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Abstract:

Tropical cyclones generate extreme waves that can damage coral reef
communities. Recovery typically requires up to a decade, driving the
trajectory of coral community structure. Coral reefs have evolved over
millennia with cyclones. Increasingly, however, processes of recovery
are interrupted and compromised by additional pressures (thermal
stress, pollution, diseases, predators). Understanding how cyclones
interact with other pressures to threaten coral reefs underpins spatial
prioritisation of conservation and management interventions. Models
that simulate coral responses to cumulative pressures often assume that
the worst cyclone wave damage occurs within ~100 km of the track.
However, we show major coral loss at exposed sites up to 800 km from
a cyclone that was both strong (high sustained wind speeds >= 33 m s-
1) and big (widespread circulation >~300 km), using numerical wave
models and field data from northwest Australia. We then calculate the
return time of big and strong cyclones, big cyclones of any strength, and
strong cyclones of any size, for each of 150 coral reef ecoregions using a
global dataset of past cyclones from 1985 to 2015. For the coral
ecoregions that regularly were exposed to cyclones during that time, we
find that 75% of them were exposed to at least one cyclone that was
both big and strong. Return intervals of big and strong cyclones are
already less than 5 years for 13 ecoregions, primarily in the cyclone-
prone NW Pacific, and less than 10 years for an additional 14 ecoregions.
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We identify ecoregions likely at higher risk in future given projected
changes in cyclone activity. Robust quantification of the spatial
distribution of likely cyclone wave damage is vital not only for
understanding past coral response to pressures, but also for predicting
how this may change as the climate continues to warm and the relative
frequency of the strongest cyclones rises
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Abstract

Tropical cyclones generate extreme waves that can damage coral reef communities.
Recovery typically requires up to a decade, driving the trajectory of coral community
structure. Coral reefs have evolved over millennia with cyclones. Increasingly, however,
processes of recovery are interrupted and compromised by additional pressures (thermal
stress, pollution, diseases, predators). Understanding how cyclones interact with other
pressures to threaten coral reefs underpins spatial prioritisation of conservation and
management interventions. Models that simulate coral responses to cumulative pressures
often assume that the worst cyclone wave damage occurs within ~100 km of the track.
However, we show major coral loss at exposed sites up to 800 km from a cyclone that was
both strong (high sustained wind speeds >= 33 m s!) and big (widespread circulation >~300
km), using numerical wave models and field data from northwest Australia. We then
calculate the return time of big and strong cyclones, big cyclones of any strength, and strong
cyclones of any size, for each of 150 coral reef ecoregions using a global dataset of past
cyclones from 1985 to 2015. For the coral ecoregions that regularly were exposed to
cyclones during that time, we find that 75% of them were exposed to at least one cyclone
that was both big and strong. Return intervals of big and strong cyclones are already less
than 5 years for 13 ecoregions, primarily in the cyclone-prone NW Pacific, and less than 10
years for an additional 14 ecoregions. We identify ecoregions likely at higher risk in future
given projected changes in cyclone activity. Robust quantification of the spatial distribution
of likely cyclone wave damage is vital not only for understanding past coral response to
pressures, but also for predicting how this may change as the climate continues to warm

and the relative frequency of the strongest cyclones rises.
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Introduction

Coral reef communities around the world are under increasing threat from a range of
stressors, with up to one-third of species estimated to be at risk of extinction (Carpenter et
al. 2008). Many studies have shown that the incidence of stressors of various types vary
spatially across the world’s coral reefs (e.g., thermal stress — Hooidonk et al. 2013; coral
disease - Maynard et al. 2015; tropical cyclones — Carrigan and Puotinen 2011; human
activities — Halpern et al. 2008). Further studies have shown that spatial variation in stressor
exposure can inform where to focus management efforts to conserve reefs by focusing
conservation effort at reefs least likely to be disturbed frequently (e.g., Game et al. 2008,
Beyer et al. 2018, Darling et al. 2019). Tropical cyclones (hurricanes, typhoons) can be a
major factor degrading ecological condition of reefs (Great Barrier Reef - De’ath et al. 2012;
Caribbean - Gardner et al. 2005; Western Australia - Zinke et al. 2018). However, it is the
combination of cyclones with rising exposure to other stressors — most notably thermal
stress (Hughes et al. 2017, Hughes et al. 2018) - that is the most significant emerging threat
to reefs globally. Unravelling these relative contributions in a way that offers solutions for
management can be difficult (Cote et al. 2016). Nonetheless, knowledge of where and how
often cyclones damage coral communities on reefs has been vital for understanding past
patterns of coral response to pressures (GBR — De’ath et al. 2012, Mellin et al. 2019,
Ceccarelli et al., 2019; Western Australia — Zinke et al. 2018, Gilmour et al. 2019; Indo-Pacific

— Darling et al. 2019), and can be used to estimate reef resilience into the future.
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Extended periods of elevated wave energy and breaking waves generated by tropical
cyclones can physically damage coral communities, ranging in severity from broken coral
tips to removal of entire sections of the reef structure. Such damage has been widely
documented in field surveys (Guam — Ogg & Koslow 1978; Jamaica — Woodley et al. 1981;
French Polynesia- Harmelin-Vivien & Laboute 1986; US Virgin Islands — Rogers et al. 1989;
Great Barrier Reef (GBR) — Done 1992; Hawaii — Dollar & Tribble 1993; Mexico — Lirman et
al. 2001; Netherlands Antilles — Bries et al. 2004; Florida Keys — Gleason et al. 2007). Coral
vulnerability to wave damage depends on coral size and growth form, which are highly
variable at very local scales (Madin & Connelly 2006). Exposure of corals to damaging waves
also depends on their position on a reef, relative to the incoming wave direction and other
reefs and islands (Young & Hardy 1993). The resulting patchiness in damage occurs even
from strong cyclones (Caribbean —Woodley et al. 1981, GBR — Fabricius et al. 2008, Beeden
et al. 2015, NW Pacific — Reyes et al. 2015). Remnant coral populations can provide a key
source of local recruitment to stimulate recovery after a cyclone, and many reefs have
recovered quickly (southern GBR - Halford et al. 2004; central GBR — Lukoschek et al., 2013,
Beeden et al., 2015; Scott Reef, Western Australia — Gilmour et al., 2019). However, a
return to the former coral cover does not guarantee recovery of the prior composition of
coral and fish communities (Bellwood et al. 2012). This is particularly likely if the structural
complexity of the reef remains low even as coral cover increases (Emslie et al. 2014).
Further, the combination of repeated impacts from subsequent cyclones and/or other
pressures can reduce the structural complexity of a reef to such a low level that the
community can no longer be thought of as hard coral dominated. If a loss of hard coral
dominance is permanent, the change to the community is termed a phase shift, with

associated changes in fish and other organisms from those that are known to inhabit hard
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coral dominated reefs (Cheal et al. 2010, Mumby et al. 2014). Hard corals are often
replaced by macro-algae on degraded reefs (e.g., Caribbean - Hughes 1994; GBR - Done et
al. 2007, Diaz-Pulido et al. 2009), but they can also be dominated by other biota like soft
corals (Fine et al. 2019) or sponges (Norstrom et al. 2009). Thus, a consequence of hard
coral losses from multiple impacts over time is reduced reef resilience (Hughes et al. 2003),
particularly if coral cover drops below a threshold level needed to sustain a reef as hard

coral dominated (Perry et al. 2013).

At regional scales, the effect of any one cyclone on coral reef communities depends on its
strength (measured as maximum wind speed in m/s), duration (hours for which extreme
conditions persist near reefs), spatial extent (size, measured as distance from the track to
where wind speed drops to gale force — 17 m/s), and translation speed (speed of forward
motion of the cyclone, measured in m/s). The likelihood of severe damage is maximised
when a cyclone is strong (maximum wind speeds >= 33 m/s), long lasting (gale force winds
persist long enough near reefs to build seas capable of causing severe damage to most
communities— for at least 12 hours), big (size >= 300 km) and tracks slowly (translation

speed <= 5 m/s) past many reefs.

