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Abstract

The recent decline in coral cover worldwide has led to a global concern about the
ability of coral reefs to withstand the impacts of climate change. One of the tools
developed to protect coral reefs is the design of marine protected areas (MPAs)
through systematic conservation planning.

In this context, our work used the Great Barrier Reef (GBR) as its study area.
The aim was to identify which reefs would be most resilient in the face of global
warming and therefore strategic to consider as part of MPAs. In order to do so, a
retrospective method was adopted. We constructed a timeline based on the most
important mass bleaching events that hit the GBR over the past decades. The reefs
which maintained a certain level of resilience throughout the timeline were consid-
ered most fit to ensure persistence on the GBR.

Three main steps led to identifying these reefs. The first step involved calculat-
ing the coral cover for the ~ 3800 reefs making up the GBR and this, for each event
of our timeline. Coral cover was used as it is an important indicator of reef health.
In addition to coral cover, we used the connectivity of corals in the second step
to identify important hotspots within the network. This connectivity was weighted
with the coral cover to identify temporal variations in the strength of connections be-
tween coral reefs. Finally, we integrated the information from the previous steps into
Marxan, a decision support tool, to identify a set of priority areas across the GBR
through different scenarios. Priority areas that were consistently selected through-
out the timeline were considered best able to answer our call for resilience.

Our results show that resilient areas on the GBR only truly started standing
out once connectivity was integrated into the design. The areas that showed the
highest selection frequencies over the years were located mostly in the south of the
GBR, indicating this might be a region worth securing for the future. Our maps also
indicate that the current level of protection of the GBR seems to already satisfy a
certain level of resilience which could nevertheless be improved by expanding some
areas. Our findings also indicate that the approach of considering both healthy and
degraded reefs rather than focusing solely on healthy reefs when designing MPAs is
more appropriate in today’s context. Overall, this work highlights the importance
of integrating connectivity into spatial design and more specifically, how combining
past and present connectivity may help plan for persistence on the GBR.
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Introduction

The Great Barrier Reef (GBR), located on the eastern coast of Queensland, Aus-
tralia, is the world’s largest coral reef ecosystem. Known to be one of the most
complex natural systems on Earth, it is home to many different species and at-
tracts tourists from around the world which makes it a powerful economic driver
(GBRMPA, 2018g). As its name implies, the GBR is most famous for its range of
diverse and colourful coral reefs, which provide food and shelter for many species as
well as serve as a coastal protection structure.

However, coral reefs around the world are now under constant pressure from anthro-
pogenic sources and have become one of the most vulnerable ecosystems to climate
change (Hoegh-Guldberg, 1999; West and Salm, 2003; Donner et al., 2005; Jones
et al., 2009; Wolff et al., 2015). Their protection has been recognized as a global pri-
ority for effective marine conservation (Strain et al., 2018). To survive, corals depend
on a symbiotic relationship with a single-cell algae known as zooxanthellae. These
small organisms provide the corals with up to 95% of their carbon requirements.
This relationship is sensitive to a variety of factors known as "bleaching stressors".
These stressors induce the zooxanthellae to separate from the coral, taking away
its photosynthetic pigments which then leads to a white, bleached coral (West and
Salm, 2003). A rise in sea surface temperature is an important stressor which can
lead to mass coral bleaching events. With the current trends in global temperature,
it is likely that we will witness more of these mass bleaching events. Bleaching is not
directly associated with mortality but corals may die if the recovery time of their
symbionts is prolonged (Hughes et al., 2018a). For the corals that are able to recover
from such events, they do not necessarily recover with the same resilience they had
before the bleaching, leading to a fragilized ecosystem (Hughes et al., 2010). The
Great Barrier Reef Marine Park (GBRMP) was created under the Great Barrier
Reef Marine Park Act in 1975 and covers 344 400km? of the GBR. At the time,
only 4,5% of the Park was under protected areas making it inadequate to protect
its ecological diversity. Therefore, a rezoning plan was established in 2004 in order
to configure a more large, comprehensive, adequate and representative network of
marine protected areas. This network covers 33% of the GBRMP and corresponds
to the current zoning plan (Fernandes et al., 2005). Despite these conservation ef-
forts, coral cover is still continuing to diminish, begging the question of what more
can be done to save the coral reef ecosystems?

Many scientists have focused on this issue and are trying to come up with alter-
natives to help preserve the coral reefs, and although progress is made in research,
most of them have come to a common conclusion that further damage on coral reefs
cannot be avoided if global action on climate change fails to limit to 1,5-2°C above
the pre-industrial baseline (Donner et al., 2005; Hughes et al., 2017, 2018a; Wolff
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et al., 2018). Thus, the best way to go about protecting the GBR today is to plan
for its persistence in the future, and therefore focus conservation or restoration ef-
forts on the reefs most fit to succeed. This cannot be done anymore by focusing
solely on biodiversity attributes to integrate into systematic conservation planning.
A more holistic view must be adopted, favouring connectivity-driven processes (i.e

larval dispersal patterns) in order to boost the ecosystem’s resilience (Beger et al.,
2010; Kininmonth et al., 2011; Magris et al., 2014, 2016; Hock et al., 2017).

This thesis finds itself in that same line of thinking. While some authors have fo-
cused on how climate change may directly impact larval dispersal in order to predict
future connectivity (Alvarez—Romero et al., 2018), this work does the opposite by
looking into past connectivity in order to identify the larval pathways which always
seem to withstand tough conditions. More specifically, this work extends itself along
a timeline reflecting the change of coral cover on the GBR, from a pre-disturbance
state where the conditions are considered ideal up to a current state affected by
important bleaching events related to global warming. Coral cover further affects
the connectivity between reefs since their reproductive output is proportional to
their coral cover. The time events used to build this timeline are the mass bleaching
events of 1998, 2002, 2016 and 2017 which are considered to have been the most
important ones on the GBR (Baird and Marshall, 2002; Berkelmans et al., 2004; Os-
borne et al., 2011; De’ath et al., 2012; Hughes et al., 2017; Kerry and Hughes, 2017;
Mellin et al., 2019). All these events are marked by spatial variations in coral cover
levels. The idea is to try and assess, for every one of these periods, how the change
in coral cover has affected the connectivity of corals and how this, in turn, affects
the spatial distribution of conservation priorities. This will be done using "Marxan"
(Ball et al., 2009), a decision support software used worldwide for spatial planning.
Because the global reef crisis is above all a governance crisis (Hughes et al., 2010;
Sheppard, 2014), using a decision support tool is important in order to convey a
clear message which can help decision makers take on effective actions. Ultimately,
beyond understanding the relationship between coral cover and connectivity, the aim
is to see if some reefs -regardless of the intensity and spatial pattern of bleaching-
consistently remain important connectivity hubs. The results from Marxan will al-
low us to highlight the reefs which are consistently selected for protected areas -if
there are any- throughout the whole timeline. In other words, whatever the Great
Barrier Reef may have to overcome in the future in terms of global warming, some
reefs may prove to be sufficiently resilient for us to protect them due to their per-
formance in the past. These reefs would be an insurance for the future and it would
therefore be worth having conservation efforts redirected on them.

This thesis is divided into four chapters. The first one will introduce the study
area and the problem surrounding it. The second chapter will develop the notion of
coral cover and its assessment in the GBR after every major mass bleaching event,
that is after the events of 1998, 2002, 2016 and 2017. The results from this sec-
ond chapter will be used in the third chapter to weigh connectivity relative to coral
cover on each reef. In this third chapter, we will explain in detail the concept of
connectivity, why it is crucial in today’s context and further discuss the results. The
fourth and last chapter will introduce Marxan. We will integrate the results from
the previous chapters into Marxan to identify priority areas on the GBR. Several



scenarios were implemented in order to evaluate the sensitivity of the results to a
change in input data. We will then identify the reefs selected by Marxan through-
out the timeline and further process the results to try and establish if there is any
common ground throughout that timeline. A overview of the key steps involved in
this thesis are provided in Fig. 1.
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Chapter 2
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- K Chapter 3
1 i i
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following each
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Figure 1: The general workflow of this thesis with a colour code indicating in which
chapter each step will be implemented.



Chapter 1

Characterizing the study area: The
Great Barrier Reef

The study area used in this work is the GBR, but this section could in fact apply to
any other coral reef system of the world as the issues they face are universal. This
section helps understand what is at stake, by going back to the start and acquiring
knowledge on corals themselves and how they come about forming coral reefs, the
stressors that threaten their stability, and finally the way forward endorsed by many
scientists to tackle this issue.

1.1 Physical aspects

The GBR extends from 24°30’S in the south to 9°30’S in the north, covering a
distance of about 2300km along the north-east coast of Australia, in the Coral
Sea (Hopley et al., 2007). From the northern tip of Queensland to just north of
Bundaberg, the Great Barrier Reef Marine Park (GBRMP) covers an area of 344
000 km?, with a width between 60 and 250km (Fig. 1.1). This area, as large as 70
million football fields, makes the GBR the world’s largest coral reef system. Ranging
from shallow estuarine areas with an average depth of 35m, to 2000m deep oceanic
waters, the GBR is home to a fascinating ecological diversity (GBRMPA, 2019¢).
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Map of the study region with the boundaries of the GBR Marine Park

1.2 Socio-economic aspects

The GBR was the first coral reef ecosystem to be listed as World Heritage Area

by UNESCO in 1981, given

its 'outstanding universal value’. In May 2007, it was

then placed on the National Heritage List, because of its contribution to national

identity (GBRMPA, 2018g).

It is strongly valued by Australians for it provides a

coastal defence from natural hazards, a source of food on which depend fisheries to
thrive, recreation and income (O’Mahony et al., 2017). It is safe to say that the
GBR has now become an iconic global destination, attracting millions of tourists

every year (GBRMPA, 2018

g). Although tourism operators benefit from the reefs’

extraordinary biodiversity, they also benefit the GBR by sensitizing people to the

issues facing the coral reefs.

1.2. Socio-economic aspects



Chapter 1. Characterizing the study area: The Great Barrier Reef

However, the GBR is more than just coral reefs and to prove this, the manage-
ment consulting company Deloitte Access Economics has tried to quantify its value
(O’Mahony et al., 2017). Since the GBR is already listed as one of the world’s seven
natural wonders, making it priceless, putting a value on it may seem unnecessary or
controversial as it is not an object which one could try and trade with. Even though
it is increasingly seen as a resource of incalculable value for current and future gen-
erations (Spalding et al., 2001), according to Deloitte, however, putting a value on
something as pristine as the GBR will allow to understand its full contribution to
the economy and society. The aim is to ensure the GBR is considered at its true
and rightful value during decision making and to better inform policy settings in its
regard. The report’s findings revealed that the GBR has a socio-economic and icon
asset value of $56 billion, it supports 64 000 jobs and contributes $6.4 billion to the
Australian economy.

It is clear that the GBR is worshipped by Australians and people all around the
world, and the need for its protection is raising increasing awareness as to what is
at stake.

1.3 Corals

When one thinks of the GBR, corals is probably the first thing that comes to mind,
and quite rightfully. Corals are the reef-building structures that shape the GBR and
give it its palette of colors. In this section, information is provided on their general
biology, their reproduction cycle and how they grow.

1.3.1 Distribution

Among the environmental conditions necessary for corals to thrive are warm tem-
peratures (optimal between 23°and 29°C, high salinity (32 to 42 parts per thousand
-ppt) and sufficient water clarity to permit light penetration (NOAA, 2014). This
restricts them to a narrow band of low latitudes covering tropical and semitropical
waters (Fig.1.2). The diversity diminishes as we move away from these latitudinal
clines (Spalding et al., 2001).

Figure 1.2: Worldwide distribution of corals located between 30°north and 30°south
latitudes (NOAA, 2014)

6 1.3. Corals
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1.3.2 General biology

Corals, which are often mistaken with plants, are actually invertebrate animals
that belong to the class Anthozoa, the largest class within the phylum Cnidaria
(NOAA, 2014), the same group as jellyfish and sea anemones. Corals consist of
small individual animals called polyps. They have a very small cylindrical body
with tentacles at the top enabling them to capture food from the surrounding wa-
ters (Spalding et al., 2001). Polyps associate each other to form colonies of hundreds
to thousands of individuals, thereby forming corals (ICRI, 2018). Most corals are
involved in a symbiotic relationship with single-cell dinoflagellates called zooxan-
thellae. Thanks to their photosynthetic ability, they provide their host with most
of its nutrition requirements and in return the host provides them with metabolic
waste products (CO2, inorganic nutrients) and a sheltered environment (Spalding
et al., 2001; NOAA, 2014). It is also this symbiosis with zooxanthellae that gives
most corals their vibrant colors.

There are 600 different types of corals in the GBR divided into two main cate-
gories: hard corals and soft corals. Hard corals act as reef builders because of the
hard limestone skeleton they produce (GBRMPA, 2018d). Soft corals on the other
hand are flexible due to their lack of a calcareous skeleton. Instead, they use spike
resembling structures called spicules for support (ICRI, 2018). Soft corals also tend
to be more brightly coloured and so, one is more likely to contemplate bright pinks
and mauves on a soft coral than it is on a hard one, as shown on Fig. 1.3 below.

n " (b) The rigid surface of a
brain coral (hard coral) of
the genus Platygyra

(a) Soft coral of the genus
Dendronephthya common
in the Indo-Pacific

Figure 1.3: Images of (a)a bright colorful soft coral and (b)a hard coral (Spalding et al.,
2001)

Corals also act as shelter for many species (Hoegh-Guldberg, 1999; GBRMPA,
2018g). But the welcoming features of soft corals don’t always attract friendly
guests, and they are often more vulnerable to predators such as fish, snails or crus-
taceans. Producing chemicals and displaying their spike-like spicules are their only

defence mechanisms (GBRMPA, 2018d).
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1.3.3 Reproduction

Corals can reproduce asexually and sexually. Asexual reproduction is most of the
time achieved through "budding", where the young coral grows out from the adult
polyp and participates to the colony growth. All asexual pathways induce the for-
mation of clones (GBRMPA, 2018c).

However, most corals are hermaphrodites and thus undergo sexual reproduction
(ICRI, 2018). The majority of species rely on broadcast spawning which involves
massive amounts of eggs and sperm being released simultaneously into the water.
Once these two meet, they form a larva called planula. Conversely, when the sperm
fertilizes the egg within the polyp and the larvae are only released once relatively
well developed, we then refer to it as "brooding". While brooded larvae may be
immediately ready for settlement, spawned larvae may reside as plankton for up
to several weeks, covering a broad geographic area. Once the planula has settled
in a particular area, it develops into a new coral colony (NOAA, 2017; GBRMPA,
2018c). From this, it is clear that sexual reproduction is important to maintain
genetic diversity and to have corals settle in new areas, establishing connectivity
between separated reefs.

Sexual reproduction happens through a yearly synchronised spawning event. It
occurs between October and December (depending on location) after a full moon
and after water temperatures have increased sufficiently to stimulate the maturation
of gametes. Resulting in clouds of larvae being released of many different colors, it
is an impressive sight for the eyes (Fig. 1.4). Different species release their eggs and
sperm on different days to avoid the formation of hybrid species (GBRMPA, 2018c).
While the great majority does not survive this event due, in part, to predation,
the remaining planulae participate in gene flow between distant reefs or in recovery
of damaged reefs. Reefs located in areas with unfavourable conditions to their
development may depend entirely on larval recruitment from better located reefs
(Spalding et al., 2001).

.....

-~ q A A '
19, - o (c) Boulder star coral

. L * o ,
(a) Spawning of an Acropora (b) releasing its gamete bundles

species (SECORE, 2016) coral spawning a cloud of (ReefResilienceNetwork,
sperm (Thomas, 2002) 2018)

Fungia  mushroom

Figure 1.4: Spawning among different coral species
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1.3.4 From corals to coral reefs

Although corals themselves are very simple organisms, the coral reefs they form once
they grow into colonies are not only among the most complex of all ecosystems, but
in the case of the GBR, they are also the largest living structure on Earth (Spalding
et al., 2001; GBRMPA, 2018g; ICRI, 2018). According to Spalding et al. (2001),
coral reefs can be defined as shallow marine habitats, defined both by a physical
structure and by the organisms found on them. Well-developed reefs can reflect up
to millennia of history, which makes them all the more valuable and worth fight-
ing for. Above all, they provide food and shelter on which an entire community of
species depend.

As mentioned in subsection 1.3.2, hard corals are able to produce a limestone
skeleton. They do this by extracting calcium from the surrounding waters and then
using it to secrete calcium carbonates (CaCOg) for protection and growth (ICRI,
2018). Massive reef structures are created when millions of tiny polyps secrete
CaCOg3. However, not all corals that produce limestone are reef-builders, as some
do not produce enough of it and others are solitary corals which would rather grow
separately than to form a colony with other species (NOAA, 2014). The major
contributors to reef growth are the scleractinia corals and coralline algae (Hopley
et al., 2007).

The reef-building corals, also known as "hermatypic" corals, come in all shapes
and sizes. The growth rate and patterns depend on the coral species, the environ-
mental conditions, the geographic location and the density of surrounding species
(NOAA, 2014). Ideal conditions for coral reefs growth include areas below the break-
ing line of waves, where light is abundant for photosynthesis, sedimentation is low,
the salinity is sufficiently high (as of 31 ppt) and the temperatures range from 20°to
29°C (Sheppard et al., 2017). Still, even in ideal conditions, these hermatypic corals
are slow growing with massive corals expanding their skeleton at slow rates of just
a few millimetres per year. Branching corals on the other hand have much higher
growth rates and can have their tips grow as much as 150 mm per year (Spalding
et al., 2001).

1.4 Threats to coral reefs

No different from any other living organism, coral reefs are fragile and the GBR
is no exception to that. Natural hazards have hit the reefs in the past and will
hit again. This is not a bad thing in the sense that the occurrences of such events
may actually contribute to strengthening the Reef on the long term. Indeed, albeit
inflicting physical damage, these short-term events create a change in conditions
which may give the opportunity for some new species to settle in, thus enhancing
diversity on the reefs (Spalding et al., 2001). But the problem is reefs are not only
facing natural hazards, they are also having to bear chronic human stressors. These
slow drivers of change generate a constant background level of disturbance. And
rather than allowing for some new species to settle and encourage diversity, these
anthropogenic stressors cause some reefs to undergo a dramatic phase-shift of their
coral assemblage, with reduced biodiversity (Hughes et al., 2010, 2005, 2018a). The
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following subsections summarize the natural and anthropogenic threats that menace
the stability of coral reefs and develop the concept of coral bleaching.

1.4.1 Natural

One of the major natural disturbances are extreme weather events such as tropical
cyclones of category four and five. According to the GBRMPA (2019d), cyclones
were responsible for 48% of coral loss recorded by the Australian Institute of Marine
Science (AIMS)’s Long-Term Monitoring Program between 1985 and 2012. Between
2004 and 2018, 10 cyclones of category three or more hit the GBRMP, causing signif-
icant damage to coral habitats. Category five cyclones, such as the 2011 cyclone Yasi
(Fig. 1.5), can cause significant damage to the reefs’ structure, and can take cen-
turies to fully recover (GBRMPA, 2019d). Although these extreme weather events
are rare, they are predicted to increase with climate change (GBRMPA, 2019d).
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Figure 1.5: Extent of category 4 and 5 cyclones that hit the GBR between 2005 and 2013
(GBRMPA, 2013)

Weather events can also include major floods during wet seasons. The excess
amount of freshwater decreases salinity and can lead to coral mortality, affecting in-
shore corals (GBRMPA, 2013). Intense floods have started to occur more frequently
since the late 19th century with one every six years, compared to one every 20 years
before then (GBRMPA, 2019d).
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These weather disturbances lead to injured corals which can then become more
vulnerable to coral diseases. Pathogens and parasites will take advantage of the
coral’s lowered immune system to thrive onto its damaged tissues. Once infested,
there is little the coral can do to survive (Lamb et al., 2015). The most common dis-
eases include the white syndrome, the black band and the brown band disease. The
exact mechanisms behind these diseases are not yet fully understood (AIMS, 2018b).

Corals also have to face coral-eating predators, such as the Crown-of-Thorns-
Starfish (COTS), Acanthaster planci, whose population outbreaks can decimate en-
tire hard coral communities (AIMS, 2019b) (Fig. 1.6). These voracious creatures are
difficult to manage because of their high reproductive potential, their high growth
rates and their important outbreak densities. These outbreaks usually follow major
flooding events that bring excessive amounts of nutrients from land to inshore waters
(De’ath et al., 2012; GBRMPA, 2019a). But once breeding occurs within these out-
breaks, the COTS larvae can then spread to other reefs which were not even affected
by runoff in the first place (AIMS, 2019b). This is just one of the examples of the
intrinsic complexity that lies within these coral reefs’ ecosystem. There have been
four massive waves of COTS occuring since the 1960’s, each lasting approximately
10 years (AIMS, 2019b). The GBRMPA has established a COTS control program
to try and mitigate outbreak damage, next to the cumulative damages from other
threats, such as climate change, which leads us to the next subsection.

