2008). The five
damage levels used encapsulate both colony and reef damage. Damage Levels 1 and 2
indicate partial colony mortality. Damage Levels 3, 4 and 5 indicate the increasing extent
of complete colony mortality and reef framework damage. Of these, levels 4 and 5 are
referred to throughout as structural damage. Figure 5.4 presents pictures of damage that are
representative of each of the five damage levels.

Survey data were collated in 50-km segments from 150 km north to 350 km south of the
track (10 segments/distance groups). Within these segments, the percentage of surveys that
recorded each of the five damage levels was calculated. To estimate the area of coral reef
affected at each damage level, the proportion of each level of cyclone damage seen within
the surveys was extrapolated to the known reef area within each of the 10 distance groups.
Estimates were then produced of the percentage of the total reef area within the Marine
Park (24,839 km2) impacted by TC Yasi at each damage category level (Figure 5.2). Data
were collated to identify the percentage of surveys on each reef that recorded structural
damage. This provided a measure of the patchiness of structural damage, with low and high
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percentages indicating isolated (patchy) and widespread (uniform) structural damage,
respectively.

Figure 5.4. Representative photos of the 5 damage levels used in the impact
assessment and analysis. The damage levels used follow the matrix in Figure 5.3,
which combines damage extent with the dominant type of colony-level damage
observed.

Damage levels for surveys within each 50-km segment were also averaged and a custom
coded bootstrap routine with R 2.15.3 (R Development Core Team, www.R-project.org)
was used to generate 95% confidence intervals, using resampling with replacement (10,000
times) of the 10 distance groups. This method generates estimates of error while accounting
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for unequal effort among the 10 groups and pools all data (no discrimination between
habitat or shelf position). A permutational analysis of variance (PERMANOVA) was also
used to test the effects of three fixed factors on the mean level of damage experienced: side
of track (two levels: north/south of the eye), shelf position (two levels: mid-shelf and outershelf), and habitat (4 levels: lagoon, reef flat, crest and slope). The independent effects of
each factor, their possible interactions, and all post-hoc pairwise comparisons across levels
were calculated using PERMANOVA+, based on a Bray-Curtis similarity matrix, 9999
permutations of the raw data under a reduced model, and Type III (partial) sums-ofsquares.

Recovery surveys were conducted between 2012 and 2014 at sites from 150 km north to
200 km south of the cyclone track (the area with most damage). The recovery surveys were
conducted in the same manner as the impact assessments using the RHIS protocol. Percent
change was calculated for all benthic cover classifications between 2011 and 2012-2014.

5.4 Results and Discussion

Of the 44 cyclones crossing the GBRMP between 1985 and 2014, TC Yasi was the only
cyclone to cross the region when both very intense and large (Figure 5.5). The combination
of high intensity and large circulation size increased the probability of structural damage
and the likelihood that damage would be spread across a larger area than typical. In
contrast, more than half (27, 60%) of the 44 TCs that produced gale force winds in the
GBR since 1985 (when detailed satellite records became available) posed a no or very low
risk of structurally damaging reefs. These storms did not generate extreme sea conditions,
were not sufficiently intense or large, or were not sufficiently persistent near reefs. Just
over one-third (30%, i.e. 13) of the TCs in the study period were intense, large and
persistent enough to pose a high or very high risk of structural reef damage (Figure 5.5).
Of these TCs Larry was the most intense however it was small and short-lived and hence
the risk of widespread structural reef damage was diminished. Of the ten TCs that posed a
high risk of structural reef damage the three most intense systems crossed the GBR in the
past five years. Their overlapping combined tracks are likely to have caused structural
damage to very large proportion of the GBR and full recovery may take decades to
centuries (Done 1992; Fabricius et al. 2008; Hughes & Connell 1999; Hughes et al. 2010;
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Mumby et al. 2011; Pearson 1981; Puotinen, Done & Skelley 1997). Although TC Yasi
was only the third most intense, the last cyclone to make landfall at a similar size and
intensity did so nearly a century ago in 1918 (Australian Government Bureau of
Meteorology 2011). TCs more intense than TC Yasi (central pressures < 920 hPa versus
TC Yasi’s minimum hPa of 929) track within the GBR only about once every 200-300
years (~0.5% probability of occurrence in a given year; (Nott & Hayne 2001)).

Figure 5.5. Conceptual diagram of damage potential for TCs that generated >1
hour of gale force winds in the GBRMP between January 1985 and September
2014. The 44 TCs are classified with respect to their intensity (wind speed in m/s)
along the horizontal axis and their circulation size along the vertical axis (average
radius to gales in km). Dotted lines illustrate the Saffir-Simpson Hurricane Scale
categories. Colour coding depicts the risk of structural damage to reefs in the GBR.
Of the 44 TCs Yasi was the largest very intense system to affect the GBR resulting
in a very high risk of extensive structural damage across an extended area .
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The impact assessment undertaken following TC Yasi using the RHIS protocol represents
the most spatially extensive field survey of TC impacts on coral reefs ever conducted and
reported (858 surveys of 76 reefs, ~10% of the 775 reefs within the gale force wind
boundary, see Figure 5.2). Damage was observed throughout the 89,090 km2 area of the
Marine Park exposed to damaging (gale force to very destructive) winds during TC Yasi,
an area spanning approximately 4 degrees of latitude (Figures 5.1, 5.2). Damage from TC
Yasi ranged from minor tissue injuries at the edges and tips of fragile coral colonies to total
removal of all sessile organisms and abrasion and fracturing of the reef substrate. In total,
just over 15% (3,834 km2) of the 24,839km2 reef area within the Marine Park is estimated
to have sustained some level of coral damage, with nearly 4% (949 km2) of reef area
sustaining severe coral damage and some degree of structural damage (Table 5.1).
Table 5.1. Total and percentage reef area affected within each damage level.
Damage levels are described in Figure 5.3 and illustrated in Figure 5.4.
Damage Level

Damage Level Descriptions

Total Reef Area
Affected (km2)

Proportion of Affected
Reef Area Within the
Marine Park (%)

Level 0

No Damage

21,005

84.5

Level 1

Minor Coral Damage

1,388

5.6

Level 2

Moderate Coral Damage

933

3.8

Level 3

Severe Coral Damage

564

2.3

447

1.8

502

2.0

Level 4

Level 5

Severe Coral Damage and
Moderate Structural Damage
Extreme Coral Damage and
High structural Damage

Structural damage (levels 4 and 5) extended as far as 150 km to the north and 250 km to
the south of the cyclone track. This demonstrates that structural damage from an intense
and large TC extends farther than the typically reported distance thresholds (i.e., 90km
(Manzello et al. 2007), 100 km (Gardner et al. 2005), 160 km (Edwards et al. 2011)). At
sites with structural damage (levels 4 and 5, Figures 5.2 and 5.3), few corals escaped
substantial physical injury, and many were so severely damaged that only their bases or
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remnant sections remained attached to the reef. The majority of large soft corals either
suffered substantial tissue loss or were completely removed, as indicated by layers of
spicules formed where the coral had been attached to the substrate. Extensive fields of
freshly formed rubble were seen, including large numbers of coral fragments still covered
in live tissue. At the worst affected sites, extensive areas of reef structure were
comprehensively scoured. Few corals or other sessile organisms remained attached to the
reef structure and some very large corals, likely to be hundreds of years old, were dislodged
and overturned (Figure 5.2, pictured in Figure 5.4).

The extensive field data set collected following TC Yasi demonstrates that a single large
and intense cyclone can severely damage coral communities over a vast area within a very
short timeframe (~ a day). Using percent coral cover recorded at sites where little to no
damage occurred as a proxy for pre-TC Yasi coral cover, the overall average coral cover
loss (pre-TC Yasi cover – post-TC Yasi cover) at reefs surveyed was calculated to be
2.5±2.7%. Coral cover loss varied considerably among the ten 50-km distance segments,
and was greatest (7.03%) at 100 km north of the track, where both pre-TC Yasi coral cover
and average damage severity were high (Figure 5.6). Current rates of decline in annual
coral cover across the GBRMP since 2006 are estimated to be ~1.4% per year (De’ath et
al. 2012), and from 1985 to 2012, an annual mortality rate of 1.6% was attributed to
cyclones in potentially affected areas (De’ath et al. 2012). Accordingly, the 2.5% mean
coral cover loss estimated for TC Yasi is about 40% higher than typical annual losses for
TCs in the GBRMP since 1985. It is important to note that several of the years from 1985
to 2012 included multiple cyclones, yet the coral loss from a single large and very intense
TC (Yasi) was almost twice as high as the typical yearly loss. Given the vast extent of area
affected by TC Yasi, the rate of coral loss may have been even higher had the greatest
impacts not occurred in an area where coral cover was already low prior to the TC (e.g.
comparing historical central GBR coral cover in De’ath et al. 2012 with Figure 5.6).
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Figure 5.6. Average damage severity (CI 95%) (black circles) in each of the ten
50 km segments of the GBRMP surveyed (see Figure 5.2, surveys Feb-Mar, 2011).
The percentage of the reef structurally damaged (damage levels 4 or 5, Figures 5.3
and 5.4) is also shown (±SE) (red squares), along with the % coral cover (±SE)
(grey triangles) at undamaged sites at the time of surveys for the 50 km segments
for which the undamaged survey sample size is great er than one (excludes 150 km
north). The cyclone symbol denotes the location of the track of the cyclone eye.