However, the importance of cyclone size to its destructive potential is rarely incorporated
into models of cyclone damage risk to coral reefs, which often assume that the key
determinant of such risk is cyclone strength (e.g., Cheal et al. 2018) and that severe damage
from any strong cyclone is limited to within ~100 km of the track (Manzello et al. 2007,

Wolff et al. 2016) or less (i.e., Done 1992, Gardener et al. 2005, Edwards et al. 2011). This

Page 6 of 43



Page 7 of 43

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Global Change Biology

approximation is based on early cyclone damage field surveys (e.g. Woodley et al. 1981,
Done 1992). It can be a reasonable assumption for strong, medium-sized cyclones, but not
for strong cyclones that are either small or big, and/or very fast or very slow moving
(Puotinen et al. 2016), for which size and speed can have a major impact on the magnitude
and spatial extent of the damaging waves that are generated (Drost et al. 2017).
Importantly, strong cyclones range dramatically in size (Chavas et al. 2015) from <100 km
(cyclone Tracy — northern Australia) to over 2200 km (Typhoon Tip, NW Pacific) (Knaff et al.
2014), and move at a range of speeds. This variability makes generalisations on expected
damage to reefs based on intensity alone problematic. Further, the size, strength and
translation speed of a given cyclone can vary considerably along its track. These issues can
be avoided by reconstructing the spatial distribution of cyclone —generated winds and
waves with models using publicly available meteorological data recorded for cyclones (see

methods).

Typically, cyclone wind speeds decrease exponentially with distance away from a peak close
to the boundary of the calm region at the centre of the cyclone (Wang et al. 2011). Thus,
wind speeds often decrease to below gale force within ~50 km of the centre for small and

~100 km for medium sized (Fig. 1) cyclones.
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Tropical cyclone size:

/\/ Big /\/ Small
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Fig. 1. Schematic diagram showing a typical distance from the cyclone centre over which
maximum sustained wind speed declines to gale force for tropical cyclones that are small,
medium and big in size. Winds speeds of 17 m s and 33 m s are gale force and hurricane
force, respectively. For small cyclones, wind speeds decline to gale force over much shorter
distances than for medium cyclones (within 50 versus 150 km), whereas a similar decline

occurs over much larger distances for big cyclones.

Wave generation is driven by a combination of wind speed, duration and the area of water
over which winds blow uninterrupted (fetch - Young 2003). Consequently, even the
strongest cyclones with the highest wind speeds may cause little damage to coral reefs if the
cyclones are small in size. This effect is amplified when small cyclones also move very
quickly (i.e. category 5 hurricane Andrew, Caribbean — Flora et al. 1994; category 5 cyclone
Larry, GBR — Puotinen et al. 2016). In contrast, big and strong cyclones can damage reefs

over a larger area because strong winds extend much further from the cyclone track (Young
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2003) (Fig. 1-C), generating rough seas over a greater area (i.e Drost et al. 2017). Also
critical is the duration of high winds in a given location, as the time required to transform
wind energy into wave energy increases as the wind speed drops. Finally, wave formation
from a given wind speed is influenced by where the cyclone tracks and is most likely to
reach its full potential when cyclones move slowly over deep water (Drost et al. 2017).
Thus, a big and strong cyclone can result in damage to coral reefs across vast areas (i.e.,

cyclone Yasi - Beeden et al. 2015).

In 2012, cyclone Lua provided a unique opportunity to test the effects of big and strong
cyclones on emergent coral reefs and submerged shoals on Australia’s northwest shelf. Lua
was a strong and big cyclone that moved very slowly over the open ocean across the
continental shelf. Here, we use numerical wave modelling and field data of changes to coral
communities, surveyed before and after Lua, to test whether the 100 km distance threshold
commonly used to define the spatial extent of cyclone damage is appropriate. We test our
results against published accounts of other strong cyclones where comprehensive field data
exists from around the world. We then calculate the return interval (number of years) of big
and strong cyclones, big cyclones of any strength, and strong cyclones of any size, for 150
coral ecoregions (Veron et al. 2016) using a global dataset of past cyclones (Knapp et al.
2010) from 1985 to 2015. Finally, we discuss our findings within the context of how ignoring
size when assessing cyclone risk poses a threat to the way in which we adaptively manage

the world’s coral reef ecosystems now and under future climates.
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Methods and materials

Benthic field surveys

Benthic field data was collected by the Australian Institute of Marine Science (AIMS) at Scott
Reef (Fig. 2-A) and Barracouta East, Vulcan and Goeree Shoals (the shoals — Fig. 2-B) before
(Scott Reef — Oct 2010, the shoals — 2011) and after (Scott Reef — Oct 2012, the shoals —
2013) Lua tracked through Australia’s northwest shelf region in March 2012 (Fig. 2). Scott
Reef was surveyed using on SCUBA along permanent transects in October 2010 and October
2012 at four locations: SL3, SL4, SL1, and SS1 (Fig. 3). Changes in percentage cover
following cyclones depend on community composition. For a given wave energy,
communities dominated by fragile corals will have larger reductions in cover than those
dominated by robust corals. Similarly, for a given coral group, the relative reduction in cover
following disturbances will be inaccurate if the group is rare (<5% cover). To account for
these biases, we compare wave damage among communities at Scott Reef by focusing on
two common (>10% cover) coral groups with contrasting susceptibilities (Supplementary
Material); Acropora have a branching growth form and are among the most susceptible to
wave damage whereas the massive Porites are among the most robust corals (e.g. Madin
and Connelly 2006). Images were analysed using point sampling technique and benthic
groups identified to the lowest taxonomic resolution achievable by each observer (Jonker et

al. 2008).

East Barracouta, Vulcan and Goeree shoals were surveyed in 2011 and 2013 using a
combination of towed video (Heyward et al. 2010) and still camera transects at depths from

20 to 60 m (Heyward et al. 2013). Images were also analysed using point sampling

Page 10 of 43
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technique and benthic groups identified to the lowest taxonomic resolution achievable by
each observer (Jonker et al. 2008). The resulting data was then aggregated to estimate the
percentage cover of: hard corals, massive corals (including but not limited to Porites spp),
and Acropora spp (branching corals) corals for each shoal as a whole. As at Scott Reef,
these coral groups were chosen because they were abundant and had contrasting

susceptibilities to wave damage.

Cyclone Lua numerical modelling

As per Drost et al. 2017, data from the Australian Bureau of Meteorology were used to drive
a parametric tropical cyclone wind model (McConochie et al. 2004) to evaluate the tropical
cyclone wind field during Lua (every 15 minutes from UTC 13 March 2012 0000 to 20 March
2012 0000). Modelled wind speeds were blended with synoptic regional-scale wind data
from the Climate Forecast System Reanalysis (CSFR — Wang et al. 2011) provided by the
National Center for Environmental Prediction (NCEP) every hour to embed the cyclone

vortex within its regional context.

The modelled wind speeds and directions were used to force the SWAN numerical wave
model (Simulating Waves Nearshore - Booij et al. 1997) to evaluate the evolution of the
surface wave fields across north-western Australia during Lua. See the Supplementary
material for further detail. Hourly time series of characteristic wave parameters (Hs, Tp,
wave direction) were extracted from the SWAN data for the nearest location in deep water

(~200 m depth) west of the field survey locations (Scott Reef; Barracouta East, Vulcan and

10
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Goeree shoals). Significant wave height (Hs) is the mean wave height of the one-third
highest waves, and often used as an indicator of sea state (Denny 1988). Wave period (Tp) is
the time taken in seconds for a single wave to travel a distance equal to the length of

the wave and is useful for distinguishing between locally generated wind-driven sea (T, <10
s) and swell (T, <= 10s). We also compared the magnitude and duration of waves
approaching Scott Reef and the shoals to other high energy events over the time period
between biological surveys (Scott Reef — 18 Oct 2010 to 1 Nov 2012; the Shoals — 10 Apr
2011 to 17 Apr 2013) using NOAA WaveWatch Il global hindcast (spatial resolution - 0.5°,
temporal resolution - 3 hours; (Tolman 2009) downloaded at:

http://polar.ncep.noaa.gov/waves/index2.shtml).