Figure 1.6: Image of two COTS feeding off a coral (ARC, 2018)

1.4.2 Anthropogenic

Major anthropogenic stressors include water pollution from terrestrial runoff, un-
sustainable fishing, coastal development, ocean acidification, and most of all rising
temperatures due to global warming (Glynn, 1993; West and Salm, 2003; Levin and
Lubchenco, 2008; Hughes et al., 2010; De’ath et al., 2012; Sheppard, 2014; Hughes
et al., 2015). These human stressors not only add on to the natural pressures, but
they also tend to amplify them. Therefore making a distinction between natural and
anthropogenic stressors might be a bit radical, because they can be closely related
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to one another (De’ath et al., 2012).

Intensive agriculture causes excessive amounts of nutrients, sediments and chem-
icals such as fertilisers and pesticides to be released in the water during flood plumes.
This leads to reduced salinity and increased turbidity which is harmful to corals and
the species surrounding them (GBRMPA, 2018e). Excessive nutrients in the wa-
ter induces eutrophication, benefiting organisms such as algae which will proliferate
rapidly. In fine, a radical shift in composition occurs, from a coral-dominated sys-
tem to an alternate degraded one dominated by macroalgae or other weedy species
(Hughes et al., 2010). Despite there being many human-induced threats, the biggest
one of them all is climate change (GBRMPA, 2018a). From climate change follows a
myriad of consequences: increase in sea surface temperatures (SST), more frequent
occurrences of storms and cyclones, sea level rise, change in ocean currents, as well
as unprecedentedly high levels of CO, emissions, which lead to ocean acidification
(Bryan et al., 1998; GBRMPA, 2018a). All of which induce a level of stress unbear-
able for some coral species.

Among all of the above threats (natural and anthropogenic), tropical storms and
COTS have been considered the most damaging ones (Osborne et al., 2011; De’ath
et al., 2012). However, this statement might not be valid in the future where rising
temperatures constantly challenge the reefs’ ability to recover. In addition to that,
even though cyclones and COTS constitute major threats, global warming acts as a
constant background chronic stress, generating negative consequences for the reefs’
resilience (Hughes et al., 2010).

1.4.3 Coral bleaching

When the conditions exceed a tolerable threshold, the symbiotic relationship be-
tween the zooxanthellae and the coral polyp ends as the zooxanthellae are expelled
from the coral tissue. The coral looses all of its pigments, a phenomenon known
as coral bleaching (Bryan et al., 1998) (Fig.1.7a). One of the most important envi-
ronmental parameter for coral reefs is temperature (Berkelmans, 2002) and severe
heatwaves can lead to mass bleaching events (Hughes et al., 2018a). Once bleached,
corals are not necessarily dead but are at their most vulnerable state (NOAA, 2010).
Corals that have bleached can still recover given sufficient time and minor, if not any,
additional disturbances. A bleached coral will be white (Fig. 1.7a) whereas a dead
coral will have a brown slimy aspect because it will be covered in algae (Fig. 1.7b).
However, if temperatures are excessively high, it can literally burn the corals on the
spot, and recovery is then no longer possible. In addition to this, the disturbance-
free scenario for recovery is very unlikely nowadays, except for remote, pristine coral
reefs far from human pressures. But however far from anthropogenic sources, no
reef is safe from bleaching triggered by scorching temperatures. Confronted with
such statements, scientists are continuously challenged to come up with alternatives
before it is too late.
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Figure 1.7: Images of (a)bleached corals and (b)dead corals.

1.5 Conservation actions: Marine Protected Areas

Given all the potential threats, whether natural, anthropogenic, local or global, reef
managers have the responsibility to take action in order to protect coral reefs. De-
spite providing theories that help understand processes which maintain and affect
reef ecosystems, marine scientists cannot act directly on processes which are out of
their control, such as climate change. Nevertheless, in addition to influencing politi-
cians to set more ambitious policies to help mitigate climate change, scientists can
already mitigate the impacts of processes on which they do have some control. One
way of achieving this is by designing marine protected areas (MPAs) through con-
servation planning strategies (Margules and Pressey, 2000; Fernandes et al., 2005;
Pressey et al., 2007; Micheli et al., 2012; Lamb et al., 2015; Strain et al., 2018).
Marine spatial planning can be defined as "a framework that informs the spatial
distribution of marine activities to support current and future uses, and maintain
delivery of ecosystem services to meet ecological, economic and social objectives"
(Ban et al., 2013). More specifically, when using the term "MPAs" in this work, we
will refer to areas prohibiting any extractive or destructive practices (Game et al.,
2008) (also referred to as 'no-take’ areas).

This concept was already well understood by the GBRMPA twenty years ago
when they undertook a rezoning of the GBR (Fernandes et al., 2005), which began
in 1999 and ended in 2004 with the current zoning plan as a result. The aim was
to increase the extent of no-take areas to better protect biodiversity of the GBR.
In 1975, when the GBRMP was first created, no-take areas constituted only 4,5%
of the Park’s area, and this number increased to 33% after the rezoning of 2004
(Fernandes et al., 2005). The current zoning is divided into eight different types of
zones, with varying levels of restrictions. From the least to the most restrictive zone
(GBRMPA, 2014) :

e General Use Zone (light blue): General use, some activities require a permit.

¢ Commonwealth Islands Zone: They are the only land component of the
Great Barrier Reef Marine Park. They can be used or entered without permis-
sion for low impact (non-extractive) activities, including photography, filming,
sound recording and limited educational programs subject to certain limita-
tions.
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e Habitat Protection Zone (dark blue): No trawling, some activities require
permits.

e Conservation Park Zone (yellow): No trawling, limited crabbing and line
fishing.

e Buffer Zone (olive green): No aquaculture, bait netting, crabbing, harvesting
fishing, collecting, spearfishing, line fishing, netting and trawling. Trolling for
pelagic fish is allowed.

e Scientific Research Zone (orange): Research areas primarily around scien-
tific research facilities. Same as Buffer zone but with no trolling.

e Marine National Park Zone (Green): no-take area. The following are
allowed: boating, diving, photography and limited impact research. Some
other activities are allowed with permits.

e Preservation Zone (Pink): no-go area. No activities are allowed except re-
search activities with a permit.

As we can see on Fig.1.8, the major zones are the General Use, Marine National
Park, and Habitat Protection zones.

Zoning has proven itself effective in increasing fish numbers and size, such as
with the coral trout fish species whose numbers have increased of about 50% on
offshore reefs and with larger average size (AIMS, 2018c). This increase in the
amount of fishes, especially herbivorous, means higher grazing intensity, leading to
a decrease in macro-algae surrounding the corals and thus less competition for the
latter over space and light, which enables the establishment of more coral recruits
(Hughes et al., 2010; Strain et al., 2018). Some of these herbivorous fishes (the
bioeroders) also remove dead corals, freeing place for new corals to settle (Bellwood
et al., 2004). More fish in protected areas usually means more fish in other zones
as well due to the spillover effect. This replenishment of fish stocks is crucial to
maintaining ecosystem structure as well as sustaining the fisheries which rely on
the reefs for their activities (Micheli et al., 2012; Strain et al., 2018). As well as
replenishing fish stocks, MPAs play a role in disease mitigation (Lamb et al., 2015),
provide refuge for endangered species, protect spawning areas or nursery grounds,
minimise damage to important habitats and most importantly, they help strengthen
the resilience of the reefs against threats such as climate change (Hughes et al., 2010;
Mumby et al., 2011; Micheli et al., 2012; Hughes et al., 2017; Alvarez-Romero et al.,
2018).

The GBR is considered the best managed coral reef ecosystem in the world
(Bruno and Selig, 2007), and despite promoting the persistence of some functional
groups of corals (Strain et al., 2018), its coral cover is declining nevertheless, which
leads to thinking more must be done to increase the reefs’ resilience. Many scientists
working on the matter agree that enhancing important connectivity patterns when
designing MPAs is one way to go about it (West and Salm, 2003; Pressey et al.,
2007; McCook et al., 2009; Botsford et al., 2009; Almany et al., 2009; Jones et al.,
2009; Beger et al., 2010; Mumby et al., 2011; Kininmonth et al., 2011; Magris et al.,
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2014; White et al., 2014; Beger et al., 2015; Schill et al., 2015; Magris et al., 2016;
Hock et al., 2017; Krueck et al., 2017; Magris et al., 2017, 2018).
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Figure 1.8: Great Barrier Reef Marine Park zoning (GBRMPA, 2014)
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Chapter 2

Assessing coral cover over time

"In ecological studies of reefs, we aspire to understand past and future processes
and events sufficiently well that we can make sensible predictions about the state
of unseen reefs, now and in the future." (Wooldridge and Done, 2004). While the
previous chapter led to understand why coral reefs are threatened and undergo a
loss of coral cover, this chapter will now focus on depicting the spatial and temporal
variations in that loss of coral cover in the GBR. The timeline used to study the
temporal variations in coral cover is based on the four most important bleaching
events recorded to have hit the GBR. These four bleaching events occurred in the
years of 1998, 2002, 2016 and 2017. The aim of this section is to produce, for each
year, a map of the coral cover’s spatial patterns across the GBR. Once the coral
cover has been assessed for each of those year cases, that information will be used
in the next chapter to evaluate how connectivity is affected in turn.

2.1 Understanding the coral cover indicator

2.1.1 Reef health indicator

Hard coral cover is the single most reported measure of coral reef health and is com-
monly used by scientists to inform on management and government policies (Bell-
wood et al., 2004; Bruno and Selig, 2007; Osborne et al., 2011; Sweatman et al.,
2011; De’ath et al., 2012; BIP, 2016). Thus besides just answering questions on the
health status of reefs, it can further help answer questions such as "what impacts
has had a specific management intervention or a new type of policy on the ecosys-
tem?" (BIP, 2016). This indicator measures the percentage of reef surface covered
by live hard corals, main contributors to the reefs’ structure, and is therefore key
in distinguishing a coral community from another taxa (e.g algae) dominated one
(Healthy Reefs, 2018; BIP, 2016). When a coral reef shifts away from coral domi-
nation, it is usually a sign of ecosystem stress. When referring to a "healthy" reef,
one generally implies relatively high percentage coral cover and low percentage of
fleshy macroalgae. (Healthy Reefs, 2018).

However, when using coral cover as a health indicator one must keep in mind
the resilience of reefs and this aspect is not communicated by this indicator. Indeed,
as explained by Hughes et al. (2010), a healthy reef that is recovering towards a
coral-dominated phase can have a much lower percentage coral cover than a reef
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that is slowly degrading towards a macroalgae-dominance phase. Thus, in order
for this indicator to integrate the resilience of reefs, the sites where coral cover is
monitored should ideally be the same ones over the years.

That consistent monitoring method was adopted by De’ath et al. (2012) in their
attempt to explain the decline in coral cover that has occurred on the GBR, specif-
ically between 1985 and 2012. Throughout this 27-year period, coral cover on in-
dividual reefs varied between 1,50 and 79,7% spatially, with the highest values in
the far northern and southern part of the GBR. Over the entire period, coral cover
averaged 22,9%. Although coral cover did increase on some reefs (32,2% of the to-
tal), this was not sufficient to counter-balance the loss that occurred on the other
reefs, leading to an overall decline in coral cover, from an average of 28,0% in 1985
down to 13,8% in 2012 (De’ath et al., 2012). This corresponds to a loss of 50,7% of
intial coral cover. Their results found that this loss was in most part due to tropical
cyclones (48%), followed by COTS outbreaks (42%) and then coral bleaching (10%)
(Fig.2.1). These disturbances occurred frequently and scarce were the reefs that
remained impact-free (only 3 out of the 214 reefs monitored).
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Figure 2.1: Temporal and regional trends in coral cover with associated mortality causes
(De’ath et al., 2012)

2.1.2 Shifting baseline syndrome

This loss of 50,7% of initial coral cover is quite a gloomy statement and yet this 50%
loss is deduced from the 1985 coral cover level, and by then, the GBR had already
experienced important human impacts. In fact, surveys of coral reef ecosystems only
began once significant damage had already been observed (Bruno and Selig, 2007;
Knowlton and Jackson, 2008). So how can we assess the true extent of coral cover
loss due to human disturbance without knowing exactly what to refer to for the
pre-disturbance level 7 This is problematic because without information on histor-
ical conditions of coral cover, it is difficult to understand how reefs behaved in the
absence of human impacts and, from there, fixing a target for reef recovery becomes
relatively subjective. Management practices rely on these targets for conservation
and as the level of ecosystem health decreases over the years, targets also tend to
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follow that trend. This issue is referred to as the "shifting baseline syndrome" (SBS)
and has been pointed out by many scientists implicated in marine research (Shep-
pard, 1995; Bellwood et al., 2004; Bruno and Selig, 2007; Knowlton and Jackson,
2008; Hughes et al., 2011; Sweatman et al., 2011; Sheppard, 2014).

Far back in history (100-1000 y.b.p), average coral cover in the Indo-Pacific
was probably about 50% (Bruno and Selig, 2007) but such statements are always
characterized with uncertainty. While some argue that the decline in coral cover
since historical levels has been overestimated due to changes in scale and type of
surveying methods used (Sweatman et al., 2011), others, on the other hand, assert it
has been underestimated (Bruno and Selig, 2007) and use that preceding argument
as a foolproof example of a shifting baseline (Hughes et al., 2011). Studies such as
the ones conducted by Bellwood et al. (2004) or Bruno and Selig (2007) illustrate
that coral cover has indeed declined since at least the 1960s by an annual rate of
0.3-0.4% (Hughes et al., 2011). At the time when Bruno and Selig (2007) issued
their study, they stated that "even though we may never know the precise Indo-
Pacific coral cover baseline, we do know that regionally, cover is at least 20% below
the best historical reference points." This statement is from 2007 which only leaves
us with low expectations as to how far below these reference points coral cover has
currently descended to.

2.2 Establishing the periods of interest: mass bleach-
ing events

As explained in section 1.4.3, bleaching is referred to as the phenomenon by which
corals become white and eventually die if no recovery is made. This can manifest
itself at local scales such as parts of reefs, or at larger scales affecting entire reef
systems. In the latter case, we refer to it as "mass bleaching" (Hoegh-Guldberg,
1999). Although bleaching of corals can be caused by different factors such as poor
water quality, low salinity or little exposure to light, only heat stress, generated
by abnormally high sea-surface temperatures (SSTs), can lead to important mass
bleaching events (GBRMPA, 2017a), with a clear link established between increased
temperatures and geographic footprint of bleaching (Osborne et al., 2011; Hughes
et al., 2018a).

The worst temperature related mass bleaching events reported to have occurred
on the GBR are the mass bleaching events of 1998, 2002, 2016 and 2017 (Baird and
Marshall, 2002; Berkelmans et al., 2004; Osborne et al., 2011; De’ath et al., 2012;
Hughes et al., 2017; Kerry and Hughes, 2017; Mellin et al., 2019). These events
were therefore used to build the timeline along which changes in coral cover will
be studied in this thesis. A short summary of each of these mass bleaching events
will be presented in the following subsections, illustrating the spatial extent and
intensity of each of them. An assessment of the coral cover following each of those
bleaching events will then be presented in the following section.

When monitoring these bleaching events, there is a small window of action in
order to capture the extent of the event as accurately as possible. This is due to
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the fact that if the surveys are done too soon in the early stage of the bleaching
event, some reefs may not have bleached yet and conversely, if the surveys are done
too late, some reefs may have died already, covered in brown algae, making them
unnoticed to the eyes of the monitors on the lookout for white, bleached corals. In
both cases, the results will largely underestimate the true extent of the event even
though, overall, the aerial surveys generally do tend to underestimate the intensity
and extent of the bleaching (Berkelmans et al., 2004).

2.2.1 1998 bleaching event

In the summer of 1998, the GBR experienced its 6th recorded mass coral bleaching
event since 1980 which was the first most intensive and extensive one ever recorded
until then (Berkelmans and Oliver, 1999). Indeed, the GBR had already experi-
enced three bleaching events in the 1980’s and two in the early 1990’s, however, due
to the lack of reporting and documentation covering those events, it is difficult to
assess the spatial extent or intensity of these bleaching episodes (Berkelmans and
Oliver, 1999; Berkelmans et al., 2004). The 1998 bleaching began in late January and
intensified by late February/March (Berkelmans and Oliver, 1999; AIMS, 2018a).
Extensive aerial surveys of 654 reefs conducted at an altitude of 160m (Berkelmans
and Oliver, 1999) revealed that ~ 42% of reefs had bleached to some extent and
18% had strongly bleached (Berkelmans et al., 2004). The intensity of bleaching
was more important on inshore reefs with 74% of them showing moderate to high
levels of bleaching against 'only’ 21% for the offshore reefs (AIMS, 2018a). Further-
more, these surveys showed that 25% of inshore reefs had extreme levels of bleaching
(>60% of coral cover bleached) while none of the offshore reefs showed such levels
of bleaching (Berkelmans and Oliver, 1999).

Results from the aerial surveys were confronted with observations from ground
surveys conducted on 23 reefs having endured varying levels of bleaching, and this
showed that the results from the former are likely to underestimate the true extent
of the bleaching event (Berkelmans and Oliver, 1999). However, the damage was
not permanent and most reefs made a good recovery with a mortality limited to less
than 5% of reefs (AIMS, 2018a). The extent and intensity of the 1998 bleaching
event can be seen on Fig.2.2, with a close-up on the Palm Island area where the
worst affected reefs were located (AIMS, 2018a).
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Figure 2.2: Extent and intensity of the 1998 mass bleaching event in the GBR, with a
close-up on the worst affected area (Palm Island area)

2.2.2 2002 bleaching event

In the months of January and April 2002, another mass bleaching event took place
in the GBR, more severe even than the one of 1998 (AIMS, 2018a), with 54% of reefs
having bleached to some extent (against 42% in 1998) and 18% strongly bleached
(Berkelmans et al., 2004; AIMS, 2018a). The same monitoring method was used as
the one for the 1998 event, with surveys of 641 reefs conducted at a flying height
of 160m. For logistic reasons, the same reefs were not necessarily surveyed in both
years (Berkelmans et al., 2004).

This time, the offshore reefs were not spared as much as during the event of 1998.
Indeed, although 72% of inshore reefs had moderate to high levels of bleaching,
making it similar to 1998 (74%), the proportion of offshore reefs having experienced
moderate to high bleaching had doubled from 21% in 1998 to 41% in 2002 (AIMS,
2018a; Berkelmans et al., 2004). Once again, most corals made a relatively good
recovery with less than 5% mortality (AIMS, 2018a).

The extent and intensity of the 2002 bleaching event can be seen on Fig.2.3,
with a close-up on the Bowen area where the most severely affected reefs were
located (AIMS, 2018a). The 1998 and 2002 data of bleaching status of whole reefs
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were made available by the Australian Institute of Marine Science (AIMS) on the
"eAtlas" platform (AIMS, 2015).
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Figure 2.3: Extent and intensity of the 2002 mass bleaching event in the GBR, with a
close-up on the worst affected area (Bowen area)

2.2.3 2016 bleaching event

The summer of 2015-2016 triggered record-breaking SSTs in tropical regions around
the world, leading to widespread coral bleaching (GBRMPA, 2017a; Hughes et al.,
2017, 2018b; AIMS, 2018a).This global heatwave was correlated with climate change
induced ocean global warming as well as a strong El Ninio event reducing the amounts
of clouds or strong winds that could have helped mitigate the heat (GBRMPA,
2017a). The GBR suffered from highest temperatures on record between Febru-
ary and May (Fig. 2.4), and experienced its worst bleaching event ever recorded
(GBRMPA, 2017a; AIMS, 2018a; Hughes et al., 2017, 2018b).

A similar protocol than that of 1998 and 2002 was adopted for the assessment
of the bleaching. The monitoring of the coral bleaching took place in March-April
2016 when bleaching was at its highest peak, with extensive aerial surveys of 1156
reefs conducted at a flying altitude of 150m. Underwater surveys of 104 reefs were
used to ground-truth the results of the aerial surveys, and a strong alignment was
noticed between the two (Hughes et al., 2018b). The surveys indicated that less
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Figure 2.4: Distribution of record-breaking sea surface temperatures around Australia
during the summer of 2016 (GBRMPA, 2017a)

than 9% of surveyed reefs had avoided bleaching and the proportion of reefs that
were severely bleached (i.e. >60% of coral cover) was four times higher in 2016 than
it was in the two previous events (Hughes et al., 2018b). The most extensive and
intensive damage occurred in the northern part of the GBR (AIMS, 2018a). The
extent and intensity of the 2016 bleaching event can be seen on Fig.2.5.

Whereas the death toll remained below 5% in 1998 and 2002, it increased to
29% for the entire GBR in 2016 (GBRMPA, 2017c). The mortality decreased as the
surveys moved southwards with 67% mortality in the northern region, considered
pristine until then, 6% in the central region and 1% mortality only in the south
(ARC Centre of Excellence for Coral Reef Studies, 2016). The bleaching also varied
longitudinally with 47% mortality occurring on mid-shelf reefs, 32% on inshore reefs
and 21% on offshore reefs. The 2016 bleaching data was made available by Hughes
et al. (2017) in their Supporting Information section (Hughes et al., 2017).
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Figure 2.5: Extent and intensity of the 2016 mass bleaching event in the GBR, with a
close-up on the northern tip which was the worst affected area

2.2.4 2017 bleaching event

The 2017 bleaching event marks another terrible hit in the GBR’s bleaching history.
This event was particularly damaging because it took place just the following year of
the 2016 event, leaving very short time for corals to recover from the past bleaching
event (Kerry and Hughes, 2017; GBRMPA, 2017a). Aerial surveys were conducted
to assess the damage and indicated that most of the bleaching had occurred be-
tween Cooktown and Townsville, in the central region of the GBR (GBRMPA,
2017b). This means that when combining the damage of the two consecutive years,
two-thirds of the GBR have undergone severe bleaching (Kerry and Hughes, 2017,
GBRMPA, 2017b) (Fig.2.6).