Figure 5.7. Proportion of surveys that recorded each level of cyclone damage at
each shelf position for each 50 km segment (Figure 5.2) of the Marine Park.
Damage level descriptions can be found in Figures 5.3 and 5.4.
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Average damage severity did not significantly differ among the seven 50-km segments
from 150 km north to 200 km south of the cyclone track based upon the overlapping
standard error bars in Figure 5.6. Average damage peaked 100 km south of the track
(3.09±0.19) but was not significantly greater than in the segment 150 km north (2.73±0.18).
The proportion of sites with structural damage was roughly equal for all three 50-km
segments north of the track (24%, 21% and 23% for the northern 50, 100 and 150km
segments, respectively). Within 50 and 100 km of the cyclone track, the prevalence of both
high coral damage and structural damage was greater to the south (high damage: 33% of
reefs, structural: 47% of surveys) than to the north (high damage: 24% of reefs, structural:
21% of surveys) of the track (Figure 5.2). South of the cyclone track, average damage (±
SE) declined rapidly as distance from the track exceeded 200 km (Figure 5.6). Accordingly,
the proportion of surveys recording colony rather than structural damage levels 1-3 or no
damage increased with distance south of the track, from 33% of reefs up to 50 km south to
>90% beyond 250 km (Figures 5.6, 5.7). No structural damage was recorded for surveys
of reefs south of 250 km (Figures 5.6, 5.7).

Reef habitat, shelf position and location relative to the side (north/south) of the cyclone
track all influenced damage severity, but their affects varied according to characteristics of
each of the other two factors (PermANOVA: Pseudo-F5,754=3.2054, p = 0.003). In pairwise
comparisons to determine which factors contributed significantly to this interaction term,
interactions between side of track and habitat (Pseudo-F5,754=3.8805, p<0.01) and between
habitat and shelf position (Pseudo-F5,754=2.1667, p<0.05) were significant, but patterns in
damage severity at shelf positions were not significantly different between sides of the
track (Pseudo-F1,754=1.0043, p>0.05). At outer-shelf reefs north of the cyclone track,
lagoon habitats (mean damage level=3.269), reef flats (2.857) and reef crests (2.778) all
suffered more damage than reef slopes (1.643) (t=4.96, p<0.001; t=3.12, p<0.01; t=2.34,
p<0.05 [respectively]). However, there were no significant (p>0.05) differences in average
damage between habitats for mid-shelf reefs north of the cyclone track. Nor were there any
significant differences in average damage between habitats for outer-shelf or mid-shelf
reefs south of the cyclone track (p>0.05).

Distance from the cyclone track influenced the severity of damage recorded (Figures 5.6,
5.7). The prevalence of the worst structural damage (level 5) peaked at outer-shelf reefs
south of the track in the 100 km segment, where level 5 damage was recorded in more than
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half of surveys (Figure 5.7). This was double the prevalence of such damage in outer-shelf
reefs in the comparable 100 km segment north of the track (Figures 5.6, 5.7). However, at
least one instance of severe structural damage was observed at a greater number of midshelf (17) than outer-shelf (13) reefs located between 150 km north and south of the track.
However, the total number of surveys (across all 50-km bands) that recorded structural
damage was higher for mid-shelf (47) than outer-shelf (38) locations (Figure 5.7).

Structural damage to corals from TC Yasi was spatially extensive, with high levels
recorded at 24% of reefs surveyed and moderate levels recorded at 66.2% of reefs surveyed.
The spatial distribution of structural damage was extremely patchy, as is characteristic of
cyclones (Harmelin-Vivien 1994), even for intense TCs (e.g., TCs Ivor (Done 1992), Ingrid
(Fabricius et al. 2008)). Only four (5.3%) of the reefs surveyed showed structural damage
at 60% or more of the sites surveyed. These uniformly devastated reefs (Hopkinson,
Unnamed 18-023, Unnamed 17-065 and Pellowe; see red circles depicting sites on each of
these reefs in Figure 5.2) were located within the highly destructive and destructive wind
zones defined by the Australian Bureau of Meteorology (see Figure 5.1), ranging from
100km north to 150 km south of the track, and primarily on the outer continental shelf
(inner: 0 reefs, middle: 1 reef, outer: 3 reefs; see Figure 5.2). At these reefs, coral cover
remaining after TC Yasi was typically less than 20% ( Hopkinson: 14%, UN18-023: 19%,
UN17-069: 17%, Pellowe: 33% ). The full range of damage types was seen at most other
reefs surveyed from 150 km north of the track to 250 km south.

In both the very destructive and destructive wind zones (Figure 5.1), there were sites where
structural damage was observed within 50 m of sites that escaped completely unscathed
(Figure 5.8). Such patchiness highlights that the amount of TC-generated wave energy
actually reaching a given part of a reef within the complex GBR setting depends on the
location of nearby reefs and land masses, and the incoming wave direction and tidal
currents (Young & Hardy 1993). Wave energy is then transformed as it interacts with the
variable topography characteristic of reefs and their colonies (Monismith 2007). The
likelihood of structural damage from a given level of wave energy is greater where colonies
of mechanically vulnerable shapes (e.g. branching, plate morphologies) are both prevalent
(Madin & Connolly 2006) and large, given that vulnerability increases with colony size
(Madin et al. 2014). Furthermore, TC Yasi tracked through the central GBR, which is
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frequently exposed to TCs (Carrigan & Puotinen 2011, Puotinen et al. in press). As a
consequence, the total coral loss is likely to have been less at sites with a recent history of
cyclone damage (little coral left to damage; (Hughes 1989), most notably TC Hamish
which tracked north to south through much of the GBRMP at high intensity in 2009.

Figure 5.8. Pairs of photographs taken within 50 m showing the patchiness of
damage at (a) Bramble Reef in the very destructive wind zone; left – Damage Level
0, Right – Damage Level 5, and (b) Dip Reef in the destructive wind zone Damage
Level 1, Right – Damage Level 5. See Figure 5.1 for destructive and very
destructive wind zone boundaries, Figure 5.2 for reef locations and Figure 5.4 for
Damage Level illustrations.
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During the impact assessment surveys, extensive algal growth was observed on many of
the damaged reefs. Green filamentous algae were observed growing over remnant coral
fragments and injured colonies, and blanketing large areas of damaged reef substrate.
Dense algal growth was seen on reefs up to 200 km south of the cyclone track (Figure
5.9c). The morphology of the algal growth varied with depth, taking the form of a low matt
on mid and lower reef slopes, and dense stands of long filaments on the upper slope and
reef flat. During the impact assessment, algal cover varied from 6.65% (100 km north) to
34.50% (200 km south of the track). Algal cover declined in all 6 of these segments
between 2011 and the recovery surveys of 2012-2014 (2.41% in the northern 100 km
segment and 16.46% in the southern 200 km segment, Figure 5.9b). Conversely, coral
cover increased in nearly all segments from 150 km north to 200 km south between 2011
and 2012-2014, with increases of 10.35% and 12.21% at sites 100 km north and south of
the track, respectively. The only exception was in the southern 150 km segment (-0.32%),
where no change in coral cover was detected. Since TC Yasi, the average change in coral
cover from 150 km north to 200 km south of the track was an increase of 5%. The percent
of the benthos identified as recently dead coral also declined between 2011 and the
recovery surveys of 2012-2014; most had transitioned to either live coral rock or live coral
(Figure 5.9c, d).
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Figure 5.9. Patterns in benthic categories immediately following TC Yasi and 1-3
years later. a) Proportion of the benthos comprised of live coral, live coral rock
(includes crustose coralline algae and turf algae covered substrate, see Chapter 4) ,
recently dead coral, and macroalgae in the 6 weeks following TC Yasi crossing the
Marine Park in 2011. b) Percent changes between 2011 and 2012-2014 for each
category, where positive values correspond to increases and negative values to
decreases. Images depict: c) algae blooms following TC Yasi in 2011, d) the
transition from recently dead coral to live coral rock, and e) coral recruitment and
recovery at Helix Reef.

