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1 Execusunary

The Marine Monitoring Program (MMP) was established in 2005 to assess status and trends in
ecosystem health and resilience indicators for the Great Barrier Reef (the Reef). The results of this
monitoring program are integral to assessing the long-term effectiveness of the Reef Water Quality
Protection Plan (Reef Plan) and are the basis for marine condition scores reported in the annual
Great Barrier Reef Report Card and regional report cards. This report summarises coral reef benthic
community results used to derive report card scores for 2017.

Report card scores are estimated at the scale of the four Natural Resource Management (NRM)
regions and represent an index that aggregates over metric scores derived from five indicators; coral
cover, hard coral community composition, macroalgae cover, juvenile coral density and the rate of
coral cover increase. Data was derived from 32 reefs monitored at depths of two-metres and five-
metres, and an additional nine inshore reefs were monitored at single depths by the Australian
Institute of Marine Scienced kong Term Monitoring Program (LTMP) since 2005. The metric scores
in a given year are based on the most recent observations from each of the monitored communities.
The biennial sampling design of the program means that the scores for some reefs are carried
forward from the previous year6 s e s t. Interprétaion of trends in the index and individual
indicators was reliant on the consideration of environmental data collected at coral monitoring sites
or sourced from the Australian Bureau of Meteorology, the Queensland Department of Natural
Resources and Mines and the water quality subprogram of the MMP.

Conditions over the 2016i 17 summer were severe, resulting in damage to coral communities in most
areas of the Reef covered by this report. High summer water temperatures caused coral bleaching
and subsequent mortality of corals in both the Wet Tropics and Burdekin regions, while tropical
cyclone Debbie severely impacted reefs exposed to storm driven waves in the Whitsunday Group
(noting that the full extent of these impacts are yet to be realised in index scores, as discussed
below). Coral communities in the Fitzroy region were not severely impacted despite flooding of the
Fitzroy River in the wake of tropical cyclone Debbie. Elevated numbers of coral-eating crown-of-
thorns starfish (COTS) were restricted to reefs in the Johnstone Russelli Mulgrave sub-region of the
Wet Tropics where they compounded losses attributed primarily to coral bleaching.

As a result of the impacts of the 2016i 17 summer, coral index scores declined sharply in the
Mackayi Whitsunday Region, declined slightly in the Wet Tropics Region and remained stable
elsewhere. Declines were primarily due to the loss of corals resulting in declines in the coral cover
metric that, in-turn, precipitated declines in community composition and juvenile metrics. The
declines in the index were buffered by the sampling designs of the monitoring programs that resulted
in index scores for the nine LTMP reefs and six of the MMP reefs being based on observations that
pre-dated the 2017 summer disturbances. Improved scores for the coral change metric also
moderated declines in index scores. The coral change metric is based on a running mean of
observed changes in coral cover estimated during periods of recovery. Improved scores for this
metric in 2017 reflected the strong recovery rates observed in the two-to-three years prior to the
disturbances identified above.

The coral index for the Wet Tropics remains in the 6 mo d e coaditienécategory, although has
declined slightly from that observed in 2016 (Figure 1). The primary cause of the decline was high
water temperatures resulting in coral bleaching over the 2016i 17 summer. Compounding the
impacts of coral bleaching was ongoing pressure from COTS at reefs in the Johnstone Russelli
Mulgrave sub-region. Partly mitigating the influence of COTS, has been an active population control
program?! with 14,990 individuals removed from the reefs reported herein over the five years prior to
surveys in 2017. Within the region, although levels of bleaching were high in the Herbert Tully sub-
region, the coral index continued to improve as rapid recovery of coral cover in recent years saw
improvement in the coral change metric offset the decline in the index scores caused by a reduction

tAustralian Government crown-of-thorns starfish management program data supplied by
Great Barrier Reef Marine Park Authority, Eye on the Reef.

1



Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

in coral cover as a result of bleaching in 2017. In the Johnstone Russelli Mulgrave sub-region the
index declined slightly fromthe 6 g o o d 6 c a ti eng ?2r0ils6a tt ioio AOIW.OT Hieedectine wad
due primarily to reduced coral cover and density of juvenile corals as a result of bleaching, although
ongoing presence of COTS at several reefs will have contributed to these declines. Generally high
scores for the macroalgae and cover change metric, due to rapid increases in coral cover at reefs
not harbouring COTS prior to the bleaching event, contributed to the maintenance of a moderate
index score. In the Barroni Daintree sub-region the impacts of the bleaching event varied markedly
between the two reefs surveyed after the event, although were sufficient to see a reversal of
improving index scores since 2014. Most limiting to coral community condition in the Barroni
Daintree sub-region in 2017 were low scores for macroalgae and juvenile coral metrics around
Snapper Island suggesting a potential suppression of coral recruitment as a result of high nutrient
availability.

Impacts of coral bleaching in the Burdekin region in 2017 interrupted improvements in the coral
index over the period 2012 and 2016 (Figure 1). After controlling for the influence of acute
disturbance events (in particular cyclones) the rate of improvement in index scores in this region has
been inversely related to discharge from the region rivers. Increases in the coral index were driven
by improving coral cover scores at both 2 m and 5 m depths and a gradual return of genera sensitive
to water quality (improved composition scores). Although coral cover, increased through to 2016,
the legacy of cumulative pressures in addition to losses incurred as a result of high water
temperatures over the 2016i 17 summer, sees the score for this indictor remaining poor. Persistently
high cover of macroalgae on the reefs also continued to limit index scores. These reefs also had the
highest chlorophyll a concentrations in the water column. Moderating the signal of the 2017
bleaching event in the index scores were improvements in the cover change metric, due to pre-
bleaching recovery of coral cover, and the yet to be assessed impacts of the 2017 bleaching event
at seven of the fifteen reef and depth combinations that contribute to the index.

The coral index in the Mackay 1 Whitsunday region declined sharply in 2017 as a result of the
severe impact associated with cyclone Debbie. The impact of cyclone Debbie returned the index
score to 6moderated, effectively negating i mprove
from impacts attributed to cyclone Ului (Figure 1). Scores for coral cover and juvenile metrics were
most immediately impacted, declining sharply in 2017 (Figure 1). Buffering further decline in the
index in 2017 was the increasing coral cover through to 2016 that resulted in high coral cover scores
being carried forward from the reefs last surveyed prior to cyclone Debbie. Improvement in the cover
change score reflect improved rate of increase in coral cover in the years prior to cyclone Debbie.
Finally, cyclone Debbie stripped macroalgae from Pine Island contributing to what is expected to be
a temporary improvement in the macroalgae metric. Once the impacts of cyclone Debbie at the reefs
not surveyed in 2017 have been assessed the full impact from the cyclone will be realised. The
influence of prevailing environmental conditions such as high turbidity, nutrient availability and
sedimentation, have clearly selected for coral species tolerant of those conditions. Marked
differences in community composition between two-metre and five-metre depths at most reefs are
indicative of the increasing selective pressures of light availability and accumulated sediments at the
deeper sites. Future monitoring will show how these challenging environmental conditions influence
the recovery of the communities at five metre depths..

The coral index in the Fitzroy region r e mai ned ¢ p/o/A combination of High water
temperatures over 2016 and 2017 and potential pressures associated with flooding in 2017, have
likely suppressed the recovery of coral communities from a low point reached in 2014 (Figure 1).
The modest improvement in the index to 2017 predominantly reflects improvement in the cover
change metric at both two-metre and five-metre, along with improved juvenile scores at 2 m depths,
both are necessary precursors to future improvements in the index. Over the period 2006i 14coral
communities in the region were exposed to cumulative pressures associated with a series of acute
disturbances and chronic effects of water quality, and is clearly reflected in the decline of the coral
index through to 2014 (Figure 1). Two acute disturbances stand out, high water temperatures in
2006 bleached and killed corals resulting in an average reduction in coral cover of 16% across the
region, subsequently coral cover was reduced by a similar amount in response to a major flood event
in 2011. This flood predominantly affected the two-metre sites on reefs inshore of Great Keppel
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Island, where the majority of corals were killed as a result of exposure to low salinity waters.
Elsewhere, increased levels of disease demonstrated a likely impact of reduced water quality during
and following the flood. In the periods 2007i 11and 2012i 14recovery from these disturbance events
was hampered by a series of storms and persistently high cover of macroalgae, low levels of coral
recruitment and low rates of coral cover increase (Figure 1), all of which coincided with a period of
high loads of land based material being delivered by the Fitzroy River.

Overall, it is apparent that the cumulative impact of tropical cyclones, outbreaks of COTS and a
period of high discharge carrying increased loads of nutrients and sediments to the Reef resulted in
declines in coral community condition over the period 20127 2014. Recovery from these impacts was
observed as index scores improved through to 2016 before the interruption imposed across all
regions by the impacts of high temperatures and tropical cyclone Debbie in 2017 (Figure 1).

Given the currently accepted predictions of climate change, which indicate the severity of
disturbance events to coral reefs is projected to increase, it is essential that coral communities retain
the ability to recover from inevitable disturbances to maintain a coral dominated state in the long-
term. The coral index is formulated explicitly to emphasise coralc 0 mmu n retoveey pdiential. As
such, improvements in the index in all regions through to 2016 are an important demonstration of
the resilience inherent in inshore coral communities under situations of low cumulative pressure. The
strong impact of acute disturbances 8 such as cyclones, bleaching, and COTS outbreaks 5 on coral
community state impose an unavoidable confounding between the influence of these pressures and
those that can be attributed to water quality. By explicitly focusing on periods free from acute
disturbance events we were able to demonstrate that incremental changes in the coral index, during
periods when reefs should be recovering, were inversely related to discharge from local catchments
in three of the four regions monitored. In combination with spatial analyses that demonstrated higher
index scores where chlorophyll a levels were below guideline values, the temporal relationships
between the recovery potential of coral communities and environmental conditions provides support
for the primary premise of the Reef Water Quality Protection Plan (Reef Plan), that load reduction
will have downstream environmental benefits for the Reef.

In addition to the effects of run-off on the condition of inshore reefs reported here, is that increased
nutrient loads delivered to the Reef lagoon during major flood events have been linked to the initiation
of COTS outbreaks. Although not typically prevalent on inshore reefs, elevated numbers of COTS in
the Barroni Daintree and Johnstonei Russelli Mulgrave sub-regions in recent years mirror much
larger populations observed offshore. In 2017, small numbers of COTS were observed at Fitzroy
Island, High Island and the Frankland Group where a range of size-classes indicate ongoing
recruitment. The densities of COTS observed were sufficient that as these individuals grow they are
likely to result in future damage to coral communities.
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2 Pref ace

Management of human pressures, such as enhanced nutrient run-off and overfishing, is vital to
provide corals, and reef organisms in general, with the optimum conditions to cope with global
stressors, such as climate change and ocean acidification (Bellwood et al. 2004, Marshall & Johnson
2007, Carpenter et al. 2008, Mora 2008, Hughes et al. 2010). The management of water quality
remains a strategic priority for the Great Barrier Reef Marine Park Authority (GBRMPA) to ensure
the long-term protection of the coastal and inshore ecosystems of the Reef (GBRMPA 2014 a, b). A
key policy is the Reef Water Quality Protection Plan (Reef Plan; Anon. 2013), a component of the
Reef 2050 Long-Term Sustainability Plan (Reef 2050 Plan; Commonwealth of Australia, 2015),
which provides a framework for the integrated management of the Great Barrier Reef World Heritage
Area.

The Marine Monitoring Program (MMP) was designed and developed by the GBRMPA in
collaboration with science agencies and is currently funded by the Australian Government Reef
Programme and co-funding from research parthers. A summary of the MMP&s o
objectives and a description of the sub-programs are available on the Mar i ne Par k Aut
website and the e-atlas website. The MMP forms an integral part of the Paddock to Reef Integrated
Monitoring, Modelling and Reporting Program, which is a key action of Reef Plan designed to
evaluate the efficiency and effectiveness of implementation and report on progress towards Reef

Plan goals and targets. A key output of the Paddock to Reef Program is an annual report card,

including an assessment of Reef water quality and ecosystem condition, which is based on MMP
information (www.reefplan.gld.gov.au).

\
k

The Australian Institute of Marine Science (AIMS) and GBRMPA entered into a partnership
agreement to provide inshore coral reef monitoring under the MMP in 2017 and 2018. This
monitoring is largely an extension of activities established under previous agreements covering 2005

to 2014. This report covers coral reef monitoring conducted by the MMP until August 2017 with

inclusion of data from inshore reefs monitored by the AIMS Long-Term Monitoring Program (LTMP)

from 2005 to 2016. In-keeping with the overarching objective of the MMP, to i Assess trend
ecosystem health and resilience indicators for the Great Barrier Reef in relation to water quality and

its linkages to end-of-catchment loadso key water quality results reported by (Waterhouse et al.

2018) are replicated here as required for interpretation.



http://www.gbrmpa.gov.au/managing-the-reef/how-the-reefs-managed/reef-2050-marine-monitoring-program
http://www.gbrmpa.gov.au/managing-the-reef/how-the-reefs-managed/reef-2050-marine-monitoring-program
http://e-atlas.org.au/rrmmp
http://www.reefplan.qld.gov.au/
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3 | ntroducti on

It is well documented that sediment and nutrient loads carried by land run-off into the coastal and
inshore zones of the Great Barrier Reef World Heritage Area (the Reef) have increased since
European settlement (e.g., Kroon et al. 2012, Waters et al. 2014). Ongoing concern that these
increases were negatively impacting the Reef ecosystem triggered the formulation and subsequent
updating of the Reef Water Quality Protection Plan (Reef Plan) for adjacent catchments (Anon. 2003,
2009, 2013). The Reef 2050 Plan includes the Reef Plan actions and initiatives to change land
management practices to achieve improvement in downstream water quality of creeks and rivers.
These actions and initiatives should, with time, lead to improved water quality in the coastal and
inshore Reef that, in turn, support the ongoing health and resilience of the Great Barrier Reef (see
Brodie et al. 2012a for a discussion of expected time lags in the ecosystem response).