The unusually high SSTs of 2016 were triggered by a strong El Nino event. How-
ever, this year, the above-average temperatures could not be explained by such event
implying global warming is the culprit behind such elevated SSTs. This situation
already occurred in 2002 where the abnormally high SSTs were not related to an El
Nino event either (Kerry and Hughes, 2017).
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Figure 2.6: Extent of the 2017 bleaching event compared to the event of 2016 (Kerry and
Hughes, 2017)

T 1 T —
75 150 300 Miles

2.3 Finding the best available data: AIMS moni-
toring program

After having established the specific periods of interest from the bleaching events,
the next step involved finding the best available data to use as a reference point
for coral cover assessment. For this, we used the data from the Australian Insti-
tute of Marine Science (AIMS). This institute was established in 1972 and has since
then been providing important research to help guide decision-making related to the
management of Australia’s marine estate (AIMS, 2000). Their comprehensive and
impartial datasets have already been used by many scientists in different studies
(Berkelmans et al., 2004; Wooldridge and Done, 2004; De’ath et al., 2012; Mellin
et al., 2019), and their large-scale as well as long-term aspects make it ideal for this
particular case study. This data was kindly provided to us by the AIMS Long-Term
Monitoring Program (LTMP) on personal request. Two different methods are used
in this program to assess coral cover: broadscale manta tow surveys and intensive
photographic surveys (Fig. 2.7).

In the context of this work, the coral cover data used was the one assessed
through the broadscale manta tow suveys. AIMS began these broadscale surveys in
the 1980s with as first objective to monitor COTS populations. These surveys cover
eleven sectors of the GBR, from Cape Grenville to Capricorn Bunkers (Fig. 2.8).
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Figure 2.7: AIMS manta tow and intensive photographic surveying techniques (AIMS,
2018e)

Figure 2.8: Sectors covered by AIMS for broadscale and intensive photographic surveys
(in blue) and sectors covered only by broadscale surveys (in black) (AIMS, 2018e)

With the manta tow technique, a snorkel diver holds on to a manta board at-
tached to a small boat and is towed around the entire perimeter of each sampled
reef at a constant speed. Every two-minutes, the boat stops, allowing the snorkeller
to report its results (among which, estimated coral cover) on a data sheet. The boat
navigators follow "towpaths" marked on an aerial photograph of each reef in order
to try and monitor the same parts of each reef during each survey. To be efficient,
this survey technique requires at least 6m visibility underwater and because this
often is not the case in inshore waters, inshore reefs are therefore poorly represented
in this type of monitoring program (Sweatman et al., 2011). Still, this method has
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the advantage of covering large areas rapidly and of requiring minimal equipment
(AIMS, 2018e).

Because the manta tow method reports the mean coral cover by sampling the
entire reef, which often include sandy bank reefs, it will have lower values than the
intensive photographic method which occurs on smaller sections of the reefs and
always in an area conducive to coral growth [G. Colemans, pers. communication].
Despite this shift, when comparing manta tow estimates with intensive scuba sur-
veys undertaken by the GBRMPA and estimates from video footage by Reefwatch
Australia, the resulting level of agreement suggested that broadscale surveys esti-
mated coral cover with sufficient accuracy as to be able to identify moderate to
large-scale disturbances and recovery (AIMS, 2018e).

2.4 Interpolating the data over the whole GBR

For obvious reasons, AIMS did not monitor all existing reefs in the GBR and an
interpolation was thus necessary to obtain coral cover information for each reef.
Because of the narrow shape of the GBR, spatial interpolation methods were quite
limited and the Inverse Distance Weighting (IDW) method was finally considered
most adequate. This technique computes an average value for unknown points from
nearby weighted points. This weighting is proportional to the distance to the un-
known point, assuming closer values to the unknown point exert more influence
than further locations (QGIS, 2019). This spatial influence makes sense in our
context since reefs tend to bleach (or not) in spatial clusters (Berkelmans et al.,
2004; Osborne et al., 2011). This level of influence can be parametrised through
the IDW power coefficient. A "leave-one-out validation" was performed to fine tune
this power coefficient and its value was set for the lowest Root Mean Square Error
(RMSE) computed (RMSE=9,23%; 10,93%; 11,42%; 10,58% for the baseline, post-
1998, post-2002 and pre-2016 events respectively).

2.4.1 Approximations

Several approximations were made in order to produce the results developed in sec-
tion 2.4.2.

For the post-1998 and post-2002 events, the assessment method involved IDW
interpolation. Seeing that IDW produces best results when sampling is sufficiently
dense and points relatively even (QGIS, 2019), a first approximation was made in
order to include more data points as input for the interpolation, making it more
reliable. This involved including data from previous years to the dataset of the
current year. More specifically, the methodology to construct the input points was
as follows: for a specific year (i.e 1998), when post-bleaching data was available
(i.e the data from 1999), it would be used as input points and then, to acquire
additional input data, coral cover values from before the bleaching event were used
by targeting only the ones corresponding to reefs that were not located within the
zones impacted by bleaching. The difference in the amount of data points available
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can be seen on Fig. 2.9. With this method, the amount of sampled reefs reached
270 for 1998 and 220 for 2002.

® Reefs with coral cover data

| 0 200

| 0 200 400 km
[ [ - )

l R P . A
— v pnd e ‘---\: “r

Figure 2.9: Comparison of the amount of data points for the 1998 event when (A) only
post-1998 data is used, (B) both relevant pre-1998 data and post-1998 data are used

This is a big approximation but it remains fairly reasonable considering that
AIMS focuses on monitoring areas where disturbances have occurred such as COTS
outbreaks, cyclones and bleaching events (AIMS, 2018d), which means that where
no monitoring has been conducted, it is likely that no major disturbance has oc-
curred and that coral cover values remain relatively similar to the last most recent
monitored ones. However, this hypothesis thus also rules out the possibility of an
increase in coral cover which is more than likely if conditions have been favourable
to growth in areas where no bleaching has occurred. This must be kept in mind
when analysing the results as these likely underestimate the true coral cover values.

Since corals are able to recover from disturbances and can reach estimated growth
rates of 2,85% y ! (De’ath et al., 2012) to 3,69% (Osborne et al., 2011) in the absence
of disturbances, this makes recovery an important aspect of coral reef health. This
is why the 2016 event was divided into two coral cover levels, one "post-2016" and
another one "pre-2016" in order to reflect the potential recovery that has manifested
itself over the 14 years separating the 2016 event from the 2002 event. Recovery
was only considered between those two events and not between the 1998 and 2002
events because of the shorter timespan between them. For this reason, 2016 is the
only year in the timeline to have "post-" as well as "pre-" coral cover values. To
assess the pre-2016 coral cover, data points available from 2012 to end of 2015 were
used. The reason for having began in 2012 and not solely in 2015 is because using
the year 2015 alone would not have provided sufficient data and in addition to that,
AIMS does not monitor the same reefs every year which means that, by covering
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more years, a larger amount of monitored reefs is covered. The amount of sampled
reefs used for the IDW interpolation was 170.

Due to the smaller amount of data available for the post-2016 and post-2017
events, and because of the very short timespan separating these two events, the
assessment of their corresponding coral cover was done through a different method
than that for the years preceding the 2016 bleaching event. An alternative was thus
found through the figure provided by Hughes et al. (2018a), illustrating the loss of
coral cover following the 2016 event (Fig. 2.10). This percentage of coral cover loss
was thus deduced from the already established pre-2016 level to assess the post-2016
coral cover. Because such similar information was not available specifically for 2017
and because the data available for 2017 was so scarce, Fig. 2.10 was also used as a
reference to deduce the amount of coral cover lost during that year. Thus, the same
percentage of loss corresponding to the most severe bleached areas in 2016 was also
used for the most severe bleached areas in 2017 (Fig. 2.6).
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Figure 2.10: Change in coral cover on the GBR between March and November 2016
(Hughes et al., 2018a)

Coral cover decline tends to be lower on reefs experiencing low disturbance,
and vice versa (Mellin et al., 2019). Yet, in the past -that is when human activ-
ities were not as developed as they are today (i.e pre-european settlement times)-
coral reefs had fewer threats to face from anthropogenic sources, especially in terms
of water quality (Bellwood et al., 2004; Hughes et al., 2011; De’ath et al., 2012).
This lower disturbance level therefore implies coral cover was higher at the time
than it is in this 21st century. It was therefore considered relevant to add a "pre-
disturbance/baseline" coral cover level to the timeline. However, as explained in
section 2.1.2 regarding the shifting baseline syndrome, no historical data on coral
cover is available, making it difficult to assess this "undisturbed" coral cover state.
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Although the dataset provided by AIMS goes as far back as 1985, data from that
year could not be used as a reference point because its coral cover averaged 30%. Yet
it is almost certain that historical coral cover was much higher than that (Bellwood
et al., 2004; Bruno and Selig, 2007; Hughes et al., 2011; De’ath et al., 2012). An
alternative thus had to be found if this baseline coral cover was to be added to the
timeline in order to have a reference point to compare the different post-bleaching
coral cover levels with.

The method that was finally adopted involved identifying, for each reef included
in the dataset, its highest monitored coral cover value, whatever year it corresponded
to. This approximation was made based on the fact that if a reef had high coral cover
at some point between 1985 and 2019 (time scale of the AIMS LTMP), it was likely
to have reached that same value at some point in the past. Naturally, these peaks
in coral cover are unlikely to be the highest values these reefs have ever reached but
they do give an idea of the potential a reef has in terms of coral cover. Also, even
though maximum values were extracted, some of them remained relatively low and
may still reflect important disturbances. To mitigate this drawback, maximum coral
cover values below 30% were excluded since this was the average in the mid 80’s
according to the LTMP dataset and any coral cover below that amount thus most
probably translates some sort of disturbance. With this method, 290 sampled reefs
were used as input data for the interpolation.

Finally, although this is not an approximation per se, it is nonetheless also im-
portant to keep in mind the method involved behind the data acquisition. Indeed,
because the data used in this work comes from broadscale manta tow surveys, as
mentioned in section 2.3, the coral cover values won’t be as high as if we had done
the same work but with intensive photographic data.

The data manipulations described above were for the most part achieved using
the QGIS geographic information system (QGIS, 2002).

2.4.2 Results and discussion

Once the approximations were set, coral cover for the different events was assessed.
This was done using the open source RStudio software (RStudio Team, 2016). Only
the coral cover for the baseline, 1998, 2002 and pre-2016 events were interpolated
in RStudio seeing that the post-2016 and 2017 coral cover were assessed through a
different method (see previous section).

Our results found the average coral cover on the whole GBR for the baseline
scenario is 43,42% (Fig.2.11). This does not correspond to the 50% coral cover
estimated by Bruno and Selig (2007) for the historical level, and is instead closer to
the average 40% coral cover they estimated for the Indo-Pacific in the early 1980’s.
Also, specifically for the GBR, Bellwood et al. (2004) performed a meta-analysis of
the literature to produce historical coral cover results. Their results are visible on
Fig. 2.12. From that figure, Hughes et al. (2011) redraw a frequency distribution of
coral cover prior to 1980 (Fig. 2.13). This shows the reefs had a modal amount of
41-50% coral cover during that time.
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Figure 2.11: Results for the baseline scenario showing (A)Interpolated coral cover on
the GBR with the dots representing the sampled points used as input for the interpolation;
(B)Density plot showing the distribution of coral cover data
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Figure 2.12: Results of coral cover coral cover on the GBR in 1963-1980 based
based on a meta-analysis of the literature on a meta-analysis of the literature (Hughes
(Bellwood et al., 2004) et al., 2011)

When combining information from these different studies (Bellwood et al., 2004;
Bruno and Selig, 2007; Hughes et al., 2011), it seems the results produced in this
work for the baseline scenario should not be associated with the pre-European set-
tlement but rather with the middle of the 20th century if they are to be relevant.
This happens to coincide with the period just prior to when the fossil fuel industry
started to grow rapidly in Queensland, which began in the 1970s (Hughes et al.,
2015). Therefore, although this baseline scenario does not reflect an "anthropogenic
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disturbance-free" level, it is still potentially representative of the level of coral cover
that may have existed before unprecedented amounts of mining, greenhouse-gas
emissions, shipping, port developments and dredging started to burden the GBR
(Hughes et al., 2015).

It is however important to keep in mind that metadata analyses performed in
the context of coral cover decline on the GBR have caused debate, with some scien-
tists challenging the accuracy of such metadata analyses claiming their estimates are
most likely overestimated (Sweatman et al., 2011). Even though there is indeed an
unknown amount of variance associated with such type of analyses (Hughes et al.,
2011), they nevertheless provide valuable insight into what coral cover could have
been like in the past and that is already in itself a step forward.

Fig. 2.14 and Fig. 2.15 show the coral cover results for the post-1998 and post-
2002 bleaching events respectively. The average coral cover estimated on the whole
GBR for these two events is 31,01% and 27,76% respectively. A comparison with
the literature was made to evaluate how relevant these results were.
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Figure 2.14: Results for the post-1998 event showing (A)Interpolated coral cover on the
GBR with the dots representing the sampled points used as input for the interpolation;
(B)Density plot showing the distribution of coral cover data
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Figure 2.15: Results for the post-2002 event showing (A)Interpolated coral cover on the
GBR with the dots representing the sampled points used as input for the interpolation;
(B)Density plot showing the distribution of coral cover data

Mellin et al. (2019) studied the spatial resilience of the GBR under cumulative
disturbances and showed there was a noticeable decline in coral cover (-0.75%/year)
between 1996 and 2002 due to the 1998 and 2002 bleaching events as well as a major
COTS outbreak. Their level of coral cover remained however fairly consistent be-
tween the post-1998 and post-2002 events with only a slight decrease (see red dotted
lines on Fig.2.16).
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Figure 2.16: Mean predictions of coral cover averaged across the entire GBR (Mellin
et al., 2019). The dotted lines were added to indicate the levels at which our coral cover
results should be compared with.
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Osborne et al. (2011) showed similar results in their study on the dynamics of
coral cover on the GBR between 1995 and 2009. They established no net decline in
coral cover had occurred in that period despite the presence of disturbances. They
estimated an average 30% coral cover over that time frame, with a peak of 33% in
1999 and a low of 27% in 1995 (thus slightly contradicting the results of Mellin et al.
(2019) which placed their peak prior to 1999).

This apparent overall stability, illustrated 40 A BR
on Fig. 2.17, was the result of a bal-
ance between local increases and decreases
of coral cover at subregional scales (Os-
borne et al., 2011). Seing that Osborne 10
et al. (2011) contend that 27-33% cover 0
is a meaningful and accurate representa- 95 00 05 10
tion of the average coral cover on the _

GBR since 1995, and that Mellin et al. Figure ,2'17: Average coral cover
(2019) show a similar estimate averaging () (y-axis) for the whole GBR be-

. t 1995-2009 (x-axi Osb

30%, our results thus seem fairly rele- ween (x-axis) (Osborne
¢ et al., 2011)

vant.

However, Osborne et al. (2011) conducted their own sampling of reefs using a
different method than that used by AIMS. Indeed, they sampled sites located on the
flank of reefs which is where reef accretion is most active whereas AIMS included
large areas of non-coral habitat using the mantatow technique (as explained in sec-
tion 2.3). Mellin et al. (2019) on the other hand combined data from both methods.
The results of Osborne et al. (2011) thus likely illustrate a ’best case scenario’ and
the results from AIMS a 'worst case scenario’. Based on AIMS monitoring method,
the average coral cover on the whole GBR declined from 28 to 22% between 1986
and 2004 (Sweatman et al., 2011; De’ath et al., 2012). Because the data used in
this work comes from AIMS, the results should be closer to the 28-22% coral cover.
Instead, our results seem to be closest to the ones of Mellin et al. (2019). Never-
theless, because the data from AIMS likely underestimates the true extent of coral
cover (cfr. section 2.3), our results being slightly superior to their estimates is thus
perhaps not such a bad thing.

Fig. 2.18 shows the results for the coral cover preceding the 2016 bleaching event,
illustrating the potential recovery that occurred since 2002. These results show an
average coral cover on the whole GBR of 22,37%. Although this ’pre-bleaching’
coral cover was considered in our timeline in order to highlight the recovery process
of corals, instead of seeing an increase in average coral cover on the GBR, there
is a noticeable decrease from 27,76% post-2002 to 22,37% pre-2016. Our timeline
has been constructed based on mass bleaching events having hit the GBR, however,
these are not the only threats to coral reef habitats and other disturbances such as
cyclones or COTS predation could explain why the coral cover decreased between
2002 and pre-2016 even though no mass bleaching occurred.
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Figure 2.18: Results for the pre-2016 event showing (A)Interpolated coral cover on the
GBR with the dots representing the sampled points used as input for the interpolation;
(B)Density plot showing the distribution of coral cover data

Indeed, although no mass bleaching event hit the GBR between 2002 and pre-

2016,

the following disturbances may explain the apparent decline in coral cover:

In the summer of 2005-2006, a bleaching event took place in the south of
the GBR, around the Keppel Islands (Osborne et al., 2011; AIMS, 2018a).
Although the spatial scale of this bleaching was limited to this region, its
intensity was worse than for previous mass bleaching events, with up to 98%
of corals having bleached on some reefs (AIMS, 2018a).

During the summers of 2008-2009 and 2010-2011, extreme rainfalls triggered
important flooding which led to large amounts of freshwater being discharged
into the sea, causing inshore reefs to undergo freshwater bleaching (AIMS,
2018a).

Between 2009 and 2012, many cyclones have hit the GBR (De’ath et al., 2012),
including 2009 cyclone Hamish that damaged more than 50% of coral reefs in
the southern region and 2011 cyclone Yasi that hit the centre of the GBR and
was one of the most powerful ones on records to have occurred on the GBR
(GBRMPA, 2019d).

COTS predation is a real nuisance for corals and once an outbreak occurs, it
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spreads like a wave which can last approximatively 10 years. The most recent
outbreak started in 2010 and is still spreading across the GBR (GBRMPA,
2019a).

e All the above disturbances are likely to have affected coral cover on the GBR
by inducing mortality, but coral cover is not characterized solely by mortality,
it is also dependant on the rates of growth of corals (Osborne et al., 2011;
Hughes et al., 2011; De’ath et al., 2012). In their study, De’ath et al. (2012)
establish that these rates have declined by 15-20% since the 1990’s due to
increasing thermal stress.

From the above disturbances, the years 2009-2010 seem to have been a turning
point in the levels of coral cover on the GBR and this seems to be confirmed by
Mellin et al. (2019) as their results show a steep decline during that period (Fig.
2.16). Between 2003 and 2009, on the other hand, they showed a slight increase in
mean coral cover by +0,73%y L.

The mean coral cover of 22,37% estimated in this work for the pre-2016 event
is likely to be an overestimation, as it is higher than the mean of £+ 19% estab-
lished by Mellin et al. (2019) and the mean of 19,8% established by AIMS (AIMS,
2019a). Also, as regard to the monitoring method, manta tows are limiting in terms
of precisely distinguishing causes of reported mortality, depending on the timing
of observations (Hughes et al., 2011). Therefore, even though this work puts an
emphasis on mass bleaching events to explain spatial and temporal trends in coral
cover, the levels of coral cover reported following each of these events can not be
solely ascribed to these bleaching events.

Although this work has integrated the pre-2016 coral cover to its timeline in
an attempt to take into consideration the recovery process between 2002 and 2016,
it does not truly illustrate the recovery in itself because this process is of course
very complex and a simple "snapshot" of the coral cover state at one point in time
followed by another one several years later is more of a static representation of two
different states of coral reef health than a true integration of dynamic recovery. The
analysis of recovery would have required deeper understanding of subregional and
evolutionary trends of individual reefs, which is beyond the scope of this work.

Fig. 2.19 and Fig. 2.20 show the coral cover results following the 2016 and
2017 events respectively. The average coral cover estimated for the whole GBR for
these two events is 18,24% and 17,46%, respectively. As explained in section 2.2, it
is the northern part of the GBR which suffered the most from severe bleaching in
2016. The temperatures were so excruciatingly high that some of the corals literally
burned to death. This explains why, on Fig. 2.19, we can see that most dots are
practically white indicating a coral cover inferior to 15%. Fortunately, the southern
region escaped this ravaging heat stress and levelled the coral cover up to an average
of 18,24%. This result seems to be in consistency, once again, with the results from
Mellin et al. (2019) (see blue dotted lines on Fig.2.16) but also with the estimated
18% averaged coral cover established by AIMS for this same period (AIMS, 2017).
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Figure 2.19: Results for the post-2016 event showing (A)Coral cover on the GBR;
(B)Density plot showing the distribution of coral cover data
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Figure 2.20: Results for the post-2017 event showing (A)Coral cover on the GBR;
(B)Density plot showing the distribution of coral cover data

The strike back of a bleaching event in 2017 right behind the 2016 event left
little to no chance of recovery for weakened corals. It can take corals up to decades
to recover from high mortality rates (GBRMPA, 2017a; Hughes et al., 2018a). In
addition to the bleaching event which took place mainly in the central region, 2017
also witnessed the category 4 Tropical Cyclone Debbie (GBRMPA, 2019d; Kerry and
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Hughes, 2017). This cyclone could have helped relieve the corals from the heat stress
if it had occurred in the same area as the bleaching, but instead it caused additional
damage further south to where the bleaching took place (Kerry and Hughes, 2017).
The damage from the cyclone was not included in the post-2017 results and these
are thus likely an overestimation of the true coral cover for that period. The close-
up on Fig.2.20 shows the extent to which coral cover has diminished in the central
region due to accumulated bleaching with an area of almost exclusively white dots.
A bit less than a decade ago, De’ath et al. (2012) warned that without intervention,
coral cover on the GBR would likely fall to 5-10% by 2022. Our results indicate
that the estimated coral cover on the GBR averaged 17,46% in 2017, with in mind
the fact that this is likely an overestimation. Hence, it is not unlikely that by 2022,
the coral cover will further decline to a level close to what was predicted by De’ath
et al. (2012).