Despite the ecosystem-scale significance of TC Yasi, notably the widespread but patchy
damage it caused throughout 15.5% of the GBRMP reef area, early signs of recovery are
now evident. The majority of sites surveyed still had remnants of living coral in 2011, and
increases in coral cover have been seen in all but one of the 50 km segments from 150 km
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north to 150 km south of Yasi’s track since 2011. Between the impact assessment (2011)
and recovery surveys (2012/2014), extensive overgrowth by filamentous algae rapidly
subsided (Figure 5.9a, b) and recently dead coral has been covered, in large part, by
crustose coralline algae. Crustose coralline algae can facilitate larval recruitment
(reviewed in Birrell et al. 2008; Doropoulos et al. 2012) and thereby enhance the recovery
of damaged coral reefs (Figure 5.9a,b). The presence of multiple signs of recovery in the
three years since TC Yasi crossed the GBRMP is promising. However, continued recovery
will depend on successful larval recruitment (Cantin et al. 2009; Lukoschek et al. 2013),
regrowth of surviving colonies and future disturbance frequencies. Return to pre-TC Yasi
coral cover levels is likely to take 10 years or more at severely damaged sites and recovery
to pre-cyclone species diversity may take even longer. Disturbance frequency will be a
major driver of recovery rates, thus the current outbreak of crown-of-thorns starfish
(COTS, Acanthaster planci) (De’ath et al. 2012) in the region poses a serious threat to the
pace and extent of recovery of affected reefs.
Recent research suggests that TC activity along Australia’s east coast was significantly
lower during the past century than over the past 550 years (Haig, Nott & Reichart 2014).
This is in line with projections that the overall frequency of TCs in the region is likely to
decline as the climate warms (reviewed by Knutson et al. 2010)). The recent spate of
intense TCs crossing the GBRMP (TCs Ingrid 2005; Monica 2006; Larry 2006; Hamish
2009; Ului 2010; Yasi 2011; Ita 2014) is in stark contrast to the extreme rarity of such TCs
from 1970 to 2003. No TCs crossed the GBRMP and Queensland Coast at greater than
category 3 on the Australian scale in this period (Puotinen 2007; Puotinen, Done & Skelley
1997). This has led to speculation that the intensification of TCs (fewer TCs overall, but
more of them at higher intensity) projected for the southwest Pacific under global warming
(Abbs et al. 2006; Leslie et al. 2007; Pearce et al. 2007; Walsh, Nguyen & McGregor 2004)
is already occurring in the GBR region. Holland and Bruyère (2014) argue that global
warming has already substantially increased the proportion of very intense (Saffir Simpson
category 4 and 5) TCs globally and regionally since 1975 but that the rate of intensification
of TCs is likely to slow. In contrast, cyclones with large circulation areas did not become
more prevalent globally or locally from 1978-2011 (Knaff, Longmore & Molenar 2014).
There is currently no evidence to suggest large cyclones will occur more frequently as the
climate warms (Knutson et al. 2010). Furthermore, potential changes to the spatial
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distribution of TC tracks globally and in the southwest Pacific is uncertain (Knutson et al.
2010). However, even if large TCs remain rare within the GBR, a greater proportion of
TCs are predicted to be intense in the future (Knutson et al. 2010). This indicates an
increased likelihood that the large TCs that do cross the GBR in the coming decades will
do so at high intensity - similar to TC Yasi. If so, the typical annual rate of coral loss from
TCs reported in De’ath et al. (2012) may rise in the future.

The impact assessment detailed in this chapter is the largest-in-scale ever conducted on the
GBR following a reef health disturbance. The need for such assessments is likely to
increase, given that spatially extensive coral bleaching events (Van Hooidonk & Huber
2012; Van Hooidonk, Maynard & Planes 2013) and intense cyclones are projected to
become more frequent (Knutson et al. 2010; Pearce et al. 2007). Currently, more than 200
participants in the GBRMPA’s Eye on the Reef participatory monitoring program use the
RHIS protocol and submit data regularly on reef condition and impacts from 100s of reefs
in the GBRMP (see Chapter 4, Beeden, RJ et al. 2014). In combination with regular
reporting, completing targeted impact assessments following disturbances like intense
cyclones (Authority, GBRMP 2013a, c, d and e) within the GBRMP provides managers
with a dynamic understanding of reef condition and impacts. Understanding spatial
patterns in damage severity enables managers to target local-scale actions to support reef
resilience and recovery. Examples of such actions include: crown-of-thorns starfish culls,
active reef restoration and the establishment of special management areas or temporary
fishing closures. Such local-scale actions are increasingly needed (reviewed in (Sale 2008))
and, in the GBR, can complement Reef-wide strategic initiatives (Anthony et al. 2014),
like the Reef Water Quality Protection Plan (Reef Plan 2013; www.reefplan.qld.gov.au)
and the re-zoning of the Marine Park in 2004 to include habitat from a range of
representative habitat areas (Day 2002; Fernandes et al. 2005).

Large intense cyclones like TC Yasi have been very rare over the last ~100 years but may
occur with greater frequency in the coming decades under climate change. The results of
the impact assessment presented in this chapter demonstrate a number of points that have
implications for current and future management (1) The spatial extent of structural damage
from TC Yasi was great, far greater than was documented in the GBR following the smaller
but nearly as intense TCs Ivor (1992) and Ingrid (2005), and caused an unusually high rate
of coral loss. (2) Damage at all levels was extremely widespread, but the most severe
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damage (structural damage) was highly patchy within all wind zones. (3) Such patchiness
can facilitate future recovery, and many early signs of recovery have already been
observed; algal blooms have subsided, crustose coralline algae are covering dead coral
(live coral rock category in RHIS, see Chapter 4), and corals are actively recruiting and
recovering. Overall, these three primary results lead to the conclusion that, where they
occur, large intense TCs are among the biggest drivers of coral reef condition and patterns
of recovery. TC Yasi probably caused the greatest loss of coral cover in any 24-hour period
since formal monitoring of the GBR began in the 1980’s.

Without the development of a strategic plan for responding to Tropical Cyclone impacts
(Authority, GBRMP 2013e), the RHIS protocol, training system and participatory
monitoring network, and Eye on the Reef (EotR) database (Chapter 4), the full impact of
TC Yasi could not have been adequately assessed to inform responsive adaptive
management actions. Furthermore, while follow-up surveys of reefs in the worst affected
area have revealed encouraging early signs of recovery, RHIS data from reefs in the Cairns
to Lockhart River region collected since 2011 reveal the extent of risk that cumulative
impacts pose to full recovery. RHIS and other EotR program surveys indicate that crownof-thorns starfish are now moving into the area worst affected by TC Yasi. In addition, TC
Ita, which crossed the GBR as a category 4 system in April 2014, may have affected
recovering corals and limited their reproductive capacity. The complex web of cumulative
impacts and their combined potential to affect recovery from severe disturbances highlights
the critical importance of establishing systems that provide dynamic information on reef
condition. Such information is now beginning to be used to guide crown-of-thorns starfish
control actions to protect remaining coral cover in the TC Yasi impact area. The impact
assessment and recovery analysis documented in this Chapter will aid the targeting of these
and future actions to support recovery. As discussed in Chapters 3 and 4, evaluating the
effectiveness of actions to support recovery is an essential requirement of adaptive
management. Evaluation can also be accomplished using the tools developed in Chapters
2, 3 and 4. A multi-year example of how this has been achieved for a local scale action to
support reef recovery and resilience following multiple Reef health impacts in Keppel Bay
is the subject of Chapter 6.

126

Chapter 6: Effectiveness of no-anchoring areas in Keppel Bay

CHAPTER 6
No-anchoring areas reduce coral damage
in an effort to build resilience in Keppel
Bay, southern Great Barrier Reef

Anchors can badly damage corals, especially
in frequently visited areas.

This chapter describes the use of the RHIS protocol
developed and described in Chapter 4 and
implemented in Chapter 5 to assess the
effectiveness of no-anchoring areas, established in
2008 in Keppel Bay to support reef resilience.

Source Reference:
Beeden, RJ, Maynard, J, Johnson J, Dryden, J, Kininmonth, S & Marshall, P 2014b,
‘No-anchoring areas reduce coral damage in an effort to build resilience in Keppel
Bay, southern Great Barrier Reef’, Australasian Journal of Environmental
Management, vol. 21, no. 3, pp. 311-319, doi: 10.1080/14486563.2014.881307
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6.1 Abstract
The natural resilience of coral reefs and their ability to resist and recover from
disturbance may be supported by managing user access, including regulating the
anchoring of vessels. The process of targeting such a site-based local management
action and evaluating its success is central to managing adaptively. Here I describe an
example of such a management action that was initiated in Keppel Bay in the southern
Great Barrier Reef (GBR). No-anchoring areas (NAAs) were selected based on
evidence of severe anchor damage relative to other sites. The four locations selected
are areas of high visitation, where interpretive signage and the management effort to
support reef resilience create the additional benefit of enhancing community outreach.
Surveys following the establishment of NAAs indicate reduced anchor damage inside
all four no-anchoring areas, from ~80 cases per 1000 m2 in 2008, to <10 cases per 1000
m2 in 2012. Anchor damage also declined between 2010 and 2012 at three of the four
control reefs adjacent to the no-anchoring areas. This case study is unique and
foundational in that this is the first time that supporting reef resilience was explicitly
used as the motivation for local-scale management in the GBR. Follow-up engagement
with community and stakeholder groups demonstrates that the process has also led to
an increase in reef awareness and stewardship. In combination the management action
and community stewardship offer an efficient flexible strategy to support reef health
and enhance recovery following disturbances.

