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Initial recovery of the Great Barrier Reef threatened by the third
mass bleaching event in five years
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SUMMARY

Two thirds of reefs surveyed between September 2019 and June 2020 have increased in hard coral cover since last surveyed, leading to small increases in region wide hard coral cover
in the Central and Southern Great Barrier Reef (GBR), but no change in the Northern GBR. Most reefs surveyed had only low or moderate hard coral cover, particularly in the Northern
and Central GBR and the few reefs with higher than moderate coral cover were largely found in the Southern GBR. The number of reefs with crown-of-thorns starfish outbreaks has declined
in the Central GBR, but remained stable in the Southern GBR.

While the onset of coral recovery is encouraging, the effects of the third mass bleaching event in five years, which occurred late in the Austral summer, are not fully captured in this report.
Reefs in the Northern and Southern regions were surveyed prior to the onset of a mass bleaching event and surveys during the peak of the bleaching were limited. However, LTMP in-water
surveys did detect the onset of bleaching in the Northern and Southern GBR in late 2019 / early 2020, and widespread low to moderate bleaching in the Central GBR, where corals were
still bleached in June 2020. The full impacts of the bleaching will be assessed once fieldwork recommences in late August 2020.

Surveys of reef fishes revealed that populations of coral trout inside no-take marine reserves are bigger in number and size than on reefs open to fishing, demonstrating that the benefits
from the 2004 re-zoning of the GBRMP continue to accrue.
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Methods

Manta tow surveys are a standard procedure that have been
MANTA Tow s U RV EYS used by AIMS for co-ordinated reef monitoring since 1985.
What do we measure ?
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BOX 1 — WHAT DOES ‘PERCENT HARD CORAL COVER’ MEAN?

There are many ways to measure the status of coral reefs. One of the most common is to use percent hard coral cover as an ‘indicator’ of
reef condition because it describes the abundance of a critical ecosystem engineer in coral reefs. This measure describes the proportion
of the seafloor that is covered in live hard coral.

Percent hard coral cover is widely used by scientists worldwide and is a standard measure that applies to all locations. While it does not
tell us anything about the diversity or composition of coral assemblages, it provides a simple and robust measure of reef health.

Percent coral cover can be estimated using various techniques. The technique used for this report is manta tow surveys, which are visual
estimates of percent hard coral cover in broad categories (e.g. low = 0 to 10%, moderate = 10 to 30%, high = 30 to 50%, very high = 50
to 75% and extremely high = 75 to 100% - Box Figure 1) over the area covered by an observer during one 2-minute tow (~2000m?). The
percent hard coral cover for a reef is then estimated as the average of the estimates from all tows around a reef. A coral reef consists
of more than just hard coral and contains a diverse array of other corals, sponges, algae, sand, rock and invertebrates. A reef does not
necessarily need to have 75 to 100% hard coral cover to be healthy, with AIMS categorising reefs with 30 to 50% hard coral cover as a
high value, based on historical surveys across the GBR.

Other techniques for determining percent hard coral cover involve counting the number of points within sampling units (quadrats,
photos) as used by LTMP in fixed site surveys or the linear distance along a tape measure (line-intercept) that intersect live hard coral
colonies. Adding up the total number of points of live hard coral cover and then expressing this as a percentage of the total number of
points within a sample then yields the estimates of hard coral cover. Data from both the fixed site and manta tow surveys conducted by
the LTMP are highly correlated and show the same trends in hard coral cover estimates; although, manta tow estimates are generally
lower than those obtained from fixed site surveys as they encompass the entire reef including sandy back reef habitats that have low

coral cover.
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Box 1 Image — examples of categories of percent hard coral cover a) low (0 to 10%) b) moderate (10 to 30%) c) high (30 to 50%) d) very
high (50 to 75%). The yellow areas show non-hard coral substrate and the categorisation is based on the proportion of the substrate
covered in live hard coral colonies.




Introduction

With reef surveys extending over more than 30 years, the AIMS Long-Term Monitoring Program (LTMP) provides an invaluable

record of change by repeatedly surveying coral reef communities over a large area of the Great Barrier Reef (GBR).

This annual update of the state and trends in hard coral cover across the entire GBR is based on manta tow surveys of coral
reefs, mainly on the mid- and outer shelf (Figure 1). A total of 86 reefs were surveyed from September 2019 to June 2020 (re-
ported as ‘2020’). Detailed reports on the state and trends of individual reefs are available shortly after the completion of each
survey trip. Data summaries are available for download.