Overall, according to the approximations made in this work, mean coral cover
on the GBR decreased from a hypothetical baseline level of 43,42% to 17,46%.
Such results beg the following question: « What next ?». The northern region will
take at least 10-15 years to recover its lost corals, that is considering a best case
scenario where no major disturbance would occur, which points towards the urgency
of tackling climate change related issues by meeting the targets set in the Paris
agreement (Kerry and Hughes, 2017). Furthermore, SST prediction models have
led to believe that if most corals on the GBR maintain the same existing level of
thermal tolerance, they will not be able to withstand future heat stress, leading to
annual large-scale bleaching events by the year 2030 (Baird and Marshall, 2002).
The possibility of a full recovery hangs by a thread and will need the following
conditions to apply:

1. Surviving colonies are able to recover their algal symbionts, regaining their
colour, and slowly start contributing to reef growth again. This can be done
within a period of weeks to months after SSTs have come back to normal
(GBRMPA, 2017a; Hughes et al., 2018a).

2. Longer-lived corals, slow growing species not having bleached can replace dead
corals, colonising damaged reefs (Hughes et al., 2018a).

3. Through connectivity, larval recruits reach damaged areas and replace dead
corals, allowing for further colonisation (GBRMPA, 2017a; Hughes et al.,
2018a).

Unfortunately, these conditions will be unlikely met, given the following condi-
tions. In case scenario (1), due to extensive loss of tissue and important injuries,
surviving corals are so weakened, they become easy targets for all sorts of diseases
and predation and thus tend to further die slowly (Hughes et al., 2018a). In case
scenario (2), slow growing species will likely take decades to replace dead corals,
exceeding the return time of future bleaching events (Hughes et al., 2018a). As for
case scenario (3), although the replacement of dead corals by larval recruits will
take at least a decade according to Hughes et al. (2018a), it seems to be the only
condition we can act on favourably. Indeed, if there is a sufficient supply of larvae
from fecund, intact reefs to replenish damaged areas through a connected network
and if substrate allows for settlement, it will already lay a proper groundwork for
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recovery. This means that most resilient and useful reefs (i.e reefs sending over many
larvae to other reefs) should be targeted for conservation actions. Identifying these
reefs and their influence on the connectivity network across our considered timeline
will be the topic of the following chapter.
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Weighting connectivity over time

"As connectivity information becomes increasingly available through both empirical
and modelling studies, it is foreseeable that conservation planners may soon have
access to marine connectivity estimates for designing conservation area networks"
(Beger et al., 2010). This accurate prediction highlights the progress that has been
made in connectivity modelling over the past decade. Allusions to promoting con-
nectivity in reserve design already emerged in the 1980s with recommendations for
the implementation of ecological corridors (Margules et al., 1982; Soulé and Sim-
berloff, 1986) but it is only since the 2000s that ecological connectivity and the
impact of its integration in the design of MPAs has attracted escalating attention
in the scientific community with scientists today agreeing on the fact it is a crucial
component to integrate into conservation planning (Schill et al., 2015; Krueck et al.,
2017; Hock et al., 2017; Magris et al., 2016, 2017, 2018; Alvarez-Romero et al., 2018).

This chapter will develop the notion of ecological connectivity and why it so
crucial in protecting vulnerable ecosystems such as coral reefs. A summary of how
the connectivity used in this thesis was modelled will be provided before analysing
the results once this connectivity has been weighted with the coral cover information
assessed in the previous chapter. This will allow us to see how the connectivity
patterns change across the considered timeline and thereafter use that information
in the following chapter using Marxan to integrate connectivity into spatial planning.

3.1 Acknowledging the importance of connectivity

When referring to connectivity, many different interpretations can be made (McCook
et al., 2009; Kininmonth et al., 2011; Kool et al., 2013), however, in the context of this
work, the term connectivity will refer to the demographic linkages that exist between
populations (here, coral reefs) through the dispersal of larvae among them, as it is
the case in most studies (Almany et al., 2009; McCook et al., 2009; Beger et al.,
2010; Schill et al., 2015; Magris et al., 2014, 2016, 2017, 2018). This demographic
connectivity, often referred to as ecological connectivity, is different than genetic
connectivity which occurs on much longer time scales (e.g. evolutionary). However,
maintaining ecological connectivity will, in turn, generally lead to ensuring genetic
connectivity as well (McCook et al., 2009).
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The benefits of considering this ecological connectivity (hereafter, "connectiv-
ity") are manifold, especially in the marine realm (Magris et al., 2018). It is crucial
to ensuring ecological integrity of coral reefs and associated ecosystems, biodiver-
sity, and population persistence (Almany et al., 2009; Botsford et al., 2009; McCook
et al., 2009; Beger et al., 2010; Schill et al., 2015; Magris et al., 2014, 2016). The
supply of larvae provided from robust sources is a key factor in sustaining population
replenishment after disturbances such as bleaching events. Even under the highest
level of protection, a reef can remain vulnerable if its supply of recruits from other
reefs is not ensured (McCook et al., 2009). Besides its implications for ecological
aspects, integrating connectivity is also beneficial for fisheries and other economic
activities dependent on coral reef ecosystems (McCook et al., 2009; White et al.,
2014), as better connected sites are predicted to have higher biomass (Beger et al.,
2010; White et al., 2014).

All of the above have implications for conservation planning. Up until recently,
most reserve designs did not include connectivity and focused essentially on habitat
types or species as proxies for biodiversity, which are more easily represented than
dynamic ecological processes (Magris et al., 2016). Questions such as "Where do
young recruits arriving to a particular reef come from?", "Where do progeny from
adults on that reef go to ?" or "How far do they travel?" remained unanswered (Jones
et al., 2009). However, due to the ample evidence that including connectivity is an
important factor in boosting the resilience of marine ecosystems, reef managers are
starting to transition from a static to a more dynamic-based management to ensure
the success of their MPA network (Pressey et al., 2007; Beger et al., 2010; Magris
et al., 2014; Abelson et al., 2016; Magris et al., 2018).

Depending on the objectives set out, the connectivity can be derived from differ-
ent population groups such as fish (White et al., 2014; Beger et al., 2015), migratory
species (i.e turtles (Beger et al., 2015; Mazor et al., 2016)) or even sea cucumbers
(Beger et al., 2015). In this work, it is the dispersal of coral larvae that was used
for connectivity. Seeing corals are the principal engineers of reef habitats, ensuring
healthy reefs inherently ensures higher densities of different taxa and thus, commu-
nity diversity (Hock et al., 2017).

3.2 Modelling larval dispersal

A variety of different techniques can been used to measure connectivity between
populations (Jones et al., 2009; Kool et al., 2013). The connectivity used in this
thesis was established beforehand by Saint-Amand et al. (2018) in the context of
PhD research. They used the indirect method of biophysical models which simulate
both ocean currents and larval biology to measure connectivity patterns. Unlike
empirical methods which are unpractical in terms of data collection and spatial ex-
tent, biophysical models are capable of providing potential connectivity information
at a larger scale as well as recognizing asymmetrical linkages (Magris et al., 2016).
The method developed by Saint-Amand et al. (2018) has the additional advantage
of effectively characterizing small-scale exchanges in addition to large-scale ones by
using the unstructured-mesh SLIM (Second-generation Louvain-la-Neuve Ice-ocean
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Model)! which can reach high spatial resolution in specific areas. A brief summary
of how the connectivity used in this thesis was calculated is provided in the following
subsections but for further information, one will have to refer to Saint-Amand et al.
(2018) as details on connectivity modelling go beyond the scope of this thesis.

3.2.1 Modelling ocean currents

Ranging from shallow estuarine areas with an average depth of 35 m, to 2000 m
deep oceanic waters (GBRMPA, 2018g), the GBR is characterized by a complex
water circulation. The ocean currents play an important role in many aspects of
marine life, including larval dispersal. Accurately characterizing these currents is
thus essential to understanding the exchanges between reefs.

The large-scale circulation is dominated by the South Equatorial Current (SEC)
which flows westwards through the Coral Sea, bringing it warm equatorial water
(Burrage et al., 1996; CSIRO, 2015). Multiple jets occur immediately north and
south of the Queensland Plateau and bifurcate as they approach the Australian
continental shelf to form the southward East Australian Current (EAC) and the
northward Hiri Current (Fig. 3.1). The EAC stengthens as it exits the Coral
Sea further south forming meanders and eddies. The Hiri Current flows along the
northern shelf edge of the GBR into the Gulf of Papua, forming a partially closed
cyclonic eddy. These two currents form the boundary currents of the GBR. In the
central part of the GBR, upwellings of cool Coral Sea waters occur along the bottom
of the outer shelf. This cold water ends up surrounding and covering individual reefs

in near-surface waters through different mechanisms (eddies, tides, ...) (Burrage
et al., 1996; CSIRO, 2015).

Figure 3.1: Bathymetry and key currents in the GBR region (CSIRO, 2015)

Thttps://www.slim-ocean.be
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The EAC and SEC have been reported to strengthen during El Nino events
(Steinberg, 2007). However, according to the GBRMPA, there is an overall trend in
strengthening and accelerated warming of the EAC, now transporting greater and
warmer volumes of water southward (GBRMPA, 2018f). Altered ocean circulation
patterns have implications for the transport of larvae among coral reefs.

To capture the patterns of all the different ocean currents surrounding the reefs
and to represent both small- and large-scale features, Saint-Amand et al. (2018)
used the 2D barotropic version of the unstructured-mesh ocean model SLIM (Fig.
3.2). With this model, they calculated water elevation and depth-averaged current
velocity and used the following three factors as external forcings: wind, tides and
external currents. The latter are obtained from the 3D model eReefs? and account
for processes occurring in deep areas which are not captured by the 2D version
of SLIM. The results were validated with measurements from 8 IMOS mooring
stations and compared with the eReefs results. SLIM performed slightly better at
some validation points and eReefs at others (Saint-Amand et al., 2018).

Figure 3.2: Unstructured mesh from SLIM consisting of ~ 2.5M elements with a resolu-
tion ranging between 200m and 25km (Saint-Amand et al., 2018)

3.2.2 Simulating larval dispersal

The second step of the model consisted in simulating the dispersal of coral larvae and
their settlement. The species considered for this simulation was Acropora Millepora
because of its occurrence across the whole GBR and its biological processes (such
as mortality and settling behavior) that have been quantified experimentally (Saint-
Amand et al., 2018). The Acropora genus is often used in studies as a proxy for
coral representation (Baird and Marshall, 2002; Richards, 2013; Wolff et al., 2018).
The Acropora genus, in addition to accounting for most of the hard coral dynamics

https:/ /research.csiro.au/ereefs /models
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due to its sensitivity to disturbances and its fast recovery rates, is predicted to play
an important role in ensuring resilience of the GBR under climate change (Wolff
et al., 2018), which makes it a relevant proxy in today’s context.

The simulation consists in releasing millions of passive virtual larvae over the
reefs which then spread following the currents modelled by SLIM in the previous
step. The number of larvae is proportional to the area of the reef over which it is
released. The physical processes involved in their dispersal were simulated with a
depth-averaged Lagrangian particle tracker. It is the mass spawning event of 2012
that was used as target reference. The temporal scale of the simulation extended
from December 2012 to February 2013, covering 70 days of dispersal. For biolog-
ical considerations, the parameters of "mortality" (probability of dying each day),
"competence" (ability of larvae to settle on a reef) and "settlement" were considered
and adjusted to A. Millepora. Also, once a larvae was competent, it was assumed to
settle on the first reef it encountered (Burgess et al., 2014; Saint-Amand et al., 2018).

The final result is a connectivity matrix containing information on the exchange
of larvae between pairs of reefs (Fig. 3.3(A)). The higher the amount of larvae leaving
reef i ("source’ reef) and settling onto reef j (’sink’ reef), the stronger the connection
between those two reefs. This connection is denoted Cj;, where ¢ is the row and j is
the column (Saint-Amand et al., 2018). On Fig. 3.3(A), the strongest connections
are in red and the weakest ones in blue. The strongest connections appear on the
diagonal and are associated with local retention which is the proportion of larvae
released over a reef that settle on that same reef. Local retention identifies the self-
persistent reefs (Saint-Amand et al., 2018). The hotspots (i.e. 10% reefs with the
highest values in local retention) among these self-persistent reefs are spread out
across the GBR (Fig. 3.3(B)). The numbers on the axes of Fig. 3.3(A) represent
the ID numbers assigned to every reef of the GBR. These numbers match the IDs
from the official GBRMPA reef map, available on the GBRMPA Geoportal?.

3http://www.gbrmpa.gov.au/geoportal /catalog/download /download.page
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Figure 3.3: The connectivity results from (Saint-Amand et al., 2018) visualised through:
(A) A dispersal matrix where the rows represent the ’source’ reefs and the columns the
'sink’ reefs. Red represents the strongest connections. (B) Hotspot reefs in local retention.
These hotspots were identified by selecting the 10% reefs with the highest local retention
values

3.3 Weighting of the connectivity by coral cover

The biophysical model of Saint-Amand et al. (2018) produces a "potential connec-
tivity", which means the reproductive output of a reef depends solely on its size (the
larger the reef, the greater its reproductive output and the more likely it is to attract
larvae). However, this is a "best-case scenario’ and, ideally, other factors that might
also influence the reproductive output should also be considered to better capture
reality (Botsford et al., 2009; Magris et al., 2016). These factors can for example
include thermal stress, sedimentation, coastal development or fishing intensity, and
can be used as proxies to inform on the quality of the habitat. The factors are
then combined into a single "habitat quality index" (HQI) with which the potential
connectivity is weighted to become a "realized connectivity" (Magris et al., 2016).

Magris et al. (2016) strongly recommend fine-tuning the potential connectivity
with habitat quality data to produce more plausible results. However, in the scope
of this work, instead of developing a composite habitat quality index of various
threats, fine-tuning was limited to a direct measure of reef quality: coral cover.
This remains valid given that most of the factors used in the HQI are known to have
significant impacts on coral cover, which makes this approach merely a shortcut. To
corroborate this, Magris et al. (2016) found that reef cells with poor quality were
characterized by substantial losses of coral cover. The potential connectivity from
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Saint-Amand et al. (2018) was thus weighted for each year of our timeline with the
coral cover calculated in the previous chapter.

3.3.1 Results

Each row of the connectivity matrix was multiplied with the corresponding coral
cover of each year which led to 6 different connectivity matrices (respectively base-
line, post-1998; post-2002, pre-2016, post-2016 and post-2017).

The results from connectivity analyses can be interpreted in many ways using dif-
ferent graph theory tools. The connectivity metrics often used for network analysis
include the outflux, betweenness centrality, local retention, PageRank index, out-
degree, and more depending on the objective of the analysis (Magris et al., 2016,
2018; Hock et al., 2017). However, in the context of this work, because the potential
connectivity was merely weighted with coral cover over the years and not reassessed
from the model with different inputs, the connections themselves remained the same
even though their strength was altered. This is why only the outflux and influx met-
rics, which consider the strength of connections, gave distinguishable results when
applied throughout the timeline (Fig. 3.4). Indeed, the outflux metric approxi-
mates the source-strength of a reef by measuring its emigration potential and is
particularly useful in identifying the reefs most suited to sustaining the surrounding
populations whereas the influx measures the immigration potential to a reef pre-
dicting its persistence (Minor and Urban, 2007). The graph theory analyses used
in this study were performed using the Matlab software (The MathWorks Inc., 2019).

In order to maintain consistency, a threshold value was fixed across the whole
timeline for both metrics. This value was determined from the baseline level for
which a threshold was calculated beyond which 10% of the reefs with the highest
values were selected (i.e. hotspots). This threshold was then used as a reference
for the following years. The results for the outflux metric show a visible decrease
in the amount of reefs able to reach that threshold with the remaining key sources
forming two separate clusters, in the north and in the south of the GBR where the
connections seem to be the strongest (Fig. 3.4). The results for the influx met-
ric showed a similar trend with the same two clusters remaining at the end of the
timeline. Since connectivity between patches of habitat decreases as the distance
between them increases (Almany et al., 2009), it makes sense that these two clusters
are isolated from each other. And of all the intra-connected communities, the ones
from the north and the south of the GBR seem to be the strongest.

However, outflux and influx are not designed to measure connections strength
beyond that of immediate neighbours which means they do not necessarily capture
the bigger picture (Minor and Urban, 2007). For this, the Google PageRank index
can be very useful (MarxanConnect, 2019). However due to the method of calcu-
lation behind this metric (relative weighting applied), it could not be used in the
context of this study due to the impossibility of setting a coherent threshold value
to apply for all years.
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Figure 3.4: Results for the outflux metric with hotspots corresponding to the (A)Baseline
level; (B)Post-1998 level; (C)Post-2002 level; (D)Pre-2016 level; (E)Post-2016 level,

(F)Post-2017 level
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3.3.2 Improvements

Despite having produced plausible results, the method involved in producing them
does entail a few drawbacks and some adjustments could be made to improve the
accuracy of the results.

One first drawback is the lack of species representation. Ideally, one should con-
sider multiple species when setting out conservation targets seeing that different
species are likely to have different dispersal strategies with possible species inter-
dependencies emerging (Kininmonth et al., 2011; Kool et al., 2013; Magris et al.,
2016, 2018). Although capturing these community effects is important, especially
for conservation planning, the connectivity used in this study is focused exclusively
on a single coral species, A. Millepora. Whereas, on the other hand, the coral cover
that was used to weigh this connectivity is representative of hard corals and not
specifically A. Millepora. Although A. Millepora was not chosen randomly and the
fact that it accounts for most of the hard coral dynamics makes it a good proxy if
one single proxy is to be used, the results, however, are relevant for only those reefs
where A.Millepora is present and its presence is particularly lacking on nearshore
reefs roughly between Townsville and Cooktown (Wolff et al., 2018).

Another way of improving the accuracy of the results would be through the
use of a composite habitat quality index. Indeed, even though coral cover levels
are likely to translate the disturbances (and thus habitat quality) occurring on a
reef, the assumption that high coral cover translates high reproductive output is not
necessarily true (Hartmann et al., 2018). Indeed, when under acute environmental
stressors (e.g. low water clarity due to terrestrial runoff), corals tend to reduce
the number of offspring they produce (Hartmann et al., 2018). Even though the
processes behind reproductive success are complex and a decrease in the number of
larvae does not necessarily guarantee a loss of ecological function (Hartmann et al.,
2018), considering habitat quality in addition to coral cover would have been likely
to produce more accurate results (Magris et al., 2016).

Also, the potential connectivity used in this study throughout the timeline is
specific to the spawning event of 2012. This implies that the connectivity patterns
in 1998 are identical to the ones of 2017 (the linkages that is, not their strength),
even though they are likely to change from one year to another (Kininmonth et al.,
2011), especially considering the prevailing context of global warming to which dis-
persal patterns are susceptible (Kool et al., 2013; Alvarez-Romero et al., 2018).

Finally, as mentioned in the previous section, not many connectivity metrics
could be used without jeopardizing the need for consistency throughout the time-
line. An alternative to this would imply changing the calculation method behind
these metrics such as the PageRank index in such a way that a threshold can be
set allowing for comparison over the years. However, the sole purpose of having cal-
culated these different connectivity matrices is to be able to integrate connectivity
information into Marxan and even though most planners focus on the importance
of protecting "source" reefs, what truly matters is to ensure whole system connec-
tivity. Indeed, as Kininmonth et al. (2011) pointed it out, "protecting a set of
highly productive, but disconnected, sources could be worse than protecting a well-
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connected chain of lesser sources, as the overall strength of the network is important
for metapopulation persistence". This is why the connectivity used in this study was
integrated into Marxan using the method of Beger et al. (2010), which allowed us to
identify priority sites that meet conservation targets while still ensuring important
connections between reefs were not ignored. Identifying these sites will be the topic
of the next and final chapter.
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Integrating connectivity into
conservation planning with Marxan

"The true effectiveness of any reserve system should be judged not by what is present
now but what will persist there in the future" (Game et al., 2008). This final chapter
is the culmination of this work in that it uses the information from the two previous
chapters on coral cover and connectivity to help answer the question that was raised
in the introduction of this thesis: "Which reefs -if there are any- are consistently
selected to be in MPAs throughout the timeline and thus appear to be sufficiently
resilient due to their performance in the past for us to secure them in the future 7".