6.2 Introduction

Since its establishment in 1975, the Great Barrier Reef Marine Park Authority
(GBRMPA) has implemented several strategic initiatives to support the resilience of
ecosystems within the GBR Marine Park (GBRMP). For example, the Great Barrier
Reef Marine Park Zoning Plan 2003 protects representative biodiversity and there are
ongoing efforts to improve water quality under the joint Queensland and Australian
Governments’ Reef Water Quality Protection Plan (Reef Plan 2013). In some areas of
the GBRMP, regional Plans of Management and Special Management Areas (SMAs)
complement ecosystem-wide initiatives. Plans of Management and SMAs govern
activities in areas of highly concentrated use and visitation like Cairns and the
Whitsunday Islands. Local-scale actions, such as permit conditions and spawning
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closures are also being implemented to reduce known stresses caused by specific human
activities. However, as yet, there are few examples where follow-up surveys have
evaluated the effectiveness of a local-scale management action.

Reefs in the Keppel Islands are good candidates for evaluating a localised management
action. The Keppel Islands are a group of 16 continental islands 15 km off the coast of
Yeppoon in the southern GBR. The fringing coral reefs surrounding these islands have
moderate to low diversity of fish and coral communities (Thompson et al. 2011), high
average coral cover (Figure 6.1a, Authority 2009), and consist of corals with growth
rates higher than seen elsewhere in the GBR (Diaz-Pulido et al. 2009). Since 2000,
however, the Keppel Bay region has experienced a 140% growth in tourism coupled
with a 33% increase in recreational boat use (Authority, GBRMP 2008a, b).

This expansion of human activities and potential impacts has coincided with a number
of environmental disturbances. Corals were stressed due to severe bleaching that
followed anomalously warm sea surface temperatures in 1998, 2002 (Elvidge et al.
2004) and 2006, resulting in localised mortality (Johnson, Marshall & Authority 2007).
Most reefs demonstrated strong recovery after these bleaching events, but since 2008,
reefs have been repeatedly exposed to major flood plumes. The nearby Fitzroy River
flooded in 2008, 2010 and 2011, and low salinity flood plumes caused many corals to
bleach and some to die. Corals were also stressed during this time by high turbidity
associated with the flood plumes caused by the extreme rainfall events (Thompson et
al. 2011). The highly visible coral bleaching event in 2006 coupled with the desire of
the local community to take action to support reef recovery made the area an ideal
location to trial a resilience-based management action. The subsequent cumulative
effects of the flood plumes on the Keppel Bay reefs highlighted the importance of
ongoing monitoring and provided valuable insights into the use of resilience as a
guiding principle for adaptive management to support reef recovery.

Higher incidence of anchor damage generally occurs in areas popular with boaters
(Dinsdale & Harriott 2004). Anchor damage was observed at a third of sites surveyed
in Keppel Bay in 2007 shortly after the 2006 major coral bleaching event (e.g., Figure
6.1b; Authority, GBRMP 2008a). Boaters in the area usually use Danforth, reef-pick or
mushroom style anchors, and the boats are mostly 6-12 m powerboats and 8-15 m
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sailboats.

The Danforth and reef-picks hold fast but often pull coral and other

invertebrates off of the substrate when pulled out of the water. Mushroom anchors are
less common but even more damaging as these bounce up and down on the reef as the
boat above moves with the surface water motion. Physical damage to corals caused by
anchors can be identical to that caused by severe storms like cyclones, albeit on a far
smaller scale. Physical damage to corals can increase susceptibility to disease and
bleaching and can lengthen recovery timeframes following disturbances (Haapkylä et
al. 2013; Hawkins et al. 1999; Lamb et al. 2014; Lamb & Willis 2011). Expected
ongoing increases in recreational use suggest anchoring will continue to add stress to
the already vulnerable fringing reefs in Keppel Bay.

Figure 6.1. Photo panel of reefs, anchor damage and moorings in Keppel Bay.
(a) The diverse high coral cover reefs characteristic of the Keppel Bay (from
Sloping Island), (b) damage to a branching Acropora colony caused by
anchoring at Humpy Island, (c) the installation of the no-anchoring area
markers underwater at Humpy Island, (d) and the buoys used to mark the
boundaries of the no-anchoring areas at Big Peninsula.

The GBRMPA has been examining strategies to enhance the resilience of vulnerable
coral reef ecosystems.

In 2008, a working group that included local managers,

community members, and Natural Resource Management bodies decided that No
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Anchoring Areas (NAAs) would be trialled in the Keppel Bay area (Figure 6.1c, d).
The NAAs deter boaters from anchoring, reducing physical stress on corals in the area
and supporting the capacity of corals to recover from other disturbances (Day 2002).

In this chapter, my objective was to use the RHIS protocol (Chapter 4) to evaluate
whether a local-scale management action, specifically the establishment of NAAs,
could reduce anchor damage at highly visited sites in the Keppel Bay area. Supporting
reef resilience was the explicit motivation for the action (a first in the GBR) and was
communicated as such to stakeholders and participating community members. This
study analyses the effectiveness of the NAAs against the 2008 baseline assessment
using RHIS data collected at the NAA and control reefs of Keppel Bay since 2009. This
chapter also includes a discussion of the increasing importance of using local-scale
actions to support reef resilience as disturbance frequencies increase under climate
change (reviewed in (Anthony et al. 2014). The study findings also support the case
that the participation of community members and stakeholders increased support for
the NAAs once implemented and has increased reef stewardship in the Keppel Bay
area.

6.3 Materials and Methods

6.3.1 Site selection

The process used to select sites for the NAAs was unique and participatory. Sites were
selected late in 2008 following an assessment of the relative resilience of reef sites in
the Keppel Bay area (Maynard et al. 2010). A 'Resilience Assessment and Capacity
Building' workshop was convened that included managers, scientists, local community
members and stakeholders (Maynard et al. 2010). Attendees participated in assessing
the resilience of reefs at 31 sites and reviewed the results to select suitable sites to trial
NAAs. Four sites met the criteria, i.e. they had: (i) low to medium resilience relative to
other sites, (ii) high levels of anchor damage, (iii) high usage and good visibility to the
public, and (iv) high accessibility for managers and rangers to install and patrol the
NAAs (Figure 6.1c, d). The selected sites are at Humpy and Barren Islands, and Big
Peninsula and Monkey Beach on Great Keppel Island (Figure 6.2). The four sites cover
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areas ranging from 2.4 to 15.4 hectares, which are delineated by Reef Protection Marker
(RPM) buoys displaying the NAA signage (Figure 6.1d).

Figure 6.2. Map showing no-anchoring area locations established within the
Keppel Bay of the southern Great Barrier Reef. No -anchoring areas are located
(a) near the northern tip of Great Keppel Island at Big Peninsula, (b) near a
campground at Humpy Island, (c) at a popular sailing stop on the south -western
shore of Great Keppel Island at Monkey Beach, and (d) on the northern shore
of Barren Island.

6.3.2 Survey Methods

Belt transect surveys of habitat within the proposed NAAs were undertaken in 2008 to
establish baseline condition prior to installation of the NAA markers in 2009. Followup surveys were conducted for the NAAs and control sites on adjacent reef habitats
(control sites) in 2010, 2011 and 2012. In 2008, a fixed area was set of 100 m x 10 m
and observers assessed benthic condition and counted every occurrence of anchor
damage within the 1000 m2 survey area. During subsequent survey years, observers
used the GBRMPA’s new Reef Health and Impact Survey (RHIS) protocol (Chapter
4). The RHIS data was scaled to anchor damage instances per 1000m2 to enable
comparison with baseline observations. I led the observation team every year; and
trained new team members to the program standard in partnership with co-authors using
the RHIS training program (see Chapter 4). All team members could readily identify
cases of anchor damage. The RHIS protocol enables observers to capture replicate
assessments of reef condition (including impacts such as anchor damage) at multiple
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locations within each site. Control sites were also surveyed from 2010–2012 at
locations adjacent to the NAAs at Humpy and Barren Islands and near Monkey Beach
and Big Peninsula (control sites at Miall and Sloping Islands).