Waves transform in shallow waters through wave breaking, refraction and diffraction as
they interact with the reef bathymetry. Considerable wave energy can dissipate at the
leading edge of a reef with respect to incoming waves, creating a wave shadow on the lee
side of a reef (Young & Hardy 1993, Madin & Connelly 2006). Thus, the shallow water
transformation of cyclone waves approaching Scott Reef was modelled to obtain more
realistic estimates of the finer-scale spatial variability in wave heights as indicated by Hs to
explain differences in observed damage between the sites. To model this fine-scale wave
variability within and adjacent to Scott Reef (Fig. 3), a second SWAN wave model was used
with a 50 m grid resolution, based on bathymetry derived from a merged multibeam and
LIDAR bathymetry product, as described in the supplementary material. This high-
resolution SWAN model was forced at its open boundaries using output (Hs, Tp, wave
direction) from the regional SWAN, and simulated the wave conditions for a day centred on

peak wave event on 16 March.

11
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We did not model wave transformation across the shoals for two reasons. First, we
estimated coral cover for each shoal as a whole instead of at each of a series of sites.
Second, wave transformation over the shoals was likely negligible given their submergence

in depths ranging from 20 to 80 m.

Interpreting likely exposure to damaging seas

The wave height of a given sea state is characterised based on Hs using the internationally
recognised Douglas Sea Scale, ranging from calm (degree 0, Hs = 0 m) to phenomenal
(degree 9, Hs = 14+ m). On this scale, sea conditions are termed ‘very rough’ when Hs = 4m.
A ‘very rough’ sea state is at least one-third more energetic than calm conditions and has
been shown to move entire reef blocks onto the reef flat (Goto et al. 2009). Thus, we use Hs
=4m as the threshold to define the spatial boundary of the cyclone footprint. See

Supplementary material for more detail.

Global implications of big and strong cyclones for coral reefs

We consider a cyclone to be big when the distance from the calm centre to winds of gale

force (17 m/s - radius to gales) is 300 km or more (see supplementary material). The radius

to gales of a cyclone is commonly recorded in freely available global databases like Knapp et

al. (2010). We rate a cyclone as strong when its maximum sustained wind speed is 33 m s!

12
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or greater- this equates to a ‘severe tropical cyclone’ on the Australian cyclone ranking

scheme or ‘H1’ or above on the Saffir-Simpson scale (Table S1).

To approximate how frequently coral reefs around the world have been exposed to big and
strong cyclones and to assess how this varies at a regional scale, we mapped six-hourly
positions of all cyclones that tracked within 30°N and 30°S over the period 1985-2015 (see
Supplementary material). We calculated the number of years expected between
subsequent occurrences (return intervals) of cyclones within each of the world’s 150
ecoregions where corals and coral reefs are known to exist, as provided by Veron et al.
(2016) and described in Veron et al. (2015). Within a given ecoregion and its reefs, damage
from any given cyclone will be patchy due to local scale factors, so this represents damage
potential only. We used the 500 m scale United Nations Environment Program mapping of
global coral reefs (UNEP 2010) to calculate the % of global coral reef area found in each
ecoregion. To put the frequency of big and strong cyclones into context, we repeated the

analyses for: i) all strong cyclones of all sizes and for ii) big cyclones of all intensities.

We define exposure for an ecoregion as being crossed by a cyclone every 5 years or less as
‘very frequent’, and every 10 years or less as ‘frequent’, to reflect typical periods required
for full recovery of coral communities from cyclone damage (see Supplementary material,
Figure 4 in Puotinen et al. 2016). We further define exposure to cyclones as ‘occasional’
when return intervals are more than 10 and less than 35 years, and as ‘very rare’ when
return intervals are 35 years or more or cannot be calculated because no such cyclones

occurred over the recent past (1985-2016).

13
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We then use the available literature to assess how current cyclone return times at
ecoregions may change under future climates given what is known from global climate

models.

Results

Exposure of Australia’s north-west shelf to damaging waves from cyclone Lua

Lua tracked across Australia’s North West Shelf from 13-19 March 2012 and reached peak
strength (maximum 10-minute sustained wind speeds 47 m s!) while it was big (radius to
gale force winds up to 333 km: bold black circles on Fig. 2) and located over deep water.
Initially, Lua moved very slowly, but then picked up speed once it intensified. Consequently,
a substantial area of extreme winds persisted for nearly a day (17 hours) with virtually
unlimited fetch over deep water to the left of the track. This led to the development of a
vast area of damaging local wind-sea conditions extending nearly 1,000 km from the storm
centre (Fig 2), and swells propagating ahead of Lua which only decayed very slowly (Drost et
al. 2017, see Fig S4 for how this progressed over time). The spatial extent of damaging seas
(Hs >= 4m) predicted by the numerical model corresponds reasonably well to that predicted
using the simpler 4AMW model described in Puotinen et al. (2016). However, 4AMW
underpredicted heavy seas located to the far north-east of the study area likely because it

neglects the possibility of swell.

14
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Fig. 2. Extreme conditions generated by big and strong cyclone Lua in March 2012 and their
impacts on coral communities along Australia’s north-west shelf. The main map shows the
maximum significant wave height (Hs) generated by Lua of 24m as modelled by SWAN. The
black unfilled circles show one-hourly positions of Lua’s eye, with the circle width indicating
intensity on the Saffir-Simpson scale. Circles are outlined in bold for eye positions with a
larger than typical size (radius to gale force winds > 300 km). Black boxes on the map
indicate the location of study sites at: A — Scott Reef and B — Barracoutta East, Vulcan and
Goeree shoals (the shoals). Bold arrows show the dominant incoming wave direction at the
time when sea state was sufficiently energetic to severely damage corals (Hs 24 m). Graphs
to the left of the main map (Al — Scott Reef) and to the right of the main map (B1 —the
shoals) show the relative change in cover following Lua) for hard corals typically vulnerable
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to wave energy (Acropora) versus those typically resistant to wave energy (A1 — massive
Porites, B1 — all massive corals). The relative change in total coral cover following Lua is
shown in red, with the absolute change in brackets. See Fig S2 for more detail. Plots below
the main map show hourly values for Hs (top) and wave direction / period (bottom) from

13-19 March 2012 for: A2 — Scott Reef and B2 — the shoals.

We observed severe damage at study sites at Scott Reef (Fig 2A1) and the shoals (Fig 2B1),
500km and 800km away from the closest position of Lua’s track (Table S2, S3). Our
reconstructed wave data show that Lua generated sufficiently prolonged and energetic
wave action to severely damage the study sites (Hs = 4m). Damaging waves persisted for
~2.5 days at the shoals (Fig. 2-B2, bottom) and for 3.5 days at Scott Reef (Fig. 2-A2, bottom),

where Hs exceeded 8 m for one-third of that time.

Field data before and after Lua demonstrates large reductions in hard coral cover. At Scott
Reef (Fig. 2-A1, Fig. S2-A, Fig. S4-A, Table S2), hard coral cover was dramatically reduced at
the most exposed westerly sites (SL3- 62% to 32%; SL4 — 64% to 28%), with smaller
reductions (10% to 5%) in cover of the more fragile corals (Acropora spp.) at the less
exposed (SL1) site, contrasting with the small increase (41.5% to 42.0%) at the most
sheltered site (SS1) on the leeward side of south Scott Reef. At the most exposed sites,
coral cover dropped by nearly 100% for Acropora colonies (SL4, 3.7% to 0.07%; SL3,12.6% to
0.2%; Fig. S2-B, Table S2), and dropped by up to 50% for massive Porites colonies (SL4,
11.7% to 6.5%; Fig. S2-C, Table S2). Similarly, at the submerged shoals (Fig. 2-B1, Table S3),
there were considerable losses of hard coral cover in depths of ~18m (Barracouta East:

11.3% to 6.9%), ~20m (Vulcan: 7.7% to 3.6%) and ~25m (Goeree: 12.7% to 3.5%). At
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Barracouta East, all (100%) of Acropora spp. colonies were lost (12.8% to 0%), while most
were lost at Vulcan (9.9% to 2.2%) and Goeree (39.7% to 5.9%). Robust massive corals were
initially more abundant than Acropora corals at all three shoals, and their cover dropped
considerably (Barracouta East, 25.3% to 6.8%; Vulcan, 28.6% to 10.4%; Goeree, 11.4% to

5%).