This chapter will try and provide an answer to this question using the software
Marxan. Although the previous chapter already gave an indication as to which reefs
seem to consistently remain important connectivity sources throughout the timeline,
this information alone is not sufficient to guide the design of a reserve network (Kin-
inmonth et al., 2011; Almany et al., 2009). Indeed, conservation planning requires
taking different aspects into consideration, often environmental, ecological and so-
cioeconomic, to assess which areas are most suitable for protection (Abelson et al.,
2016). Also, depending on the objectives set out, the resulting reserve design can
vary greatly. These aspects and the sensitivity of the reserve design with regard to
the objectives set will be illustrated here through different scenarios.

This chapter will start by providing an insight into how Marxan operates exactly.
It will be followed by a section on the groundwork for implementing Marxan with
an overview of the different data used as input for the scenarios considered, the rea-
soning behind the setting of conservation targets and also details on the calibration
of certain important parameters. Finally, the results from Marxan will be presented
and a discussion on how to understand them as well as use them to try and best
address the research question above will conclude this chapter.

20



Chapter 4. Integrating connectivity into conservation planning with Marxan

4.1 Understanding how Marxan operates

Marxan is a decision support software used worldwide for the design of reserve sys-
tems (Ball et al., 2009). Marxan stands for "marine reserve design using spatially
explicit annealing" (Ball et al., 2009). The guiding principle behind this software is
to identify potential sites, referred to as 'planning units’ (PUs), that achieve ecolog-
ical targets whilst minimizing the associated cost. This is known as the "minimum
set problem", in contrast with the "maximum coverage problem" which tries to
capture as much biodiversity as possible with a pre-determined budget (Game and
Grantham, 2008).

There are two main types of algorithms used to solve reserve design problems:
the exact algorithms and the heuristic (non-exact) ones. The former singles out
an optimal solution whereas the latter identifies several good, near-optimal ones.
Marxan finds itself in the second category using a robust heuristic method known as
"simulated annealing", which provides solutions that get much closer to the optimal
solution than other heuristics (Game and Grantham, 2008). The range of multiple
good solutions calculated makes Marxan a flexible tool in decision making, provid-
ing stakeholders with a range of alternatives to choose from (Ball et al., 2009; Game
and Grantham, 2008). This selection of 'good’ over ’less good’ solutions is done
through the objective function. Marxan continually compares a range of different
sets of planning units which are assigned a value through this function and the lower
the value the better. The mathematical formulation behind this objective function
is illustrated by Equation 4.1 that Marxan minimizes to find near-optimal solutions
(Game and Grantham, 2008) :

minimize Z Cost+ BLM Z Boundary + Z SPF x Penalty+CTP (4.1)

PUs PUs ConValue

The first term of Eq. 4.1 is the sum of the costs assigned to each planning unit
included in the reserve. This cost can be whatever the user finds most appropriate
to determine the value of the planning units (e.g. opportunity cost, socio-economic,
geographic, etc.).

The second term is often used to incorporate connectivity into the design of the
reserve system. It is the sum of the boundary cost (or 'boundary length’), weighted
by the boundary length modifier (BLAM), for all the planning units included in
the reserve. Originally, this term was designed to minimize the fragmentation of the
reserve system and help guide Marxan into identifying more clumped solutions, with
a lower boundary length implying a less fragmented reserve (Game and Grantham,
2008; Ball et al., 2009). However, the significance behind this boundary cost can now
take different interpretations depending on how the user defines the connectivity of
its reserve. This term will be further discussed in the next section, however, whatever
interpretation it is given, Marxan will always aim to minimize it.

4.1. Understanding how Marxan operates 51



Chapter 4. Integrating connectivity into conservation planning with Marxan

The third term of Eq. 4.1 pertains to the the biodiversity aspect of the reserve.
When setting up the reserve design problem, the user must indicate the conservation
features he/she wishes Marxan to include in the final reserve. These features can
be specific such as endangered species or more generic such as habitat types. Each
of these conservation features is assigned with a target (e.g. a % area that must be
included in the reserve) which Marxan will aim to meet. If Marxan fails to do so, a
penalty increases this term and thus the value of the objective function. Along with
the target, each feature is also assigned a Species Penalty Factor (SPF). This factor
is multiplied with the internally-derived penalty value and indicates to Marxan how
important it is to meet the specified targets (Ball et al., 2009). The higher the SPF,
the harder Marxan will work on achieving those targets. The calibration of this
parameter will be discussed in the section dedicated to this purpose.

The final term of Eq. 4.1 is the Cost Threshold Penalty. This term is used when
the overall cost of the reserve must remain below a pre-defined threshold (Game and
Grantham, 2008).

Terms 1 and 3 of the objective function must necessarily be represented in order
for Marxan to be able to run whereas terms 2 and 4 are not mandatory, although the
second term is recommended. With the simulated annealing implemented through
this objective function, Marxan randomly selects new combinations of planning units
and judges the new configuration in terms of the resulting objective function value.
If the value is improved by the random inclusion of a planning unit, then that plan-
ning unit is kept and if the value is worsened, then it is removed (Ball et al., 2009).

4.2 Implementing Marxan

For Marxan to be able to run, it requires a set of input data related to the objective
function discussed above. The different input data used in this thesis will be devel-
oped in this section. To test the sensitivity of the results to changes in these inputs,
several scenarios were implemented. Hence, in addition to evaluating the impact of
variations in connectivity and coral cover across the timeline on the reserve design,
additional variations were considered such as that of cost and conservation features.
The reasoning behind the configuration of these different scenarios is illustrated in
Fig. 4.1. A detailed framework on the configuration of the input data within these
scenarios is provided in Appendix A. Overall, this led to a total of 96 scenarios (and
not 120 as Fig. 4.1 would suggest because for the case where the existing MPAs were
considered, only the years following the rezoning were considered). These different
scenarios were implemented into Marxan using the R software.
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Figure 4.1: The key steps in configuring the different scenarios to be implemented into
Marxan

4.2.1 Collecting input data
4.2.1.1 Planning units

Different types of planning units can be used to divide the study region into po-
tential sites Marxan can choose from to design the reserve (regular grid, adjacent
hexagons, environmental units, etc.). Since our work integrated connectivity into
the reserve design, the planning units had to be based on the source and sink sites
used for the connectivity matrix. In our case, these sites were based on the natural
ecological division of the GBR using the 5363 features provided by the GBRMPA
official reefmap as planning units. By dividing the region in this way, a reef selected
for conservation will always have its entire patch included, which is recommended
to avoid fragmentation and enhance protection (Fernandes et al., 2005; Strain et al.,
2018).

Once the planning units have been defined, each of them must be given a par-
ticular status. This status will indicate to Marxan how to consider the planning
unit. A status of 0’ indicates the planning unit is available for selection. A status
of 2’ means the planning unit is already pre-set to be in the final reserve system and
considered "locked-in". A status of 3’ means the planning unit cannot find itself in
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the final reserve and is excluded for selection, it is considered "locked-out" (Game
and Grantham, 2008). Since the official reefmap of the GBRMPA contains other
features in addition to reef features (e.g. islands, rocks, cays), these features were
given a status of '3’. Reefs which found themselves outside the legal boundaries of
the GBRMPA were also considered locked-out.

For the attribution of ’locked-in’ status, a first division into two major scenarios
was made. The first scenario did not consider the existing MPAs created by the 2004
rezoning plan (Fernandes et al., 2005) and assigned a status of 0’ to all planning
units except the ones already considered excluded. The second scenario did consider
the existing MPAs and assigned a status of 2’ to the relevant planning units. These
MPAs refer to the Marine National Park Zones (or 'Green Zones’) from the current
zoning (cfr. Chapter 1). In doing so, a comparison with the current reserve design
could be made to see how closely it meets our conservation targets. However, this
comparison can only be made within a certain extent and no conclusions on the
efficiency of the current reserve design can be drawn from it. Indeed, there is no
doubt that the zoning plan set out by Fernandes et al. (2005) was one of the most
high profile and successful 'real-life’ applications of Marxan (Ball et al., 2009). The
entire planning process took them about six years, relying on independent experts
advice to best address biodiversity issues, gathering information from community
input and round-table discussions, reporting the degree of achievement for various
design options, planning for negative impacts, etc. (Fernandes et al., 2005). The
results produced in this work were based on other objectives, with different param-
eters values, which limits the comparison but it is still interesting to see how the
areas produced by Marxan in this work conform with the current MPA design. It
is important to keep in mind that because the planning units used here encompass
reef features, the comparison was made by exclusively selecting the reefs the current
zoning covers, even though the zoning covers more area than just that of reefs, such
as that of estuarine habitats, interreef chanels, deepwater seagrass habitat, and more
(Fernandes et al., 2005).

4.2.1.2 Cost

In addition to status, every planning unit must also be given a specific cost. This
cost information can be of different natures, from a simple default value of "1’ for all
planning units to a complex combination of social and economic measures (Game
and Grantham, 2008). The cost information used has a significant bearing on the
results and to perceive this level of influence, two different proxies were considered
for our cost data: reef area and fishing intensity. This was the second crossroad in
the formulation of our scenarios.

The rationale behind using the area as a proxy for cost is that the larger the
reserve system, the more costly it will be to implement and to manage (Game and
Grantham, 2008). The rationale behind using fishing data as a proxy for cost is
that commercial fishing is the largest extractive activity in the GBR (GBRMPA,
2018b) and is therefore important to take into consideration when designing the
reserve system since it could potentially impact the total annual catch and have
significant economic implications (Stewart and Possingham, 2005). In doing so, the
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aim is to establish a network of MPAs that can achieve conservation goals whilst
at the same time minimizing negative repercussions on the fishing industry even
though this might be challenging. If a planning unit is selected to be in the reserve,
its cost will be added to the value of the objective function, which means Marxan
will avoid targeting highly valued reefs. Since a reef is valued by fisheries for its
high productivity in fish biomass, the cost of putting such a reef inside the reserve
system will be higher than that of a reef which has a low productivity.

To translate fishing intensity across our study region, fishing data was collected
from the Department of Agriculture and Fisheries of the Queensland Government
on their 'QFish’ platform!. The five main types of commercial fisheries active on
the GBR are the line, net, trawl, trap and dive-based harvest fisheries (GBRMPA,
2018b). However, only data relative to line, net and trawl fishing were used here as
the data relative to trap and dive-based fisheries was not sufficiently comprehensive.
The downloaded data contained information on the catch of species (in tonnes)
per year and per location (grid code). To project this information on the GBR,
it was combined with the logbook grid? used by fishers to report the location of
their daily catch. In order to use this cost data in both scenarios where the existing
MPAs are either considered or not, two different fishing costs were established: one
corresponding to the fishing intensity before the GBR underwent its rezoning in 2004
(Fig. 4.2(A)) and another fishing intensity following this rezoning (Fig. 4.2(B)). For
the case where the existing MPAs were not considered, the 'pre-2004’ cost data was
used for all years and for the case where the existing MPAs were indeed considered,
only the years following the 2004 rezoning were used and assigned the "post-2004’
cost data. All reefs had a cost value superior to zero as a value of zero would make
Marxan automatically include it in the final reserve system even though that reef
may not meet any particular target. Seeing no cost threshold was set in our analysis,
the last term of the objective function was not considered by Marxan.

http://qfish.fisheries.qld.gov.au
2http://qldspatial.information.qld.gov.au/catalogue/custom /detail.page?fid=214A ATA A-
BB0B-4137-B84B-6548 A95FBI5F
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Figure 4.2: Two separate fishing costs used into Marxan: (A)Fishing intensity prior to
the 2004 rezoning of the GBR; (B)Fishing intensity after the 2004 zoning was established
on the GBR.

4.2.1.3 Conservation features

To be able to run, Marxan must be given information on what features it must
involve in the reserve design. This was the third crossroad in the construction of
our scenarios. Although applications on spatial planning usually include a range
of different features such as individual species, habitat types, foraging and nesting
spots (Fernandes et al., 2005; Game et al., 2008; White et al., 2014; Mazor et al.,
2016; Magris et al., 2018), developing such a framework was beyond the scope of
this study. An alternative was to use the ’bioregions’ of the GBR as a proxy for
biodiversity representation. These bioregions were identified by a panel of experts in
the context of the Representative Areas Program in 1999 (Day et al., 2002). They
used more than 40 layers of data compiled through years of research to establish
bioregions that are each representative of an area where the animal and plant as-
semblages as well as the physical features differ sufficiently from the rest of the GBR
to be considered as a distinct bioregion (Game et al., 2008). There are 70 bioregions
in total comprising 30 reef bioregions and 40 non-reef bioregions. Since the focus
here is on reefs, we used the 30 reef bioregions (Fig. 4.3).

In addition to the bioregions, coral cover was also used as a conservation fea-
ture. Coral cover was considered in order to distinguish two separate scenarios:
conservation and restoration.
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Figure 4.3: The 30 reef bioregions defined by the GBRMPA and used in this study as a
proxy for biodiversity.

The conservation scenario targeted reefs with high coral cover as this is a good
indicator for healthy reefs (cfr. chapter 2). However, although coral cover is one of
the preferred metrics for informing reef management, findings have raised awareness
on the limits of such indicator in representing species richness (Richards, 2013;
Lindenmayer et al., 2015). Indeed, Richards (2013) found that the relationship
between coral cover and species richness was not linear and thus high coral cover was
not necessarily a good proxy for biodiversity. This may be explained by the fact that
high coral cover may occur at any stage of community development. For instance,
during recovery, a reef may have low coral cover but the number of different species
present may nevertheless be high (Richards, 2013). Still, despite these findings, coral
cover does remain a good indicator for identifying general trends (Bruno and Selig,
2007; Osborne et al., 2011; De’ath et al., 2012; Lindenmayer et al., 2015; Mellin
et al., 2019) and with regard to species richness, this issue is mitigated by the fact
we are considering bioregions for biodiversity representation. Two categories were
used for this conservation scenario to explicitly consider coral cover as conservation
features:

1. High coral cover (30-40%)
2. Very high coral cover (> 40%)
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The lower threshold was set to 30% as this is the level as of which Januchowski-
Hartley Fraser A. et al. (2017) found reefs to be in a recovered, positive status and
under which Wolff et al. (2018) considered reefs as vulnerable.

The restoration scenario on the other hand targeted reefs with low coral cover.
Although the traditional approach to designing MPAs for reef management is to
protect healthy reefs, the ongoing decline in coral cover observed worldwide has
raised doubts as to whether this approach is still as relevant as it was when the
concept of MPAs first emerged decades ago (Abelson et al., 2016). While there is a
lack in attempts to consider degraded reefs as explicit protection targets, Abelson
et al. (2016) argue that expanding the range of MPAs to include degraded reefs
could help reverse this ongoing trend. Although the distinction between a healthy
or degraded reef is made in a relatively arbitrary manner, in this work we considered
degraded reefs as reefs with low coral cover. Similarly to the conservation scenario,
two categories were formulated for the restoration scenario:

1. Very low coral cover (5-15%)
2. Low cover (15-30%)

The lower threshold of 5% was set, once again, according to the findings of
Januchowski-Hartley Fraser A. et al. (2017) which reported reef accretion on reefs
with more than 5% massive coral cover. This is why reefs with coral cover below
5% were excluded as their cover is so low, it might be more productive focusing
restoration efforts on reefs that stand a better chance.

Overall, this led to three different protection objectives for Marxan to implement:

1. Biodiversity representation (30 features) : Bioregions;

2. Biodiversity representation with a conservation perspective (32 features): Biore-
gions and healthy reefs;

3. Biodiversity representation with a restoration perpective (32 features): Biore-
gions and degraded reefs.

4.2.1.4 Connectivity

The final input data considered for implementation into Marxan was the connec-
tivity information which was different for every year. The standard approach in
integrating connectivity into Marxan is through the boundary length file (see 2™
term of the objective function). The designation ’boundary’ comes from the fact that
in its most typical application, the boundary length refers to the actual geographical
length of the boundary between adjacent planning units. It can be considered as
the cost to pay for not having both planning units in the final reserve, which is why
the 'boundary length’ is also often referred to as the 'boundary cost’. In this way,
by minimizing the boundary cost, Marxan minimizes fragmentation by privileging
a clumped reserve (Game and Grantham, 2008).

However, the boundary length is not restricted to this geographical definition
and can take other more complex interpretations such as larval dispersal in our
case. In this context, by minimizing the ’boundary’, Marxan clumps planning units
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not based on their adjacency but rather on the strength of their connections, privi-
leging highly connected reefs to disconnected ones (Schill et al., 2015). Any type of
measure can be implemented through the boundary length as long as it respects its
core principle which states "it is essentially a relative measure of how important it
is to include one planning unit in the reserve system, given the inclusion of another"
(Game and Grantham, 2008).

While most studies that integrated ecological connectivity assumed symmetrical
strength of the connections, in reality, this is rarely the case and Beger et al. (2010)
addressed this issue by formulating an explicit method for incorporating asymmetric
connectivity into Marxan. In using an asymmetric connectivity matrix instead of
a symmetric one, they changed the interpretation of the boundary length modifier
(BLM, Equation 4.1) by introducing the 'connectivity strength modifier’ (C'SM).
While the BLM indicates the importance of reducing the fragmentation of the re-
serve relative to its cost, the CSM expresses the relative importance of ecological
connectivity (Beger et al., 2010). For instance, if the CSM is given a value of zero,
Marxan will not take connectivity into account, and conversely, it will aim to min-
imize the missing connections (Beger et al., 2010). The CSM has the potential
to add a functional dimension to the BLM’s structural connectivity (Magris et al.,
2014). The calibration of this parameter will be further discussed in the next section.

In the construction of scenarios, this was the final crossroad in indicating to
Marxan whether connections should be considered or not. This allowed for compar-
ison between the reserve designed with and without connectivity.

4.2.2 Setting conservation targets

Conservation targets indicate the amount of each feature Marxan must include in
the final reserve system (e.g. occurrences of species, % area of habitat type, etc.).
Although these targets are referred to "conservation targets" in the Marxan liter-
ature, to avoid any confusion with the conservation scenario, these targets will be
referred to here as "representation targets". A representation target was set for each
of the 34 conservation features considered. These targets were expressed as % area
of each feature Marxan needed to include in the final reserve.

Because these representation targets have a strong influence on the resulting
reserve, the process involved in setting them ideally involves a panel of experts to
agree on a minimum range of targets for each feature that will satisfy ecological ob-
jectives (Ban et al., 2013). However, most of the time these targets are set relatively
arbitrarily, with other constraints considered than solely ecological ones, such as
political convenience (Margules and Pressey, 2000; Stewart et al., 2007). Although
there is no strict rule as to what targets should be applied, commonly used targets
for selecting reserve areas vary from 10-12% (Stewart et al., 2007) to 30% (Schill
et al., 2015; Krueck et al., 2017).

Regarding the bioregions of the GBR, most studies used a 20% target repre-
sentation (based on Fernandes et al., 2005). In the context of this work, the main
objective for Marxan was to design a network of highly connected reefs whenever
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connectivity was considered. Seeing that the bioregions are spread out across the
GBR, applying to each of them a 20% or higher target would have a strong bearing
on the spatial design. The higher the target for these bioregions, the less distinguish-
able the spatial patterns of the conservation or restoration scenarios will be. Yet,
the aim here is to identify those patterns, especially when connectivity is integrated.
Even though the reasoning of applying more protection for better protection is valid,
it does not address the issue of having to compromise between sites with distinct
assets to satisfy overall constraints (Margules and Pressey, 2000). Here a trade-off
had to be made between bioregions representation and connectivity representation.
The target of 10% was finally set based on the 11" Aichi Biodiversity Target which
states that 10% of coastal and marine areas should be conserved by 2020 to make
sustainable use of the oceans, seas and marine resources (UNEP-WCMC and IUCN,
2016). This target was also applied in an other context (Beger et al., 2015).

For the fixing of the coral cover targets, no reference was found in the available
literature as to what amount of high coral cover should be in a marine reserve or
what amount of low coral cover should be selected for possible restoration. For this
reason, an arbitrary 30% target was chosen for the coral cover categories. Since
a 30% target of reef area has already been used in the past for the protection of
coral reef habitats (Schill et al., 2015; Krueck et al., 2017), using a similar 30%
target seemed appropriate. In addition, seeing that 20% is a common target for
bioregions, by considering reefs with high coral cover (or low coral cover) as a fea-
ture with added value for conservation (or restoration), it seemed reasonable to fix
a >20% target (here, 30%). This is similar to how Ban et al. (2013) distinguished
representational (i.e. here, the bioregions) and special features (i.e. here, coral cover
feature), assigning higher targets to the latter.

However, as this work covers information from different years, coral cover varied
from one year to another, and therefore fixing a 30% specific to every year would
have produced different amounts. Yet, what we want is to fix a target which is
consistent throughout the timeline in order to be able to compare results on a same
basis. In order to do so, a fixed 30% amount had to be deduced from one year and
maintained as same target for the other years. This had to be adjusted depending
on what scenario was considered, i.e. conservation or restoration.

For the conservation scenario, although it is recommended to rely on baseline in-
formation -when available- to set conservation targets (Bellwood et al., 2004; Knowl-
ton and Jackson, 2008; Hughes et al., 2010, 2011; Eddy et al., 2018), here we used
the 1998 event as the reference from which to draw the amount of 30% target to
apply for the following years. Although this is an example of a shifting baseline (cfr.
chapter 2), the rationale behind this is that the gap between the very high coral
cover from the baseline level and that of the other years was so great that using the
baseline level as a reference would have made it impossible for Marxan to achieve
the conservation target for any of the following years. For this reason, the post-1998
level was used. Despite this being a typical case of shifting baseline, the calcu-
lated baseline level nevertheless allowed us to assess the importance of this shift.
This showed that the 30% target from the post-1998 level resulted in an amount
which represents only 6% of the baseline level. However, this is only for the "Very
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high coral cover’ category (feature). For the 'High coral cover’ feature, the post-
1998 level actually had higher amounts of reefs than the baseline level. This makes
sense since 30-40% coral cover appeared to be the lower threshold in historical levels.