The RHIS protocol requires observers to search for a consistent reef habitat to survey,
which in this study was sloping reef areas from 4-12 m. Observers then complete
multiple randomised 5m radius circle plot surveys using the RHIS protocol detailed in
Chapter 4. The observers survey the area enclosed by the perimeter, recording their
estimates of benthic cover and signs of impacts, including cases of anchor damage. For
all surveys and all survey years, observers recorded evidence of anchor damage rather
than the number of damaged colonies. This is because of the difficulty of distinguishing
colonies, as many of these reefs are dominated by monospecific stands of branching
Acropora that are not clearly delineated into separate colonies. A ‘case’ of anchor
damage is a discrete observation of damage, such as a hole in the reef surrounded by
broken branches, or an area of broken branches (Figure 6.1b). A minimum of three
RHIS were undertaken inside and outside each of the NAAs during the 2010–2012
surveys.

Trends in mean anchor damage through time were compared graphically (1) between
all NAA sites combined versus all control sites combined, for each of the four survey
years, (2) among sites and among years within a site for NAAs, and (3) among sites
and among years within a site for control sites. For the first comparison, counts of the
number of anchor damage cases from the 2008 and subsequent RHIS were averaged
for those completed inside the NAAs (n2008=4 surveys, n2010=21 surveys, n2011=40
surveys, n2012=24 surveys) and for those at adjacent control sites (n2010=26, n2011=22,
n2012=29). For the second and third comparisons, counts of anchor damage were
averaged at the site level across the four years for surveys completed inside NAAs and
at control sites, respectively. For all comparisons, anchor damage counts from RHIS
were converted to density values (counts per 1000 m2) for comparison with the data
collected in 2008 (circle survey area is 78.5 m2, therefore damage counts were
multiplied by 12.74 to give areas of 1000m2). The switch to the RHIS protocol was
made in 2010 because that year RHIS became the standard protocol used by managers
and scientists participating in the GBRMPA’s Eye on the Reef monitoring program. In
2010, the RHIS protocol and the 100 x 10 m belt transect approach used in 2008 were
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compared. During swims on the first survey day, anchor damage counts from the two
approaches were within 10% when converted to a density per 1000 m2, as described
above. The two approaches to assessing the severity of anchor damage were found to
be comparable, partially because the NAAs are very small (less than 0.25 km2 in all
cases) and because no location within the NAAs is a better anchorage than any other.
Anchoring is random and well represented using both survey approaches.

6.4 Results and Discussion

Anchor damage declined following installation of the four NAAs in Keppel Bay. The
average number of anchor damage cases per 1000 m2 across all NAAs exceeded 80 in
2008, prior to installation of the marker buoys. By 2010, average anchor damage counts
within NAAs declined to less than 25% of levels observed in 2008 (~20 per 1000 m2,
Figure 6.3a), and <10 cases were observed at NAA sites in 2012 (Figure 6.3a). When
each of the four NAAs were compared with their respective control sites, average
anchor damage within NAAs by 2012 was less than 10% of levels observed in 2008
(Figure 6.3b). By location, mean (±SE) anchor damage declined by up to 21-fold
between 2008 and 2012, from 32 to 2.56 (+ 2.56) cases at Barren Island, 64 to 0 cases
at Humpy Island (but see below), 167 to 8.01 (+ 8.01) cases at Big Peninsula, and 51
to 16.03 (+ 14.28) cases at Monkey Beach (Figure 6.3b). Most of the decline in anchor
damage cases at NAA sites occurred between 2008 and 2010. Overlapping error bars
for levels of anchor damage observed between 2010 and 2012 indicate that the mean
number of cases in these years are not significantly different. Average anchor damage
counts also declined at most control sites adjacent to NAAs from 2010–2012 (but not
at Big Peninsula). The up to 15-fold declines in anchor damage cases at control sites
from 2010 to 2012 included declines from 83.33 (+ 48.40) to 23.81 (+ 10.99) at Barren
Island, 31.34 (+ 21.16) to 2.14 (+ 2.14) at Humpy Island, and from 51.28 (+ 45.02) to
4.81 (+ 3.37) at Monkey Beach (Figure 6.3c). No decline was observed at the control
site for the Big Peninsula NAA (from 19.23 (+ 13.14) to 17.63 (+ 9.36)). However, of
the four control sites, this site is furthest from the no-anchoring markers of the NAA,
thus the no-anchoring markers are least likely to deter boaters from anchoring at this
location. The data indicate the NAAs are effective in reducing damage to corals.
Interestingly, control site data and anecdotal reports from the local marine advisory
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committee suggest that the consultation process has increased public stewardship of
Keppel Bay reefs, and may be the cause of the observed reduction in anchor damage in
some adjacent control areas.

Coral cover declined between 2010 and 2012 at all sites, but still exceeded 25% in 2012
at all sites except Humpy Island, where cover declined from 80 to 0% (Thompson et al.
2011). While the decline in the average number of anchor damage cases at Humpy
Island between 2008 and 2010 can be attributed to the establishment of the NAA, it is
unclear whether compliance with the NAA continued in subsequent years due to the
loss of nearly all corals at this site. Evidence from the other NAA sites suggests,
however, that if there were still corals at Humpy Island, they would probably have been
damaged by anchors far less frequently from 2011-2012 than prior to the NAA being
established in early 2009.

Anchor damage is likely to remain low at the four sites where NAAs were installed, as
well as at adjacent control sites, providing the markers (see Figure 6.1d) are wellmaintained and that local communities continue to comply with their intent. Although
small in scale, the benefit of NAAs is that they actively address a locally significant
damaging process that can undermine reef recovery post-disturbance. A study of
ecological recovery after the 2006 bleaching event in the Keppel Bay showed that coral
recovery was strong after 2006 due primarily to four factors: the rapid regeneration of
remnant coral tissue, very high competitive ability of corals in the Keppel Bay area that
allows them to out-compete macroalgae, a natural seasonal decline in the dominant
species of macroalgae, and an effective marine protected area (Diaz-Pulido et al. 2009).
Coral colonies not damaged by anchors are certainly more likely to be resilient than
corals that are severely damaged. In an era of increasing disturbance frequency and
cumulative impacts targeted local-scale actions offer an important, feasible strategy for
managers to address the challenge with ‘cumulative actions’ that limit controllable
pressures to enhance natural recovery.
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Figure 6.3. Number of anchor damage cases within and near No Anchoring
Areas (NAAs) in Keppel Bay, 2008-2012. (a) Temporal trends based on pooled
data for all NAA versus control sites per survey year, where sites in 2008 were
pre-NAA marker installation. Comparisons of anchor damage among years at
each of the four reefs for (b) NAAs, and (c) control sites. Error bars are SE.
In (b), SEs are not shown for 2008, as the means are based on a single survey
at each site.
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Coral reefs in Keppel Bay have been impacted by flooding every year during recent
years and, as a result, are now considered to be in a ‘poor’ state (Thompson et al. 2011).
Some reef sites monitored by the Australian Institute of Marine Science (AIMS) marine
monitoring program (MMP), like Humpy Island, were so severely impacted by the 2011
flood event that they have shown no signs of recovery (Thompson et al. 2011). For
these reefs, recovery may depend upon larval supply from adjacent reefs (Hughes et al.
2000). However, AIMS MMP monitoring data may indicate another reason for this
poor recovery; settlement of larvae on the reef has been limited in recent years, even
when fecundity of adult corals is high (Thompson et al. 2011; Thompson & Dolman
2010). Monitoring of natural reef substrata suggests that high larval settlement onto
tiles is not translating into abundant juvenile corals on the reef. Larvae are either
avoiding settling onto available natural substrata or are not surviving, even though they
are clearly present and viable on settlement tiles (Thompson et al. 2011). It is likely that
the recovery of coral reefs in Keppel Bay is dependent on a dual mechanism of larval
recruitment and growth of surviving fragments, making protecting live coral critical.
Efforts to continue to improve water quality are critical, as many studies suggest larval
survivorship can be adversely affected by poor water quality (Fabricius 2005;
Humphrey et al. 2008).

A number of benefits have emerged from community engagement in the local-scale
management action of establishing NAAs in Keppel Bay.

The initial workshop

meetings and follow-up meetings with the Local Marine Advisory Committee are part
of an ongoing two-way exchange between managers and stakeholders about this
project. Frequent opportunities have been created in recent years to discuss the
demonstrated effectiveness of the NAAs and the need for local-scale actions to support
reef resilience with community members. The local community has embraced the
project, is clearly complying with the intent of the NAAs, and has been communicating
outcomes from the project to others visiting Keppel Bay. The process of establishing
the NAAs, their demonstrated effectiveness, the signage describing their intent and the
ongoing engagement process have increased reef awareness and stewardship. Anchor
damage is declining dramatically at areas within and near the NAAs, demonstrating
marker buoys are positively changing boating behaviour.
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Another benefit of the ongoing engagement with community members is the
implementation of the Marine Aquarium Industry’s Stewardship Action Plan (Provision Reef 2013) following the 2011 floods (Figure 6.4a). Data collected while
surveying for anchor damage were used to develop the boundaries for a voluntary
moratorium on aquarium collection (figure 6.4b and 6.4c). The collectors themselves
aim to limit the impact of their industry on reefs in the Keppel Bay area by not collecting
when reefs are recovering from stress events, including flood-induced coral bleaching.
The establishment of a voluntary action by fishers that remained in place for more than
12 months was an unexpected positive consequence of the ongoing dialogue between
managers and stakeholders. The industry stewardship plan laid out the strategy and
criteria under which Pro-vision Reef members would change their working practices to
support reef recovery. The delivery of dynamic health information across Keppel Bay
(in the form of RHIS data from the NAA and control sites) provided Pro-vision Reef
with a trusted source of data upon which they established the moratorium’s spatial and
temporal boundaries. In combination with the NAA’s, which serve as a ‘stick’ that
prompts reefs users to take care when anchoring, the broader suite of variables collected
using RHIS served as a ‘carrot’, triggering industry staff to turn their plan into an action
that supports the recovery of the resources which support their business.