Despite the vast extent of Lua’s predicted zone of damaging waves (Fig. 2) and the
magnitude and duration of the waves that were generated, some corals at Scott Reef
remained undamaged due to local sheltering by the reef (site SS1, Scott Reef — Fig. 2-A1, Fig.
S1-A, Table S2). We provide a physical basis for this expected patchiness by demonstrating,
with high resolution modelling of wave transformation across Scott Reef, that wave heights
dropped dramatically as waves encountered the shallow reef topography (Fig. 3). Hs was
estimated to exceed 10 m west of Scott Reef, but quickly dropped (Fig. 3-A) as wave energy
almost completely dissipated with transit through shallow reef areas (Fig. 3-B). This created
a gradient of decreasing wave exposure that matches the observed variation in hard coral

cover loss (Fig. S1, Table S2).
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Depth (metres) B

——-200 to -180
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——-10t0 -5
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Fig. 3. Transformation of wave energy across Scott Reef from north-west to south-east at
UTC 16 March 2012, 2100, as modelled by SWAN (A). Colours indicate significant wave
heights from near 0 (dark blue) to 10+ m (red). The large arrow shows the incoming peak
wave direction (315 degrees, north-west) during the time of maximum wave conditions.
The hard-line reef crest is shaded dark grey. Depth contours (B) are shown by coloured
lines, ranging from the deepest in darkest blue (-200 to -180 metres) to the shallowest in

red (-5 to 0 metres).

Global implications for coral reefs
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Our global analysis shows that cyclones regularly track near most of the world’s coral reefs,
except reefs in the equatorial belt (8 degrees N or S latitude) and the South Atlantic Ocean
(Fig. 4-A). Indeed, 71% of the world’s total reef area is located within ecoregions that are at
least occasionally (every 10 to 31.5 years) crossed by strong cyclones, 56% by big cyclones,
and 54% by big and strong cyclones (non-blue colours in Fig. 5-A, 5-B, 5-C). The wave
conditions experienced by any particular reef within cyclone-exposed ecoregions depends
on local scale factors, including fetch generation time, fetch distance and bathymetry. The
degree of exposure of any given coral colony to those waves depends on reef
geomorphology, shelf position and depth (see Fig S1). Of the world’s 150 ecoregions,
those of the NW Pacific are currently the most frequently exposed to cyclones (grey dots -
Fig. 4-A, Fig. 1 in Carrigan & Puotinen 2011), particularly cyclones that are big and strong

(red dots - Fig. 4-A, Table 1 (Chavas et al. 2015; Knaff et al. 2014).
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All cyclones, 1985-2015 Strong + any size, 1985-2015 @ Strong + big, 1985-2015 Coral ecoregions
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Fig. 4. Global distribution of cyclone return times (in years) within coral reef ecoregions.
Panel A compares the prevalence of the 6 hourly recorded positions of all global TCs (grey
dots) from 1985-2015 with TCs that are strong (maximum wind speed > 33 m/s - pink dots)
and those that big (radius to gales >300 km) + strong (red dots). Coral ecoregions are shown

with transparent shading that appears blue when no cyclones are present and grey when
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cyclones are present. Panels B, C and D show the expected number of years between
cyclone occurrences for each ecoregion based on the time period 1985-2015, from the most
frequent (1 to 5 years - darkest red) to the least frequent (more than 35 years - darkest

blue) for: big and strong cyclones (B), big cyclones of any strength (C), and strong cyclones of
any size (D). The total number of cyclone observations in ecoregions from 1985-2015 were:
all sizes and strengths, 17,590; big and strong, 2,126; big of any strength, 3,372; strong of

any size, 6,116.

Big and strong cyclones frequently (every 5 years or less) transit approximately 9% of coral
ecoregions, particularly those in the north-west Pacific but also in the central south Pacific
around Vanuatu (dark red areas in Fig. 4-B, Table 1, Table S4). These ecoregions encompass

8% of the world’s coral reef area (Fig. 5-A).

m Very frequent m Very frequent m Very frequent

Frequent Frequent

Frequent

Occasional Occasional Occasional

u Very rare u Very rare m Very rare

Big and Strong Big - any strength Strong - any size

Fig. 5. Percentage of the world’s coral reef area with potential exposure to cyclones that
are ‘very frequent’ (red - <=5 years), ‘frequent’ (dark orange — 5-10 years),’ occasional’
(light orange — 10-31.5 years) and ‘very rare’ (blue - >31.5 years) based on the time series

1985-2015, for cyclones that are: big and strong (A), big of any strength (B), and strong of
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any size (C). Cyclones are classed as ‘big’ when the radius to gales >300km, and as ‘strong’
when maximum sustained wind speed > 33 m s™'. The white dotted areas within the ‘very
rare’ (blue) segment show the % of coral reef area within 8 degrees north and south of the
Equator and unlikely to experience cyclones. Note that each reef’s exposure to cyclones
within the ecoregion will be patchy due to local scale factors. The total number of cyclone
observations in ecoregions from 1985-2015 were: all sizes and strengths — 17,590; big and

strong — 2,126; big of any strength — 3,372; strong of any size — 6,116.

A further 9% of ecoregions and 7% of world reef area (Fig. 5-A) are frequently (every 5 to 10
years — dark orange areas in Fig. 4-B) crossed by big and strong cyclones, particularly the
Caribbean (i.e., Bahamas and Florida Keys, Cuba and Cayman Islands), parts of the south-
west Pacific (i.e., Coral Sea, New Caledonia, Samoa, Tuvalu and Tonga), parts of the north-
west Pacific (Marshall Islands, Micronesia, areas adjacent to ecoregions very frequently
exposed), the Mascarene Islands near Madagascar, and Ningaloo Reef in western Australia

(Table 1).

Table 1. Return intervals (years) in coral ecoregions for i) big and strong cyclones (B+S), ii)
all big cyclones (B), and iii) all strong cyclones (S) based on 1985-2015. For cells with a dash
(), no cyclone crossed the ecoregion from 1985-2015. A cyclone was classed as ‘big’ if
radius to gale force winds 2300 km, and ‘strong’ if maximum sustained wind speed >33 m s
1. Cells are shaded to match Figs 4 and 5, such that: dark red = very frequent (return time <5
years), dark orange = frequent (return time >5 and < 10 years), light orange = occasional

(return time >10 years and <= 31.5 years) and blue = rare (return time > 31.5 years). Grey
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460 shading on the last column shows ecoregions where the percentage of the world’s coral reef
461  area located therein is >= 1%. Ecoregions are sorted in alphabetical order. A full sized
462  version of this table is provided in the Supplementary Material (Table S5).
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466

467

468  Of the ecoregions that are rarely (return time > 31.5 years) crossed by big and strong

469  cyclones (Figs. 4-A; 5-A), ten are frequently (return time 5-10 years) or very frequently

470 (return time < 5 years) crossed by strong cyclones of any size (Figs. 4-B; 5-B). This means
471  their likelihood of being crossed by big and strong cyclones will rise if big cyclones become
472  more prevalent near them in future. These include many of the ecoregions in north and
473  north-west tropical Australia (1.43% of world coral reef area: Ningaloo Reef; Rowley Shoals;
474  Kimberley coast; Ashmore Reef; Arnhem Land; Timor Sea; Gulf of Carpentaria) and near
475  Madagascar (1.97% of world coral reef area: North Madagascar; South Madagascar;

476  Mascarene Islands — Table 1). Conversely, ecoregions where big cyclones currently occur
477  frequently (return time 5-10 years), but strong cyclones occur only occasionally (return time
478  10-31.5 years), may be crossed by more big and strong cyclones in the future as the relative
479  proportion of cyclones that are strong rises. These areas include: South Vietnam; Pohnpei
480 and Kosrae, Micronesia; and to a lesser degree the Joseph Bonaparte Gulf near north-west
481  Australia (Table 1).