For the restoration scenario, the same approach was adopted, using instead the
end of the timeline as reference, seeing that reefs’ need for restoration is higher at the
end than at the beginning of the timeline. In view of this method producing a much
higher amount in this scenario than that produced in the conservation scenario, the
attribution of targets was slightly adjusted. Instead of applying a 30% target for
both features, 30% was applied to the "Very low coral cover’ feature and 20% to the
'Low coral cover’ feature. In this way, the area covered by these targets (494 911
ha) was still higher than that of the conservation scenario (412 840 ha) but to a
more reasonable extent.

4.2.3 Calibrating parameters

The final step before producing the results was setting the value of a few impor-
tant parameters in Marxan. The calibration of these parameters ensures Marxan
produces robust results which meet our requirements. Ideally, for every scenario
implemented into Marxan, parameters should be calibrated accordingly (Game and
Grantham, 2008). However, because this work involves many scenarios, a calibration
was not performed for every single one but rather one year was chosen (post-2002 for
when exisiting MPAs were not considered and pre-2016 for when they were consid-
ered) on which calibration was performed for every scenario (type of cost, features
considered, connectivity integrated or not). Then a cross-check with the post-2016
event was performed for a few of those scenarios to see if the parameters calibrated
for 2002 performed just as well for post-2016. Indeed, they did, signifying a certain
consistency could be maintained across the timeline, which has been one of our main
concerns throughout this work. Indeed, if the parameters were drastically different
from one year to another, we would not know if the changes in the results would be
due to the difference in the input data or in the parameters. The parameters should
also avoid being drastically different from one scenario to another for the same rea-
sons. The different parameters calibrated were the CSM, SPF and the number of
iterations.

The CSM was calibrated to make sure Marxan put enough emphasis on represent-
ing ecological connectivity. This was done using the method of Stewart and Possing-
ham (2005) which involves finding the trade-off between minimising the boundary
length (in our case, this corresponds to minimizing the amount of missing connec-
tions) and minimizing cost. The CSM did not vary much among scenarios, ranging
from ~ 20 to ~40 and thus, an acceptable trade-off was considered for a CSM of 30
(Fig. 4.4). Of course, for the scenarios where connectivity was not considered, the
CSM was set to zero.

4.2. Implementing Marxan 61



Chapter 4. Integrating connectivity into conservation planning with Marxan

3% 989

Boundary
length
(# of larvae)

2811 g
478 414 Cost (ha) 514 565

Figure 4.4: The appropriate CSM value of 30 was determined by finding the trade-off
between minimizing the boundary length and minimizing the cost.

The calibration of the SPF meant finding the SPF value for which each feature
is adequately represented in the reserve system. This value is found by selecting the
SPF for which the missing values is close to zero. This was satisfied by assigning
a SPF of 4 to all features for when the area was used as a surrogate for cost (Fig.
4.5) and a SPF of 15 for when the fishing intensity was used.

Finally, a calibration was also performed to assess how many iterations Marxan
should perform in the simulated annealing process to consistently produce near-
optimal solutions. The higher the number of iterations, the more time Marxan will
spend on designing the reserve system, which has its practical limits (Game and
Grantham, 2008). This meant finding the trade-off between the execution speed
(i.e. number of iterations) and the score of the objective function (i.e. efficiency)
(Watts et al., 2017). This resulted in a value of 10 millions iterations being an ac-
ceptable trade-off (Fig. 4.6).

Marxan applied the appropriate parameter values for each scenario using a value
of 100 runs, commonly used value by Marxan users (Schill et al., 2015).
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Figure 4.5: For the scenarios which used the area as a proxy, the appropriate SPF value
was set to 4. This value was determined as the one as of which there were no more missing
values. The same method was used for when the fishing intensity was used as a proxy for

cost.
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Figure 4.6: The appropriate number of iterations (NUMITNS’) was determined by find-
ing the trade-off between execution time and efficiency. The value of 10 million iterations

was chosen.
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4.3 Results

The results exposed in this chapter were produced with the aim of identifying reefs
which are consistently selected as priority areas across our considered timeline.
These priority areas may vary depending on the way we formulate the problem
to Marxan, which is why we considered several scenarios. The main results from the
different scenarios will be presented, with always the aim of targeting those consis-
tent reefs and in particular, identifying the effect of integrating connectivity.

Two standard outputs are used to visualize the results: the "best solution" file
and the "summed solution" file. The "best solution" corresponds to the run which
had the lowest objective function value compared to all the other runs (in our case,
100 runs in total per scenario). The planning units that are part of that final "best’
reserve are given a value of 1 and the others a value of 0. However, Marxan design-
ers warn users that this 'best’ solution should never be interpreted as the answer to
the problem, but rather as one among many possible good ones. When performing
simulated annealing, Marxan selects planning units in a pseudo-random way which
means each run is likely to be different (Game and Grantham, 2008). The "summed
solution" file provides the number of times each planning unit was selected in the
final solution across all runs (i.e. selection frequency of each planning unit). The
planning units which are the most often selected can be considered as the ones most
useful for designing an efficient reserve system (Game and Grantham, 2008). In
other words, a planning unit which is selected almost all the time can either mean
that it contains features that cannot be found in any other site or that it contains
features that are found in other sites but not at such a low cost which makes that
particular planning unit more efficient and possibly irreplaceable.

Since the aim here is to identify the reefs which were consistently selected
throughout the timeline, the ’best’ results for each event of that timeline were added
together. Since five events were considered, a planning unit which was selected across
each event will have a value of 5 and if it was never selected, it will have a value
of zero. This indicated the selection frequency over the years. For the ’summed’
solution, an additional step was performed before adding together the results across
the timeline. For each event, a value of 1 was attributed to planning units which
were selected more than 70% of the time and a value of '0’ to the others. The
target of 70% was chosen as this is the threshold that was cited as an example by
Game and Grantham (2008) for selecting commonly used sites. The results were
then added together across the timeline and a planning unit which had a value of ’5’
meant it had been selected more than 70 times over the 100 runs to be in the final
reserve system for all five of the events. This indicated the selection frequency over
the number of runs as well as over the years. After manipulations, the results from
both the best and the summed solutions were communicated using a color scale with
darker areas corresponding to the most selected planning units and the lighter ones
to the rarely selected ones.
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Assessing the influence of cost

Seeing that many scenarios were considered, when analysing the results, several
observations could be made. The first crossroad in the designing of scenarios was
the consideration of existing MPAs or not. Let us first examine the case where
existing MPAs were not included in the design. The first and most conspicuous ob-
servation to be made was the effect of the cost data on the spatial design. This was
the second crossroad in our scenarios. The results, whatever representation scenario
was considered (i.e. ’bioregions’, 'restoration’ or ’conservation’), all shared the same
statement. That is, when the area is used as a proxy for cost, the reserve system
designed is highly fragmented and spread out across the whole GBR (Fig. 4.7(A)).
Conversely, when the fishing intensity is used as a proxy, the reserve produced is
much more clumped, although still spread out across the GBR (Fig. 4.7(B)). Al-
though we expected the change in cost data to have an influence on the results, such
a strong contrast was not expected. Nevertheless, with the objective function in
mind, these results make sense. Indeed, Marxan aims to minimize the overall cost
of the reserve system. When the proxy for this cost is the reefs’ area, Marxan will
preferably choose small reefs over larger ones whenever that choice is possible. This
resulted in small priority areas scattered across the GBR, in comparison to larger
ones selected under the fishing cost.
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Figure 4.7: Results from the ’best’ solution for the bioregions scenario without connec-
tivity considered were produced for the different cost data: (A) Area as a proxy for cost;
(B) Fishing intensity as a proxy for cost.

4.3. Results 65



Chapter 4. Integrating connectivity into conservation planning with Marxan

When connectivity was added to the equation, the reserve system associated to
the cost using area hence showed an increase in the level of clumping (Fig. 4.8(A)).
Although the contrast with the reserve associated to the fishing cost is still visible
(Fig. 4.8(B)), it is less pronounced than when connectivity was not considered. Fig.
4.8(A) also shows more consistency in the selection of reefs over the years. Indeed,
reefs in Fig. 4.7(A) seemed to be chosen quite randomly as they are mostly orange
with no distinct gradient in the selection frequency. Fig. 4.8(A) on the other hand
shows more reefs with high selection frequencies (i.e. dark coloured reefs), indicating
the areas which seem to act as common ground over the years.
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Figure 4.8: Results from the ’best’ solution for the bioregions scenario with connectivity
considered were produced for the different cost data: (A) Area as a proxy for cost; (B)
Fishing intensity as a proxy for cost.

"Restoration’ and ’Conservation’ scenarios without connectivity

Now that the level of influence of cost on the selection of priority sites has been
established, let us see how the different representation scenarios influence the results.
This was the third crossroad in the implementation of scenarios. The 'bioregions’
scenario was already illustrated in Fig. 4.7 and Fig. 4.8. For the 'restoration’ and
‘conservation’ scenarios, the area covered by the selected reefs roughly doubled in
comparison to the ’bioregions’ scenario. This increase in area was expected seeing
that coral cover features were considered in addition to the bioregions. Without the
connectivity considered, the restoration scenario required a larger reserve area (1 433
530 ha) than the conservation one (1 237 140 ha) which makes sense since the area
covered by the restoration targets was larger than that of the conservation targets.
The results for the restoration scenario do not show a distinct spatial pattern in the
selection of reefs over the years with most of the GBR under MPAs (Fig. 4.9(A)).
The results for the conservation scenario on the other hand seem to indicate a slight
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tendency for clustering of the consistent reefs towards the two poles of the GBR
(Fig. 4.9(B)).

’Restoration’ and ’Conservation’ scenarios with connectivity

Let us now see how these results change for restoration and conservation when
connectivity is considered, which was the final crossroad in our scenarios’ structure.
When connectivity was integrated in the design, a pattern in the selection of con-
sistent reefs appeared much stronger. The restoration scenario which showed no
strong consistency in the selection of priority sites at first when connectivity was
ignored now shows several dark patches of reefs which seem to be consistently se-
lected over the years (Fig. 4.10(A)). As for the conservation scenario, the pattern
which was already somewhat distinguishable before connectivity was considered is
now strongly highlighted, with the largest patches of reefs clustered in the north
and the south of the GBR (Fig. 4.10(B)), with most of the highest selection fre-
quencies in the south. When observing Fig. 4.10, it seems the restoration scenario
covers a much wider area of the GBR than the conservation scenario. However, both
scenarios cover a roughly similar area of the GBR (1 278 970 ha for 'restoration’
against 1 172 760 ha for 'conservation’). Although the results visible on Fig. 4.9
and Fig. 4.10 are related to when the area was used as a proxy for cost, comparable
patterns were visible for when the fishing cost was used with similar areas selected.
For the restoration scenario, these important areas seem to include the reef belt
above Lizard Island (roughly from Ribbon Reef No 10 to Tydeman Reef), reefs in
the Whitsundays Region, reefs above Mackay Region and reefs at the top of Swains
Region. For the conservation scenario, important areas included reefs in Capricorn
Bunker Region, reefs in most of the Mackay Region, reefs at the southern tip of
Swains Region and a big part of the northern region of the GBR.
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Figure 4.9: Results from the 'best’ solution using the area as cost without connectivity
considered are shown for: (A) The 'restoration’ scenario; (B) The 'conservation’ scenario.
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Figure 4.10: Results from the ’best’ solution using the area as cost with connectivity
considered are shown for: (A) The 'restoration’ scenario; (B) The 'conservation’ scenario.
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The results presented above are related to the ’best’ solutions. As mentioned
earlier, it can also be interesting to look at the 'summed solution’ output which was
used to assess the reefs which were selected more than 70 times out of the 100 runs
and this across the whole timeline. The results from the summed solution show
similar trends to the ones of the ’best solution’ but with much fewer reefs selected
(Fig. 4.11). We can see that the fewer sites selected with the summed solution
correspond for the most part to the reefs that were selected over most years with
the ’best’ solutions (dark areas on Fig. 4.10), indicating the most useful reef units.
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Figure 4.11: Results from the 'summed’ solution using the area as cost with connectivity
considered are shown for: (A) The 'restoration’ scenario; (B) The ’conservation’ scenario.

Although these maps, whether they are from the ’best’ or the ’'summed’ solutions,
reveal visible trends in the location of consistent reefs, they do not indicate whether
Marxan has achieved the given targets or not. For this, Fig. 4.12 indicates for each
year the level of achievement reached by Marxan for the coral cover features. While
Marxan was able to achieve the targets for the bioregions across every scenario,
this was not the case for the restoration and conservation scenario. Indeed, Fig.
4.12(A) indicates that the restoration target for the 'Very low coral cover’ feature
was not met for the post-1998 event. For that particular event, Marxan was not
able to find many reefs which had less than 15% coral cover. Fig. 4.12(B) indicates
that the conservation targets for both the "High coral cover’ and "Very high coral
cover’ features could only be met for the first three events of the timeline. In both
cases, this lack in features representation was translated by a much lower cost for
the corresponding events.
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Figure 4.12: Cost and level of achievement reached by Marxan when connectivity is
considered for : (A) The 'restoration’ scenario; (B) The 'conservation’ scenario.

To visually summarize which planning units are most strongly related to either
the restoration or the conservation scenario, ’difference’ maps were established (Fig.
4.13). These difference maps illustrate the preference of a reef to either be selected
for restoration purposes -in which case it will lean towards the red- or conservation
purposes -in which case it will lean towards the blue. Reefs with a color in between
the red and the blue are those that were selected for both scenarios an equal amount
of times. Reefs which have no colouring at all (i.e. same grey color as the mainland)
are the ones which were never selected for either of the two scenarios.

The visual assessment of these difference maps enabled us to take a step back
and have a look at the bigger picture. These maps reveal three main observations.
Firstly, whatever cost data is used, whether it is the area (Fig. 4.13(A) and (B))
or the fishing intensity (Fig. 4.13(C) and (D)), they both agree on the general
trend of the reefs’ selection. This leads us to our second main observation which
is the conspicuous trend itself. This trend indicates that reefs which were most
often selected for conservation purposes are located in the far northern and the
far southern part of the GBR. With a closer look, additional ’conservation’ reefs,
less noticeable but nevertheless present, are sparsely located in the central part of
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the GBR among many ’restoration’ reefs. Indeed, the reefs which were most often
selected for restoration purposes are mostly located within the central part of the
GBR, although extending quite far out towards the poles of the GBR. The third
main observation that can be made from these maps pertains mainly to the case
where the area is used as a proxy. When connectivity is integrated into the design
of the reserve system, it appears Marxan selects planning units in a less random
manner over the years with consistently targeted reefs emerging in both restoration
and conservation scenarios (Fig. 4.13(B)).
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Figure 4.13: ’Difference’ maps illustrating the preferential selection of reefs for either
restoration or conservation purposes when: (A) Connectivity is not considered with area as
cost; (B) Connectivity is considered with area as cost; (C) Connectivity is not considered
with fishing intensity as cost; (D) Connectivity is considered with fishing intensity as cost.
These difference maps were based on the 'best’ solutions from Marxan.
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Considering the existing network of MPAs

The results presented so far pertain to the case where existing MPAs were not
considered. However, it can be interesting to assess the closeness of our results with
the currently established MPAs of the GBR. Our "bioregions’ scenario is the one that
fitted the best with the existing MPAs, which makes sense since these bioregions
were also used as conservation features by Fernandes et al. (2005). The 'representa-
tion’ and ’conservation’ scenarios on the other hand required more reefs to achieve
the respective targets. Three main observations can be made from the comparison
with the existing MPAs when connectivity is not yet considered. Firstly, whatever
the representation scenario, using the fishing intensity as cost produced results that
were the closest to the current reserve design. This is especially noticeable for the
‘restoration’ scenarios (Fig. 4.14(A) and (C)) whereas the contrast is more subtle
for the ’conservation’ ones (Fig. 4.14(B) and (D)). Secondly, the spatial patterns
of selection frequency for both scenarios have similar tendencies to those produced
when the existing MPAs were not considered. Thirdly, Fig. 4.14 indicates that the
current MPA network seems to be more in line with the conservation results than
the restoration ones and this, regardless of the type of cost data used. The best fit
with the existing design is the case when fishing intensity is used as cost data under
the conservation scenario (Fig. 4.14(D)).

When connectivity is integrated into the design (Fig. 4.15)), four additional
observations can be made. First of all, most of the reefs identified as priority sites
have become much more consistent with a maximum selection frequency of 3 (not
5 since here we considered only the years of the timeline that followed the 2004
rezoning). Secondly, the difference in results from both cost data is less visible with
much more common ground established between them. This is comparable to the
same observation that was made when the existing MPAs were not considered and
connectivity was added. Thirdly, the contrast between the 'restoration’ and ’con-
servation’ scenarios is less pronounced, especially for the fishing cost (Fig. 4.15(C)
and (D)). Both representation scenarios seem to agree on the areas to protect which
leads us to our fourth and final observation which is that these specific areas tend to
be clustered around the already existing MPAs. Indeed, except for the reef belt over
Lizard Island in the ’restoration’ scenario and the reefs in Capricorn Bunker Re-
gion in the 'conservation’ scenario, most of the consistently selected reefs are closely
located to the reefs already within MPAs, forming a sort of buffer around them.
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Figure 4.14: Results for the case where existing MPAs were considered without con-

nectivity for :

(A) The ’'restoration’ scenario with area as cost; (B) The ’conservation’

scenario with area as cost; (C) The ’'restoration’ scenario with fishing intensity as cost;

(D) The ’conservation’ scenario with fishing intensity as cost.
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Figure 4.15: Results for the case where existing MPAs were considered with connectivity
for : (A) The ’restoration’ scenario with area as cost; (B) The ’'conservation’ scenario
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with area as cost; (C) The ’restoration’ scenario with fishing intensity as cost; (D) The
‘conservation’ scenario with fishing intensity as cost.
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4.4 Discussion and conclusions

This last section concludes our study and is structured in such a way that it will
start by elaborating on the above results and see if our findings can be supported by
some available literature on the matter. An account as to where the current reserve
design stands with regard to our results will be provided followed by the caveats as
well as the future perspectives our work entails.

First and foremost, our results have enabled us to identify the reefs that are con-
sistently selected as priority sites across our timeline, and which are therefore likely
to ensure persistence due to their performance in the past. These resilient reefs only
truly started standing out from the others when connectivity was integrated into
the design of the reserve. Although the type of cost data used had a strong bearing
on the results in terms of fragmentation, when connectivity was added as a crite-
rion, both cost scenarios began clumping their priority sites around similar areas,
identifying similar hotspots. This is interesting as it means that even though the
two cost layers used were very different, a few reefs showed sufficiently strong and
distinct connectivity patterns to make both cost scenarios agree on their selection
for priority sites and this, across the whole timeline.

Making a distinction between the restoration and conservation perspective was
enlightening as it enabled us to identify two types of reefs. The conservation scenario
helped identify reefs with relatively high coral cover (> 30%) remaining despite the
repeated occurrences of bleaching events on the GBR. However, the reefs that man-
aged to surpass that threshold throughout the entire timeline are scarce (only 5%),
even though the map provided by Marxan (Fig. 4.9(B)) seems to suggest otherwise.
This is because Marxan also had to achieve the bioregions’ targets in addition to
the coral cover targets and thus the reefs selected by Marxan were not exclusively
targeted for their high coral cover but also for biodiversity representation. When
connectivity was considered, Marxan’s results were much more systematic and iden-
tified the far northern and far southern part of the GBR as the areas that could best
answer conservation purposes. These results make sense when put in the context
of the bleaching events. Indeed, the areas pointed out by Marxan are those that
were for the most part spared by these bleaching events. Athough the northern part
of the GBR seemed of high conservation value, the damage which was caused by
the 2016 event induced high mortalities and a likely permanent shift of the corals’
assemblage structure (Hughes et al., 2017). The highest coral cover now seems to
be found in the southern part of the GBR. This clustering of priority sites at both
ends of the GBR is similar to the one observed for reefs that consistently had the
highest outflux degree (cfr. Chapter 3). Indeed, reefs with high reproductive output
are more likely to have high coral cover since coral cover was used to weigh the po-
tential connectivity. Hence, one might assume that combining both coral cover and
connectivity data is redundant and will only emphasize one another’s results. Yet
our results for the restoration scenario have proven otherwise. Indeed, the restora-
tion scenario highlighted degraded reefs with low coral cover (< 30%) which were
spread out across the whole GBR when connectivity was not considered. Integrat-
ing connectivity in this scenario allowed us to sort out among those scattered reefs
the ones which, despite their low coral cover, nevertheless retained significantly high
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reproductive outputs and this, throughout the entire timeline. The areas selected
were different than those of the conservation scenario which shows that high value
reef units are not necessarily confined to areas of high coral cover. In this scenario,
connectivity enabled us to identify those hotspots’ reefs which are most worth fo-
cusing restoration efforts on. It is however important to keep in mind that there may
be other reefs which have just as high connectivity as these hotspots but were not
selected by Marxan due to the higher cost of including them in the reserve or their
inability to improve biodiversity representation or both. In this way, understanding
the objective function that controls the mathematical optimization performed by
Marxan helps understand its choices better which makes it less of a ’black box’.
However, Marxan does not serially select planning units in the same way a designer
would do by hand and some of the selected units might be unexpected. Nevertheless,
Marxan, with the complexity it is given, will always operate in such a way that the
whole is more than the sum of the parts, which is characteristic to reserve design
(Ball et al., 2009).