Reef Plan can be considered in a Drivers-Pressures-States-Impacts-Responses (DPSIR) framework
(Maxim et al. 2009, Rehr et al. 2012). Socio-economic factors are the drivers of human activities
from local - within catchment, through to global scales. Human activities result in local scale
pressures on downstream ecosystems such as increased exposure to sediments, nutrients and
toxicants through to global pressures such as climate change. These pressures change the state of
the Reef ecosystems. This state can then be interpreted in terms of impact on desirable ecosystem
functioning or services that in turn can be used to inform decisions as to the need for response such
as policy or regulatory actions to alleviate that impact.

To allow the full application of a DPSIR framework requires the monitoring of both pressures and
states that should be reported, where possible, in terms of impacts so that appropriate management
responses can be devised, or conversely, the outcomes of existing management strategies
assessed. Reef Plan actions included the establishment of monitoring programs extending from the
paddock to the Reef (Anon. 2011), to assess the effectiveness of Reef Plan's implementation. The
MMP is an integral part of this monitoring, providing physicochemical and biological data to
document the state of: coral reefs, seagrass beds, water quality and concentrations of pesticides in
inshore areas of the Reef. The MMP additionally collates observations of extrinsic pressures such
as sea temperature variability, occurrence of tropical cyclones, river discharge volumes and coral
predator populations that must be considered in any assessment of water quality impacts on
ecosystem state. Ultimately the state of marine waters and the ecosystems of the Reef will provide
both a basis for assessing the success of Reef Plan and the necessity for future management
strategies.

The coral reef component of the MMP is based on the general understanding that healthy and
resilient coral communities exist in a dynamic equilibrium, with communities in a cycle of recovery
punctuated by acute disturbance events. Common disturbances to inshore reefs include cyclones
(often coinciding with flooding), thermal bleaching, and outbreaks of crown-of-thorns starfish
(COTYS), all of which can result in widespread mortality of corals (e.g. Sweatman et al. 2007, Osborne
et al. 2011). The potential impact of elevated nutrients carried into the system as runoff may
compound the influences of acute disturbances by: increasing the susceptibility of corals to disease
(Bruno et al. 2003, Haapkyla et al. 2011, Weber et al. 2012, Vega Thurber et al. 2013), promoting
outbreaks of COTS (Wooldridge & Brodie 2015) and increasing susceptibility to thermal stress
(Wooldridge & Done 2004, Wiedenmann et al. 2013). Pollutants in runoff may also suppress the
recovery process (Schaffelke et al. 2013). The replacement of corals lost to disturbance is reliant on
both the recruitment of new colonies and regeneration of existing colonies from remaining tissue
fragments (Smith 2008, Diaz-Pulido et al. 2009). Elevated concentrations of nutrients,
agrochemicals, and turbidity can negatively affect reproduction in corals (reviewed by Fabricius
2005, van Dam et al. 2011, Erftemeijer et al. 2012). High rates of sediment deposition and
accumulation on surfaces can affect larval settlement (Babcock & Smith 2002, Baird et al. 2003,
Fabricius et al. 2003, Ricardo et al. 2017) and smother juvenile corals (Harrison & Wallace 1990,
Rogers 1990, Fabricius & Wolanski 2000). In addition, macroalgae have higher abundance in areas

with high water column chlorophylc oncent r ati ons, indicating &igher

Fabricius 2010, Petus et al. 2016). High macroalgal abundance may suppress reef resilience (e.g.
Hughes et al. 2007, Cheal et al. 2010, Foster et al. 2008, but see Bruno et al. 2009) by increased
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competition for space or changing the microenvironment into which corals settle and grow (e.qg.
McCook et al. 2001, Hauri et al. 2010). Macroalgae have been documented to suppress fecundity
(Foster et al. 2008), reduce recruitment of hard corals (Birrell et al. 2008b, Diaz-Pulido et al. 2010),
diminish the capacity of growth among local coral communities (Fabricius 2005),and suppress coral
recovery by altering microbial communities associated with corals (Morrow et al. 2012, Vega Thurber
et al. 2012).

In addition to influences on the early life stages of corals, changes in water quality have been shown
to increase incidence of coral disease: for example increased organic carbon concentrations
promote coral diseases and mortality (Kline et al. 2006, Kuntz et al. 2005). The selective pressure
of water quality on coral communities is clearly evident in changes in community composition along
environment al g & Bafbriciesn2019, TloDmsdnaet dl. 2010, Uthicke et al. 2010,
Fabricius et al. 2012). Corals derive energy in two ways, by feeding on ingested particles and
planktonic organisms and from the photosynthesis of their symbiotic algae (zooxanthellae). The
ability to compensate, by feeding, where there is a reduction in energy derived from photosynthesis,
e.g. as a result of light attenuation in turbid waters (Bessell-Brown et al. 2017a), varies between
species (Anthony 1999, Anthony & Fabricius 2000). Similarly, the energy required to shed sediment
varies between species due to differences in the efficiencies of passive (largely depending on growth
form) or active (such as mucus production) strategies for sediment removal (Rogers 1990, Stafford-
Smith & Ormond 1992, Duckworth et al. 2017). At the same time, high nutrient levels may favour
particle feeders such as sponges and heterotrophic soft corals which are potential space competitors
of hard corals. The cumulative result of these processes is that the combination of environmental
parameters at a given location will disproportionately favour some species and thus influence the
community composition of coral reef benthos. This variability in corals6tolerances to environmental
pressures allows coral communities to occur in a wide range of environmental settings (e.g. Done
1982, Fabricius & De 6 at h D&d/énfieietal. 2 0 0 6, & Eabrigitsi2010).

Coral reefs in the coastal and inshore zones of the Reef, which are often fringing reefs around
continental islands, are subject to high turbidity due to frequent exposure to re-suspended sediment
and episodic flood events. It is difficult to quantify the changes to coral reef communities caused by
runoff of excess nutrients and sediments because of the lack of historical biological and
environmental data that predate significant land use changes on the catchment. However, recent
research has strengthened the evidence for causal relationships between water quality changes and
the decline of some coral reefs and seagrass meadows in these zones (reviewed in Brodie et al.
2012b and Schaffelke et al. 2013, Clark et al. 2017).

Given that the benthic communities in inshore areas of the Reef show clear responses to gradients
in turbidity, sedimentation rate and nutrient availability (van Woesik et al. 1999, Fabricius & De 6 at h
2001, Fabricius et al. 2005, Wismer et al. 2009, Uthicke et al. 2010, Fabricius et al. 2012), improved
land management practices have the potential to reduce levels of chronic environmental stresses
that impact coral reef communities. However, recent assessments raise the question whether these
actions will be sufficient to ensure the resilience of the Reef ecosystems into the future (Bartley
2014a, b, Kroon et al. 2014). Nutrients, that sustain the biological productivity of the Reef, are
supplied by a number of processes and sources such as upwelling of nutrient-enriched deep water
from the Coral Sea and nitrogen fixation by bacteria (Furnas et al. 2011). However, land runoff is the
largest source of new nutrients to the inshore Reef, especially during monsoonal flood events
(Furnas et al. 2011). These nutrients augment the regional stocks of nutrients already stored in
biomass or detritus (Furnas et al. 2011) which are continuously recycled to supply nutrients for
marine plants and bacteria (Furnas et al. 2005, Furnas et al. 2011).

The complexity of interactions between benthic communities and environmental pressures makes it
important to synthesize coral community condition in a way that relates to the pressures of interest.
The Reef report card includes coral index scores to annually summarise condition of coral
communities in inshore areas of the Reef. The purpose of this report is to provide the data, analyses
and interpretation underpinning coral index scores included in the 2017 Reef report card.

In order to relate changes in the condition of coral reef communities to variations in local reef water
guality, the coral component of the MMP has the overarching objective t oquaifitify the extent,
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frequency and intensity of acute and chronic impacts on the condition and trend of inshore coral
reefs and their subsequent recoveryd The specific objectives are to monitor, assessand report:

i. the condition and trend of Great Barrier Reef inshore coral reefs in
relation to desired outcomes (expressed as coral index scores) along
identified or expected gradientsin water quality;

ii. the extent, frequency and intensity of acute and chronic impactson
the condition of Great Barrier Reef inshore coral reefs, including
exposure to flood plumes sediments, nutrientsand pesticides;

iii. the recovery in condition of Great Barrier Reef inshore coral reefsfrom
acute and chronic impactsincluding exposure to flood plumes,
sediments, nutrientsand pesticides;

iv. trendsin incidences of coral mortality attributed to coral disease,
Crown of Thorns Sarfish, Drupella, Cliona, physical damage and coral
bleaching.

This report includes three case studies. During early 2017 high sea water temperatures caused
severe bleaching to parts of the Reef. In contrast to the 2016 bleaching event, the 2017 event saw
widespread bleaching of reefs monitored by the MMP in the Wet Tropics and Burdekin regions. A
summary of the impacts of this event is included (section 7).

Secondly, essential to the overarching objectives of the MMP is the identification of key water quality
covariates that influence benthic communities of inshore reefs. A detailed analysis of the available
data and the response of ecosystem health and resilience indicators at both spatial and temporal
scales is provided (section 8).

Finally, a key component of the Reef 2050 Plan is establishing the Reef 2050 Integrated
Monitoring and Reporting Program (RIMReP) for the reef and its adjacent catchments. The
intention behind RIMReP is to; fCoordinate, align and integrate existing programs to capitalise on
investment, improve efficiency and avoid duplicationa In this interest, we provide an assessment of
data collected under the citizen science program, ReefCheck Australia (RCA), and the potential for
inclusion of the data in MMP reporting and the annual Great Barrier Reef Report Card (section 9)
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4 Met hods

4.1 Sampling design

Monitoring of inshore coral reef communities occurs at reefs adjacent to four of the six natural
resource management (NRM) regions with catchments draining into the Reef: Wet Tropics,
Burdekin, Mackay Whitsunday and Fitzroy. No reefs are included adjacent to Cape York due to
logistic and occupational health and safety issues relating to diving in coastal waters in this region.
Limited development of coral reefs in nearshore waters adjacent to the Burnett Mary NRM region
precluded sampling there. Sub-regions were included in the Wet Tropics NRM to more closely align
reefs with the combined catchments of; the Barron and Daintree rivers, the Johnstone and Russell-
Mulgrave Rivers, and the Herbert and Tully rivers.

4.1.1 Site Selection

Initial selection of sites was jointly decided by an expert panel chaired by the GBRMPA. The selection
was based upon two primary considerations:

1. Within the Reef, strong gradients in water quality exist with distance from the coast and
increasing distance from rivers, particularly in a northerly direction (Larcombe et al. 1995,
Brinkman et al. 2011). The selection of reefs for inclusion in the sampling design was informed
by the desire to include reefs spanning these gradients so as to facilitate the teasing out of water
guality associated impacts.

2. Sampling locations were selected where there was either an existing coral reef community or
evidence (in the form of carbonate-based substratum) of past coral reef development. Exact
locations were selected without prior investigation, once a section of reef had been identified that
was of sufficient size to accommodate the sampling design a marker was deployed from the
surface and transects established from this point.

In the Wet Tropics region, where few reefs exist in the inshore zone and well-developed reefs existed
on more than one aspect of an island, separate reefs on windward and leeward aspects were
included in the design. Coral reef communities can be quite different on windward compared to
leeward reefs even though the surrounding water quality is relatively similar. Differences in wave
and current regimes determine whether materials, e.g. sediments, fresh water, nutrients or toxins
imported by flood events, accumulate or disperse and hence determine the exposure of benthic
communities to environmental stresses. A list of the selected reefs is presented in Table 1 and the
geographic locations are shown in Figure 2 and, in more detail, on maps within each (sub-) regional
section of the results.

Since the program began in 2005 there have been two changes to the selection of reefs sampled.
In 2005 and 2006 three mainland fringing reef locations were sampled along the Daintree coast.
Concerns over increasing crocodile populations in this area led to the cessation of sampling at these
locations. In 2015 a revision of the marine water quality monitoring component of the MMP resulted
in modifications to the sampling design for water quality. This included a concentration of sampling
effort along a gradient away from the Tully River mouth. To better match the water quality sampling
to the coral reef sampling in the Tully-Herbert sub-region a new reef site was initiated at Bedarra and
sampling at King Reef discontinued.

In addition to reefs monitored by the MMP data from inshore reefs monitored by the AIMS long-term
monitoring program (LTMP) have been included in this report (Table 1, Figure 1). As the MMP sites
at Middle Reef in the Burdekin region were co-located with LTMP sites this reef was also removed
from the MMP sampling schedule in 2015.




Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

Legend
O  Coral Sites Odd Years

| @ Coral Sites Even Years
@ Coral sites LTMP

- Cape York

|| wet Tropics

- Burdekin

- Mackay Whitsunday

[:| Fltzrc:y S

Figure Sampling locations of the MMP coral and water quality Tediédritzelow) describes monitoring activities
undertaken at eactaliton. NRM Region boundaries are represented by coloured catchment areas.
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4.1.2 Depth selection

Within the turbid inshore waters of the Reef the composition of coral communities varies strongly
with depth as a result of differing exposure to pressures and disturbances (e.g. Sweatman et al.
2007). For the MMP transects were selected at two depths. The lower limit for the inshore coral
surveys was selected at 5 m below datum, because coral communities rapidly diminish below this
depth at many reefs. A shallower depth of 2 m below datum was selected as a compromise between
a desire to sample the reef crest and logistical reasons, including the inability to use the photo
technique in very shallow water and the potential for site markers creating a danger to navigation.
The AIMS LTMP sites are not as consistently depth defined as those of the MMP with most sites set
in the range of 5-7m below LAT. Middle Reef is the exception with sites there at approximately 3m
below LAT.