This project used relatively simple technology to target anchoring, a locally significant
impact, to reduce damage to corals at high visitation sites in Keppel Bay. The success
of no-anchoring areas is demonstrated by the fact that there is now virtually no anchor
damage to corals in these areas, and by the level of community participation in the
process and their support for the initiative. The no-anchoring areas are effective in
reducing anchor damage on coral communities and can positively influence their
resilience to other disturbances, albeit at a small scale. Targeting direct management
action (in this case NAAs) to areas of known resilience potential (Maynard et al. 2010)
offers a realistic opportunity to inform conservation strategies (Game et al. 2008) to
enhance outcome. At a larger scale, the voluntary moratorium response of the aquarium
collection industry to the reef health information collected before and after a major
flood impact serves as an important example of how a dynamic understanding of reef
health can rapidly prompt indirect yet significant actions (e.g. community stewardship)
to support ecosystem recovery. Co-management guided voluntary actions by reef
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stakeholders may prove to be a cost-effective way of supporting reef resilience,
following increasingly frequent impacts, which enjoy an unprecedented level of
community support. In summary this project provides a case study of resilience-based
participatory local management that can be applied elsewhere in the GBR and in other
reef ecosystems.

Figure 6.4a. Pro-vision Reef Stewardship Action Plan 2013. The voluntary
moratorium implemented following the 2011 flood impacts on reefs in Keppel
Bay was established based on the strategies and objectives in the 2009
Stewardship Action Plan. The 2009 plan has since been further refined into the
current 2013 plan illustrated here.
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Figure 6.4b. Patterns of salinity exposure (colour-coded areas) and RHIS
assessments (colour-coded circles) at reefs in Keppel Bay exposed to varying
levels of salinity following the SE Queensland floods in 2011. The dotted lines
represent depth contour salinity gradients that are likely to result in coral
mortality. RHIS data were collected in the months following the flood plume.
Dot sizes indicate the average coral cover recorded at each site. The colour of
each dot denotes the degree of impact.
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Figure 6.4c. Pro-vision Reef Voluntary Collection Moratorium Area in Keppel
Bay. The dotted line on the map illustrates the area within which no aquarium
industry collection occurred following the 2011 flood impacts. The lines were
agreed upon by GBRMPA and the coral collecting industry based on RHIS data.
The initial moratorium period was extended several times and lasted until late
2012.
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CHAPTER 7
Summary and conclusions
7.1 Content summary
With well documented declines in coral reef health already apparent around the world,
conventional approaches such as marine spatial planning are struggling to maintain
ecosystem values, goods and services. Resilience-based management represents the
most credible and practical strategy to adapt current management practices to address
the challenges of the future. Resilience focused adaptive management actions that
support coral reef resistance and recovery will buy time while the global community
works out how it will address the ultimate cause of decline, the cumulative and
interactive effects of anthropogenic impacts, (including increasing greenhouse gas
emissions) that threaten humanity perhaps to an even greater degree than coral reefs.
To be effective, adaptive management requires regular evaluation of actions and the
human and environmental drivers of ecosystem condition. Such evaluations necessitate
gathering information dynamically on drivers and conditions, especially given
disturbance frequencies and magnitudes will increase as the climate changes. The
provision of dynamic information on reef condition is therefore vital to inform
resilience-based management decisions, particularly in vast marine systems like the
Great Barrier Reef (GBR). During my candidature I developed and produced the
following tools to manage and enhance the resilience of coral reefs, all of which are
currently in use at the Great Barrier Reef Marine Park Authority (GBRMPA):
(1) An underwater field guide that is building capacity among rangers, tourism
operators and community volunteers to distinguish among coral diseases and other
reef health impacts in the Indo-Pacific based on visible signs (Chapter 2).
(2) A strategic framework for responding to coral disease outbreaks that includes
thresholds that trigger various adaptive management actions, and describes unique
communication challenges that outbreaks pose for managers (Chapter 3).
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(3) An integration of participatory coral reef monitoring programs in the Great Barrier
Reef Marine Park (GBRMP) to include a new Reef Health and Impact Survey
protocol, online training package and a web-enabled data management system that
provides dynamic information to managers via automated reporting (Chapter 4).
(4) A spatially comprehensive impact assessment following severe TC Yasi, which
informed management responses by classifying damage using a custom matrix
inclusive of both impact extent and severity (Chapter 5).
(5) A multi-year evaluation of the effectiveness of a resilience-based management

action used in the Keppel Bay to mitigate anchor damage, that also built
stewardship among local community members and industry through outreach and
consultation (Chapter 6).
Chapter 2 starts to build the case made throughout the thesis that dynamic information
on reef health can only become available to managers at the scale of the Great Barrier
Reef (GBR) if capacity is built among regular reef visitors to assess and monitor reef
condition and impacts. A key issue is that many impacts on coral reef health are cryptic,
ephemeral and readily confused with other impacts. Chapter 2 describes the process by
which a field guide was produced that enables observers to recognise characteristic
signs of compromised coral health on Indo-Pacific Reefs. A decision tree was
developed to aid the differential diagnosis of diseases and other reef health impacts
using the visible characteristic signs of each impact. The guide, entitled Underwater
Cards for Assessing Health on Indo-Pacific Reefs, was published in 2008 by the Global
Environment Facility’s Coral Reef Targeted Research program. The original print run
of the guides rapidly sold out and is now in use throughout the Indo-Pacific and
Australia.

The development, distribution and current use of the field guide has fulfilled the first
objective identified for this thesis; “Create a guide that builds capacity to identify coral
disease and assess reef health impacts.” A second version of the field guide is currently
being prepared that will have: new and more images, descriptions of types and severity
levels of mechanical damage, a new field survey method, and graphics produced while
completing the work presented in Chapter 3. The process by which the guide was
developed was extremely collaborative and inclusive of managers, scientists and
community members. Leading and learning from this process early on in my
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candidature set the stage for the direction and manner in which the rest of my thesis
work was undertaken.

In the year that followed the production of the guide, the Underwater Cards were used
in the GBR to help managers, rangers and tourism staff distinguish among diseases and
reef health impacts. Since 2009, this enhanced capacity among non-specialist observers
has provided an early warning system for disease outbreaks. The value of this kind of
early warning system is described in the strategic framework for responding to disease
presented in Chapter 3. The strategic framework enables managers to use remote
sensing and field observations to produce a near real-time estimate of outbreak
likelihood and impact severity if an outbreak does occur. Descriptions of all of the
following are included in the framework: 1) routine tasks required to estimate outbreak
likelihood and risk, 2) conditional responsive actions that could be implemented to
assess the severity and extent of impacts, 3) actions that could be taken to minimise
coral mortality, and 4) the unique communication challenges for reef managers posed
by disease and disease outbreaks. Development of the framework led to the
establishment of outbreak thresholds for key coral diseases found in the Great Barrier
Reef region that are likely to result in significant mortality. Automated coral disease
outbreak alerts are now created within the GBRMPA based upon the outbreak
thresholds that were developed while writing the response framework.

The development and implementation of the framework has helped to shift views of
managers working at GBRMPA to appreciate the increasing need for a more holistic
evaluation of coral reef health. The prime example of this is that the response
framework provides the theoretical underpinning of the annually updated GBRMPA
Coral Disease Risk and Impact Assessment Plan, which is a core component of the
Authority’s operational Reef Health Incident Response System. The strategic disease
response plan and adaptive management framework was published in Environmental
Management in 2009. The theoretical work in this area, published paper and the
resultant operational Impact Assessment Plans at GBRMPA all demonstrate that the
second thesis objective has been met: “Develop a response framework for managers
for coral disease that links information on status to management actions.”
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After developing the Disease Risk and Impact Assessment Plan (Chapter 3), colleagues
and senior managers within the GBRMPA agreed with the case that I made that
participatory monitoring can significantly enhance our capacity to adaptively manage
the GBR. The basis for making the case was that in 2009 managers only had access to
really detailed information on reef condition and impacts from the 48 sites surveyed
once every two years by the AIMS Long Term Monitoring Program. Chapter 4 opens
by stating that only a large network of observers can dynamically provide information
with sufficient spatial and temporal coverage to enable managers to respond to impacts,
support recovery and plan strategically. By 2009, participatory monitoring had been
taking place in the GBR in various forms for ~10 years. Between the late 1990’s and
2009, rangers completed surveys occasionally, the public could report sightings of
various fauna, and tourism operators participated in the early version of the Eye on the
Reef program and reported observations of bleaching via BleachWatch.