The clumping performed by Marxan following the incorporation of connectiv-
ity was sufficiently high as to identify important clusters of reefs across the GBR.
In relation to what was mentioned in Chapter 3, it is important to keep in mind
that these reefs which appear as connectivity hotspots correspond to strongly con-
nected intra-communities rather than strongly connected inter-communities. This
was expected seeing that it had already been established that the connectivity be-
tween patches decreases as the distance between them increases (cfr. Chapter 3).
The species of interest for our connectivity model was A.Millepora and from our
results, it seems this species has a relatively short-distance larval dispersal with a
few key highly self-connected patches. More importantly, we established in the pre-
vious chapter that the connectivity matrix had higher values across its diagonal ele-
ments which translates the success of local-retention in maintaining self-persistence
(Burgess et al., 2014; Saint-Amand et al., 2018). In the attempt of optimizing the
connectivity patterns of our species of interest, Marxan has tailored the reserve to
areas which mostly promote self-persistence. Although overall connectedness is of-
ten recommended in designing successful MPAs, in the perspective of considering
multiple species, White et al. (2014) found that optimizing local-retention (i.e. self-
persistence) actually tends to produce better results.

Our results met on some common ground with those of Hock et al. (2017) which
studied connectivity and systemic resilience of the GBR. They identified reefs that
exhibit high connectivity and act as key sources on the GBR with high replenishment
potential (Fig. 4.16(A)). From these reefs, they identified as robust sources the ones
which were at a low bleaching risk and had low supply of COTS larvae (Fig. 4.16(B)).
When comparing our results to those of Hock et al. (2017), the combination of our
priority areas created under the 'restoration’ and the ’conservation’ scenario appear
to encompass the reefs identified as robust sources by Hock et al. (2017). Although
some of the regions highly selected in our maps were not highlighted in Fig. 4.16,
they should not for all that be discredited. Indeed, the Capricorn Bunker Region, for
instance, was often selected in our conservation scenario and was considered highly
resilient by Halford et al. (2004) which may support our findings. Although our
maps included additional regions, we strongly agree with the findings of Hock et al.
(2017) which considered the southern region likely to be exceptionally resilient as
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that is the region where most of our maximum selection frequencies were located.

Connectivity: key sources Locations of robust sources

Robust
sources

Otherreefs

@ Key sources

Other reefs

Figure 4.16: Results from the study of Hock et al. (2017) identifying: (A) The key
sources for connectivity; (B) The robust sources left after selecting reefs which have low
risks of bleaching and COTS outbreaks.

Hock et al. (2017) also found that the current zoning of the GBR already showed
an inherent level of systemic resilience as it included almost half of the reefs they
identified as robust sources. Our results substantiate this. Indeed, when we included
the existing MPAs in our scenarios, the results produced were very close to the
current zoning. Furthermore, the reefs that were added by Marxan were practically
clumped around the existing MPAs. A slight expansion of these MPAs to include
the selected reefs surrounding them might just improve the resilience of the existing
network.

The consideration of the existing MPAs also showed that the current zoning was
in better conformity with the conservation perspective rather than the restoration
one. This is not surprising seeing that the context in which Fernandes et al. (2005)
designed the current zoning was not yet marked by such strong manifestations of
climate change than it currently is. Hence, designing the reserve system with an en-
tirely conservation approach was appropriate. However, in the current context, the
approach developed by Abelson et al. (2016), which calls for integrating degraded
reefs in the design of reserve systems, seems to be supported by our results. Indeed,
as shown in Fig. 4.12(B) the conservation targets fixed across the timeline (i.e. 30%
of high and very high coral cover) could no longer be achieved for the years following
the 2016 bleaching event. Even though the years prior to the 2016 bleaching event
did manage to achieve those targets, one must not forget the target for very high
coral cover represented an amount worth only 6% of our estimated baseline level.
Abelson et al. (2016) had predicted the minimum fraction of healthy reefs required
for future protection might not be available. Although this minimum fraction has
not been scientifically established, the fact that Marxan was far from achieving the
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conservation targets we had fixed for the end of our timeline indicates there is in-
deed a need to adopt a different approach to systematic conservation planning than
solely focusing on healthy reefs. A future attempt in improving this work could try
and find the best way of combining both conservation and restoration perspectives
together in a single design without compromising too much the other objectives (e.g.
cost).

For our results to be interpreted properly, they must be communicated along with
the main caveats they entail. Overall, this work insisted on promoting a dynamic-
based management opposed to a static one by considering temporal variations in
reefs’ coral cover to assess areas of higher resilience. However, truly assessing re-
silience requires a comprehension of the processes involved behind such changes.
Yet, in this work we focused mainly on bleaching events to explain the change in
patterns over time even though other factors such as COTS outbreaks, cyclones or
river plumes interfered in the shaping of the reefs’ resilience. Although impacts from
such factors may have been accounted for through the AIMS monitoring data, the
years used in this timeline were based solely on the mass bleaching events. Consid-
ering all years for which some type of stressor induced mortality on the GBR would
have probably required a different approach than that adopted in this thesis due to
the excessive amount of years this would have implied. The choice of using mass
bleaching events as reference points was also guided by the current context of global
warming.

In order to truly translate changes in connectivity patterns across the timeline,
re-calculating the potential connectivity matrix for each year with the SLIM model
would have been better. This would have produced more genuine results than simply
weighing the potential connectivity from 2012 by the coral cover from each year.
Doing so would have enabled us to assess, in addition to the changes in the strength
of connections, the changes in the connections themselves and hence the overall
network. This would have required collecting specific data for each of those years
(e.g. tides, wind data), which would have been extremely time costly and possibly
not feasible if that data is not available. Integrating a composite HQI in addition to
coral cover into the weighting of the potential connectivity would have also provided
more accuracy.

The method used in this work to integrate connectivity into Marxan was that
of Beger et al. (2010). Other methods include using different connectivity metrics
as separate conservation features in the same way Magris et al. (2016, 2017) did.
This would have forced Marxan to consider different types of connectivity (e.g. cen-
trality, outflux and local retention) at the same time. This method might have
produced more comprehensive reserves in terms of connectivity patterns seeing that
in our case, Marxan seemed to have especially advantaged self-persistent sites. Us-
ing connectivity metrics can be particular useful when integrating a multi-species
connectivity into reserve design (White et al., 2014; Magris et al., 2016). Species
representation was another one of this work’s drawbacks since we only considered
the larval dispersal of A. Millepora and it would definitely be worth considering in
further research. Another reason for using connectivity metrics as an alternative
method to integrate connectivity is related to the objective function. We estab-
lished that the objective function guides Marxan’s choices on which planning units
to consider for enhancing connectivity by using a "boundary cost". Assuming two
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planning units are strongly related to each other and thus have a high boundary
(connection) cost, if Marxan selects one of them to be in the final reserve and not
the other, the connection cost must be paid. If they are both within the reserve, that
cost is not paid. However, if both sites are outside of the reserve, the connection is
not paid either (Ball et al., 2009). This implies that Marxan could exclude a highly
connected pair from the reserve system and yet not pay the cost for this exclusion
of connectivity. This could be avoided by using connectivity metrics as conservation
features.

Overall, this work could use some improvements in its approach to balancing
biodiversity and connectivity targets, while at the same time satisfying different
objectives under a combination of costs. However, being able to best translate to
Marxan the level of complexity that lies behind such a systemic approach remains
challenging, which is why simplifying assumptions are often made. Although our
work involved such assumptions, it nevertheless provides an innovative approach to
addressing the resilience of corals reefs in the face of global warming. Indeed, by
overlaying patterns of change in reaction to mass bleaching events, we have been
able to identify recurrent hotspots that seem promising in maintaining the resilience
of the GBR. In doing so, we have also targeted areas of the current zoning whose ex-
pansion could possibly improve the reserve’s performance. By considering temporal
patterns in addition to spatial ones, we have addressed one of the major challenges
in using connectivity information for designing MPAs (Krueck et al., 2017). Our
maps can be used to prioritize reefs on the GBR that consistently contribute to
meeting conservation or restoration targets while achieving connectivity. In times
where major challenges lie ahead, learning from the past can be instrumental in
helping us develop strategies. Although many projects and programs have already
been put in place to protect the GBR (see GBRMPA, 2019b)), in the long term, the
objective of maintaining worldwide health of coral reefs will require a global effort
in curbing our emissions and meeting the ambitions of the Paris Climate Agreement
(< 1.5°C warming) (Donner et al., 2005; Hughes et al., 2017, Wolff et al., 2018;
Hughes et al., 2018a) as this is the biggest threat to coral reefs and one which MPAs
cannot prevent from happening.

4.4. Discussion and conclusions 79



Bibliography

Abelson, A., Nelson, P. A., Edgar, G. J., Shashar, N., Reed, D. C., Belmaker,
J., Krause, G., Beck, M. W., Brokovich, E., France, R., Gaines, S. D., 2016.
Expanding marine protected areas to include degraded coral reefs. Conservation
Biology 30 (6), 1182-1191.

Australian Institute of Marine Science (AIMS), 2018. Effect of gbr zoning. Online,
available at https://www.aims.gov.au/docs/research /research-highlights/effect-
of-gbr-zoning.html. Accessed 12/04/2019.

Australian  Institute of Marine Science (AIMS), 2000. About the
Australian  Institute  of  Marine  Science.  Online, available  at
https://www.aims.gov.au/docs/about/about.html. Accessed 09,/04,/2019.

Australian Institute of Marine Science (AIMS), 2015. GBR - Coral mass bleaching
extent in 1998 and 2002 by aerial surveys (MTSRF 1.1.5, AIMS). Online, avail-
able at https://eatlas.org.au/data/uuid/2a17791d-8175-481b-8d31-c25f02e66ef6.
Accessed 30/01/2019.

Australian Institute of Marine Science (AIMS), 2017. Long-term Reef Monitoring
Program - Annual Summary Report on coral reef condition for 2016/17. Online,

available at https://www.aims.gov.au/reef-monitoring/gbr-condition-summary-
2016-2017. Accessed 15/02/2019.

Australian Institute of Marine Science (AIMS), 2018a. Coral bleaching events. On-
line, available at https://www.aims.gov.au/docs/research/climate-change/coral-
bleaching/bleaching-events.html. Accessed 01,/02/2019.

Australian Institute of Marine Science (AIMS), 2018b. Coral disease. On-
line, available  at  https://www.aims.gov.au/docs/research /biodiversity-
ecology /threats/coral-disease.html. Accessed 07,/04/2019.

Australian  Institute  of  Marine  Science  (AIMS), 2018c.  Mon-
itoring Australia’s tropical reefs. Online, available at
https://www.aims.gov.au/docs/research /monitoring /reef /reef-monitoring. html.

Accessed 01/03/2019.

Australian Institute of Marine Science (AIMS), 2018d.
Reef monitoring sampling methods. Online, available at
https://www.aims.gov.au/docs/research /monitoring /reef /sampling-
methods.html?fbclid=IwAROfZ7yoPChrNOGX5nYkbkBLEik-
6IxFrFdAN5kyZ  k40-Lh9JJzpHRvz5uA. Accessed 01/03/2019.

80



Bibliography

Australian Institute of Marine Science (AIMS), 2019a. 05 April: Condition
of Great Barrier Reef corals before the mass bleaching event in 2016.
Online,  available at  https://www.aims.gov.au/docs/media/latest-news /-
/asset _publisher/EnAbgMcJvXjd/content/05-april-condition-of-great-barrier-
reef-corals-before-the-mass-bleaching-event-in-2016. Accessed 28/03/2019.

Australian Institute of Marine Science (AIMS), 2019b. Crown-of-thorns starfish.
Online, available at https://www.aims.gov.au/docs/research /biodiversity-
ecology /threats/cots.html. Accessed 07/04/2019.

Almany, G. R., Connolly, S. R., Heath, D. D., Hogan, J. D., Jones, G. P., McCook,
L. J., Mills, M., Pressey, R. L., Williamson, D. H., Jun. 2009. Connectivity,
biodiversity conservation and the design of marine reserve networks for coral reefs.

Coral Reefs 28 (2), 339-351.

Alvarez-Romero, J. G., Munguia-Vega, A., Beger, M., Mancha-Cisneros, M. d. M.,
Suarez-Castillo, A. N., Gurney, G. G., Pressey, R. L., Gerber, L. R., Morzaria-
Luna, H. N., Reyes-Bonilla, H., Adams, V. M., Kolb, M., Graham, E. M., VanDer-
Wal, J., Castillo-Lopez, A., Hinojosa-Arango, G., Petatan-Ramirez, D., Moreno-
Baez, M., Godinez-Reyes, C. R., Torre, J., 2018. Designing connected marine
reserves in the face of global warming. Global Change Biology 24 (2), e671-e691.

ARC Centre of Excellence for Coral Reef Studies, 2018. Gallery. Online, available
at https://www.coralcoe.org.au/gallery. Accessed 07,/04/2019.

ARC Centre of Excellence for Coral Reef Studies, 2016. Life and death after Great
Barrier Reef bleaching. Online, available at https://www.coralcoe.org.au/media-
releases/life-and-death-after-great-barrier-reef-bleaching. Accessed 25/06/2019.

Baird, A. H., Marshall, P. A.; Jul. 2002. Mortality, growth and reproduction in
scleractinian corals following bleaching on the Great Barrier Reef. Marine Ecology
Progress Series 237, 133-141.

Ball, I. R., Possingham, H. P., Watts, M., 2009. Marxan and Relatives: Software
for Spatial Conservation Prioritization. In: Moilanen A, Wilson KA, Possingham
HP, editors. Spatial conservation prioritisation: quantitative methods and com-
putational tools. Oxford, United Kingdom: Oxford University Press; 2009. p.
185-95.

Ban, N. C., Bodtker, K. M., Nicolson, D., Robb, C. K., Royle, K., Short, C., May
2013. Setting the stage for marine spatial planning: Ecological and social data
collation and analyses in Canada’s Pacific waters. Marine Policy 39, 11-20.

Beger, M., Linke, S., Watts, M., Game, E., Treml, E., Ball, I., Possingham, H. P.,
2010. Incorporating asymmetric connectivity into spatial decision making for con-
servation. Conservation Letters 3 (5), 359-368.

Beger, M., McGowan, J., Treml, E. A., Green, A. L., White, A. T., Wolff, N. H.,
Klein, C. J., Mumby, P. J., Possingham, H. P., Sep. 2015. Integrating regional
conservation priorities for multiple objectives into national policy. Nature Com-
munications 6, 8208.

Bibliography 81



Bibliography

Bellwood, D. R., Hughes, T. P., Folke, C., Nystrom, M., Jun. 2004. Confronting the
coral reef crisis. Nature 429 (6994), 827-833.

Berkelmans, R., 2002. Time-integrated thermal bleaching thresholds of reefs and
their variation on the Great Barrier Reef. Marine Ecology Progress Series 229,
73-82.

Berkelmans, R., De’ath, G., Kininmonth, S., Skirving, W. J., Apr. 2004. A com-
parison of the 1998 and 2002 coral bleaching events on the Great Barrier Reef:
Spatial correlation, patterns, and predictions. Coral Reefs 23 (1), 74-83.

Berkelmans, R., Oliver, J. K., 1999. Large-scale bleaching of corals on the Great
Barrier Reef. Coral Reefs 18 (1), 55-60.

Botsford, L. W., White, J. W., Coffroth, M.-A., Paris, C. B., Planes, S., Shearer,
T. L., Thorrold, S. R., Jones, G. P., 2009. Connectivity and resilience of coral

reef metapopulations in marine protected areas: Matching empirical efforts to
predictive needs. Coral Reefs 28 (2), 327-337.

Bruno, J. F., Selig, E. R., 2007. Regional Decline of Coral Cover in the Indo-Pacific:
Timing, Extent, and Subregional Comparisons. PLOS ONE 2 (8), e711.

Bryan, D., Burke, L. M., McManus, J., 1998. Reefs at Risk: A Map-Based Indicator
of Threats to the World’s Coral Reefs. Vol. 1998. WRI.

Burgess, S. C., Nickols, K. J., Griesemer, C. D., Barnett, L. A. K., Dedrick,
A. G., Satterthwaite, E. V., Yamane, L., Morgan, S. G., White, J. W,
Botsford, L. W., 2014. Beyond connectivity: How empirical methods can
quantify population persistence to improve marine protected-area design.
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/13-0710.1.

Burrage, D. M., Steinberg, C. R., Skirving, W. J., Kleypast, J. A., Apr. 1996.
Mesoscale circulation features of the great barrier reef region inferred from NOAA
satellite imagery. Remote Sensing of Environment 56 (1), 21-41.

CSIRO, 2015. eReefs models - hydrodynamics. Online, available at
https:/ /research.csiro.au/ereefs /models /models-about /models-hydrodynamics, .
Accessed 10/07/2019.

Day, J., Fernandes, L., Lewis, A., De’ath, G., Slegers, S., Barnett, B., Breen, D.,
Ines, J., Oliver, J., Ward, T., Lowe, D., 2002. The Representative Areas Program
for Protecting Biodiversity in the Great Barrier Reef World Heritage Area. Pro-
ceedings 9th International Coral Reef Symposium, Bali, Indonesia 23-27 October
2000.

De’ath, G., Fabricius, K. E., Sweatman, H., Puotinen, M., 2012. The 27—year decline
of coral cover on the Great Barrier Reef and its causes. Proceedings of the National
Academy of Sciences, 2012089009.

Donner, S. D., Skirving, W. J., Little, C. M., Oppenheimer, M., Hoegh-Guldberg,
0., 2005. Global assessment of coral bleaching and required rates of adaptation
under climate change. Global Change Biology 11 (12), 2251-2265.

82 Bibliography



Bibliography

Eddy, T. D., Cheung, W. W., Bruno, J. F., 2018. Historical baselines of coral cover
on tropical reefs as estimated by expert opinion. PeerJ 6.

Fernandes, L., Day, J., Lewis, A., Slegers, S., Kerrigan, B., Breen, D., Cameron, D.,
Jago, B., Hall, J., Lowe, D., Innes, J., Tanzer, J., Chadwick, V., Thompson, L.,
Gorman, K., Simmons, M., Barnett, B., Sampson, K., De’ath, G., Mapstone, B.,
Marsh, H., Possingham, H., Ball, I., Ward, T., Dobbs, K., Aumend, J., Slater,
D., Stapleton, K., 2005. Establishing Representative No-Take Areas in the Great
Barrier Reef: Large-Scale Implementation of Theory on Marine Protected Areas.
Conservation Biology 19 (6), 1733—-1744.

Game, E. T., Grantham, H. S.; 2008. Marxan User Manual: For Marxan version
1.8.10. Tech. rep., University of Queensland, St. Lucia, Queensland, Australia, and
Pacific Marine Analysis and Research Association, Vancouver, British Columbia,
Canada.

Game, E. T., Watts, M. E., Wooldridge, S., Possingham, H. P., 2008. Planning for
Persistence in Marine Reserves: A Question of Catastrophic Importance. Ecolog-
ical Applications 18 (3), 670-680.

Great Barrier Reef Marine Park Authority (GBRMPA), 2013. Great Barrier Reef
Biodiversity Conservation Strategy 2013. Report. GBRMPA, Townsville.

Great Barrier Reef Marine Park Authority (GBRMPA), 2014. Great Bar-
rier Reef Marine Park Zoning 2003 (GBRMPA). Ounline, available at
https://eatlas.org.au/data/uuid/92e4a530-6¢be-456b-918d-55d97¢610e01.  Ac-
cessed 20,/11/2018.

Great Barrier Reef Marine Park Authority (GBRMPA), 2017a. Final report: 2016
coral bleaching event on the Great Barrier Reef. Tech. rep., Townsville.

Great Barrier Reef Marine Park Authority (GBRMPA), 2017b. Second wave
of mass bleaching unfolding on Great Barrier Reef. Online, available
at http://www.gbrmpa.gov.au/news-room /latest-news/latest-news/coral-
bleaching/2017 /second-wave-of-mass-bleaching-unfolding-on-great-barrier-reef.
Accessed 15/02/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2017c. Significant
coral decline and habitat loss on the Great Barrier Reef. Online, avail-
able at http://www.gbrmpa.gov.au/news-room /latest-news/latest-news/coral-
bleaching/2017 /significant-coral-decline-and-habitat-loss-on-the-great-barrier-
reef. Accessed 05/03/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018a. Climate
change. Online, available at http://www.gbrmpa.gov.au/our-work /threats-to-the-
reef /climate-change. Accessed 08,/04,/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018b. Commercial fish-
ing and zoning. Online, available at http://www.gbrmpa.gov.au/access-and-
use/zoning/commercial-fishing-and-zoning. Accessed 20,/04,/2019.