The dynamic nature of GBR coral reefs and the considerable variation among regions in the rates of decline and recovery of
hard coral cover in response to disturbances are clear in the long-term record. Understanding the dynamics of the disturbance
regime provides a critical context for the interpretation of the long-term monitoring data. For annual updates, the GBR Marine
Park is divided into three regions (Figure 1), with each showing different trajectories of change in hard coral cover over time,
mostly in response to the cumulative impacts of the main disturbances affecting the surveyed reefs, e.g. severe tropical cy-
clones, outbreaks of crown-of-thorns starfish and coral bleaching.

Over the 30+ years of monitoring by AIMS, the reefs of the GBR have shown their ability to recover after disturbances; however,
such ‘resilience’ clearly has limits. This survey season revealed that the reefs of the GBR were beginning to recover from the
recent disturbance history; however, the third mass coral bleaching event in five years will likely be a set-back to their recovery?.

a) Coral cover b) Coral change

© Increase

@ Decrease

@ 75-100%

s O 50-75% ( (. \O <10%

O 30-50%
© 10-30%
@ 0-10%

. @ Incipient Outbreak
17°8 Cairns

@ Active Outbreak

19°S

21°S

N ; ot
23°5
= Rockhampton @

0 250 500km

144°E 146°E 148°E 150°E

Figure 1. Summary of the results from the 86 reefs surveyed by manta tows between September 2019 and June 2020, along with the
boundaries of the Northern, Central and Southern GBR reporting regions (see details of the long-term regional coral cover trends further
below). a) The status of the surveyed coral reefs is defined by the category of hard coral cover. b) The coral change displays the magnitude
and direction of the absolute annual change in reef-level percent hard coral cover between 2020 and the previous survey within the last two
years. c) The COTS outbreak status of each reef is defined by the number of COTS per 2-minute manta tow: No COTS (0 COTS), No Outbreak
(0 to 0.1 COTS), Potential Outbreak (0.1 to 0.22 COTS), Incipient Outbreak (0.22 to 1 COTS ) and Active Outbreak (more than 1 COTS). d) The
coral bleaching severity is reported as the percent of live coral colonies bleached at the time of survey per region: Northern GBR (Novem-
ber/December 2019), Central GBR (February and June 2020) and Southern GBR (September 2019 and January 2020). This figure does not
represent the overall coral bleaching extent or severity because some surveys were done prior to the mass coral bleaching event and there
were no surveys at the height of this event.

1 Results vary slightly from previously reported. Previous analyses excluded reefs with less than five visits over the time series, the
current analysis includes all reefs. Differences are small and the trends remain unchanged.



http://www.aims.gov.au/docs/research/monitoring/reef/reef-monitoring.html
http://www.aims.gov.au/docs/research/monitoring/reef/latest-surveys.html
https://apps.aims.gov.au/metadata/view/5bb9a340-4ade-11dc-8f56-00008a07204e
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Figure 2. Status of the 86 reefs surveyed in the Northern, Central
and Southern GBR in 2020. Data are the number of reefs with av-
erage hard coral cover falling within low, moderate, high and very
high coral cover categories. Note there were no reefs with extreme-
ly high coral cover (75 to 100%) in 2020.
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Key Results

In 2020, hard coral cover remains moderate in the
Northern, Central and Southern GBR.

While reef condition was variable both within and
among regions, the majority of reefs (58 out of 86)
had low (0 to 10%) or moderate (10 to 30%) coral
cover and most of these were in the Northern and
Central GBR. Few reefs had high coral cover (30 to
50%) and only five out of the 86 surveyed reefs had
very high coral cover (50 to 75%).

On the Northern GBR, hard coral cover was stable
at 15% in 2020 but had increased from 12% in 2017,
indicating that recovery from bleaching had begun.

Following degradation from cyclones, crown-of-thorns
starfish outbreaks and mass coral bleaching from
2016 to 2019, average hard coral cover on reefs in the
Central GBR had increased slightly, from 12% in 2019
to 14% in 2020.

Overall, mean coral cover on reefs in the Southern
GBR had increased from 23% in 2019 to 24% in 2020.