4.1.3 Site marking

At each reef, two sites separated by at least 250 m were selected along a similar aspect. These sites
are permanently marked with steel fence posts at the beginning of each of five 20 m transects and
smaller (10 mm diameter) steel rods at the 10 m mark and the end of each transect. Compass
bearings and measured distances record the transect path between these permanent markers.
Transects were set initially by running two 60 m fibreglass tape measures out along the desired 5 m
or 2 m depth contour. Digital depth gauges were used along with tide heights from the closest

| ocation included in 6Seafarer Tidesd el ectroni

Service to set transects as close as possible to the desired depths of 5 m and 2 m below lowest
astronomical tide (LAT). Consecutive 20 m transects were separated by 5 m. The position of the first
picket of each site was recorded by GPS. Site directions and waypoints are stored electronically in
AIMS databases.

4.1.4 Sampling timing and frequency

Coral reef surveys were undertaken predominantly over the months May-July as this allows the bulk
of influences resulting from summer disturbances, such as cyclones and bleaching events, to be
realised. Although the acute events occur over summer, the stress incurred can cause ongoing
mortality for several months. The winter sampling also protects observers from potential risk from
marine stingers over the summer months. The exception was Snapper Island where sampling
occurred typically in the months August i October.

The frequency of survey has changed gradually over time due to budgetary constraints. In 2005 and
2006 all MMP reefs were surveyed. From 2007 through to 2014 a subset of reefs at which there
were co-located water sampling sites, we r e c¢c | as s i frdefe, dnd aasnplel armuaky.oThe
remaining reefs were cl assi f i e dategesrs With lyalf darmped ia
odd numbered years (i.e. 2009, 2011 & 2013) and the remainder in even numbered years. When an
acute disturbance was suspected to have impacted cycle reefs during the preceding summer they
were resurveyed irrespective of their odd or even year classification so as to gain the best estimate
of the impact of the acute event and book-end the start of the recovery period. Further funding
reductions necessitated the adoption of a biennial sampling cycle for all reefs, although a
contingency for the out-of-phase resampling of reefs impacted by acute disturbance was maintained.
In 2017 out-of-phase sampling was undertaken at most reefs in the Wet Tropics, Burdekin and
Whitsunday regions to capture the impact of coral bleaching and cyclone Debbie. In total, nine out-
of-phase reefs were surveyed across the four regions (Table 1).
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Tablel Sampling locatioBk. a ¢ k
schedule to assess disturbance. At each reef surveys of juvenile coral densities, benthic cover estimatgeidérived from pho
intercept transects andba searches for incidence of coral mortality are undertaken. WQ, indicates reefs at which water qua

monitoring is undertaken, * indicates WQ was ceased in 2014, and ** indicates WQ wsisadegumaiczids reefs

discontinued by the MMP.

dot s

mar k

reef s

surveyed

as

per

E To} © N~ [ce] (*2} o i N ™ < Lo © M~
(Sub) Region Reef > | 8| 8|8|8|8|2|2|2|3|8|3|3]|3
E N N N N N N N N N N N N N
Cape Tribulation NolMMP | & | §
Cape Tribulation MigMMP | 6 | ©
Barron |Cape Tribulation SoflMMP | & | §
Daintree |Snapper North (WQ)MMP |6 |6 |6 |0 |6 |6 |06 |6 |6 |0 |0 |+ |O
Snapper South MMP|6 |06 |6 |0 |6 |0 |6 |6 [0 |06 |06 |06 |+
Low Isles LTMP| & 0 0 0 0 0 0
Green LTMP| & 0 0 0 0 0 0
Fitzroy West LTMP| 6 0 0 0 0 0 0
Johnstone F?tzroy West (WQ) |[MMP (? i? 0 (i) 0 (:) 0 (:) 0 c:) 0 + 0
Fitzroy East MMP| O |0 |+ | O 0O |+ |0 0 0
Russell - — =T ~ — — — —
Mugrave H!gh East MMP 9 9 9 — 9 — ? ~ 9 = ° Jf °
High West (WQ) MMP|{O |0 |0 |0 [0 |O |O |O |O |O o | +
Frankland East MMP|O |0 |0 0 0 0 0 |+ |0
Frankland West WQMMP |6 |06 |6 |6 |0 |6 |0 |6 |6 |0 0 |+
Barnards MMP|O |0 |O 0 0 0 0 0
King MMP| 8 |0 0 0 0 0
Tully Dunk North (WQ) |MMP |6 |0 |0 |06 |0 |0 |0 |0 |0 |0 0 |+
Dunk South MMP|d |0 0 0 |+ |0 0 0 |+
Bedama MMP 0 |06 |0
Palms West (WQ) |[MMP|6 |0 |6 |6 |0 |6 |0 |6 |0 |0 |06 |+ |O
Palms East MMP| O |0 0 0 |+ |0 0 0
Lady Elliot MMP|06 |0 0 0 0 0 0
Pandora North LTMP| 6 0 0 0 0 0 0
Burdekin Pandora (WQ) MMP|O |0 |0 |0 |6 |6 |0 |0 |0 |O 0 |+
Havannah North LTMP| 0 0 0 0 0 0 0
Havannah MMP|O |0 |0 0 0 0 0 |+ |0
Middle Reef LTMP| & 0 0 0 0
Middle Reef MMP|6 |0 |© 0 0 0
Magnetic (WQ) MMP|6 |0 |6 |0 |6 |0 |06 |6 |0 |6 |0 |+ |0
Langford LTMP| 0 0 0 0 0 0 0
Hayman LTMP| 6 0 0 0 0 0 0
Border LTMP| 6 0 0 0 0 0 0
Double Cone (WQ) MMP| 6 |6 |6 |6 |06 |6 |0 |0 |0 |0 0 |+
Mackay |Hook MMP|0 |0 0 0 0 0 0
Whitsunday|Daydream (WQ*) [MMP|06 [0 |0 |0 |06 |0 |6 |0 |0 |O 0 |+
Shute Harbour MMP| O |0 0 0 0 0 0o |+
Dent MMP|6 |0 |© 0 0 0 0 0
Pine (WQ) MMP|6 |6 |6 |0 |0 |0 |0 |06 |0 |06 |0 0
Seaforth (WQ**) MMP| &6 |06 | O 0 0 0 0 0
North Keppel MMP|06 |0 |© 0 0 0 |+ |0 0
Fitzroy Middle MMP| 6 | O 0 0 0 O |+ |0
Barren (WQ) MMP|6 |0 |6 |0 |06 |0 |0 |6 |0 |06 |O 0
Keppels South (WQ)MMP| 6 |6 |6 |06 |O |06 |O |0 |0 |0 |0 |0 |+
Pelcan (WQ) MMP|6 |6 |6 |0 |0 |0 |0 |6 |0 |0 |0 |O
Peak MMP| 6 | 0O 0 0 |+ |0 o |+ 0

sampl i

12



Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

4.3 Environmental pressures

A range of environmental variables are incorporated into this report as a basis for interpreting spatial
and temporal trends in coral communities. Methods are detailed for data collected by this component
of the MMP, or when aggregation to the level used required substantial manipulation of the source
data. The use and source of environmental covariates is summarised in Table 2.

4.3.1 Water quality

Estimates of non-algal particulate (NAP) concentration derived from the MODIS aqua satellite
mounted sensor were downloaded from the Australian Bureau of Meteorology?. As a covariate for
analysis of spatial pattern and temporal variation in index scores, reef by year or mean reef level
concentrations were estimated. For each monitoring location a square of nine 1 km? pixels were
identified in closely adjacent waters from which daily medians were used to estimate monthly means
that were aggregated to annual estimates, or reef level means over the period (2003 7 2017).

In previous reports from this project estimates of Chl a were also derived from algorithms applied to
MODIS aqua imagrey?. For this report, relative exposure to Chl a at each reef, in each year, was
estimated based on the methods developed by the water quality component of the MMP
(Waterhouse et al. 2018, Petus et al. 2016). In brief, MODIS aqua images were used to classify
waters into one of six colour classes that range from those typical of primary (colour classes 1-4),
secondary (class 5), or tertiary (class 6) river plumes. It is important to note that waters can be
classified into these colour classes when not exposed to flood plumes as extra-plume processes,
such as wind driven resuspension, may produce waters with similar spectral signatures. The lowest
(most turbid and nutrient rich) colour class for a given pixel is recorded as the exposure of that pixel
in a given week. Matching in situ sampling with the classified colour of the water at the date and
location of the sample provided estimates of the mean concentration of water quality parameters for
each colour class. The Chl a estimates in this report are expressed as the mean exposure to Chl a
concentrations above wet-season guideline (GL) values (0.63ugL™) over the wet-season (December
i April, inclusive) preceding annual coral surveys. For each colour class, exposure above GL levels
was expressed as the product of the proportion of the wet season for which waters were classified
as that colour class and the mean concentration of Chl a in that colour classes expressed as a
deviation in ugL* above GL levels. The sum of these exposures across colour classes 1-5 (colour
class 6 mean Chl a concentration is below GL levels) provided an estimate of the mean exceedance
of GL concentrations in ugL?® across the wet-season. Reef level means averaged the annual wet
season exposures over the period 2003-2016. The same procedure was used to estimate
concentrations of total suspended solids (TSS), particulate nitrogen (PN) and particulate
phosphorous (PP).

As a background to regional maps of sampling locations, mean (2003-2016) Chl a and NAP
concentrations were derived for all inshore waters using the same methods as described above and
scaled to visually demonstrate concentrations relative to Guideline values (GBRMPA 2010).

Temporal trends in the Water Quality Index and associated parameters are provided for each NRM
(sub-) region in the appendix of this report. For each parameter, except turbidity, data were collected
by analysis of water sampled using niskin bottles at all MMP water quality monitoring sites. Estimates
of turbidity and an additional data set for Chl a are also included and were derived from WET Labs
ECO FLNTUSB Combination Fluorometer and Turbidity Sensors co-located with 5 m coral survey
transects at a subset of reefs (Table 1). The data were analysed to generate trend predictions from

22 Marine water quality indices produced by the Australian Bureau of Meteorology as a contributioocitabBediisn

between the Great Barrier Reef Foundation, Australian Gowarreaandf Meteorology, Commonwealth Scientific and
Industrial Research Organisation, Australian Institute of Marirre&then@eieensland Governridatta are acquired from

NASA spacecraittp://www.bom.gov.au/marinewaterqualitydugh ghconfidence in individual estimates of Chl a in turbid
inshore waters is low the time averaged conditions do describe gradient that correspond to differences in benthic commun

13


http://www.bom.gov.au/marinewaterquality/

Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

thin-plate splines fitted via Generalised Additive Mixed Models (GAMM's). These models also
incorporated seasonal cyclical cubic splines with sample location set as the random effect. These
plots are reproduced from the companion 2017 annual MMP Water Quality Monitoring report
(Waterhouse et al. 2018) in which detailed descriptions of water quality sampling methods can also
be found.

4.3.2 Sea temperature

Temperature loggers were deployed at each coral monitoring reef at both 2 m and 5 m depths and
routinely exchanged at the time of the coral surveys (i.e. every 12 or 24 months). Exceptions were
Snapper South, Fitzroy East, High East, Franklands East, Dunk South, and Palms East where
loggers were not deployed due to the proximity of those sites to the sites on the western or northern
aspects of these same islands, where loggers were deployed. Initially Odyssey temperature loggers
(http://www.odysseydatarecording.com/) were used prior to gradual change over to Sensus Ultra
temperature loggers (http://reefnet.ca/products/sensus/), and now to the Vemco Minilog temperature
loggers (https://vemco.com/products/minilog-ii-t/). The Odyssey loggers were set to take readings
every 30 minutes. Both the Sensus and Vemco loggers take readings every 10 minutes. Loggers
were calibrated against a certified reference thermometer after each deployment and were generally
accurate to = 0.2°C. Time series analyses were applied to temperature data over the period 2005-
2017 to describe seasonal temperature climatology for each (sub-)region. Temperature data for each
(sub-)region are plotted as anomalies, estimated as the mean difference between daily observations
within a (sub-)region and the seasonal climatology. As a seasonal summary of temperature
anomalies, the mean of summer season (December 1% to March 31%) degree heating day (DHD)
estimates are included on temperature plots. DHD means were derived from pixels adjacent to each
coral monitoring location downloaded from the Bureau of Meteorology satellite-based interactive
website ReefTemp Next Generation®. DHD values were calculated as the sum of daily positive
deviations of mean temperature from the long-term seasonal average i a one degree exceedance
for one day equates to one degree heating day. DHD values were based on 14 day IMOS
climatology. In addition, DHD estimates based on in situ temperature records we estimated to
compare against the satellite derived sea-surface estimates. For each (sub-)region all available in
situ records over the period (2005-2015) were averaged to provide mean temperature estimates for
each day in the time series. A mean temperature profile was then constructed as the mean
temperature for each day of the year. The (sub-)region climatology was then estimated as the 14
day running mean of this mean temperature profile. DHD were accumulated as the positive
anomalies from the mean climatology over the months December through March inclusive.

4.3.3 River discharge

Daily records of river discharge were obtained from Queensland Government Department of Natural
Resources and Mines river gauge stations for the major rivers draining to the Reef. Within each (sub-
Jregion a time-series of the combined discharge from the major gauged rivers were plotted. Total
annual discharge for each water year, 15 October to 30" September, were also included along with
a long-term median reference estimated over the period 1970-2000. These annual estimates include
a correction factor applied to gauged discharges to account for ungauged areas of the catchment
following (Waterhouse et al. 2018). Annual discharge and medians for individual rivers are tabulated
in the appendix of this report. Total annual river discharge for each region was used as a covariate
in analysis of change in coral index scores. For this analysis biennial changes in index scores were
considered due to the underlying sampling design of the program. To match this sampling frequency,
the mean of the total annual discharge from all rivers discharging into a given region for each two
year period between 2006 and 2017 was calculated.