A key

shortcoming of having all of those programs was that training materials and approaches
varied among the programs, as did datasheets. Furthermore, web-enabled data entry
capability and central data storage had not been developed, and there were no
automated reporting systems in place to ensure that participants received reports and
managers could access well presented data summaries. All of those issues have been
resolved during the last five years of my candidature under my direction and Chapter 4
describes this part of my research.
The key first step in this journey was to iteratively develop the ‘Reef Health and Impact
Survey’ (RHIS) protocol.

Hundreds of rangers, managers, researchers, tourism

operators and community volunteers now use the method, largely because it was
developed collaboratively to ensure people could be efficiently trained to undertake the
method effectively within their time constraints. An online and field-based training
program and materials, coupled with a web-enabled database that has a user-friendly
interface have been successful in recording management relevant information on the
health of more than 625 reefs. The database can automatically produce a range of
Google EarthTM based interactive summaries of reef condition and impacts and
participation in monitoring. The resulting ‘integrated Eye on the Reef’ (iEotR) program
was named in reference to its historical foundation and public face ‘Eye on the Reef’.
The program integrates the new RHIS method, training, data entry/storage, and
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automated reporting. The great advance for management of the GBR is that we now
have a hierarchical monitoring scheme whereby: fauna sightings data can be provided
for 1000’s of locations, condition and impacts are assessed at 100’s of locations
annually (RHIS and tourism Eye on the Reef), and detailed information on trends in
condition and impacts is provided for 10’s of locations by the specialist observers of
the AIMS LTMP.

In the last couple of years, the integrated Eye on the Reef program has become the
primary mechanism by which the GBRMPA gathers up-to-date information on coral
reef health and impacts in the Marine Park. Managers at the GBRMPA have never
before had access to even 10% of the information on reef condition and impacts that is
now available to us through the integrated Eye on the Reef network. This is very
exciting because the scene is now set to use the information to guide resilience-based
management decision-making within the GBRMP. The objective for Chapter 4 was
probably the most ambitious of all of those set in the early part of my candidature and
this objective has been fully met: “Iteratively develop and refine a monitoring protocol
that enables rapid assessments of reef health by a range of observers complemented by
a data storage and reporting system that meets management information needs.”

Opportunities arose to use the RHIS protocol following a severe tropical cyclone
(Chapter 5) and to evaluate the effectiveness of a management action (Chapter 6) in the
years that followed establishing the integrated Eye on the Reef network (Chapter 4).
Chapter 5 tells the story of tropical cyclone Yasi, which was unique when it crossed the
Park on February 3rd of 2011, in being both very severe and large in circulation size.
The observer network established in the preceding years had already been trained to
undertake RHIS so the GBRMPA was positioned to implement the largest-scale impact
assessment conducted to date in the Marine Park. Analysis of data from 882 RHIS at
76 reef locations revealed cross-shelf variation in the severity of mechanical damage
caused by the storm, as well as patterns in impact severity with respect to direction
(north and south) and distance from the cyclone eye. The results of the analyses and
the body of work overall has helped the scientific and management community better
understand spatial damage patterns following really severe cyclones. A key conclusion
from this work is that more coral was lost in the 24-hour period in which TC Yasi
crossed the Park than in any other 24-hour period in at least the last 30 years.
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Being able to conduct so many surveys so quickly ensured the GBRMPA was the
authoritative source of information on the patterns in cyclone impacts and their
implications for the Great Barrier Reef. Being this source of information for politicians,
reef stakeholders and the public is a key goal of the Reef Health Incident Response
System developed while I was finishing the framework for responding to coral disease
described in Chapter 3. Aside from using RHIS and the integrated Eye on the Reef
network to understand the impact patterns and communicate such knowledge, follow
up surveys in 2012 and 2013 have helped us understand impact legacy and recovery.
Results from the recovery surveys include that: some sites suffered to a greater extent
from cyanobacteria and macroalgae blooms after the storm, disease prevalence was
greater at sites that were impacted severely but still had corals to be affected by disease
(J. Lamb pers. comm.), and fast-growing corals have recruited and are growing at most
severely affected sites. Reef health assessments that include coral diseases offer
important insights into the legacy of individual impacts like TC Yasi and may serve as
a measure of both cumulative impacts and their resilience status (McClanahan et al.
2012). Results from the impact assessment I developed and led following TC Yasi are
in review at PLoS ONE and were shared in 2011 in a GBRMPA technical report.
Further, a Tropical Cyclone Risk and Impact Assessment Plan (TCRIAP) was
developed under my direction in 2013. In the final months of my candidature, I led the
implementation of the TCRIAP after TC Ita crossed the northern GBR on April 11th
2014. The impact assessment following TC Yasi and resultant manuscript, report and
Risk and Impact Assessment Plan demonstrate that the objective set for Chapter 5 has
been met: Demonstrate the capacity of non-specialist observers to quantify impacts
following a major disturbance.

Understanding spatial patterns in the severity of impacts following TC Yasi helped the
GBRMPA communicate information about the event, as I describe above, and helped
to target local-scale actions to support recovery. After actions are implemented, the
integrated Eye on the Reef network can help managers to evaluate the effectiveness of
the actions, through the analysis of data arising from completing RHIS. Chapter 6
reviews a recent example from the southern Great Barrier Reef in which RHIS were
used to assess the effectiveness of no-anchoring areas (NAAs). Some of my colleagues
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installed marker buoys in 2008 to demarcate NAAs at four locations in Keppel Bay
(offshore of Yeppoon, Queensland) after they had undertaken an analysis of the relative
resilience of reef sites in the area. The NAAs were established at sites with high relative
resilience where anchor damage was found to be severe relative to other sites in the
area and where signage could be used to ensure the NAAs also served as an education
and outreach mechanism. I led teams of managers from GBRMPA and rangers from
Queensland Parks and Wildlife to complete RHIS within the NAAs and at control sites
from 2010-2012. Declines in anchor damage, expressed as damage instances per 100
m2, were immediately apparent in 2010 and virtually no anchor damage was seen within
the NAAs by 2012. It was surprising to see that anchor damage also declined at nearby
control sites so the marker buoys and signage are clearly changing boating behaviour
positively in the areas near NAAs as well as within NAAs.

Importantly, managers from the GBRMPA (me and my colleagues) consistently
engaged with the communities of Keppel Bay and Yeppoon prior to the NAAs being
installed and in the months and years that followed. There is evidence that the
frequency and consistency of these exchanges with community members has built reef
stewardship in that area. As a prime example, the aquarium fishing industry established
a voluntary moratorium on fishing during and following the low salinity induced coral
bleaching event caused by the major Fitzroy river flood in 2011. The account of my
work in Keppel Bay presented in Chapter 6 clearly fulfils the Chapter objective: Use
the protocol developed and the participatory monitoring network to test the
effectiveness of a management action, but also serves as a practical case study example
of how the effectiveness of a management action can be evaluated by having nonspecialist observers undertake RHIS. The exciting part of having shown this in Keppel
Bay is the resulting precedent for using the observer network and survey protocol to
assess management effectiveness and that will guide the use of the network/protocol in
this way in future years. The content within Chapter 6 was published in the Australasian
Journal of Environmental Management.

The Keppel Bay story in Chapter 6 explains that there are multiple benefits for
managers (and management of the Reef) as a result of involving community members
in monitoring coral reef condition and impacts. In a sense, the Keppel Bay story is the
story of my thesis and the story of how adaptive management is meant to work. By
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building capacity among non-specialists to monitor reef condition and impacts
(Chapters 2-5, Figure 7.1) managers can target, evaluate and refine actions (Chapter 6)
to support reef resilience and recovery. Two-way exchanges of information between
managers and reef stakeholders and community members are required for the full
benefits of the adaptive management process to be realised, as was shown in the Keppel
Bay (see also inner arrows in Figure 7.1). Indeed, communication is absolutely vital to
being able to manage adaptively, resulting in both direct (reduced damage) and indirect
(community support) outcomes. Programs I developed, integrated and refined during
my research study are now facilitating a range of ways for managers and reef
stakeholders to communicate, resulting in benefits for both parties and for coral reefs.