482

483

484  Discussion

485  Our models show that peak significant wave heights during cyclone Lua reached 12 and 10
486  standard deviations above the mean between field surveys at Scott Reef and the shoals,
487  respectively (Fig. S3). Accordingly, coral losses at the most exposed sites at Scott Reef

488  when Lua was over 500 km away (Fig. 2-A) were worse than those caused by the devastating

489 1998 mass bleaching event that reduced mean (+ SE) hard coral cover across the reef
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system from 47.6% (+ 4.3) t0 9.9% (+ 2.2) (Gilmour et al. 2013). Comparing this to published
data from field surveys of the GBR, we find that severe damage from Lua extended 20 times
further than it did for strong cyclones Larry (2006), Ingrid (2014, Fabricius et al. 2008) and
Ita (2015) — all of which were stronger at peak intensity than Lua but much smaller in size
(Puotinen et al. 2016). For small strong cyclones, a 100 km threshold would overestimate
the spatial extent of severe damage by up to 50% (severe damage was limited to within
about 50-60 km of the track). A cyclone’s size is thus as important to its potential
destructiveness as its strength, a fact long recognised by meteorologists (Powell and
Reinhold 2007, Knaff et al. 2014, Holland et al. 2019). Also important is how fast a cyclone
moves. Yasi, one of the most powerful cyclones affecting north-east Australia since records
began, was similar in size to Lua and reached a peak strength that was higher than Lua by
almost 10 m/s. Yet Yasi generated severe damage over an area (Beeden et al. 2015) that
was only 30% as extensive as Lua (Fig. 2). The key difference was in how quickly the
cyclones moved when at peak size and peak intensity. Lua moved very slowly over relatively
deep water when at peak intensity and peak size before accelerating towards the coast
(Drost et al. 2017). In contrast, Yasi reached peak intensity and peak size when moving
relatively quickly over the shallow waters of the GBR Lagoon (Beeden et al. 2015). Through
these comparisons, we show that assuming severe coral damage for all strong cyclones
occurs within a 100 km distance threshold can both underestimate (for strong and big
cyclones) and overestimate (for strong and small cyclones) the extent of damage. Using a
100km damage threshold for strong cyclones from 1985-2015 on a global basis would thus
underestimate the extent of damage 35% of the time (when cyclones were strong and big)
and overestimate damage 29% of the time (when cyclones were strong and small). Put

simply, using a 100km distance threshold for coral damage would be on target for only 36%
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of strong cyclone positions from 1985-2015. Underestimating the effects of cyclones can
have important consequences for modelling long term trends in coral reef ecosystems even
for ecoregions where big and strong cyclones occur only occasionally, such as the Central
and northern Great Barrier Reef. For example, the combined effect of strong cyclone
Hamish (2009) and big and strong cyclone Yasi (2011) contributed significantly to a 50%
decline in coral cover (De’ath et al. 2012) in the ecoregion, despite big and strong cyclones

expected to revisit the area only occasionally (every 16 years — Table 1).

The diversity of coral species varies considerably across the globe, with the highest global
diversity in the Indo-Pacific region termed the ‘Coral Triangle’, followed by the Red Sea and
northern Madagascar (Veron et al. 2015). Pressures also vary spatially across the world’s
coral reefs, which can inform where to focus management efforts to conserve reefs (e.g.
Game et al. 2008, Beyer et al. 2018, Darling et al. 2019). For example, coral reefs in the
southern GBR, parts of Sulawesi, Indonesia, Papua New Guinea and Cuba have been
identified as ‘temporary refugia’ from thermal stress based on models of future thermal
stress (van Hooidonk et al. 2015, 2016). Within these potential refugia from heat stress,
reefs frequently exposed to cyclones may be less beneficial as refugia — such as the Cuba
and Cayman Islands ecoregion that is exposed to strong cyclones every 3.3 years and big
and strong cyclones every 8.3 years, and where reefs have a lower species diversity (Veron
et al. 2015). In contrast, the Southern Great Barrier Reef ecoregion is currently only
intermittently exposed to strong cyclones and has not experienced a big cyclone since 1985
(Fig. 4, Table 1). Further, much of Indonesia and Papua New Guinea are rarely exposed to
cyclones (Fig. 4, Table 1), and also host high global diversity (Veron et al. 2015). The value

of analyses that map the spatial and temporal distribution of pressures to inform
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conservation depends on the robustness of the estimates. Our study shows that for
cyclones, inferring impacts requires quantification of how strength and size vary along their
track, via numerical modelling (e.g. Drost et al. 2017) or empirical methods (e.g. Puotinen et
al. 2016). While numerical modelling is often not feasible due to lack of requisite data and
computational load, empirical methods are already widely used by risk analysts around the
world (Peduzzi et al. 2012). Applying simple distance thresholds alone, even when
considering cyclone strength (Puotinen 2004, Edwards et al. 2011, Ban et al. 2015), would
underestimate the spatial extent of damage for over one-third of the relevant strong
cyclones at the global scale. Spatial datasets of the likelihood of damaging waves generated
by reconstructing past cyclone winds and waves have already been used to develop a more
rigorous understanding of coral response to disturbance regimes (Western Australia -
Gilmour et al. 2018; Great Barrier Reef - Puotinen et al. 2016, Mellin et al. 2018, Ceccarelli et
al. 2019, Vercelloni et al. 2020). This regional assessment of the likelihood of damaging
waves from past cyclones should be extended to include the rest of world’s reefs where

cyclones regularly occur.

Future return times of big and strong cyclones within a given ecoregion depends on how the
spatial positioning of cyclone tracks (and how the strength and size and translation speed of
each cyclone varies along its track) shifts as the climate warms. Many studies have used
global climate models to simulate how cyclone activity, particularly intensity, will change.
Despite continuing uncertainty, there is general agreement that a greater proportion of the
cyclones that form in future will be strong (Knutson et al. 2010, Walsh et al. 2016, Camargo
and Wing 2016, Bacmeister et al. 2018). The overall numbers may not change (Walsh et al.

2015, Camargo and Wing 2016 — but noting Bhatia et al. 2018) because the frequency of
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cyclones of all intensities may stay the same or drop, as an increase in inhibiting factors such
as wind shear make it harder for cyclones to form (Kang & Elser 2015). Little work has been
done to predict how cyclone size may change in future climates, though Chavas et al. (2015)
suggest a link between cyclone size and higher relative Sea Surface Temperatures (SST)
which may lead to simulations of cyclone sizes under warming scenarios using downscaled
SST data. Indeed, recent reviews call for more work in this area (Walsh et al. 2016, Parker et
al. 2018). Nonetheless, even if big cyclones do not become more prevalent in future, the
chance of a cyclone being both big and strong at the same time should rise because a

greater proportion of cyclones will be strong.

Knowing which reefs are increasingly impacted by cyclone disturbances is vitally important
for developing conservation strategies, yet even less work has been done to examine how
the spatial distribution and movement of cyclones may change in future (Parker et al. 2018).
Some evidence suggests that where cyclones reach their peak strength has already moved
poleward (Kossin et al. 2016), ranging from 7 (£ 98) km per decade in the North Atlantic
basin to 67 (x 55) km per decade in the South Indian basin (Kossin et al. 2014). If this trend
continues, return intervals for strong cyclones of any size may shorten in some ecoregions
as cyclones become more prevalent in the higher latitudes where they are currently
relatively infrequent. Some examples (Fig. 4-C) include ecoregions near southern parts of
Australia (Shark Bay, West Australia; Pompey and Swain Reefs, south-east Great Barrier
Reef; Southern Great Barrier Reef), near south-east Africa (South Mozambique coast;
Eastern coast South Africa) and near Hawaii (North-west Hawaii; Eastern Hawaii — Table 1).
Of these, the South Mozambique coast is a secondary global diversity hotspot (Veron et al.

2015). Most ecoregions where big cyclones currently cross frequently or very frequently
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(Fig. 4-B) already experience the crossing of strong cyclones very frequently (Fig. 4-C, Table
1). However, for five ecoregions in the south Pacific (Joseph Bonaparte Gulf, north-west
Australia; Scott Reef, West Australia; Pompey and Swain Reefs, south-east Great Barrier
Reef; Kermadec Islands, South Pacific and at North-west Hawaii - Table 1), a greater
incidence of strong cyclones may also increase the likelihood of big and strong cyclones (Fig.

4-B, C).