% . ReefTemp Next Generation was developed through the Centre for Aalitin Weather and Climate Research
(CAWCR) 8 a partnership between CSIRO and the Bureau of Meteorology (Gat@¢.2014).
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4.3.4 Sediment sampling

The proportion of sediments with grainsize < 63um (clay and silt) in sediments from the reefs sites
was used as a proxy for exposure to wave and tide mediated resuspension. These estimates were
used as covariates in analysis of spatial distributions of index and indicator scores and also in
analyses that determined reef level thresholds for macroalgae in previous reports. Grainsize
distribution of sediments was estimated from samples collected from 5 m depth MMP sites at the
time of coral sampling until 2014. At each site five 60 ml syringe tubes were used to collect cores of
surface sediment from available deposits along the 120 m length of the site. The end of the syringe
tube was cut away to produce a uniform cylinder. Sediment was collected by pushing the tube into
the sediment being careful not to suck sediment and pore-water into the tube with the plunger. A
rubber stopper was then inserted to trap the sediment plug. The surface centimetre of sediment was
retained and grainsize distribution determined by a combination of sieving and laser analysis carried
out by the School of Earth Sciences, James Cook University (2005-2009) and subsequently by
Geoscience Australia. For LTMP sites the clay and silt content of sediments was estimated by
interpolating between MMP reefs with similar exposure to the south east as the predominant
direction of wave energy in the Reef. Estimated sediment composition was verified by visually
checking images including sediment from photo transects against images from MMP reefs with
similar exposure. For the new site at Bedarra sediment samples collected in 2015 were passed
through a 63 um sieve to estimate the clay and silt grain-sized proportion of the sample.

4.3.5 SCUBA search transects

SCUBA search transects document the incidence of disease and other agents of coral mortality and
damage. Tracking of these agents of mortality is important, as declines in coral condition due to
these agents are potentially associated with increased exposure to nutrients or turbidity (Morrow et
al. 2012, Vega Thurber et al. 2013). The resulting data are used primarily for interpretive purposes
and help to identify both acute events such as a high proportion of damaged corals following storms,
high densities of coral predators, or periods of chronic stress as inferred from high levels of coral
disease. This method follows closely the Standard Operation Procedure Number 9 of the LTMP
(Miller et al. 2009). For each 20 m transect a search was conducted within a 2 m wide belt centred
on the marked transect line. Within this this belt any colony exhibiting a scar (bare white skeleton)
was identified to genus and the cause of the scar categorised as either; brown band disease, black
band disease, white syndrome (a catch all for unspecified disease), Drupella i in which case the
number of Drupella snails were recorded, crown-of-thorns starfish feeding scar, bleaching when the
colony was bleached and partial mortality was occurring, and unknown when a cause could not be
confidently assumed. In addition, the number of crown-of-thorns starfish and their size-class were
counted and colonies being overgrown by sponges also recorded. Finally an 11 point scale was used
to record the proportions of the coral community that were bleached or had been physically damaged
- as indicated by toppled or broken colonies. The scale ranges from 0+ when individual colonies
were bleached or damaged through the categories 1 to 5 when 1-10%, 11-30%, 31-50%, 50-75%
and 75-100% of colonies affected. The categories 1 to 5 are further refined by inclusion of a 7 ve or
+ve symbol when affected proportions are estimated as being in the lower or upper portion of the
category. The physical damage category may include anchor as well as storm damage. The LTMP
include these surveys over the full 50 m length of transects used in that program.
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Table2 Summary of climate and envircaiehatiat includedanconsidereih this report

derived from remote sensing and
coupled niskin samples

Data range Method Usage Data source
Climate
Cyclones 1990 - 2017 cyclone track mapping cyclone disturbance www.australiasevereweather.com
categorisation
Riverine discharge 1980 - 2017 water gauging stations closest to river regional discharge plots and DNR, adjustment as tabulated by
mouth, adjusted for ungauged area of table, covariate in analysis of (Waterhouse et al. 2017)
catchment temporal change in coral
index
Riverine Total N and 2006-2016 covariate in analysis of Data provided by the State of
Total P loads temporal change in coral Queensland (Department of
index Science, Information Technology
and Innovation) 2016
Environment at coral sites
Degree Heating days 2006 - 2017 remote sensing adjacent to coral sites regional plots, bleaching Bureau of Meteorology
disturbance categorisation
Water temperature 2005 - 2017 in situ sensor at coral sites regional plots, bleaching MMP Inshore Coral monitoring
disturbance categorisation, in
situ degree heating day
estimates
Chlorophyll a, 2006-2017 in situ sensor and niskin samples at regional trend plots MMP Water Quality (Waterhouse et
Turbidity subset of coral sites al. 2018)
Chlorophyll a 2003-2016 product of water colour classification mapping, covariate in  MMP Water Quality (Waterhouse et
exposure derived from remote sensing and analysis of spatial trends in al. 2017)
coupled niskin samples index and indicator score
Non-algal particulate 2003 - 2017 remote sensing adjacent to coral sites mapping, Macroalgae and Bureau of Meteorology
(NAP) Community Composition
metric thresholds, case study
Chlorophyll a, Kd490 2003 - 2017 remote sensing adjacent to coral sites case study, Macroalgae and Bureau of Meteorology
Community Composition
metric thresholds
Sediment grain size 20061 2017 optical and sieve analysis of samples analysis covariate, MMP Inshore Coral monitoring
from coral sites Macroalgae metric
thresholds
Range of WQ 2011-2016 eReefs biogeochemical model case study eReefs download
variables
TSS, PP, PN exposure 2003-2016 product of water colour classification case study MMP Water Quality (Waterhouse et

al. 2017)
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4.4 Pressure presentation

The most tangible immediate effect of disturbances to coral communities is the loss of coral cover.
A summary of disturbance history within each (sub-)region is presented as a bar plot of annual hard
coral cover loss. The height of the bar represents the mean coral cover lost across all 2 m and 5 m
sites within a region. Bars are segmented based on the proportion of loss attributed to different
disturbance types. For each observation of hard coral cover at a reef and depth, the observation was
categorised (Table 3) by any disturbance that had impacted the reef since the previous observation
and the coral cover lost calculated as:

Dl inl QQQOdAIQQI V'QQ

x here; observed is the hard coral cover observed, and predicted was the coral cover predicted from
the application of the coral growth models described for the Cover Change metric (section 4.7.4).
The proportion of coral cover lost per region for each disturbance type is subsequently calculated
as:
L ERE Dk PDEii
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where; B0 € i i the overall cover lost within each region . It is important to note that, for each loss
attributed to a specific disturbance any cumulative impact of water quality is implicitly included. For
reference among regions the y axis of each plot was scaled to the maximum mean hard coral cover
loss observed across regions in a single year (22% loss of coral cover within the Tully region in
2011). Only observations from MMP reefs are included as reefs are revisited following expected
disturbances irrespective of the underlying biennial sampling design.

Table3 Information considered for disturtstrgerisation

Bleaching Consideration of in situ degree heating day estimates and reported
observations of coral bleaching

COTS SCUBA search revealing > 40 ha! density of crown-of-thorns during present
or previous survey of the reef

Disease SCUBA search revealing above median incidence of coral disease during
present or previous survey of the reef

Flood Discharge from local rivers sufficient that reduced salinity at the reef sites can

reasonably be inferred. An exception was classification of a flood effect in the
Whitsundays region based on high levels of sediment deposition to corals.
This classification has been retained for historical reasons and would not be
classified as a flood effect under the current criteria

Storm Observations of physical damage to corals during survey that can reasonably
be attributable to a storm or cyclone event based nature of damage and the
proximity of the reef to storm or cyclone paths.

Multiple When a combination of the above occur

Chronic In years that no acute disturbance was recorded a Loss was recorded when
observed hard coral cover fell below the predicted cover and these losses
classified as disturbance type 6Ch
cumulative impacts of minor exposure to any of the above disturbances along
with chronic environmental conditions. Importantly as estimates for each
di sturbance are a mean and the dist
all non-disturbance observations any proportion of loss attributed to this
category represents a mean under performance in rate of cover increase for
reefs not subject to an acute disturbance.
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4.5 Coral community s ampling

Two sampling methodologies were used to describe the benthic communities of inshore coral reefs
(Table 4).

Tabled Survey medds used by the MMP and LTMP to describe coral communities

Survey _ _ Transect dimension
Method Information provided
etho MMP (@ mlong transects) LTMP (8 mlong transects)

Approximately 34cm belt & Approximately 34cm belt a
) upslope side of transect samp| upslope side of transect san
Photo point | Percentage covers of the subst| 50 cmintervals from which | at 1m intervals from which
Intercept | of major benthic habitatamorants.| frames are sampled. frames are sampled.

34cm belt along the upslope s 34cm belt along the upslope
Size structure and density of juy ransect. Size classe&: @ 25 | of the firsy mof transect. Siz
Demography | ¢oral communities. cm 510 cm class: & cm

4.5.1 Photo point intercept transects

Estimates of the composition of benthic communities were derived from the identification of
organisms on digital photographs taken along the permanently marked transects. The method
followed closely the Standard Operation Procedure Number 10 of the AIMS Long-Term Monitoring
Program (Jonker et al. 2008). In short, digital photographs were taken at 50 cm intervals along each
20 m transect. Estimations of cover of benthic community components were derived from the
identification of the benthos lying beneath five fixed points digitally overlaid onto these images. A
total of 32 images were randomly selected and analysed from each transect. Poor quality images
were excluded and replaced by an image from those not originally randomly selected. The AIMS
LTMP utilised longer 50 m transects sampled at 1m intervals from which 40 images were selected.

For the majority of hard and soft corals, identification to at least genus level was achieved.
Identifications for each point were entered directly into a data entry front end to an Oracle-database,
developed by AIMS. This system allows the recall of images and checking of any identified points.

4.5.2 Juvenile coral surveys

These surveys provide an estimate of the number of both hard and soft coral colonies that have
successfully survived early life cycle stages culminating in settlement and growth through to visible
juvenile corals. The number of juvenile coral colonies were counted along the permanently marked
transects. In the first year of this program juvenile coral colonies were counted as part of a
demographic survey that counted the number of all individuals falling into a broad range of size
classes that intersected a 34 cm wide (data slate length) belt along the upslope side of the first 10
m of each 20 m marked transect. As the focus narrowed to just juvenile colonies, the number of size
classes was reduced allowing an increase in the spatial coverage of sampling. From 2006 coral
colonies less than 10 cm in diameter were counted within a belt 34 cm wide along the full length of
each 20 m transect. Each colony was identified to genus and assigned to a size class of either, 0-2
cm, >2-5 cm, or >5-10 cm. Importantly, this method aims to record only those small colonies
assessed as juveniles, i.e. which result from the settlement and subsequent survival and growth of
coral larvae, and so does not include small coral colonies considered as resulting from fragmentation
or partial mortality of larger colonies. In 2006 the LTMP also introduced juvenile surveys along the
first 5 m of each transect and focused on the single size-class of 0-5 cm. In practice corals < 0.5 cm
are unlikely to be recorded.
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4.6 The Coral Index

Coral community condition is summarised as an index score that aggregates metric scores for five
indicators of reef ecosystem state. The coral index score provides the coral component of the Reef
report card. The indicators represent different processes that contribute to coral community
resilience that are potentially influenced by water quality:

9 coral cover as an indicator of corals ability to resist the cumulative environmental pressures
to which they have been exposed,

1 proportion of macroalgae in algal cover as an indicator of competition with corals,

9 juvenile coral density as an indicator of the success of early life history stages in the
replenishment of coral populations,

1 rate at which coral cover increases as an indicator of the recovery potential of coral
communities due to growth and

9 community composition as an indicator of selective pressures imposed by the environmental
conditions at a reef.

For each of these indicators a metric has been developed to allow scoring of observed condition on
a consistent scale (0-1) that facilitates the aggregation of these scores into a single index used as a
summary of coral community condition.

The coral index is formulated around the concept of community resilience. The underlying

assumption is that a 6resilienté community shoul d

disturbances, such as cyclones and coral bleaching events, or, in the absence of disturbance,
maintain a high cover of corals and successful recruitment processes. Five indicators of coral
communities are included, each representing different processes that contribute to coral community
resilience:

M9 cor al cover as an indicator of coral s6 abi

to which they have been exposed,

1 macroalgae cover as in indicator of competition with corals for light and space,

9 juvenile coral density as in indicator of the success of early life history stages in the
replenishment of coral populations,

1 rate at which coral cover increases as an indicator of the recovery potential of coral
communities due to growth and,

I community composition as an indicator of selective pressures.

To formulate the coral index from these five indicators required transformation of observed data into
metrics on a common scale. The methods used to calculate metric scores for each of the five
indicators, the aggregation of these metrics into coral index scores and the categorisation of these
scores into report card grades are outlined below. Data for each indicator are derived from LTMP
and MMP point intercept transects and juvenile coral belt transects. The coral index was revised for
the 2015 Reef report card and a detailed description including the reasoning behind threshold
selection and methods used for the calculation of the coral index can be found in Thompson et al.
(2016). We point the reader to section 4.6.4 where a slight revision to methods used to estimate the
Cover Change metric is described.

4.6.1 Coral Cover metric

High coral cover is a highly desirable state for coral reefs both in providing essential ecological goods
and services related to habitat complexity but also from a purely aesthetic perspective with clear
socio economic advantages. In terms of reef resilience, although low cover may be expected
following severe disturbance events, high cover implies a degree of resistance to any chronic
pressures influencing a reef. Also, high cover equates to a large brood-stock: a necessary link to
recruitment and an indication of the potential for recovery of communities in the local area.
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This metric scores reefs based on the level of coral cover derived from point intercept transects. For

each reef the proportional cover of all hard (order Scleractinia) and soft (subclass Octocorallia) corals

are combined into two groups, AHCO and ASCO res
calculated as;

0 &1 @M&L @06 +"Y0
Where "Gt reef and "t time.