Figure 7.1. Cycle of adaptive resilience-based management and the final thesis
content. The thesis chapters describe inter-related (outer arrows) programs of
work (outer circles) coral reef managers can invest in that, as a whole, ensures
reefs can be managed adaptively to support resilience (inner circle) as long as
managers and reef stakeholders engage and communicate (inner arrows).
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7.2 Future directions in resilience-based management

Corals live within a very narrow range of environmental conditions. It is for this reason
precisely that coral reefs are the most sensitive ecosystems to climate change. Sea
levels, sea temperatures and sea chemistry are already changing in ways that negatively
affect the capacity of stony corals to settle, grow and calcify, and persist through time.
These changes are projected to continue and they result in both chronic/gradual as well
as acute stress to corals (Anthony & Maynard 2011; Anthony et al. 2014; Baldock et
al. 2014; Mumby et al. 2011; Van Hooidonk, Maynard & Planes 2013). All of this
stress compounds the ever-increasing anthropogenic stress in many reef areas. This
means that coral reef managers, like myself, have the challenging task of reducing rates
of decline in coral reef condition and dependent ecosystem services while
environmental pressures radically increase (Authority, GBRMP 2009, 2014). That is a
realistic rather than pessimistic view and, more importantly, as a working coral reef
manager, the view is both pragmatic and necessary. By this I mean that managing
expectations is critical to building and maintaining the political and social will that will
be required to implement the range of actions that can give reefs the best chance of
persisting as the climate changes.

We need to shift from basing management decisions on historical data and trends (the
current paradigm) to being both prospective and proactive to properly manage
expectations of politicians and reef stakeholders. Such a shift has already begun in the
GBRMP under the Outlook reporting requirements of the 2011 revisions to the Great
Barrier Reef Marine Park Act 1975. It is also a view I share with the insurance industry,
probably far and away the best industry at assessing and understanding risk. Last June,
the Geneva Association, an insurance industry research group, released a report
outlining the evidence of climate change and describing the new challenges insurance
companies will face as the climate changes. The report states: “In the non-stationary
environment caused by ocean warming, traditional approaches, which are solely based
on analyzing historical data, increasingly fail to estimate today’s hazard probabilities.”
I think it is useful to combine this premise with what is probably the single most
important investment strategy used in all financial markets; ‘cut your losses and let your
profits run’. In keeping with this logic, coral reefs may be best served by managers
seeing their management area as a sort of ‘battlefield triage’ clinic in which reefs with
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the best chance of persisting are given the highest rather than lowest priority. We can
increasingly focus conservation efforts at reef sites with lower relative exposure to
disturbances (relative refugia) and sites with greater relative resilience potential (based
on local conditions and ecological characteristics, e.g. low exposure to cumulative
impacts and fast reproduction and growth rates see (Anthony et al. 2014; Beeden, R et
al. 2014b; Maynard et al. 2010; McClanahan et al. 2012; Van Hooidonk, Maynard &
Planes 2013)). Concurrently, we can decrease our investment of effort at highly
vulnerable reef sites that have little chance of persisting long enough for the benefits of
our actions to even manifest. This means additional investment to supplement largescale, long-term (strategic) actions that reduce exposure, with local-scale, short-term
(tactical) actions that support recovery. Importantly, the success of such an approach
will depend on ensuring that priority is genuinely based upon the likelihood a reef will
persist in preference to those that are the most politically, socially, culturally and
economically convenient to protect (see Devillers et al. 2014).
The challenge for managers of large coral reef systems is knowing where and when to
implement tactical actions to best effect. Even with recent advances in remote sensing
and monitoring technologies, managers are often required to make decision based upon
very limited information. Furthermore, much of the information that is available from
long-term trend monitoring is analogous to the image provided by the rear view mirror
in a car. While it undoubtedly provides valuable insights into how reefs have arrived at
their current state, it only provides a very limited, time delayed rear windscreen view
of the current environment that severely limits decision making regarding where to go
next. Rather like the insurance industry, what is really needed is a far higher resolution
real-time front windscreen view coupled with a modelling based equivalent of a global
positioning system (GPS) navigation tool that highlights potential paths, enables
managers to set a course and then adapts to changes in direction. Such a system would
operationalise resilience thinking in a way that would empower reef managers to make
the best possible choices in an increasingly uncertain future.
Within the context of the broader resilience vision, the results of my thesis work have
already greatly enhanced managers’ capacity to target local-scale, short-term actions to
support recovery in the GBR. The network of observers participating in Eye on the Reef
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monitoring is now providing information on reef condition and impacts from hundreds
of reefs every year.

Also, scientists working in collaboration with my team at

GBRMPA are mapping exposure to waves generated during cyclones, temperature
stress severe enough to cause bleaching, and flooding in ways not possible five years
ago. The consequence is that we are starting to dynamically understand condition and
exposure and can actually adaptively manage by responding to impacts with targeted
actions to support recovery. This is a very exciting capacity to have helped create in
what remains the world’s largest management agency tasked solely with managing a
coral reef area. As is the case with any research area, addressing challenges and making
advancements has identified new challenges and created some new opportunities. Some
of the most important of these opportunities include:
1) Dynamic assessments of resilience potential by querying data provided by the Eye
on the Reef Network to produce composite scores for sites surveyed, based on
variables that can serve as resilience indicators.
2) Creating an annually updated spatial database and associated interactive tool that
reports on exposure of coral reef areas to environmental disturbances and making
this accessible to the research and management community and public.
3) Combining the application of (1) and (2) to trial management actions that can
minimise mortality associated with coral disease on highly valued reefs, as well as
at relative refugia and reefs with greater relative resilience potential.
Taking advantage of these opportunities will form the focus of the research objectives
of my work with the GBRMPA over the coming years. The final days of my
candidature find me certain that the greatest opportunity of all is that the public is
becoming increasingly aware of the threat posed to coral reefs by climate change. Many
coastal community members are dependent enough on coral reefs to care and want to
know how to help.

In Queensland we are already translating their desire and

willingness to help into the capacity to help co-manage and conserve coral reefs by
participating in monitoring and outreach programs I have worked to integrate and
refine. These programs are underpinned by ongoing and effective communication
between managers and reef stakeholders that serves both to inform and to stimulate
stewardship. As an overarching summary of the body of my work, an important
outcome is that I have contributed to implementation and tightening of the adaptive
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management cycle now guiding management actions at GBRMPA.

We are

empowering people that depend on coral reefs to participate in their management by
providing data we are using in near real-time to better conserve those reefs to the benefit
of both the reefs and dependent people. As a consequence, the outlook for the Great
Barrier Reef in an era of climate change is perhaps just a little better.
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APPENDIX 1
Underwater cards for assessing coral health
in the Indo-Pacific
Appendix contains the entire content of the Underwater Cards for assessing coral health in
the Indo-Pacific described in Chapter 2. The cards were published in 2008 by the Global
Environment Facility's Coral Reef Targeted Research program.

The cards were designed around a decision tree that separates coral diseases and other reef
health impacts by their characteristic signs. The decision tree was designed to serve as a
visual colour coded index that enables users to differentially diagnose coral health impacts
and their likely causes. The decision tree is followed by colour indexed pages that detail the
characteristic signs of each coral health impact, and other impacts that they may be readily
confused with. All, bar one of the content pages, follows a standard format with bullet points
summarising key information on the left of each page and illustrative images on the right.
An additional page of images for the coloured band diseases was added on the basis of user
feedback.
The Underwater Cards also provide instructions on their use, and outline a range of methods
that can be employed to assess coral disease abundance, prevalence and / or progression. The
Cards conclude with a waterproof datasheet used by coral disease researchers to determine
coral disease prevalence. The cards were constructed from lightweight flexible plastic, with
a durable clear cover to protect them from the elements and from being scratched when stored
with other survey equipment. The cards were sized to fit in a large SCUBA buoyancy
compensation device pocket. The entire first print run of the Cards sold out by 2010; a new
version will be released late in 2014.
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APPENDIX 2
Visual aid used to support Reef Health
and Impact Surveys
Appendix 2 contains the double-sided visual aid (size A4) that was developed based
upon the content of the Underwater Cards for assessing coral health in the Indo-Pacific
(Chapter 2). The visual aid is laminated to make it waterproof, and attached to the slate
that holds the Reef Health and Impact Survey form (Chapter 4).

The top of first side of the visual aid shows a graphical representation of the RHIS
method including memory prompts for how to complete the site and benthos
components of the form. The bottom half contains representative images of the benthos,
macroalgae and coral life-forms assessed using the RHIS protocol. The reverse side of
the visual aid includes an adapted version of the decision tree from the Underwater
Cards (Chapter 2). The decision tree was adjusted to only include the categories of
impacts that are assessed using RHIS, with the addition of a section on mechanical
damage. The bottom half of the page provides illustrative examples of each class of
impact, with a colour-coded border that matches the colours used in the decision tree.

The graphics used throughout the visual aid are the same as those in the integrated Eye
on the Reef online training system. The visual aid was designed in consultation with
rangers, tourism staff and community volunteers. The visual aid graphics will be
integrated into version 2 of the Underwater Cards, due to be completed by the end of
2014.
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