In addition to benthic communities, the AIMS LTMP
also monitors fish communities. A noteworthy result
this year was that coral trout numbers continued to
increase on reefs inside no-take marine reserves com-
pared to reefs open to fishing.

A mass coral bleaching event unfolded late in the
2019/2020 Austral summer after a prolonged and
widespread marine heatwave and affected reefs in
the Northern, Central and, for the first time in recent
years, Southern GBR.

The COVID-19 pandemic disrupted fieldwork and as
a result, surveys were not conducted at the height of
the recent bleaching event.

Coral mortality can occur for weeks to months after

a coral bleaching event; therefore, the full impact of
the 2019/2020 mass coral bleaching will be assessed
during the next field season, which is set to begin in

late August 2020.



https://www.aims.gov.au/news-and-media/summer-heat-stress-australias-coral-reefs

Surveyed November/December 2019

There was substantial variation in the condition of individ-
ual reefs in the Northern GBR (Figures 1 and 2, Image 1).
Eight of 26 reefs surveyed had low coral cover (0 to 10%)
(Figures 1 and 2), whereas 10 reefs had moderate coral cov-
er (10 to 30%). The remaining eight reefs had either high
(30 to 50%) or very high coral cover (50 to 75%) (Figures 1
and 2). Of the 17 reefs previously surveyed since the end of
the 2017 mass coral bleaching event, 12 had increased in
hard coral cover by up to 15% per year (Figure 1), indicating
the start of recovery from a period of cumulative distur-
bances from 2014 to 2017.

Region-wide hard coral cover continued to increase from
the lowest levels recorded by the LTMP of 12% in 2017 to
15% in 2020 (Figure 3). Nonetheless, hard coral cover in
2020 was still well below the highest recorded coral cover
in the LTMP dataset of 30% in 1988 (Figure 3). Surveys in
2020 found little evidence of crown-of-thorns starfish ac-
tivity in the region, most reefs had no COTS, one reef was
classified as No Outbreak and two reefs classified as Poten-
tial Outbreaks (Figure 1).

Despite being surveyed in December 2019, which was be-
fore the onset of the main mass bleaching event in late
summer 2020, three of 26 Northern GBR reefs had low-lev-
el bleaching (<10% of corals bleached), indicating corals in
this region were already responding to accumulating ther-
mal stress. The full impacts of this event will be assessed
during the next field season commencing in August/Sep-
tember 2020.

The Northern GBR
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Figure 3. Trends in average hard coral cover for the Northern GBR
based on manta tow surveys. Survey data from 129 reefs contribut-
ed to the 35-year time series; blue shading represents 95% credible
intervals. Note that many reefs in this region do not have a regular
survey history and in 2020 only 26 reefs were surveyed, which was
less than planned due to adverse weather and the threat of croco-
diles on many inshore reefs.

Image 1. Photos showing the variable state of reefs in the North-
ern GBR. Some reefs had yet to recover from a series of recent dis-
turbances with low hard coral cover and dead standing skeletons
covered in turf algae, mostly on inshore reefs such as a) Osborne
Reef and b) Reef 11049. Some mid-shelf reefs had high numbers of
juvenile corals, such as c) Linnet Reef near Lizard Island and other
mid-shelf reefs housed abundant and diverse coral assemblages as
seen at d) Ashmore Banks (A). Outer shelf coral assemblages had
moderate to high levels of hard coral cover such as e) Reef 12-071
and f) Sandbank No 1.



http://apps.aims.gov.au/reef-monitoring/reef/13006S
http://apps.aims.gov.au/reef-monitoring/reef/13006S
http://apps.aims.gov.au/reef-monitoring/reef/11049S
http://apps.aims.gov.au/reef-monitoring/reef/14126S
http://apps.aims.gov.au/reef-monitoring/reef/11237A
http://apps.aims.gov.au/reef-monitoring/reef/12071S
http://apps.aims.gov.au/reef-monitoring/reef/14045S

Central GBR

Coral cover (%)

1985 1990 1995 2000 2005 2010 2015 2020

Figure 4. Trends in average hard coral cover for the Central GBR
based on manta tow surveys up to June 2020. Survey data from
212 reefs contributed to the 35-year time series; blue shading rep-
resents 95% credible intervals.