The threshold values for scoring this metric were based on assessment of coral cover from LTMP

data (from 1992), MMP data (from 2005) and surveys from Cape Flatterytoth e Keppel 6s by
Research prior to 1998 (Ayling 1997) which identified a mean of >50% for combined coral cover on

inshore reefs. Due to the unlikelihood of coral cover at a particular reef ever reaching 100% the

threshold for this indicator (where the score is a maximum of 1) has been set at 75%. This value is
considered to capture the plausible level of coral cover achievable on reefs within the inshore Reef

and allows a natural break point for the categorisation of coral cover into the 5 reporting bands of

the report card. Thus the scoring for the coral cover indicator is scaled linearly from zero when cover

is 0% through to 1 when cover is at or above the threshold level of 75% (Figure 3)
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Figure8 Sworing diagram for the Coral Cover Mitnieric scores and associated condition classifications based on observed
coral cover are presented.
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4.6.2 Macroalgae metric

In contrast to coral cover, high cover of macroalgae on coral reefs is widely accepted as representing
a degraded state. As opportunistic colonisers, macroalgae generally out-compete corals, recovering
more quickly following physical disturbances. Macroalgae have been documented to suppress coral
fecundity (Foster et al. 2008), reduce recruitment of hard corals (Birrell et al. 2008a, b, Diaz-Pulido
et al. 2010) and diminish the capacity for growth among local coral communities (Fabricius 2005).
The macroalgae metric considers the proportional representation of macroalgae in the algal
community based on cover estimates derived from point intercept transects and is calculated as;

\\\\\

Where 6= percent cover of all algae, ‘Gx reef, "= time and O 6 = percent cover of macroalgae.

For the purpose of calculating this metric, the collective term macroalgae defines a broad functional
grouping that combines species clearly visible to the naked eye although excluding crustose coralline
and fine filamentous or At ur &eosholv onarked differences md di t i
abundance across the naturally steep gradient of environmental conditions within the inshore Reef,
separate upper and lower thresholds were estimated for each reef and depth (Table Al. 1). The use
of separate thresholds ensures the indicator is sensitive to changes likely to occur at a given reef.
The thresholds for each reef were determined based on predicted MAproportion from Generalised
Boosted Models (Ridgeway 2007) that included mean MAproportion over the period 2005-2014 as
the response and long-term mean chlorophyll a concentration, suspended sediment concentration,
and proportion of clay and silt sized grains in reefal sediments as covariates (Thompson et al. 2016).
An additional consideration in setting the upper threshold for MAproportion was the ecological
influence of macroalgae on other indicators of coral community condition. Regression tree analyses
that included MAproportion as the predictor variable indicated reduced levels of the indicator metrics
juvenile density, coral cover and the rate of change in coral cover at higher levels of MAproportion
(Thompson et al. 2016). These thresholds for ecological impacts cap informed the setting of upper
bounds of MAproportion across all reefs at 23% at 2 m and a 25% at 5 m. The upper bounds for any
reefs with predicted MAproportion higher than these caps were reduced to the cap level.

Scores for Macroalgae metric were scaled linearly from 0 when MAproportion is at or above the
upper threshold through to 1 when MAproportion is at or below the lower threshold (Figure 4).
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Figuret Scoring diagram for the Macroalgae pgig@and lower threshold values are reef and depthNspmeific.scores
and associated condition classifications are presented
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4.6.3 Density of juvenile hard corals metric

For coral communities to recover rapidly from disturbance events requires adequate recruitment of
new corals into the population. This metric scores the important recruitment process by targeting
corals that have survived the early life stages. With the inclusion of LTMP data into the coral index,
juvenile count data were subset to only include colonies up to 5 cm in diameter as this size class is
common to both MMP and LTMP sampling. Counts of juvenile hard corals were converted to density
per m? of space available to settlement as;

VOLOQRWH IQRD Wo Y

Where, (= count of juvenile colonies < 5 cm in diameter, ‘G reef, 'C= time and 0 “¥ area of transect
occupied by algae as estimated from the co-located photo point intercept transects.

Selection of thresholds for the scoring of this metric was based on the analysis of recovery outcomes
for MMP and LTMP reefs up to 2014 (Thompson et al. 2016). From these time series a binomial
model was fit to juvenile densities observed at times when coral cover was below 10% and
categorised on the basis of recovery rate as being either below or above the predicted lower estimate
of hard coral cover increase as estimated by the Cover Change indicator described below. This
analysis identified a threshold of 4.6 juveniles per m2 beyond which the probability that coral cover
would subsequently increase at predicted rates outweighed the probability of lower than predicted
rates of recovery. Adding some weight to this result is that it was broadly consistent with the density
of 6.3 juveniles per m?2in the wider size range <10 cm, necessary for recovery in the Seychelles
(Graham et al. 2015). As the upper density of juvenile colonies is effectively unbounded, it was
desirable to set an upper threshold for scoring purposes. The density at which the probability was >
80% for coral cover to recover at predicted rates was 13 juveniles per m? and this density was
chosen as the upper threshold. Based on this analysis, this metric was scored as follows; juvenile
density was scaled linearly from 0 at a density of O through to 0.4 at a density of 4.6 colonies m
then linearly through to a score of 1 when the density was 13 colonies per m? or above (Figure 5).
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Figureb Scoring diagram for the Juvenile etrieric scores and associated condition classifications are presented
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4.6.4 Cover Change metric

A second avenue for recovery of coral communities is the growth of corals during periods free from
acute disturbance. Chronic pressures associated with water quality may suppress the rate that coral
cover increases and indicate a lack of resilience. The change in coral cover indicator score is derived
from the comparison of the observed change in coral cover between two visits and the change in
cover predicted by Gompertz growth equations parameterised from time-series of coral cover
available on inshore reefs up until 2007. Gompertz equations were parameterised separately for the
fast growing corals of the family Acroporidae and the slower growing combined grouping of all other
hard corals at each of 2 m and 5 m depths. Years in which disturbance events occurred at particular
reefs preclude the estimation of this indicator as there is no expectation for increase in such
situations. A Bayesian framework was used to permit propagation of uncertainty through the
predictions of expected coral cover increase from the two separately predicted coral types.
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Where 6 GO & and "Yo are the cover of Acroporidae coral, other hard coral and soft coral
respectively at a given reef at time (6). Qi "@)the community size at equilibrium (100) andi 6 csi
the rate of increase (growth rate) in percent cover of Acroporidae coral. Varying effects of Region
and Reef (! and respectively) were also incorporated to account for spatial autocorrelation. Model
coefficients associated with the intercept, Region and Reef ( i and ) all had weakly informative
Gaussian priors, the latter two with model standard deviation). The overall rate of coral growthi & @1
constituted the mean of the individual posterior rates of increase for 0 6 @i

As model predictions relate to annual changes in coral cover, observed cover was adjusted to an
estimated annual change since the previous observation (0 wi ) prior to comparison to modelled

estimates. Adjusted values, 6 @1 hwhere estimated as per the following formula
O i O i dbwid i zZ o elQAOWIVO L RQ&nN a Qi
Where cover declined no adjustment was made and & @1 assumed 6 @1

Note, the above formulae apply to the family Acroporidae (Acr) and have the same form as those
applied for Other Corals (OthC) if these terms are exchanged where they appear in the equations.

Gompertz models were fitted in a Bayesian framework to facilitate combining growth rates and
associated uncertainties across models. A total of 20,000 MCMC sampling interactions across three
chains with a warm up of 10,000 and thinned to every fifth observation resulted in well mixed samples
from stable and converged posteriors (all rhat values less than 1.02).Model validation did not reveal
any pattern in the residuals. Bayesian models were run in JAGS (Plummer 2003) via the R2jags
package (Su & Yajima 2015) for R.
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The posteriors of Acroporidae predicted cover and Other Coral predicted cover were combined into
posterior predictions of total coral cover from which the mean, median and 95% Highest Probability
Density (HPD) intervals were calculated.

As changes in coral cover from one year to the next are relatively small, and in light of the biennial
sampling design, the indicator value is averaged over recovery periods (changes in cover not
impacted by acute disturbance) for a four year period culminating in the reporting year.

To convert this indicator to a metric the following process was applied (Figure 6):

9 If coral cover declined between surveys, a score of 0 was applied.

9 If cover change was between 0 and the lower HPD interval of predicted total cover change,
scores were scaled to between 0.1 when no change was observed through to 0.4 when
change was equal to the lower interval of the predicted change.

1 If cover change was within the upper and lower HPD intervals of the predicted change the
score was scaled from 0.4 at the lower interval through to 0.6 at the upper interval.

1 If cover change was greater than the upper HPD interval of predicted change and less than
double the upper interval, scores where scaled from 0.6 at the upper interval to 0.9 at double
the upper interval.

9 If change was greater than double the upper HPD interval, a score of 1 was applied.
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Figures Scoring diagram for Cover Change metric
4.6.5 Community Composition metric

The coral communities monitored by the MMP vary considerably in the relative composition of coral
species (Uthicke et al. 2010, Thompson et al. 2014b). As demonstrated by Uthicke et al. (2010) and
Fabricius et al. (2012), some of this variability can be attributed to differences in environmental
conditions between locations, which implies selection for certain species based on the environmental
conditions experienced. Coral communities respond to environmental conditions in a variety of ways.
Most noticeably they respond to acute shifts in conditions such as exposure to substantially reduced
salinity (van Woesik 1991, Berkelmans et al. 2012), deviations from normal temperature (Hoegh-
Guldberg 1999) or hydrodynamic conditions (cyclones); all of which result in reductions in coral cover
as susceptible species are killed. In contrast, the increased loads of sediments and nutrients entering
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the Reef as aresult of land use practices in the adjacent catchments (Waters et al. 2014) may include
a combination of acute conditions associated with flood events and then chronic change in conditions
as pollutants are cycled through the system. Chronic change in conditions, such as elevated turbidity
or nutrient levels, could provide a longer period of selective pressures as environmental conditions
disproportionately favour recruitment and survival of species tolerant to those conditions.

This metric compares the composition of hard coral communities at each reef to a baseline
composition at that reef and interprets any observed change as being representative of communities
expected under improved or worsened water quality. The basis of the metric is the scaling of cover
for constituent genera (subset to life-forms for the abundant genera Acropora and Porites) by
weightings that correspond to the distribution of each genus along a gradient of turbidity and Chl a
concentration as determined by Canonical Analysis of Principal Coordinates (partial CAP; Anderson
& Willis 2003) applied to MMP data (Thompson et al. 2014b, Table Al. 2) as:

6 ‘0 2°0

Where 0 =the community composition location on along the water quality gradient at time ¢,
"O =the Hellinger transformed cover of genus “Cat time ¢, and
O = the score for genus "Qaken from Table Al. 1.

Indicator metric scores are assigned based on the location of 6 for the year of interest relative to a
community specific baseline. The baseline for each community is bounded by the 95% confidence
intervals about the mean 6 from the first five years of observations of the community at each reef
and depth. The scoring of the metric is categorical being 0.5 when 6 falls within the 95% confidence
intervals for the location, 1 if beyond the confidence interval in a direction toward communities
representative of lower turbidity and Chl a concentrations, and 0 if beyond the confidence interval in
the direction of communities representative of higher turbidity and Chl a concentrations (Figure 6).

14 very good ——

0.5 moderate ——

Score

poor

1
1
:
0- very ! |
1
1
1

I
lower ClI upper CI

Community composition RDA score

Figurer Scoring diagram for Conitjn@omposition metric
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4.6.6 Aggregating indicator scores to regional scale assessments

In aggregating scores for various indicators into a single index uncertainty should be considered.
The degree of uncertainty in an index score derived for any spatial scale of interest will include
uncertainty across multiple levels: from basic observational error, the relevance of thresholds and
then variation in scores for different indicators or communities being assessed.

In order to derive report card scores for regions that propagated uncertainty through the double
hierarchical aggregation of indicators and then reefs, a bootstrapping method was adopted. Firstly,
for each indicator a distribution of 10,000 observations was created by resampling (with replacement)
from the observed scores for all reef and depth combinations within the Region. For the Wet Tropics
where there are three sub-regions, an additional step involved the adding together the 10,000 strong
distributions for each indicator from each sub-region and resampling the resulting distributions (with
replacement) 10,000 times to derive a single 10,000 strong distribution for each indicator at the
regional scale. Secondly these 5 resulting distributions (one for each indicator) were added together
and collectively resampled 10,000 times (with replacement) to derive a single distribution comprising
10,000 scores. Importantly, the large number of resamples ensures that the distributions accurately
reflect the underlying data distributions and yet comprise a known number of items independent of
the original input sizes. This ensures that all inputs have equal weights and aggregations are not
biased towards inputs with more data (for example, all reefs and sub-regions contribute equally to
region level aggregations despite their being more reefs in some sub-regions than others).

The mean of the resulting distribution for the (sub-)region was taken as the coral health index score.
Confidence intervals are typically based on estimates of precision (such as standard error) rather
than variance. Precision is itself an estimate of repeatability - in the case of precision of a mean; it is
an estimate of the variance of repeated means. Hence, we can estimate precision by repeatedly
resampling from the distribution and each time calculating a mean. However, the more times the
distribution is resampled, the more means are generated and thus the lower the variance of means.

To generate estimates of precision (and thus confidence intervals) appropriate for the scale of the
sampling design, the bootstrapped distribution of 10,000 scores was resampled once for every
original input metric score

Confidence intervals were calculated as the 2.5% and 97.5% quantiles of repeated means.

Lastly index scores were converted to qualitative assessments by converting to a five point rating
and colour scheme with scores of:

T 0 to 0.2 were rated as Overy poord and col

our €

T 0.2 to 0.4 were rated as o6époordé and coloured
M >0.4 to 0.6 were rated as 6émoderated and col
f >06to 0.8 were rated as 6égooddéd, and coloured
T >0.8 were rated as 6very gooddéd and coloured

The indicators and the associated thresholds and scoring system utilised is summarised in Table 5.
We note that the community composition indicator is likely to respond over longer time frames than
the other indicators due to the inertia in community composition imposed by long lived coral species.
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Tableb Threshold values for the assessnoenalofeef condition and resilience indicators.