Changes in cyclone impacts within ecoregions will be superimposed on rising stress from
human activities and climate change, most notably more frequent exposure to higher levels
of thermal stress (Henson 2017, Hughes et al. 2017, Hoegh-Guldberg 2017). As the climate
continues to warm, the occurrence of stretches of uninterrupted recovery time become
shorter, as already documented for the GBR. For example, back to back mass bleaching
events in 2016 and 2017 devastated large areas of the GBR (Hughes et al. 2017), which
undoubtedly interrupted the recovery of corals previously affected by a spate of recent
strong cyclones in the northern parts of the region (Nathan — 2015, Ita — 2014) and central
(Yasi—2011, Hamish —2009). Clearly there is little we can do to reduce the incidence or
severity of cyclones near reefs. However, understanding where and how often cyclone
wave action is likely to affect the world’s coral reefs is essential to inform conservation
efforts to help them survive the escalating pressures that threaten their continued
existence. In this paper, we identified ecoregions potentially at greater future risk from
cyclone wave damage (e.g., southern, north-west, northern Australia; Hawaii; south-east
Africa) based on current return times of cyclones combined with global predictions of how

the distribution and intensity of cyclones may change as the climate warms. This should be
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modelled in more depth by reconstructing cyclone winds and waves across coral reef
regions regularly visited by cyclones using future cyclone tracks generated from a range of
global climate models. The resultant estimates of future risk to reefs from damaging
cyclone waves (with confidence intervals) would be a key step towards answering the ‘call
to action’ for ecologists to develop robust methods for monitoring and modelling cyclone

impacts on both land and marine based ecosystems (Pruitt et al. 2019).

30



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

Global Change Biology Page 32 of 43

References:

Bacmeister, J. T., M. F. Wehner, R. B. Neale, A. Gettelman, C. Hannay, P. H. Lauritzen, J. M.
Caron, and J. E. Truesdale (2014). Exploratory high-resolution climate simulations
using the Community Atmosphere Model (CAM). J. Climate, 27, 3073—-3099,

https://doi.org/10.1175/JCLI-D-13-00387.1.

Ban SS, Pressey RL, Graham NAJ (2015). Assessing the Effectiveness of Local Management of
Coral Reefs Using Expert Opinion and Spatial Bayesian Modeling. PLoS ONE 10(8),
€0135465. doi:10.1371/journal.pone.0135465.

Bhatia, K., Vecchi, G., Murakami, H., Underwood, S., & Kossin, J. (2018). Projected response
of tropical cyclone intensity and intensification in a global climate model. Journal of
Climate, 31(20), 8281-8303.

Beeden, R., Maynard, J., Puotinen, M., Marshall, P., Dryden, J., Goldberg, J. et al. (2015).
Impacts and recovery from severe tropical Cyclone Yasi on the Great Barrier Reef.
PloS one, 10(4), e0121272.

Bellwood, D. R., Baird, A. H., Depczynski, M., Gonzalez-Cabello, A., Hoey, A. S., Lefévre, C. D.,
& Tanner, J. K. (2012). Coral recovery may not herald the return of fishes on
damaged coral reefs. Oecologia, 170(2), 567-573.

Beyer, H. L., Kennedy, E. V., Beger, M., Chen, C. A, Cinner, J. E., Darling, E. S., ... & Obura, D.
0. (2018). Risk-sensitive planning for conserving coral reefs under rapid climate
change. Conservation Letters, 11(6), e12587.

Booij, N., Holthuijsen, L.H. and Ris, R.C., (1997). The" SWAN" wave model for shallow water.

In Coastal Engineering 1996 (pp. 668-676).

31


https://doi.org/10.1175/JCLI-D-13-00387.1

Page 33 of 43

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Global Change Biology

Bries, J. M., Debort, A. O., Meyer, D. L. (2004). Damage to the leeward reefs of Curacao and
Bonaire, Netherlands Antilles from a rare storm event: Hurricane Lenny, November
1999. Coral Reefs, 23.2, 297-307.

Camargo, S. J., and A. A. Wing, (2016): Tropical cyclones in climate models. Wiley Interdiscip.

Rev.: Climate Change, 7, 211-237, https://doi.org/10.1002/wcc.373.

Carpenter, Kent E., Muhammad Abrar, Greta Aeby, Richard B. Aronson, Stuart Banks,
Andrew Bruckner, Angel Chiriboga et al. (2008). One-third of reef-building corals face
elevated extinction risk from climate change and local impacts. Science 321, no. 5888
(2008): 560-563.

Carrigan, A. D., Puotinen, M. L. (2011). Assessing the potential for tropical cyclone induced
sea surface cooling to reduce thermal stress on the world's coral reefs. Geophys. Res.
Lett., 38, 23.

Ceccarelli, D. M., Evans, R. D., Logan, M., Mantel, P., Puotinen, M., Petus, C,, ... &
Williamson, D. H. (2019). Long-term dynamics and drivers of coral and macroalgal
cover on inshore reefs of the Great Barrier Reef Marine Park. Ecological Applications.

Chavas, D, R., N. Lin, Emanuel, K. (2015). A model for the complete radial structure of the
tropical cyclone wind field. Part I: Comparison with observed structure. J. Atmos. Sci.,
72, 3647-3662, doi:10.1175/JAS-D-15-0014.1.

Cheal, Alistair J., M. Aaron MacNeil, Michael J. Emslie, and Hugh Sweatman. (2017). The
threat to coral reefs from more intense cyclones under climate change. Global
change biology 23, no. 4 (2017): 1511-1524.

Cheal, A. J., MacNeil, M. A., Cripps, E., Emslie, M. J., Jonker, M., Schaffelke, B., & Sweatman,

H. (2010). Coral-macroalgal phase shifts or reef resilience: links with diversity and

32


https://doi.org/10.1002/wcc.373

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

Global Change Biology Page 34 of 43

functional roles of herbivorous fishes on the Great Barrier Reef. Coral reefs, 29(4),
1005-1015.

Coté, I. M., Darling, E. S., & Brown, C. J. (2016). Interactions among ecosystem stressors and
their importance in conservation. Proc. R. Soc. B, 283(1824), 20152592.

Darling, E. S., McClanahan, T. R., Maina, J., Gurney, G. G., Graham, N. A., Januchowski-
Hartley, F., ... & Puotinen, M. (2019). Social-environmental drivers inform strategic
management of coral reefs in the Anthropocene. Nature ecology & evolution, 3(9),
1341-1350.

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. PNAS, 109(44), 17995-17999.

Denny, M. Biology and the Mechanics of the Wave-swept environment. (Princeton
University Press, Princeton, NJ., 1988)

Diaz-Pulido, G., McCook, L. J., Dove, S., Berkelmans, R., Roff, G., Kline, D. 1., ... & Hoegh-
Guldberg, O. (2009). Doom and boom on a resilient reef: climate change, algal
overgrowth and coral recovery. PloS one, 4(4), e5239.

Dollar, S.J., Tribble, G.W. (1993). Recurrent storm disturbance and recovery: a long-term
study of coral communities in Hawaii. Coral Reefs, 12.3-4, 223-233.

Done, T. J. (1992). Effects of tropical cyclone waves on ecological and geomorphological
structures on the Great Barrier Reef. Continental Shelf Research, 12(7-8), 859-872.12

Done, T., Turak, E., Wakeford, M., DeVantier, L., McDonald, A., & Fisk, D. (2007). Decadal
changes in turbid-water coral communities at Pandora Reef: loss of resilience or too

soon to tell?. Coral reefs, 26(4), 789-805.

33



Page 35 of 43

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Global Change Biology

Drost, E. J., Lowe, R. J., Ivey, G. N,, Jones, N. L., & Péquignet, C. A. (2017). The effects of
tropical cyclone characteristics on the surface wave fields in Australia's North West
region. Continental Shelf Research, 139, 35-53.

Edwards, H. J., Elliott, I. A., Eakin, C., Irikawa, A., Madin, J. S., McField, M, et al. (2011). How
much time can herbivore protection buy for coral reefs under realistic regimes of
hurricanes and coral bleaching? Glob. Change Biol. 17, 2033—-2048.

Emslie M.J., Cheal A.J.,, Johns, K.A. (2014). Retention of habitat complexity minimizes
disassembly of reef fish communities following disturbance: a large-scale natural
experiment. PLoS One 9(8), e105384

Fabricius, K. E., De'ath, G., Puotinen, M. L., Done, T., Cooper, T. F., .Burgess, S. C. (2008).
Disturbance gradients on inshore and offshore coral reefs caused by a severe tropical
cyclone. Limnol. Oceanogr., 53(2), 690.