Image 2. Reefs offshore from Innisfail e.g. a) Farquharson Reef,
were moderately to severely bleached in February 2020. While
many reefs had good numbers of juvenile corals, some of them had
also been affected by the bleaching event like b) Peart Reef. Some
reefs appeared unaffected by the bleaching event and maintained
healthy coral assemblages c) & d) Helix Reef and e) Agincourt Reef.
Other reefs have had consecutive disturbances e.g. f) Peart Reef
which had an active outbreak of COTS from 2016 to 2018 plus two
coral bleaching events and currently has low coral cover.

The Central GBR

Surveyed February and June 2020

Since regular surveys by AIMS began in 1985, hard coral
cover on reefs in the Central GBR has generally been lower
than in the Northern and Southern GBR.

Region-wide cover in the Central GBR decreased to the
lowest level in LTMP records in 2012 (9%), following the
impact of Severe Tropical Cyclone Yasi in 2011 (Figure 4).
Hard coral cover then recovered rapidly to the highest av-
erage regional cover in the LTMP database record in 2016
(23%). From 2016 to 2019, hard coral cover decreased con-
tinuously to 12% (Figure 4), largely due to repeated mass
coral bleaching in 2016 and 2017 and outbreaks of crown-
of-thorns starfish. In 2020, hard coral cover increased to
14% from 12% in 2019 (Figure 4).

While the state of the reefs in the Central GBR in 2020 was
variable, the vast majority of the 33 reefs surveyed had
low or moderate hard coral cover (<30%) and four out of
33 reefs had coral cover higher than 30% (Figures 1 and 2,
Image 2). None of the surveyed reefs had hard coral cover
higher than 50% (Figure 2). On 10 of the 26 Central GBR
reefs that were previously surveyed within the last two
years, hard coral cover had decreased by up to 6% per year
(Figure 1). Conversely, annual increases in hard coral cover
by up to 14% were recorded on 16 Central GBR reefs (Fig-
ure 1).

Many reefs offshore from Cairns, Innisfail and Townsville
have had outbreaks of crown-of-thorns starfish in recent
years. However, there were no Active Outbreaks of crown-
of-thorns starfish reported on Central GBR reefs in 2020
and only Kelso Reef was classified as a Potential Outbreak
(Figure 1). The Great Barrier Reef Marine Park Authority’s
(GBRMPA's) Crown-of-thorns Starfish Control Program has
been actively removing substantial numbers of starfish in
this area, which would have contributed to the low num-
bers of crown-of-thorns starfish recorded during these sur-
veys.

Coral bleaching was widespread in the Central GBR during
the surveys in 2020, although the severity varied among
reefs. Bleaching was recorded on seven of the 20 reefs from
Cairns to north of Townsville that were surveyed in Febru-
ary 2020, the severity of which ranged from low (<10%) to
moderate (10 to 30%). Reefs offshore from Townsville were
surveyed in June 2020 and, despite being winter, many
reefs were still bleached at low to moderate levels. Howev-
er, no surveys occurred at the height of the mass bleaching
event in late summer 2020 and the impacts of that distur-
bance have not yet been captured.



https://www.aims.gov.au/reef-monitoring/cairns-sector-2020
https://www.aims.gov.au/reef-monitoring/innisfail-sector-2020
https://www.aims.gov.au/reef-monitoring/townsville-sector-2019
http://apps.aims.gov.au/reef-monitoring/reef/17063A
http://apps.aims.gov.au/reef-monitoring/reef/17024S
http://apps.aims.gov.au/reef-monitoring/reef/18076S
http://apps.aims.gov.au/reef-monitoring/reef/15099C
http://apps.aims.gov.au/reef-monitoring/reef/17024S

Surveyed October 2019 and January 2020

The Southern GBR has generally had higher coral cover
than the Northern or Central GBR, but it has also been the
most dynamic. Large declines in hard coral cover followed
Severe Tropical Cyclone Hamish in 2009, which reduced
coral cover to the lowest levels recorded by the LTMP of
9% by 2011 (Figure 5). Strong recovery occurred from 2011
to 2016 with hard coral cover reaching 32% in 2017. How-
ever, outbreaks of crown-of-thorns starfish began in 2018
on reefs in the Swain sector and regional coral cover again
decreased to a low point of 23% in 2019 and increased to
24% in 2020 (Figure 5).