Bibliography 83



Bibliography

Great Barrier Reef Marine Park Authority (GBRMPA), 2018c. Coral repro-
duction. Online, available at http://www.gbrmpa.gov.au/the-reef/corals/coral-
reproduction. Accessed 21/03/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018d. Corals. Online, avail-
able at http://www.gbrmpa.gov.au/the-reef/corals. Accessed 21/03,/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018e. Extreme
weather. Online, available at http://www.gbrmpa.gov.au/our-work/threats-to-
the-reef/extreme-weather. Accessed 08/04/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018f. Ocean cur-
rents. Online, available at http://www.gbrmpa.gov.au/our-work/threats-to-the-
reef/climate-change/ocean-currents. Accessed 07/04/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2018g. Reef facts. Online,
available at http://www.gbrmpa.gov.au/the-reef/reef-facts. Accessed 15/10/2018.

Great Barrier Reef Marine Park Authority (GBRMPA), 2019a. Crown-of-thorns
starfish control program. Online, available at http://www.gbrmpa.gov.au/our-

work /our-programs-and-projects /crown-of-thorns-starfish-control-program.
Accessed 09/04/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2019b. Our programs
and projects. Online, available at http://www.gbrmpa.gov.au/our-work/our-
programs-and-projects. Accessed 02/07/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2019c. Reef
2050 Integrated Monitoring and Reporting Program. Online, available
at http://www.gbrmpa.gov.au/our-work /reef-strategies /reef-integrated-

monitoring-and-reporting-program /monitoring-and-reporting-resources. Accessed
25/05/2019.

Great Barrier Reef Marine Park Authority (GBRMPA), 2019d. Storms and cy-
clones. Online, available at http://www.gbrmpa.gov.au/our-work/threats-to-the-
reef/climate-change/storms-and-cyclones. Accessed 07,/04,/2019.

Glynn, P. W., Mar. 1993. Coral reef bleaching: Ecological perspectives. Coral Reefs
12 (1), 1-17.

Goni, 2016. Don’t bury what is not dead yet - the Great Barrier Reef did not
yet die. Online, available at https://morefundiving.com/the-great-barrier-reef-
did-not-yet-die/. Accessed 12/04,/2019.

Halford, A., Cheal, A. J., Ryan, D., Williams, D. M., 2004. Resilience to Large-Scale
Disturbance in Coral and Fish Assemblages on the Great Barrier Reef. Ecology
85 (7), 1892-1905.

Hartmann, A. C., Marhaver, K. L., Vermeij, M. J. A., 2018. Corals in Healthy
Populations Produce More Larvae Per Unit Cover. Conservation Letters 11 (3),
e12410.

84 Bibliography



Bibliography

Hock, K., Wolff, N. H., Ortiz, J. C., Condie, S. A., Anthony, K. R. N., Blackwell,
P. G., Mumby, P. J.,2017. Connectivity and systemic resilience of the Great Barrier
Reef. PLOS Biology 15 (11), €2003355.

Hoegh-Guldberg, O., 1999. Climate change, coral bleaching and the future of the
world’s coral reefs. Marine and Freshwater Research 50 (8), 839-866.

Hopley, D., Smithers, S. G., Parnell, K., 2007. The Geomorphology of the Great
Barrier Reef: Development, Diversity and Change. Cambridge University Press.

Hughes, T., Bellwood, D. R., Folke, C., Steneck, R. S.; Wilson, J., 2005. New
paradigms for supporting the resilience of marine ecosystems. Trends in Ecology
& Evolution 20 (7), 380-386.

Hughes, T., Day, J. C., Brodie, J., 2015. Securing the future of the Great Barrier
Reef. Nature Climate Change 5, 508-511.

Hughes, T., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J., Steneck, R. S.,
2010. Rising to the challenge of sustaining coral reef resilience. Trends in Ecology
& Evolution 25 (11), 633—-642.

Hughes, T., Kerry, J. T., Alvarez-Noriega, M., Alvarez-Romero, J. G., Anderson,
K. D., Baird, A. H., Babcock, R. C., Beger, M., Bellwood, D. R., Berkelmans,
R., Bridge, T. C., Butler, I. R., Byrne, M., Cantin, N. E., Comeau, S., Connolly,
S. R., Cumming, G. S., Dalton, S. J., Diaz-Pulido, G., Eakin, C. M., Figueira,
W. F., Gilmour, J. P., Harrison, H. B., Heron, S. F., Hoey, A. S., Hobbs, J.-P. A,
Hoogenboom, M. O., Kennedy, E. V., Kuo, C.-y., Lough, J. M., Lowe, R. J., Liu,
G., McCulloch, M. T., Malcolm, H. A., McWilliam, M. J., Pandolfi, J. M., Pears,
R. J., Pratchett, M. S., Schoepf, V., Simpson, T., Skirving, W. J., Sommer, B.,
Torda, G., Wachenfeld, D. R., Willis, B. L., Wilson, S. K., 2017. Global warming
and recurrent mass bleaching of corals. Nature 543 (7645), 373-377.

Hughes, T., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M.,
Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Liu, G., McWilliam, M. J., Pears,
R. J., Pratchett, M. S., Skirving, W. J., Stella, J. S., Torda, G., 2018a. Global
warming transforms coral reef assemblages. Nature 556 (7702), 492.

Hughes, T. P., Bellwood, D. R., Baird, A. H., Brodie, J., Bruno, J. F., Pandolfi,
J. M., 2011. Shifting base-lines, declining coral cover, and the erosion of reef
resilience: Comment on Sweatman et al. (2011). Coral Reefs 30 (3), 653-660.

Hughes, T. P., Kerry, J. T., Simpson, T., 2018b. Large-scale bleaching of corals on
the Great Barrier Reef. Ecology 99 (2), 501-501.

International Coral Reef Initiative (ICRI), 2018. What are corals? Online, avail-
able at https://www.icriforum.org/about-coral-reefs/what-are-corals. Accessed

20,/03,/2019.

Januchowski-Hartley Fraser A., Graham Nicholas A. J., Wilson Shaun K., Jen-
nings Simon, Perry Chris T., 2017. Drivers and predictions of coral reef carbon-
ate budget trajectories. Proceedings of the Royal Society B: Biological Sciences
284 (1847), 20162533.

Bibliography 85



Bibliography

Jones, G. P., Almany, G. R., Russ, G. R., Sale, P. F., Steneck, R. S., van Oppen, M.
J. H., Willis, B. L., 2009. Larval retention and connectivity among populations
of corals and reef fishes: History, advances and challenges. Coral Reefs 28 (2),
307-325.

Kerry, J., Hughes, T., 2017. Back-to-back bleaching has now hit two-thirds of the
Great Barrier Reef. http://theconversation.com /back-to-back-bleaching-has-now-
hit-two-thirds-of-the-great-barrier-reef-76092.

Kininmonth, S., Beger, M., Bode, M., Peterson, E., Adams, V. M., Dorfman, D.,
Brumbaugh, D. R., Possingham, H. P., 2011. Dispersal connectivity and reserve
selection for marine conservation. Ecological Modelling 222 (7), 1272-1282.

Knowlton, N., Jackson, J. B. C., 2008. Shifting Baselines, Local Impacts, and Global
Change on Coral Reefs. PLOS Biology 6 (2), eb4.

Kool, J. T., Moilanen, A., Treml, E. A., 2013. Population connectivity: Recent
advances and new perspectives. Landscape Ecology 28 (2), 165-185.

Krueck, N. C., Ahmadia, G. N., Green, A., Jones, G. P., Possingham, H. P., Riginos,
C., Treml, E. A., Mumby, P. J., 2017. Incorporating larval dispersal into MPA
design for both conservation and fisheries. Ecological Applications 27 (3), 925-941.

Lamb, J. B., Williamson, D. H., Russ, G. R., Willis, B. L., 2015. Protected areas
mitigate diseases of reef-building corals by reducing damage from fishing. Ecology
96 (9), 2555-2567.

Levin, S. A., Lubchenco, J., 2008. Resilience, Robustness, and Marine Ecosystem-
based Management. BioScience 58 (1), 27-32.

Lindenmayer, D., Barton, P., Pierson, J., 2015. Indicators and Surrogates of Biodi-
versity and Environmental Change. Csiro Publishing.

Magris, R. A., Andrello, M., Pressey, R. L., Mouillot, D., Dalongeville, A., Jacobi,
M. N., Manel, S., 2018. Biologically representative and well-connected marine
reserves enhance biodiversity persistence in conservation planning. Conservation
Letters 11 (4), e12439.

Magris, R. A., Pressey, R. L., Mills, M., Vila-Nova, D. A., Floeter, S., 2017. In-
tegrated conservation planning for coral reefs: Designing conservation zones for
multiple conservation objectives in spatial prioritisation. Global Ecology and Con-
servation 11, 53-68.

Magris, R. A., Pressey, R. L., Weeks, R., Ban, N. C., 2014. Integrating connectivity
and climate change into marine conservation planning. Biological Conservation

170, 207-221.

Magris, R. A., Treml, E. A., Pressey, R. L., Weeks, R., 2016. Integrating multiple
species connectivity and habitat quality into conservation planning for coral reefs.
Ecography 39 (7), 649-664.

86 Bibliography



Bibliography

Margules, C., Higgs, A. J., Rafe, R. W., 1982. Modern biogeographic theory: Are
there any lessons for nature reserve design? Biological Conservation 24 (2), 115—
128.

Margules, C. R., Pressey, R. L., 2000. Systematic conservation planning. Nature
405, 243-253.

MarxanConnect, 2019. Glossary. Online, available at
http://marxanconnect.ca/glossary.html. Accessed 19/10/2018.

Magzor, T., Beger, M., McGowan, J., Possingham, H. P., Kark, S., 2016. The value of
migration information for conservation prioritization of sea turtles in the Mediter-
ranean. Global Ecology and Biogeography 25 (5), 540-552.

McCook, L. J.; Almany, G. R., Berumen, M. L., Day, J. C., Green, A. L., Jones,
G. P., Leis, J. M., Planes, S., Russ, G. R., Sale, P. F., Thorrold, S. R., 2009.
Management under uncertainty: Guide-lines for incorporating connectivity into
the protection of coral reefs. Coral Reefs 28 (2), 353-366.

Mellin, C., Matthews, S., Anthony, K. R. N., Brown, S. C., Caley, M. J., Johns,
K. A., Osborne, K., Puotinen, M., Thompson, A., Wolff, N. H., Fordham, D. A.,
MacNeil, M. A., 2019. Spatial resilience of the Great Barrier Reef under cumula-
tive disturbance impacts. Global Change Biology 0 (0).

Micheli, F., Saenz-Arroyo, A., Greenley, A., Vazquez, L., Montes, J. A. E., Rossetto,
M., Leo, G. A. D., 2012. Evidence That Marine Reserves Enhance Resilience to
Climatic Impacts. PLOS ONE 7 (7), e40832.

Minor, E. S. M. S., Urban, D. L., 2007. Graph theory as a proxy for spatially
explicit population models in conservation planning. Ecological applications : a
publication of the Ecological Society of America 17 (6), 1771-1782.

Mumby, P. J., Elliott, I. A., Eakin, C. M., Skirving, W., Paris, C. B., Edwards,
H. J., Enriquez, S., Iglesias-Prieto, R., Cherubin, L. M., Stevens, J. R., 2011.
Reserve design for uncertain responses of coral reefs to climate change. Ecology
Letters 14 (2), 132-140.

National Oceanic and Atmospheric Administration (NOAA),
2010.  What is  coral  bleaching? Online, available  at
https://oceanservice.noaa.gov/facts/coral _bleach.html. Accessed 10/04/2019.

National Oceanic and Atmospheric Administration (NOAA), 2017. Corals.
https:/ /oceanservice.noaa.gov/education /kits /corals/coral06_ reproduction.html.

National Oceanic and Atmospheric Administration (NOAA), 2014. What are Coral
Reefs. Online, available at https://www.coris.noaa.gov/about/what are/. Ac-
cessed 20,/03/2019.

O’Mahony, J., Simes, R., Redhill, D., Heaton, K., Atkinson, K., Hayward, E.,
Nguyen, M., 2017. At what price? The economic, social and icon value of the
Great Barrier Reef. Tech. rep.

Bibliography 87



Bibliography

Osborne, K., Dolman, A. M., Burgess, S. C., Johns, K. A., 2011. Disturbance and
the Dynamics of Coral Cover on the Great Barrier Reef (1995-2009). PLOS ONE
6 (3), el7516.

Biodiversity Indicators Partnership (BIP), 2016. Live Coral Cover. Online,
available at https://www.bipindicators.net/indicators/live-coral-cover. Accessed
27/06,/2019.

Pressey, R. L., Cabeza, M., Watts, M. E., Cowling, R. M., Wilson, K. A., 2007. Con-
servation planning in a changing world. Trends in Ecology & Evolution 22 (11),
583-592.

QGIS Development Team, 2002. QGIS Geographic Information System. Open
Source Geospatial Foundation.

QGIS, 2019. Spatial Analysis (Interpolation). Online, available at
https://docs.qgis.org/testing/en/docs/gentle gis introduction/spatial
_analysis_interpolation.html. Accessed 13/03/2019.

ReefResilienceNetwork, 2018. Sexual Reproduction | Reef Resilience. On-
line, available at http://reefresilience.org/restoration/coral-populations/larval-
propagation /biology-of-reproduction/. Accessed 21/03/2019.

Healthy Reefs, 2018. Coral Cover. Online, available at
http://www.healthyreefs.org/cms/healthy-reef-indicators/coral-cover/. Accessed
18/04,/2019.

Richards, Z. T., 2013. A comparison of proxy performance in coral biodiversity
monitoring. Coral Reefs 32 (1), 287-292.

RStudio Team, 2016. RStudio: Integrated development environment for R. RStudio,
Inc.

Saint-Amand, A., Lambrechts, J., Hanert, E., 2018. Assessing the sensitivity of coral
connectivity modelling to mesh resolution in the Great Barrier Reef (or "How fine
is fine enough?"). In: Fourth International Marine Connectivity (iMarCo).

Schill, S. R., Raber, G. T., Roberts, J. J., Treml, E. A., Brenner, J., Halpin, P. N.,
2015. No Reef Is an Island: Integrating Coral Reef Connectivity Data into the
Design of Regional-Scale Marine Protected Area Networks. PLOS ONE 10 (12),
€0144199.

SECORE, 2016. Coral spawning in London — Project Coral. Online, available at
http://www.secore.org /site/newsroom/article/142.html. Accessed 21/03/2019.

Sharwood, A, 2017. Shocking New Pictures Of Coral
Bleaching On Great Barrier Reef. Online, available at
https://www.huffingtonpost.com.au/2017/03 /08 /shocking-new-pictures-of-
coral-bleaching-on-great-barrier-reef a_21876721/. Accessed 12/04/2019.

Sheppard, C., 1995. The shifting baseline syndrome. Marine Pollution Bulletin
30 (12), 766-767.

88 Bibliography



Bibliography

Sheppard, C., 2014. Coral Reefs: A Very Short Introduction. Oxford University
Press.

Sheppard, C., Davy, S., Pilling, G., Graham, N., 2017. The Biology of Coral Reefs.
Oxford University Press.

Soulé, M. E., Simberloff, D., 1986. What do genetics and ecology tell us about the
design of nature reserves? Biological Conservation 35 (1), 19-40.

Spalding, M., Phd, M. A., M. D. S., Ravilious, C., Green, E. P., Programme, U.
N. E., Centre, W. C. M., 2001. World Atlas of Coral Reefs. University of California
Press.

Steinberg, C., 2007. Chapter 3: Impacts of climate change on the physical oceanog-
raphy of the Great Barrier Reef. In: Climate Change and the Great Barrier Reef:
A Vulnerability Assessment. Great Barrier Reef Marine Park Authority and the
Australian Greenhouse Office Townsville.

Stewart, R. R., Ball, I. R., Possingham, H. P., 2007. The Effect of Incremental
Reserve Design and Changing Reservation Goals on the Long-Term Efficiency of
Reserve Systems. Conservation Biology 21 (2), 346-354.

Stewart, R. R., Possingham, H. P., 2005. Efficiency, costs and trade-offs in marine
reserve system design. Environmental Modeling & Assessment 10 (3), 203-213.

Strain, E. M. A., Edgar, G. J., Ceccarelli, D., Stuart-Smith, R. D., Hosack, G. R.,
Thomson, R. J., 2018. A global assessment of the direct and indirect benefits
of marine protected areas for coral reef conservation. Diversity and Distributions
25 (1), 9-20.

Sweatman, H., Delean, S., Syms, C., 2011. Assessing loss of coral cover on Australia’s
Great Barrier Reef over two decades, with implications for longer-term trends.
Coral Reefs 30 (2), 521-531.

The MathWorks Inc., 2019. Matlab - Version 9.6.0 (R2019a).

Thomas, A., 2002. Hard core spawn.  Online, available  at
http://www.abc.net.au/science/articles/2002/10,/03/2583543.htm. Accessed
21/03/2019.

UNEP-WCMC, TUCN, 2016. Protected Planet Report 2016. How Protected Areas
Contribute to Achieving Global Targets for Biodiversity. Tech. rep., Cambridge
UK and Gland, Switzerland.

Watts, M., Steinback, C., Klein, C., 2017. User Guide: Applying Marxan with Zones:
North central coast of California marine study. Working Paper.

West, J. M., Salm, R. V., 2003. Resistance and Resilience to Coral Bleaching: Im-
plications for Coral Reef Conservation and Management. Conservation Biology
17 (4), 956-967.

White, J. W., Schroeger, J., Drake, P. T., Edwards, C. A., 2014. The Value of Larval
Connectivity Information in the Static Optimization of Marine Reserve Design.
Conservation Letters 7 (6), 533-544.

Bibliography 89



Bibliography

Wolff, N. H., Donner, S. D., Cao, L., Iglesias-Prieto, R., Sale, P. F., Mumby, P. J.,
2015. Global inequities between polluters and the polluted: Climate change im-
pacts on coral reefs. Global Change Biology 21 (11), 3982-3994.

Wolff, N. H., Mumby, P. J., Devlin, M., Anthony, K. R. N.; 2018. Vulnerability
of the Great Barrier Reef to climate change and local pressures. Global Change
Biology 24 (5), 1978-1991.

Wooldridge, S., Done, T., 2004. Learning to predict large-scale coral bleaching from
past events: A Bayesian approach using remotely sensed data, in-situ data, and
environmental proxies. Coral Reefs 23 (1), 96-108.

90 Bibliography



Appendix

Appendix A: Diagram illustrating the set up of the different input files
according to the different scenarios

Since this work involved many scenarios, they were all implemented into Marxan
through the R software using a series of different loops. Marxan requires 3 specific
input files to be able to run: Firstly, the 'Planning Unit file’ (pu.dat) which gives
information on the planning units’ IDs, their status and their cost; secondly, the
’Conservation Feature file’ (spec.dat) which gives information on the name, ID and
target to reach for each conservation feature; and thirdly, the "Planning Unit versus
Conservation Feature file’ (puvspr2.dat) which indicates the amount of each conser-
vation feature within each planning unit. In addition to these three mandatory files,
an additional file pertaining to the connectivity can be used, this is the 'Boundary
Length file’ (bound.dat). These key files are all represented in our diagram (coloured
frames) and are different depending on the scenario considered (white frames). The
major split in the middle of the diagram was made in order to clearly distinguish
the scenarios where the existing MPAs are not considered from the scenarios where
they are considered.
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Integrating past and present connectivity into the design of marine
protected areas to plan for persistence in the Great Barrier Reef

Jessica Deurinck

The recent decline in coral cover worldwide has led to a global concern
about the ability of coral reefs to withstand the impacts of climate change.
One of the tools developed to protect coral reefs is the design of marine
protected areas (MPAs) through systematic conservation planning.

In this context, our work used the Great Barrier Reef (GBR) as its study
area. The aim was to identify which reefs would be most resilient in the
face of global warming and therefore strategic to consider as part of
MPAs. In order to do so, a retrospective method was adopted. We
constructed a timeline based on the most important mass bleaching
events that hit the GBR over the past decades. The reefs which
maintained a certain level of resilience throughout the timeline were
considered most fit to ensure persistence on the GBR.

Three main steps led to identifying these reefs. The first step involved
calculating the coral cover for the ~ 3800 reefs making up the GBR and
this, for each event of our timeline. Coral cover was used as it is an
important indicator of reef health. In addition to coral cover, we used the
connectivity of corals to identify important hotspots within the network.
The second step involved weighing this connectivity with the coral cover
to identify temporal variations in the strength of connections between
coral reefs. Finally, we integrated the information from the previous steps
into Marxan, a decision support tool, to identify a set of priority areas
across the GBR through different scenarios. Priority areas that were
consistently selected throughout the timeline were considered best able
to answer our call for resilience.

Our results show that resilient areas on the GBR only truly started
standing out once connectivity was integrated into the design. The areas
that showed the highest selection frequencies over the years were located
mostly in the south of the GBR, indicating that this might be a region
worth securing for the future. Our maps also indicate that the current
level of protection of the GBR seems to already satisfy a certain level of
resilience which could nevertheless be improved by expanding some
areas. Our findings also indicate that the approach of considering both
healthy and degraded reefs rather than focusing solely on healthy reefs
when designing MPAs is more appropriate in today’s context. Overall, this
work highlights the importance of integrating connectivity into spatial
design and more specifically, how combining past and present
connectivity may help plan for persistence on the GBR.
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