Community attribute

Score

Thresholds

Combined hard and soft corg
cover

Continuous betweeh 0

1 at 75% cover or greater

0 at zero cover

Rate of increase in hard cora 1 Change 2x upper 95% CI of predicted cha

cover (preceding 4 years) Contlnuou% %etween 0.6 Change between upper 95% CI and 2x uppel

Contlnuou% t()setween 0.4 Change within 95% CI of the predicted chg

Contlnuou%té)letween 0.1 Change between lower 958h & 2x lower 95%

0 _ change < 2x lower 95% CI of predicted chg

Propqrtlon of algae cover Continuous betweeh 0 O reef specific | owe
classified as Macroalgae bound

Density of hard coral juvenile 1 > 13 juveniles per m2 of available substra

cm diameter)

Continuous between 0.4 a|

4.6 to 13 juveniles per m2 of available subs

Continuous bewsve0 and O.

0 to 4.6 juveniles per m2 of available subs

Composition of hard coral
community

Beyond 95% CI of baseline condition in the di

1 improved water quality

05 Within 95% Confidenp_e intervals of basel
) composition

0 Beyond 95%il of baseline condition in the direc

declined water quality

4.7 Coral reef data analysis and presentation

The presentation of coral community condition is presented in four sections (Table 6).

Tables Presentation of community condition

Section Scope Scale Covariates Analyses/Presentation
1 Trends in coral index Regional Coral index derivation/

and metric scores Observed trends
5.1.1 Spatial variability in Inshore GBR Region and Bayesian generalised
Regional coral index and Depth regression models /
differences individual metric scores Estimated effect
5.1.2 Effect of | observed in 2017
depth
5.1.3 Chl a, Non-algal Gradient boosted
Response to particulate regression trees/
environmental concentration, Predicted
gradients sediment relationships

grainsize
5.14 Temporal variability in Regional Regional riverine | Generalised Additive
Influence  of | coral index in relation to discharge, Total Models/ Predicted
discharge and | runoff N and Total P relationships
catchment loads, Chl a
loads exposure, NAP
concentration

5.2 Regional | Observed trends in Regional Time Linear mixed models/
condition  of | coral index and Predicted regional
coral individual indicators trends and observed
communities reef trends
Appendix 1: | Trends in benthic Reef/Depth /Plots and Tables of
Additional community composition. observations
Information Summaries of 2017 Reef/Depth /Observed values

observations
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4.7.1 Variation in index and metric scores among regions and depths

Spatial variation in index and metric scores where explored using Generalized Linear Multilevel
models. For the index and each individual metric, separate models were fit that included either a
single factor for region or the interaction between region and depth as covariates. The model for
depth also included a random term for individual reefs. Data were modelled assuming a Beta
response distribution to conform to score ranges between 0 and 1. For individual metrics, scores of
0 and 1 were observed requiring a minor transformation of the observed scores of the form
((Score*0.998) + 0.001) prior to analysis. Weekly informative normally distributed (mean 0, standard
deviation 10) priors were applied to model parameters and Cauchy distributed (mean 0, standard
deviation 1) priors were applied to random effects. A total of 5,000 Markov-chain Monte Carlo
(MCMC) samples were collected for each of three chains with a thinning rate of 5. Mean difference
among levels of covariates were reported based on 95% credible intervals predicted from posterior
distributions of model parameters. All modelling was conducted using the BRM package in R (R
Core Team, 2015).

The community compaosition metric is scored categorically and spatial differences in this metric were
based on multinomial models

4.7.2 Variation in index and metric scores to gradients in water quality

Environmental drivers of variation in index and indicator scores in 2017 were explored via
generalised linear models. Each combination of indicator score and depth were fit separately to the
two water quality proxies Chl a and NAP. The index scores are bound by 0 and 1 and were scaled
as (Score*0.998) + 0.001) prior to analysis to allow them to be modelled assuming a beta distribution.
The exception was the composition metric that was modelled as probit regression due to the
categorical response. For each combination of indicator score and water quality proxy the
relationship was modelled with either a nonparametric smoothing term parameterised as a penalised
beta spline applied to the water quality proxy, a simple linear relationship and a null, intercept only
model. Evidence for a curvilinear, linear or no relationship between indicator scores and water quality
proxies were inferred based on comparison between AlCc estimates from the three models. Where
relationships were indicated the predicted response was plotted. Generalised linear models were fit
via the gamlss package (Stasinopoulos et al. 2017) while the probit model for Composition was fit
with the polr function in the MASS package within the R Statistical and Graphical Environment (R
Core Team 2017).

4.7.3 Relationship between index and metric scores and temporal variability in
environmental conditions

The response of coral communities to variation in environmental conditions was assessed by
comparing changes in index scores to: annual discharge and total N and P loads estimated from the
adjacent catchments, exposure to above GL concentrations of Chl a over the wet season and NAP
concentrations. For these analyses Generalised Additive Models (GAMs) were applied separately to
results from each Region. The response variable was the biennial change in the index score (1) at a
given reef (r) from one year (y) to the year (y+2). Biennial changes were considered due to the
biennial sampling design of the program.

wO O 70
Similarly the covariate in each model were summed over the two water years ending in the survey
year (y+2). To reduce confounding between the response of the index to acute disturbances,
observations of change in the index at reefs categorised as being influenced by an acute disturbance
event in a given biennial period were excluded. In the first instance, GAMs allowed for the fitting of

non-linear responses using natural splines; when these models did not support non-linear response,
simple linear models were used. All GAM models were fit via the mgcv package (Wood 2011) and

28



Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

linear models were fit via the stats package within the R Statistical and Graphical Environment (R
Core Team 2017).

4.7.4 Temporal trends in coral index, indicators and measured water quality.

A panel of plots provide temporal trends in the coral index and the five indicators on which the index
is based. The derivation of annual coral index scores and associated confidence intervals is detailed
in the following section (4.7).

For each of the five indicators that inform the coral index, temporal trends and their and 95%
confidence intervals were derived from linear mixed effects models. Models for each indicator
included a fixed effect for year and random effect for each Reef and depth combination. To account
for the sampling design, that samples reefs on a biennial cycle, missing data were infilled with
observations from the preceding year as is done for the estimation of annual index scores. Observed
trends for individual reef and depth combinations (averaged over sites) are provided as grey lines.
Trends in key water quality parameters are reproduced in the Appendix from the companion water
guality report (Waterhouse et al. 2018) were detailed reporting of these data can be found.
Generalized additive mixed models (GAMMs, Wood 2006) were fitted to the water quality variables
separately for each NRM region. Trends in these data sets were modeled as thin-plate splines fitted
via Generalised Additive Mixed Models (GAMM's). These models incorporated seasonal cyclical
cubic splines with sample location set as the random effect. All analyses were carried out using the
R statistical package (R Development Core Team 2011).

A more detailed summary of raw data for benthic cover and juvenile density at each reef and depth
combination is presented as bar plots in Appendix 1. These additional plots breakdown cover and
density of corals to the taxonomic level of Family. Genus level data for the current year only are
included in table form, also in Appendix 1.

4.7.5 Analysis of change in index and metric scores

Differences in the index, or individual metric, scores were estimated between focal years identified
as local maxima or minima within the time-series of the index scores within each (sub-)region.
Confidence in the magnitude of these differences are expressed as a probability that the mean
difference in scores was greater or less than zero. Probabilities were estimated based on the location
of zero (no difference) within the posterior distribution (n=1000) estimated from the mean and
standard deviation of observed differences in scores between focal years. Probabilities were
estimated separately for communities at 2 m and 5 m depths.
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5 Resul ts

Results are presented in the following sequence. Firstly, spatial variability in communities in 2017 is
related to regional differences, the depth of sampling sites and the location of reefs along water
guality gradients. Secondly, changes in index scores in relation to discharge from catchments at a
regional scale, and reef level water quality, are presented as a broad approximation of the influence
of runoff on coral community resilience. Temporal trends in community attributes are then presented
for each (sub-)region along with time-series of data relating to the primary pressures influencing
coral communities. Finally, site-specific data and additional information tables are presented in
Appendix 1 and may be referred to where specific detail is required.

5.1 Variation of coral index and indicator scores observed in 201 7

5.1.1 Regional differences

In 2017 the coral index was lower in the Fitzroy region compared to the three remaining regions.
Mean scores continue to remain low for all metrics in the Fitzroy region, particularly when compared
to the Wet Tropics. Only the Composition metric scores were not significantly higher in the Wet
Tropics compared to Fitzroy, although scores for this metric in the Fitzroy Region were lower than in
both the Burdekin and Mackay Whitsunday regions (Table 7, Figure 8). Macroalgae scores in the
Mackay Whitsunday region continue to be highest of the four regions and was the only metric
differing between this region and the Burdekin. In addition to the Fitzroy region, Coral Cover scores
in the Wet Tropics were also higher than the Whitsundays, where tropical cyclone Debbie has had
a substantial impact. Cover Change metric scores were also higher in the Wet Tropics than the other
three regions on the back of high rates of cover increase in the years preceding the 2017 bleaching
event (Table 7, Figure 8).

Table7 Regional differences in index and metricTsdautded veds represent the upper and lower 95% credible limits to the
pairwise comparison of scores between regions. Shading highlights where regional differences in scores were supported c
basis that the distribution of predicted differences excludsshzgradi@g indicates score were higher fanahd left

compared to rigtand region in the first cqltedrshading indicates higher scores for thendgietgion.

Regions Index CoralCover | Macroalgas Cover Juvenile | Compositio
Change

| u | u I u I u | u | u
-0.20|0.00 {-0.23|0.03 [-0.37|0.03 [-0.33|0.00 (-0.24|0.14 {-0.13|0.69

BurdekinWet Tropics
Mackay Whitsundayet Tropics -0.12|0.07 |0.24(-0.01(0.06 [0.41 |-0.49-0.16|-0.35|0.02 |-0.25|0.60

Fitzroy Wet Tropics -0.39|-0.21 |-0.30|-0.03 |-0.44 | 0.06 | -0.54 | 0.16 | -0.45 | -0.05 | -0.63 | 0.06

Mackay Whitsunddurdekin |-0-05[0.18 |-0.14/0.13 |0.23 |0.60 |-0.37 [0.04 |0.33|0.09 |-0.45 |0.31

Fitzroy Burdekin -0.32|-0.10(-0.19|0.10 (-0.29|0.09 |-0.43|0.01 |-0.42|0.03 |-0.85 |-0.22

Fitzroy Mackay Whitsunday | 0:38 |-0.16|-0.18 [0.12 |-0.67|-0.31|-0.23|0.20 |-0.30|0.13 |-0.78|-0.12
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5.1.2 Effect of depth

Index scores observed in 2017 did not differ consistently between 2 m and 5 m depths (Table 8). Of
the individual indicator metrics the Juvenile scores were higher at 2 m than at 5m in both the Wet
Tropics and Burdekin regions (Table 8).

Table8 Influence of depth on index and swatresTabulated values represent the upper (u) and lower (I) 95% credible limits to
the paiwise comparison of scores be@vweamd5 mdepths within each region. Shading highlights where depth differences in
scores were supported on the bagrsetlaédtribution of predicted differences excluded zero. Green shading sw@ates score
higher a2 mdepths, red shading indicates scores were BighaeEh.

Regions Index CoralCover | Macroalgae Juvenile éover Compositior
ange
I u | u | u I u I u I u
Wet Tropics -0.04 |0.15 |-0.07 |0.15 |-0.21 |0.29 |0.03 [0.38 | -0.09| 0.24
Burdekin -0.07 |0.20 |-0.08 |0.22 |-0.36 |0.25 [0.08 [0.50 | -0.33|0.25
Mackay Whitsunday|-0.07 |0.20 |-0.04 |0.25 |-0.19 |0.27 |-0.09 |0.34 | -0.44| 0.10
Fitzroy -0.17 |0.08 |-0.04 |0.25 |-0.34 |0.19 |-0.28 |0.15 | -0.32| 0.29
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5.1.3 Response to environmental gradients

Index scores in 2017 were inversely related to the long-term mean Chl a levels at both 2m and 5m
depths (Figure 9a, Figure 10a) highlighting that exposure to above wet season Guideline Chl a
concentrations has a negative influence on the condition of inshore reefs. Linear models applied
separately to each metric demonstrate that at 2 m depth the Coral Cover and Macroalgae metrics
(Figure 9b, d) declined as mean Chl a exceedance increased. At 5 m depth Macroalgae scores
showed a similar decline as Chl a exceedance increased (Figure 10b). Also contributing to the
decline in index scores with increasing Chl a concentrations at 5 m depth was a higher probability
that, over the period of the MMP, coral community composition has shifted toward that expected in
poorer water quality, although this relationship was weak as evidenced by the very low pseudo r-
square value for the underlying model (Figure 10c). . In addition to a response to Chl a levels the
Coral Cover metric showed a nonlinear relationship to NAP concentration. For the most part Coral
Cover scores tend to decline at as mean NAP levels increase (Figure 9c¢). This relationship is not
monotonic however, due to the relatively high Coral Cover score at Middle Reef in the Burdekin
Region which is the only site where mean NAP concentrations of 3.4mgL™?, exceed the mean of
2.3mgL! observed at Peak Island in the Fitzroy Region.
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5.1.4 Influence of discharge and catchment loads

During periods that reefs were not impacted by acute disturbances (cyclones, bleaching, COTS or
direct exposure to low salinity floodwaters) biennial change in index scores were negatively related
to discharge from the local catchments (Table 9, Figure 11). In both the Burdekin and Fitzroy regions
monotonic declines in recovery, measured as biennial change in index scores, were associated with
increasing discharge from the regionbs catchment
values of Chl a over the summer period (Table 9). In each of the Burdekin, Fitzroy and Wet Tropics
regions, loads of N and P captured variation in changes in index scores. Where these relationships
were not monotonic the flexibility of the model applied would have contributed to the variance
explained. In each case, predicted changes in the index were consistently positive at the lowest
nutrient loads. The weakest relationship between index scores and environmental variables occurred
in the Mackay Whitsunday region where there was marginal evidence for lower change in index
scores during years of high discharge of high turbidity (Table 9).