The state of individual Southern GBR reefs was variable
(Image 3); however, there was a greater proportion of reefs
with high coral cover than low or moderate coral cover, a
contrast to the Northern and Central GBR where the ma-
jority of reefs had coral cover in the two lowest categories
(Figures 1 and 2). Hard coral cover decreased by up to 8%
per year on eight of 21 reefs since the last survey, whereas
13 reefs increased in hard coral cover by up to 9% per year
since being surveyed in the last two years (Figure 1).

In 2016 and 2017, reefs in the Southern GBR were not ex-
posed to the extreme sea surface temperatures that led to
the mass coral bleaching events on the Central and North-
ern GBR. However, in the Austral summer of 2020, waters
of the Southern GBR warmed substantially. The LTMP sur-
veys were conducted in September 2019 and January 2020
and recorded low levels of bleaching on one reef. However,
subsequent aerial surveys by the Centre of Excellence in
Coral Reef Studies revealed widespread severe bleaching
across much of the Southern GBR. A full evaluation of the
impacts of the 2020 coral bleaching event will occur when
reefs in this region are resurveyed in August/September
2020.

In 2020, the Southern GBR was a focus of crown-of-thorns
starfish outbreaks with four of 27 reefs classified as having
Active Outbreaks and one reef with an Incipient Outbreak
(Figure 1). Two reefs (Small Lagoon and Reef 22-084) had
Active Outbreaks for the first time while Chinaman and Reef
21-064 have had ongoing outbreaks for some years (Figure
1). Low numbers of crown-of-thorns starfish were recorded
on five reefs classified as No Outbreak. Outbreaks appear
to have run their course on two of these reefs (Wade Reef
and Jenkins Reef) and have reduced coral cover below the
threshold necessary to sustain high crown-of-thorns star-
fish numbers.

The Southern GBR
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Figure 5. Trends in average hard coral cover for the Southern GBR
based on manta tow surveys up to June 2020. Survey data from
151 reefs contributed to the 35-year time series; blue shading rep-
resents 95% credible intervals.

Image 3. Many reefs in the Southern GBR still have high coral cover,
such as a) Reef 22-084 in the Swain sector and b) Lady Musgrave
Island Reef in the Capricorn-Bunkers. However, outbreaks of crown-
of-thorns starfish continue to decimate coral populations on many
reefs in the Swain sector c) & d) Chinaman Reef.



https://www.aims.gov.au/reef-monitoring/swain-sector-2020
https://theconversation.com/back-to-back-bleaching-has-now-hit-two-thirds-of-the-great-barrier-reef-76092
https://theconversation.com/back-to-back-bleaching-has-now-hit-two-thirds-of-the-great-barrier-reef-76092
https://www.coralcoe.org.au/media-releases/climate-change-triggers-great-barrier-reef-bleaching
http://apps.aims.gov.au/reef-monitoring/reef/21572S
http://apps.aims.gov.au/reef-monitoring/reef/22084S
http://apps.aims.gov.au/reef-monitoring/reef/22102S
http://apps.aims.gov.au/reef-monitoring/reef/21064S
http://apps.aims.gov.au/reef-monitoring/reef/21064S
http://apps.aims.gov.au/reef-monitoring/reef/21588S
http://apps.aims.gov.au/reef-monitoring/reef/21584S
http://apps.aims.gov.au/reef-monitoring/reef/22084S
http://apps.aims.gov.au/reef-monitoring/reef/23082S
http://apps.aims.gov.au/reef-monitoring/reef/23082S
http://apps.aims.gov.au/reef-monitoring/reef/22102S
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Figure 6. GBR-wide difference in the abundance, size and biomass
of coral trout and secondary target fishes between no-take marine
reserves and non-reserves. Data are the modelled median differ-
ences between no-take marine reserves and fished reefs with asso-
ciated 95% uncertainty intervals and are expressed as a percent dif-
ference between no-take marine reserves and non-reserves (Effect
size). Effect sizes were averaged over all surveys since the re-zoning
in 2004. A positive effect indicates higher values in no-take marine
reserves and statistical significance is inferred where uncertainty
intervals do not intersect the zero line. Data have been previously
reported in 2012 (dark symbols) but have since been updated to in-
clude the period 2006 to 2020 (light symbols) to provide an update
of the effectiveness of re-zoning.
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Fish Populations

Effectiveness of the 2004 re-zoning of the
Great Barrier Reef for fish populations

The re-zoning of the GBR Marine Park under the Represen-
tative Areas Program came into effect in 2004, after an ex-
tensive public consultation period and increased the area
of Marine National Park Green Zones (‘no-take’ areas) to
33% of the Marine Park.