Fine, M., Hoegh-Guldberg, O., Meroz-Fine, E., & Dove, S. (2019). Ecological changes over 90
years at Low Isles on the Great Barrier Reef. Nature communications, 10(1), 1-8.

Flora, M., Robblee, M. B., Smith, D., Snow, R. W., Wanless, H. (1994). Hurricane Andrew's
Effects on Marine Resources. BioScience, 44(4), 1 April 1994, 230.

Game, E. T., McDonald-Madden, E. V. E., Puotinen, M. L., Possingham, H. P. (2008). Should
we protect the strong or the weak? Risk, resilience, and the selection of marine
protected areas. Conserv. Biol., 22(6), 1619-1629.

Gardner, T. A,, Cote, I. M., Gill, J. A., Grant, A., Watkinson, A. R. (2005). Hurricanes and
Caribbean coral reefs: impacts, recovery patterns, and role in long-term decline.
Ecology, 86(1), 174-184.

Gilmour, J. P., Cook, K. L., Ryan, N. M., Puotinen, M. L., Green, R. H., Shedrawi, G., ... &

Foster, T. (2019). The state of Western Australia’s coral reefs. Coral Reefs, 1-17.

34



710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

Global Change Biology

Gilmour, J. P., Smith, L. D., Heyward, A. J., Baird, A. H., & Pratchett, M. S. (2013). Recovery of
an isolated coral reef system following severe disturbance. Science, 340(6128), 69-
71.

Gleason, A. C., Lirman, D., Williams, D., Gracias, N. R., Gintert, B. E., Madjidi, H, et al. (2007).
Documenting hurricane impacts on coral reefs using two-dimensional video-mosaic
technology. Mar. Ecol., 28, 254-258.

Goto, K., Okada, K. Imamura F. (2009). Characteristics and hydrodynamics of boulders
transported by storm waves at Kudaka Island, Japan. Mar. Geol., 262, 14-24.

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.

Halpern, Benjamin S., Shaun Walbridge, Kimberly A. Selkoe, Carrie V. Kappel, Fiorenza
Micheli, Caterina D'agrosa, John F. Bruno et al. (2008). A global map of human
impact on marine ecosystems. Science 319, no. 5865 (2008): 948-952.

Harmelin-Vivien, M.L., Laboute, P. (1986). Catastrophic impact of hurricanes on atoll outer
reef slopes in the Tuamotu (French Polynesia). Coral Reefs, 5.2, 55-62.

Henson, S. A., Beaulieu, C,, llyina, T., John, J. G,, Long, M., Séférian, R., ... & Sarmiento, J. L.
(2017). Rapid emergence of climate change in environmental drivers of marine
ecosystems. Nature communications, 8, 14682.

Heyward, A., Moore, C., Radford, B., Colquhoun, J. (2010). Monitoring Program for the
Montara Well Release Timor Sea: Final Report on the Nature of Barracouta and
Vulcan Shoals. Report prepared by the Australian Institute of Marine Science for

PTTEP AA, Perth, Western Australia.

35

Page 36 of 43



Page 37 of 43

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

Global Change Biology

Heyward, A., Speed, C., Meekan, M., Cappo, M., Case, M., Colquhoun, J, et al. (2013).
Montara: Vulcan, Barracouta East and Goeree Shoals Survey 2013; Report for PTTEP
Australasia (Ashmore Cartier) Pty Ltd. Australian Institute of Marine Science, Perth.
(87pp.)

Hiller, R., Calder, BR, Hogarth, P, Gee, L. (2005). “Adapting Cube For Phase Measuring
Bathymetric Sonars”. International Conference On High-Resolution Survey In Shallow
Water (Hrssw). Plymouth, Devon, UK.

Hoegh-Guldberg, O., Poloczanska, E. S., Skirving, W., Dove, S. (2017). Coral reef ecosystems
under climate change and ocean acidification. Front. Mar. Sci., 4, 158.

Holland, G. J., Done, J. M., Douglas, R., Saville, G. R., & Ge, M. (2019). Global tropical cyclone
damage potential. In Hurricane Risk (pp. 23-42). Springer, Cham.Hughes, T. P. (1994).
Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef.
Science-AAAS-Weekly Paper Edition, 265(5178), 1547-1551.

Hughes, T. P., Baird, A. H., Bellwood, D. R., Card, M., Connolly, S. R., Folke, C., et al. (2003).
Climate change, human impacts, and the resilience of coral reefs. Science, 301(5635),
929-933.

Hughes T.P., Kerry J.T., Alvarez-Noriega M., Alvarez-Romero J.G., Anderson K.D., Baird A.H.,
et al. (2017). Global warming and recurrent mass bleaching of corals. Nature. 2017
Mar 16; 543(7645):373-7.

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M., ... &
McWilliam, M. J. (2018). Global warming transforms coral reef

assemblages. Nature, 556(7702), 492.

36



755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

Global Change Biology Page 38 of 43

Jonker, M. M., Johns, K. K., Osborne, K. K. (2008). Surveys of benthic reef communities using
underwater digital photography and counts of juvenile corals. Long-term Monitoring
of the Great Barrier Reef. Standard Operational Procedure.

Kang, N-Y., Elsner, J.B., (2015). Trade-off between intensity and frequency of global tropical
cyclones. Nat. Clim. Change 5.7, 661-664.

Knaff, J. A., Longmore, S. P., Molenar, D. A. (2014). An objective satellite-based tropical
cyclone size climatology. J. Clim., 27(1), 455-476.

Knapp, K. R., Kruk, M. C., Levinson, D. H., Diamond, H. J.,, Neumann, C. J. (2010). The
International Best Track Archive for Climate Stewardship (IBTrACS): Unifying tropical
cyclone best track data. Bull. Amer. Met. Soc., 91,363—-376.

Knutson, Thomas R., John L. McBride, Johnny Chan, Kerry Emanuel, Greg Holland, Chris
Landsea, Isaac Held, James P. Kossin, A. K. Srivastava, and Masato Sugi. (2010)
Tropical cyclones and climate change. Nature geoscience 3, no. 3 (2010): 157.Kossin,
J. P., Emanuel, K. A., Vecchi, G. A. (2014). The poleward migration of the location of
tropical cyclone maximum intensity. Nature, 509(7500), 349-352.

Kossin, J. P., Emanuel, K. A., Camargo, S. J. (2016). Past and projected changes in western
North Pacific tropical cyclone exposure. J. Clim., 29(16), 5725-5739.

Lavender, S. L., & Walsh, K. J. E. (2011). Dynamically downscaled simulations of Australian
region tropical cyclones in current and future climates. Geophysical Research
Letters, 38(10).

Lirman, D., Glynn, P. W., Baker, A. C., Leyte Morales, G. E. (2001). Combined effects of
three sequential storms on the Huatulco coral reef tract, Mexico. Bull. Mar. Sci.

69(1), 267-278.

37



Page 39 of 43

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

Global Change Biology

Lukoschek, V., Cross, P., Torda, G., Zimmerman, R., Willis, B. L. (2013). The importance of
coral larval recruitment for the recovery of reefs impacted by cyclone Yasi in the
Central Great Barrier Reef. PLoS One, 8(6), e65363.

Madin, J. S., Connolly, S. R. (2006). Ecological consequences of major hydrodynamic
disturbances on coral reefs. Nature, 444(7118), 477-480.

Manzello, D. P., Brandt, M., Smith, T. B., Lirman, D., Hendee, J. C., & Nemeth, R. S. (2007).
Hurricanes benefit bleached corals. Proceedings of the National Academy of
Sciences, 104(29), 12035-12039.

Maynard, J., Van Hooidonk, R., Eakin, C.M., Puotinen, M., Garren, M., Williams, G., Heron,
S.F., Lamb, J., Weil, E., Willis, B. and Harvell, C.D. (2015). Projections of climate
conditions that increase coral disease susceptibility and pathogen abundance and

virulence. Nature Climate Change, 5(7), p.688.

McConochie, J. D., Hardy, T. A., Mason, L. B. (2004). Modelling tropical cyclone over-water

wind and pressure fields. Ocean Eng., 31,1757-1782.