Table9 Relationship between changes in index scerasrancthental conditidadulated are the modstjiare valsdor

each combination of index score change within Regions and environmeBalcdvainaieates statistically supported (P
values0.05) relationships were observed. These relationships were either monotonic higher increase in index scores at lov
exposures to the environmental covariate (darker shading), Netitnltigbtmibaeg in index scores occurred at lower
exposures (*), or not monotonic. Lighter shading indicates where monotonic declines in index change corgesponded to inci
exposurakhough the relationship was only weakly suppaittesh@ween 0.05 and ORgsults for Total N and Pamed

on data provided by the State of Queensland (Department of Science, Information Technology and Innovation) 2016.

Region Freshwater | Total N river log Total P river loa Non algal ChloropHly(reef)
Discharge particulates
(reef)
Wet Tropics 0.15 0.105 0.159* 0.052 0.@88
Burdekin 0.167 0.249* 0.248* 0.026 0.153*
Mackay Whitsunday 0.041 0.014 0.018 0.052 0.06
Fitzroy 0.229 0.24 0.235 0.051 0216
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Figurel1Relationship between the cdeat Bnd runoff from local catchrRéstted points represent observed change in the

index score at each reef and depth over a two year period. Gbkamafumnshich acute disturbances impacted

communities in the period between samplesluded.eRischarge values represantrthedativd i schar ge from t |
major rivers over the two year period corresponding to index changes. Trend lines represent the predictedhange in index
(solid line) and the 95% confidence inteheafzrediction (dash lines).
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5.2 Regional condition of coral communities
5.2.1 Wet Tropics Region: Barron Daintree sub  -region

The coral index remained c at egor i sed i 2017despitt @ slight @edline. (Figure 12,
Figure 13). Reduction in the index was most evident at 2 m depth sites where, with the exception of
Macroalgae, all metrics showed an overall although inconsistent decline (Table 10). At 5 m depth
changes in scores were less consistent, coral composition improved, whilst an increase in
macroalgae at Snapper North saw this metric decline (Table 10, Figure Al. 1).

TablelOIndex and nrét scoreomparisoris the Barren DaintreersagionData compare the changes in scores between local
maxima and minima in the indezdiies. For the index, and each metric, the observed changegidhal sgbre and the
probability that ttleange was greater or less than zero (no change) are presented. Shading is used as a visual aid to highlig
magnitude of the probability the score improved (blue shades) or declined (red shades). Probabilities astedierived from the
distribubn of observed score changes at each reef and depth.

g Index Coral Cover |Macroalgae |Juvenile Corg CovetChange| Composition
[
)
Period Score|P Score|P Score |P Score|P Score| P Score|P
2| -0.21 089 -0.37 07| -0.17 0.7 -0.42 0.92 -0.62 0.9
2008 to 20
5| 0.8 0.8 -0.12 059 -0.43 0.80 -0.04 059 -0.21 0.71| -0.50 1.00
2| 003 o068 008 098 0.3 0.7 0.03 0.6 050 0.7
2014 to 20
5 0.14 071 -0.02 055 033 0.74 0.0 0.5 0.3 0.8 0.00 NA
2| -0.08 o0& 0.2 068 0.05 0.7 0.0 1.00 0.04 0B -0.25 0.®
2016 to 20 5| 003 083 000 0.8]| 032 074 0068 oe| 006§ 070 0.17 0.0

The decline in the coral index was primarily due to high water temperatures (Figure 12c) that lead to
coral bleaching in early 2017. The impacts from bleaching were most evident at Snapper North,
where hard coral cover was 58% (2 m) and 37% (5 m) lower than model based projections from
observations in 2016 (Figure 12e, Table Al. 4). Conversely, there were small increases in coral
cover at Snapper South 2 m depth and at Low Isles (Figure Al. 1). Although the impacts of bleaching
were not sufficient to be classified as an acute disturbance at Snapper South, lower than projected
rates of increase in cover did contribute to a downturn in the Coral Change metric at that reef. In
contrast, the rapid increase in hard coral cover at Low Isles from 21.6% in 2015 to 30.3% in
December 2016 contributed to both an increase in the Coral Cover metric and continued maximum
score for the Coral Change metric at that reef. As the December 2016 surveys of Low Isles preceded
the ensuing bleaching event any impact of bleaching at that reefs remains unassessed, although
likely to have been severe based on aerial surveys (Figure 24). Another possible effect of the
bleaching event was minor reductions in density of juvenile corals at Snapper Island reefs (Figure
13d, Figure Al. 1). Prior to 2017 bleaching had not impacted the communities monitored in this
region since 1998, when again, impacts were more severe at Snapper North than Sapper South
(Table Al1.1). Following the 201617 event, bleaching now accounts for 6% of observed coral cover
losses since 2005 (Figure 12e).

The 2017 bleaching event interrupted the recovery in coral communities that had begun following a
series of disturbances through to 2014 (Figures 12e, 13a, Table 10). Although the maximum index
score occurred in 2008, scor es r Ehmdeclineedbetween201t he 6 g
and 2014 was initiated by a loss of coral cover due to disease (Figure Al. 7) that contributed to
decline in the Cover Change metric through to 2014. There was also a marked increase in the cover
of macroalgae at Snapper North in 2011 (peaks at 2 m and 5 m reefs, Figure 13c, Figure Al. 1). The
continued increase, and persistence, of a high proportion of macroalgae in the algal community at 2
m depth, Snapper North, is consistent with the above guideline levels of Chl a typical of waters
surrounding Snapper Island (Figure 12a). It is evident however, that the high proportion of
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macroalgae must also be influenced by additional processes as the similar water quality at Snapper
South does not support similar algal communities.

At Snapper Island low densities of COTS were observed in 2012, pre-empting an outbreak in 2013
when densities reached 288 and 613 individuals per hectare at Snapper North and Snapper South
respectively. This outbreak removed between 66% (Snapper North i 5 m depth) and 17% (Snapper
South T 5 m depth) of the coral cover with the main losses occurring within the family Acroporidae
(Figure Al. 1, Table Al. 4). By 2014, COTS numbers had substantially declined with no individuals
recorded at Snapper North and densities reduced to 63 per hectare at Snapper South. No COTS
have been observed at Snapper Island since 2015. Low Isles also has a history of COTS outbreaks
that we attribute to the loss of 69% of hard coral cover over the period 1997-1999. More recently,
COTS were observed in 2013 and 2015 and assumed to have been responsible for the 38%
reduction in coral cover in that period (Figure 13b, Table Al. 4, Figure Al. 1). Physical impacts to
these reefs were recorded following a severe storm in 2009 and, most significantly, Cyclone Ita in
2014 that removed 65% of the hard coral cover and almost eliminated soft corals form Snapper North
(Figure 13b, Table Al. 4, Figure Al. 1). Damage was less severe at Snapper South, though both 2
m and 5 m depths lost a substantial amount of coral (Figure 13b, Table Al. 4, Figure Al. 1). In all,
predation by COTS and damage from tropical cyclones and storms remain the most significant
contributors to coral loss in this sub-region, accounting for 42% and 32% of the hard coral cover
losses since 2005 (Figure 12e).

Despite variability in discharge (Figure 12d), and associated loads of nutrients and sediments
delivered from adjacent catchments (Waterhouse et al. 2018), there have been no clear trends in
regional water quality in the Barron Daintree sub-region (Figure Al. 9).
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5.2.2 Wet Tropics Region: Johnstone Russell -Mulgrave sub -region

In 2017 the coralindexd ecl i ned t o Geachidgear a& geocdo dadf t cahr2086s(Riguire c at i o
15a). These declines are inconsistent among reefs (Table 11), especially at 5m depths where only
five of the eight reefs monitored were visited post the 2017 summer. Coral cover declined across the
region as did juvenile densities, resulting in decreased scores for both of these metrics, most notably
at 2 m depth (Figure 15, Table 11). The influence of these declines on the coral index has been
offset by a general improvement in the Cover Change metric. The Cover Change metric is assessed
over non-disturbance years and the general improvement in this metric reflects rapid increases in
cover observed prior to the 2017 bleaching event. Whilst scores for Macroalgae were generally good
across the region, a sharp rise in the proportional cover of macroalgae at Franklands West ensured
continued poor scores for the Macroalgae metric at this reef (Figure Al. 2, Table Al. 5). Here, the
macroalgal community is dominated by red algae species (Table Al. 9) and this pattern does not
clearly reflect poor water quality at this site as conditions are consistently better than those observed
at High Island and comparable to those observed at Fitzroy Island where Macroalgae scores are
higher (Figure 14a, b, Waterhouse et al. 2018).

Tablellindex and metric sconenparisoris thelohnstone Rusddlliigrave stiegion. Data compare the changes in scores
between local maxima andnaiini the index tiseries. For the index, and each metric, the observed changegiahal sub

score and the probability that the change was greater or less than zero (no change) are presented. Shadliaig iused as a v
highlight the magdéuof the probability the score improved (blue shades) or declined (red shades). Probabilities are derived
the posterior distribution of observed score changes at each reef and depth.

g Index Coral Coverl Macroalgae| Juvenile | Cover Chang Conposition
[}
a

Period Score|P Score|P Score|P Score|P Score|P Score|P
2 g d g g y

20®t0 2014 -0.21 0.2 -0.24 0.8 -0.21] 0.70 -0.12 082 -0.22 0.7 0.2 0.B
5| 013 078 -0.14 0.8 -0.04 059 -0.12 083 -0.10 0.6| -0.25 0.7
2 | 0.5/10.07. 091

2012 t0 201 0.04 0.5 0.27 0.6 033 08
5| 0.0 07 014 05| 010 074 0.1 083 022 07| -0.06§ 023
2| 006 076 0.18| 0.9 | 0.09| 0.66| -0.11| 0.84| 0.09| 0.4 | -0.17| 0.7

2016 to 20 5| -0.01| 053| -0.10| 081 | 0.06| 0.66 | -0.06| 0.78 | 0.10| 0.77 | 0.00 | 0.8

The decline in the index, and in particular coral cover, resulted in response to the high water
temperatures and ensuing coral bleaching over the 2016i 17 summer (Figure 14c). The impacts of
the bleaching event were, however, variable among reefs with between 5% and 23% of the coral
present in 2016 lost (Table 17). Colonies exhibiting bleaching included a range of genera, particularly
Acropora, Pocillopora, and Montipora, and the soft corals Sinularia and Lobophytum. Overall,
bleaching now contributes to 14.9% of coral lost in the region since 2005 (Figure 14c). Impacts of
the bleaching event were not documented at three reefs: Fitzroy East was not surveyed in 2017, and
surveys at Fitzroy West LTMP and Green preceded the bleaching event. It is likely that future surveys
of these reefs will add to the overall impact attributed to the 2017 bleaching event.

The current condition of the reefs in this region also reflect past disturbance events. In 2011 the reefs
in this region suffered their most severe setback (Figure 14e). Two consecutive cyclones, Tasha and
Yasi, caused significant damage to coral communities at Franklands East, Franklands West and
High East. At High West, loss of coral cover at 2 m depth following these cyclones was attributed to
low salinity floodwaters (Table Al. 4, Figure Al. 2). In combination, these disturbances resulted in a
sharp decline in the coral index in 2012 (Figure 15a). The effects of cyclones were further
compounded by the increased prevalence of disease in 2011 (Figure Al. 7). Fitzroy Island, which
had escaped serious damage from Tasha and Yasi, incurred the highest loss of coral as a result of
disease. At Fitzroy East between 60% (2 m) and 42% (5 m) of the hard coral cover, predominantly
Acropora, was lost as a result of disease (Figure Al. 2, Table Al. 4). While the cause of the marked
increase in disease observed at Fitzroy Island in 2011 is unknown, it did coincide with high discharge
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from local rivers (Figure 14d). This observation was influential in the regional level association
between change in index scores and discharge from local rivers (Figure 11).

Since 2012 COTS have been active in the area, and their feeding will have suppressed improvement
in the Coral Cover metric over this period. Since monitoring began in 1992 two cycles of COTS
outbreaks have impacted the reefs in this sub-region. Between 1996 and 2000 substantial loss of
cover at Green, Fitzroy West LTMP and the Frankland Group was attributed to COTS (Table Al. 4).
In 2012 and 2013 numbers of COTS were again increasing. In 2013 COTS had caused a 44%
reduction of the hard coral cover compared to that observed in 2011 (Table Al. 4, Figure Al. 2). At
both Fitzroy Island and Green Island reductions in hard coral cover through to 2015 was
predominantly due to loss of Acroporidae (Figure Al. 2), attributed to COTS feeding. In contrast,
although low numbers of COTS were observed at the Frankland Group and High Island between
2012 and 2015, there was little evidence of an impact to coral cover at these reefs. Helping to limit
coral cover losses in the sub-region has been the removal of COTS by the Australian Government®
crown-of-thorns starfish management programme, which has removed 14,990 COTS from the reefs
under survey between 2012 and the surveys in 2017. In 2017, numbers of COTS observed had
greatly reduced compared to 2016. However juvenile and sub-adult COTS were still present on four
reefs in this sub-region indicating their ongoing recruitment. The highest density of COTS were
observed at Frankland West 2 m (150 ha') and Frankland East 2 m (100 ha). The effects of COTS
predation on coral cover at the Frankland Group to 2017 is inseparable from the influences of coral
bleaching. A concern is that the COTS will continue to impact coral cover and impede the recovery
of these reefs.