The LTMP was modified to facilitate a dedicated monitoring
program to collect evidence to examine the effectiveness
of this re-zoning. By 2012, the abundance and biomass of
coral trout were substantially higher on reefs inside the no-
take marine reserves than on the adjacent reefs that re-
mained open to fishing.

In 2020, the abundance and biomass of coral trout have
continued to increase on reefs inside the no-take marine
reserves compared to reefs open to fishing. Coral trout
abundance was 91% higher and biomass was 122% higher
on reefs inside no-take marine reserves compared to reefs
open to fishing (Figure 6).

Other highly prized fishes such as snapper, emperors, cods
and wrasses (termed ‘secondary target’ species) remained
at similar levels of abundance and biomass inside no-take
marine reserves compared to those recorded in 2012, and
secondary target biomass was 41% higher inside no-take
marine reserves compared to reefs open to fishing (Figure
6).

These latest results show that not only was the re-zoning of
the GBRMP successful, it has continued to accrue benefits
to coral trout, the fish species that are the main targets of
both commercial and recreational fisheries.



https://www.cell.com/current-biology/fulltext/S0960-9822(15)00137-2
https://www.cell.com/current-biology/fulltext/S0960-9822(15)00137-2
https://www.cell.com/current-biology/fulltext/S0960-9822(15)00137-2

Assessing the long-term health of the Great
Barrier Reef

The GBR has been subjected to intense disturbances in re-
cent years. A fourth wave of crown-of-thorns starfish out-
breaks began in 2012 between Lizard Island and Cairns,
and by 2019 had progressed south to reefs offshore from
Townsville. The Crown-of-thorns Control Program has been
active in the Central GBR and the number of Active Out-
breaks has decreased from previous years; however, reefs
just south of the epicentre of the outbreak off Townsville
could not be surveyed due to COVID-19 restrictions on
fieldwork, and thus it is unknown whether the outbreak
has progressed to these reefs. While there were few severe
cyclones this year, a widespread marine heatwave led to
the third mass coral bleaching event in five years during
the late Austral summer, with corals still bleached during
surveys in June 2020. As LTMP surveys occur annually from
September to June, information on the spatial extent and
severity of bleaching were limited to reefs surveyed from
January to June 2020. The full impacts of this event will
not be assessed until reefs are revisited next field season,
which is due to start in late August 2020.

The predicted consequences of climate change, which in-
clude more frequent and intense mass coral bleaching
events, are now a contemporary reality. At the same time,
chronic stressors such as high turbidity, increasing ocean
temperatures and changing ocean chemistry can all neg-
atively affect rates of recovery, while more frequent acute
disturbances mean that the intervals for recovery are be-
coming shorter.

The geographical scale of recent mass coral bleaching and
crown-of-thorns starfish outbreaks means that breeding
populations of corals have been decimated over large ar-
eas, reducing the potential sources of larvae to recolonise
reefs in the near future.

Hard coral cover in the Northern and Central GBR continues
to be close to the lowest levels recorded in the 30+ years of
the LTMP. Reefs in the Southern GBR have moderate hard
coral cover but have a limited genetic connection to reefs
further north. This limits their capacity to serve as a major
source of coral larvae to support reef recovery elsewhere.

The prognosis of more frequent disturbances, each causing
greater damage to reefs, combined with slower rates of re-
covery will inevitably lead to less living coral on the reefs of
the GBR. Measuring and understanding the process of, and
limitations to, coral reef recovery will be a continued focus
of AIMS’ research and monitoring over the next years.



http://www.gbrmpa.gov.au/our-work/our-programs-and-projects/crown-of-thorns-starfish-management
https://www.sciencedirect.com/science/article/pii/S0025326X18305678
https://onlinelibrary.wiley.com/doi/10.1111/gcb.13707
https://onlinelibrary.wiley.com/doi/10.1111/gcb.13707
https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.14985
https://www.nature.com/articles/s41586-019-1081-y?stream=science
https://www.nature.com/articles/s41586-019-1081-y?stream=science
https://onlinelibrary.wiley.com/doi/pdf/10.1111/mec.13649
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