Mellin, C., Matthews, S., Anthony, K. R., Brown, S. C., Caley, M. J,, Johns, K. A., ... & Fordham,

D. A. (2019). Spatial resilience of the Great Barrier Reef under cumulative

disturbance impacts. Global change biology.

Merrill, R. T. (1984). A comparison of large and small tropical cyclones. Mon. Weather Rev.,

112(7), 1408-1418.
Mumby, P. J., Chollett, I., Bozec, Y. M., & Wolff, N. H. (2014). Ecological resilience,
robustness and vulnerability: how do these concepts benefit ecosystem

management?. Current Opinion in Environmental Sustainability, 7, 22-27.

38



800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

Global Change Biology Page 40 of 43

Norstrom, A. V., Nystrom, M., Lokrantz, J., & Folke, C. (2009). Alternative states on coral
reefs: beyond coral-macroalgal phase shifts. Marine ecology progress series, 376,
295-306.

Ogg, J. G., Koslow, J. A. (1978). The impact of typhoon Pamela (1976) on Guam's coral reefs
and beaches. Pac. Sci., 32(2), 105-118.

Parker, C. L., Bruyéere, C. L., Mooney, P. A., & Lynch, A. H. (2018). The response of land-falling
tropical cyclone characteristics to projected climate change in northeast Australia.
Climate dynamics, 51(9-10), 3467-3485.

Peduzzi, Pascal, Bruno Chatenoux, H. Dao, Andréa De Bono, Christian Herold, James Kossin,
Frédéric Mouton, and Ola Nordbeck. (2012). Global trends in tropical cyclone risk.
Nature climate change 2, no. 4 (2012): 289.

Perry, C. T., Murphy, G. N., Kench, P. S., Smithers, S. G., Edinger, E. N., Steneck, R. S., &
Mumby, P. J. (2013). Caribbean-wide decline in carbonate production threatens coral
reef growth. Nature communications, 4, 1402.

Powell, M. D., & Reinhold, T. A. (2007). Tropical cyclone destructive potential by integrated
kinetic energy. Bulletin of the American Meteorological Society, 88(4), 513-526.

Pruitt, J. N,, Little, A. G., Majumdar, S. J., Schoener, T. W., & Fisher, D. N. (2019). Call-to-
action: a global consortium for tropical cyclone ecology. Trends in ecology &
evolution.

Puotinen, M., Maynard, J. A., Beeden, R., Radford, B., & Williams, G. J. (2016). A robust
operational model for predicting where tropical cyclone waves damage coral reefs.

Sci. Rep., 6.

39



Page 41 of 43

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

Global Change Biology

Puotinen, M. L. (2004). Tropical cyclones in the Great Barrier Reef, Australia, 1910-1999: a
first step towards characterising the disturbance regime. Australian Geographical
Studies, 42(3), 378-392.

Reyes, M., Engel, M., May, S. M., Brill, D., Brueckner, H. (2015). Life and death after super
typhoon Haiyan. Coral Reefs, 34(2), 419-419.

Rogers, C. S., Mclain, L. N., Tobias, C. R. (1989). Effects of Hurricane Hugo (1989) on a coral
reef in St. John, USVI. Mar. Ecol. Prog. Ser., 78.2, 189-199.

Tolman, H. L. (2009). User manual and system documentation of WAVEWATCH IIl TM
version 3.14. Technical note, MMAB Contribution, 276.

UNEP-WCMC, WorldFish Centre, WRI, TNC (2010). Global distribution of warm-water coral
reefs, compiled from multiple sources including the Millennium Coral Reef Mapping
Project. Version 1.3. Includes contributions from IMaRS-USF and IRD (2005), IMaRS-
USF (2005) and Spalding et al. (2001). Cambridge (UK): UNEP World Conservation

Monitoring Centre. URL: http://data.unep-wcmc.org/datasets/1

van Hooidonk, R., Maynard, J. A., & Planes, S. (2013). Temporary refugia for coral reefs in a

warming world. Nature Climate Change, 3(5), 508.

van Hooidonk, R., Maynard, J.A., Liu, Y., Lee, S-K. (2015). Downscaled projections of
Caribbean coral bleaching that can inform conservation planning. Glob Change Biol.

5;21(9), 3389-401. https://doi.org/10.1111/gcb.12901

van Hooidonk R, Maynard J, Tamelander J, Gove J, Ahmadia G, Raymundo L, et al. (2016).
Local-scale projections of coral reef futures and implications of the Paris

Agreement. Sci. Rep. 6:39666. https://doi.org/10.1038/srep39666.

40


http://data.unep-wcmc.org/datasets/1
https://doi.org/10.1111/gcb.12901
https://doi.org/10.1038/srep39666

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

Global Change Biology Page 42 of 43

Vercelloni, Julie, Benoit Liquet, Emma V. Kennedy, Manuel Gonzalez-Rivero, M. Julian Caley,
Erin E. Peterson, Marji Puotinen, Ove Hoegh-Guldberg, and Kerrie Mengersen.
"Forecasting intensifying disturbance effects on coral reefs." Global Change Biology
(2020).

Veron J.E.N,, Stafford-Smith M.G., Turak E., DeVantier L.M. (2016). Corals of the World.
Accessed 03/08/2016, version 0.01 (Beta).

Veron, J., Stafford-Smith, M., DeVantier, L., & Turak, E. (2015). Overview of distribution
patterns of zooxanthellate Scleractinia. Frontiers in Marine Science, 1, 81.

Walsh, K. J., McBride, J. L., Klotzbach, P. J., Balachandran, S., Camargo, S. J., Holland, G., et
al. (2016). Tropical cyclones and climate change. Wiley Interdisciplinary Reviews:
Clim. Change, 7(1), 65-89.

Wang, W., Xie, P., Yoo, S. H., Xue, Y., Kumar, A., Wu, X. (2011). An assessment of the surface
climate in the NCEP climate forecast system reanalysis. Clim. Dyn., 37(7-8), 1601-
1620.

Wolff, N. H., Wong, A., Vitolo, R., Stolberg, K., Anthony, K. R., Mumby, P. J. (2016). Temporal
clustering of tropical cyclones on the Great Barrier Reef and its ecological
importance. Coral Reefs, 35(2), 613-623.

Woodley, J., Chornesky, E., Cliffo, P., Jackson, J., Kaufman, L., Knowlton, N., et al. (1981).
Hurricane Allen’s impact on a Jamaican coral reef. Science, 214, 749-54.

Wou, L., Wang, B. (2004). Assessing impacts of global warming on tropical cyclone tracks. J.
Clim., 17(8), 1686-1698.

Young, I. R., Hardy, T. A. (1993). Measurement and modelling of tropical cyclone waves in

the Great Barrier Reef. Coral Reefs, 12(2), 85-95.

41



Page 43 of 43 Global Change Biology

867  Young, |. R. (2003). A review of the sea state generated by hurricanes. Mar. struct., 16(3),
868 201-218.

869  Zinke, J., Gilmour, J.P., Fisher, R., Puotinen, M., Maina, J., Darling, E., et al. (2018). Gradients

870 of disturbance and environmental conditions shape coral community structure for
871 south-eastern Indian Ocean reefs. Divers. Distrib., 2018: 00:1-

872 15. https://doi.org/10.1111/ddi.12714.

873

874

42


https://doi.org/10.1111/ddi.12714

875

876

877
878
879
880
881
882
883
884
885
886
887

Global Change Biology Page 44 of 43

Acknowledgements:

Data presented for Western Australia includes those from the Scott Reef program
supported by Woodside Energy Limited as operator for and on behalf of the Browse Joint
Venture (BJV — Woodside Browse Pty Ltd, Shell Australia Pty Ltd, BP Developments Australia
Pty Ltd, Japan Australia LNG (MIMI Browse) Pty Ltd and PetroChina International Investment
(Australia) Pty Ltd). RJL acknowledges support from an Australian Research Council (ARC)
Discovery Project grant (DP140102026) and the ARC Centre of Excellence for Coral Reef
Studies (CE140100020). ED acknowledges support from the University of Western Australia
postgraduate scholarships (SIRF and UIS). Surveys of the shoals were funded by PTTEP
Australasia Ltd.

43