Discharge from rivers in the sub-region were below median levels over the 2017 water-year. (Figure
14d). Despite the relatively low flows and associated loads of nutrients and sediments being
discharged into the marine environment over the last two years, there have been no clear reductions
in regional concentrations of measured water quality parameters (Figure Al. 10, Waterhouse et al.
2018).
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5.2.3 Wet Tropics Region: Herbert Tully sub  -region

Coral communities continued to recover from the impacts of Tropical Cyclone Yasi with the coral
index inthe sub-regionc at egor i s ed ,thehigbestd lthe beentsiecé monitoring began in
2005 (Table 12, Figure 17a). Between 2013 and 2017 all indicator metric scores improved, the most
consistent improvements occurring in the Coral Cover, Coral Change and Composition metrics
(Table 12). Improvement in the Composition metric indicates that recovering coral cover included
increased cover of species sensitive to water quality, these taxa, largely Acropora were severely
impacted by Cyclone Yasi (Figure Al. 3). Conversely, the small improvements in the Juvenile metric
largely reflect increased abundance of Turbinaria (Family Dendrophylliidae, Figure Al. 3) a genus
not considered sensitive to poor water quality. The Macroalgae metric showed strong improvements
at 2 m depths, whilst the generally low proportion of macroalgae in the algal communities at the
deeper sites (Figure 17€) limits room for improvement in this metric at 5 m depths.

As with other sub-regions in the Wet Tropics, reefs in this area were impacted by coral bleaching
over the 2016/17 summer, contributing to 9.2 per cent of the total coral cover loss since 2005 (Figure
16e). Impacts from the bleaching were most evident at 2 m depths. The severe impact of bleaching
occurred at Dunk South where cover in 2017 was 45 per cent lower than predicted, this contrasted
with a slight increase in cover at 5m depth, although that increase was still 6 per cent lower than
predicted (Table Al. 4). Despite the observed impacts of bleaching, the clear improvement in the
index observed since 2013 demonstrates the propensity for recovery among the coral communities
in this sub-region.

Tablel2Index and metric sconenparisoris theHerbert Tully stdgionData compare the changes in scores between local
maima and minima in the indexsénes. For the index, and each metric, the observed changegiahal sgbre and the
probability that the change was greater or less than zero (no change) are presented. Shading is used &gtaivesual aid to hig
magnitude of the probability the score improved (blue shades) or declined (red shades). Probabilities astedierived from the
distribution of observed score changes at each reef and depth.

%_ Index Coral Coverl Macroalgae| Juvenile | Coer Changd Compositior
(]
=
Period Score|P Score | P Score|P Score | P Score|P Score|P
20@to 201 m
5 0.13 0.80 -0.73 0.63 0.60 0.89 0.0 0.5 0.30 0.74 -0.13 0.67
2011 10 20 2| 004 063 0.02 0.614 -0.64 0.91 0.3 0.8 0.0§ 0.57 0 NA
5| -0.12 0.88 0.01 0.55 -059 090 0.19 0.7 -0.04 0.59 -0.13 0.67
2 0.49 0.84 0.08 0.6
2013 to 203 021 06| 017 02| 029 087 033 0.8

The trend in the coral index identifies distinct declines caused by damage attributed to Cyclone Larry
in 2006 and Cyclone Yasi in 2011 followed by recovery in subsequent years (Figure 17a). The
combined impacts of these cyclones account for 82.6% of the hard coral cover lost since 2005
(Figure 16e). Of note is that following each cyclone, in addition to an immediate reduction, was a
lagged decline in the index scores (Figure 16a). This lagged response reflects temporary
improvement in the Macroalgae metric in the first post cyclone survey (Figure 17e). During cyclones,
macroalgae are striped from the substrate, temporarily reducing their abundance. Subsequent rapid
colonisation of space as a result of reduced coral cover ensures reduced scores of Macroalgae
compounding the impact on index scores resulting from immediate losses of coral (Figure 17e).

The coral sampling sites in this sub-region are primarily influenced by discharge from the Tully and
Herbert rivers. As of 2015, monitoring of King was ceased in favour of a new location at Bedarra that
was selected to coincide more closely with a revised sampling design for water quality monitoring.
All the coral monitoring sites in this sub-region are situated in relatively clear (turbidity below the
guideline), and nutrient rich (Chl a concentration in the wet season generally exceeding the
guideline), waters (Figure 12b, Figure Al. 11). The combination of low turbidity and high nutrient
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availability is consistent with the prevalence of macroalgae observed in the shallow depths at most
reefs (Figure 17c).

The result of relatively low discharge in recent years may explain concentrations of TSS, and
nitrogen oxides dipping below guideline values since 2015 (Figure 16d, Figure Al. 11c, f). The in
situ monitoring of both Turbidity and Chl a do not show similar declines (Figure Al. 11b, e).
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5.2.4 Burdekin region

The coralindexi n 2017 remains &émoder at ed fingthe ¢cohsistenBur d el
improvements since 2013 (Table 13, Figure 19a). The Coral Cover metric and, at 5 m depths, the
Cover Change and Juvenile metrics in 2017 were higher than observed in 2013 (Table 13, Figure
19d, e). Whilst inconsistent between reefs in the region, a general improvement in the Composition
metric (Table 13) indicates that cover increase includes recovery of taxa sensitive to poor water
quality, in particular Acroporidae (Figure Al. 4). The observed improvement in the coral index prior
to 2017 coincides with a period free from acute disturbances (Figure 18c, €) and below median
discharge from the regions rivers (Figure 18d). The Macroalgae metric continues to perform poorly
in this region. The proportional cover of macroalgae has been variable with a low point recorded in
2009, the reason for this decline remains unexplained, and then again in 2011 following stripping of
cover that occurred during Cyclone Yasi (Figure 19¢). By 2012 macroalgae had re-established and,
although variable among reefs, the proportional cover of macroalgae regionally has remained
consistent through to 2017 (Figure 19c).

Tablel3Index and metric sconenparisons theBurekinregionDatacompare the changes in scores between local maxima

and minima in the index-siemies. For the index, and each metric, the observed changegidhel sgbre and the

probability that the change was greater or less tharhzengejrare presented. Shading is used as a visual aid to highlight the
magnitude of the probability the score improved (blue shades) or declined (red shades). Probabilities astedierived from the
distribution of observed score changes at emuth degth.

g_ Index Coral Coverl Macroalgae| Juvenile | Cover Chang Compositior|
(O]
)
Period Score| P Score |P Score|P Score|P Score| P Score|P
2010to 208 2| 08| 08| -0.16| 0.74| -0.17| 0.69| -0.04| 0.55| -0.05| 054 | -0.07| 0.56
5| -0.15| 086 | -0.17| 0.89| -0.26| 0.81| 0.04 | 0.60| -0.15| 0.79| -0.25| 069
2| 0.09| 080 -0.07| 055 | 0.02| 0.53| 0.14| 0.63| 0.25| 0.®
20Bto 201 44
5| 020 087 0.01 050| 0.24| 0.8 ; 0.31] 0.69

The continued improvement in the coral index through to 2017 does, however, mask the impacts
resulting from high water temperatures over the 2016/2017 summer (Table 17). Anomalously high
temperatures over the 2016/17 summer led to widespread bleaching in the region for the first time
since 2002 (Table Al. 4). Impacts from this event were most evident at 2 m depths, where coral
cover declined at all reefs surveyed in 2017 with the exception of Pandora 5 m depth where coral
cover increased marginally (Figure 19b, Figure Al. 4). Most affected was Havannah with proportional
coral cover losses of 37% and 11% at 2 m and 5 m depths respectively (Figure Al. 4, Table Al. 4).
The density of juvenile corals also declined slightly at most reefs surveyed in 2017 (Figure 19, Figure
Al. 4). Both Havannah North and Pandora North were surveyed by the LTMP prior to the bleaching
event with both coral cover and juvenile densities increasing at each reef, adding weight to bleaching
as the primary cause of reductions seen elsewhere. Further limiting the influence of the bleaching
event on the index was the rapid increase in coral cover that had occurred in the years preceding
the bleaching event realised as in improved scores for the Coral Change metric in 2017. With only
eight of the fifteen reefs in the region surveyed post the bleaching event it is likely the Coral Cover
and Juvenile metrics do not capture the full impact of this event.

Declines in the index through to 2012 coincided with the combined influence of Cyclone Yasi and a
period of very high discharge from the region® rivers (Figure 18d, e). Since 2005, cyclones and
storms have accounted for 50% of hard coral losses (Figure 18e). East-facing locations, such as
Palms East and Lady Elliot (2 m), were particularly exposed to storm driven seas, and show the
impacts of Cyclone Larry (2006) and Cyclone Yasi (2011) (Figure Al. 4, Table Al. 4). The lagged
influence from Cyclone Yasi noted in 2012 (Figure 18e), is due to LTMP surveys post Yasi not
occurring until that year. The last outbreak of COTS on the inshore reefs in this region occurred at
Havannah in 2001. No COTS were observed during surveys in 2017 however on the mid shelf reefs
in this region COTS numbers are in outbreak densities at some reefs (AIMS LTMP).
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In addition to losses in coral cover attributed to Cyclone Yasi, the period 2009 to 2012 saw a
reduction in the Coral Change metric (Table 13). Overall, low rates of increase in coral cover
contributed to 31% of cover lost since 2005 (chronic pressures, Figure 18e). Although not
categorised as a disease outbreak for the purpose of disturbance estimation, elevated levels of
disease were observed from 2007 to 2009 (Figure Al. 7) and will have contributed to the chronic
disturbances recorded over the period 2008 to 2010 (Figure 18e). Chronic pressures are assumed
when there is no evidence for impacts associated with acute disturbances, and represent the
cumulative impacts of environmental pressures that suppress the annual increments in cover
increase that are the basis of the Coral Change scores. As Acropora and Montipora were the genera
most infected by disease, the disproportional loss of these groups will have contributed to the decline
in the Composition metric. The absence of chronic pressures recorded since 2014 coincides with
the reduced runoff and nutrient loads from the adjacent catchment (Figure 18d, e)

The ten reefs monitored span a distinct gradient in water quality. The reefs closer to the coast:
Middle, Magnetic, Lady Elliot and Pandora are more frequently exposed to high wet season Chl a
concentrations than those further offshore (Figure 18a, Table Al. 6). The composition of coral
communities vary in response their location along these environmental gradients (Figure 19f).
Proportional cover of the families Acroporidae, Pocilloporidae and Poritidae (genus Porites) are high
in clear waters, or at 2 m depths in more turbid settings, with other families including Agariciidae,
Oculinidae, Pectiniidae and Poritidae (Genus Goniopora) becoming more prevalent as turbidity
increases (Figure Al. 4). Higher exposure to Chl a also corresponds to a high proportion of
macroalgae in the algal communities at Magnetic, Pandora, and Lady Elliot. The reefs at Havannah
appear at the crossroad for conditions that support a high cover of brown macroalgae, in 2017 cover
of the brown algae Lobophora persisted at 5 m depths, although there was a slight reduction in the
cover of macroalgae compared to previous years (Figure Al. 4).

Improvement in the coral index between 2013 and 2016 coincided with low discharge, and
corresponding relatively low loads of nutrients and sediments being delivered to the Reef (Figure 11,
Figure 18d, Waterhouse et al. 2018). Although the coral community has demonstrated a capacity to
recover under the conditions observed in recent years, there has been no clear improvement in
measured attributes of water quality (Waterhouse et al. 2018, Figure Al. 12) limiting the ability to
explicitly link improvement in the index scores to water quality drivers. It should be noted however,
that changes to the sampling design of the water quality component of the MMP has generally
increased sampling during the wet season and also incorporated monitoring sites closer to the rivers
in recent years.
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5.2.5 Mackay Whitsunday region

The coralindexdecl i ned dodb mc at ebggoor i sat D modé na@guie®lan 2017
This decline was driven by a substantial reduction in coral cover and juvenile densities as a result of

tropical cyclone Debbie that impacted the area in late March 2017 (Figure 21b, d, Figure Al. 8). The

full impact of the Cyclone on the coral communities, and so index score, is buffered by an increase

in the Cover Change metric representing rapid increase in coral cover (predominantly branching

Acropora) at Double Cone, Daydream and Shute Harbour in the years preceding the Cyclone (Figure

Al. 5). Limiting a more severe response in index scores were the Coral Cover and Juvenile scores

for reefs at which the most recent surveys predated the passage of cyclone Debbie. The Macroalgae

score showed no consistent change between 2016 and 2017, largely due to most reefs having
consistently high scores for this metric. Substantial reduction in the cover of macroalgae at Pine and

Seaforth (5 m) did occur in 2017, likely as a result of stripping during the cyclone or as a response

to high turbidity in the aftermath, with these re
categorisation of this metric in 2017 (Table Al. 5).

The observed decline in Composition scores at 2 m depths reflects the substantial loss of Acropora
across the region (Family Acroporidae, Figure Al. 5) as a result of cyclone Debbie. In general,
marked differences in the composition of coral communities between 2 m and 5 m depths (Figure
21f, Figure Al. 5) are indicative of the steep gradient in environmental conditions that impose
differing selective pressures on these communities. High turbidity at most of the MMP reef sites
(Table Al. 6) in combination with the limited exposure to wave energy among the Whitsunday
Islands, which results in accumulation of fine sediments, have combined to select for coral
communities tolerant of these conditions. At 5 m depths there is a clear predominance of corals
tolerant to low light and high rates of sedimentation (Oculinidae, Pectiniidae, Agariciidae, Poritidae
(genus Goniopora)) compared to those at 2 m depths where Acroporidae and Poritidae (genus
Porites) are most common (Figure Al. 5).

A high proportion of macroalgae is only recorded at Pine and Seaforth the two reefs with the highest
long-term mean exposure to Chl a concentrations that exceed guideline values (Figure 20a, Figure
Al. 5, Table Al. 6), suggesting nutrient availability plays a role in the prevalence of macroalgae at
these reefs. Macroalgae cover declined sharply at both of these reefs in 2017 (Figure Al. 5). It is
likely that these declines were a response to stripping of algae during the passage of cyclone Debbie,
or additionally, low light conditions in the aftermath of the cyclone.

Tablel4index and metric sconenparisonis theMackay Whitsunday Refata compare the changes in scores between

local maxima and minima in the indeetiese For the index, and each metric, the observed ahangegidhal score

and the probability that the change was greater or less than zero (no change) are presented. Shading i®used as a visual ¢
highlight the magnitude of the probability the score improved (blue shades) or declined (lalitiskaates)eRvaloafrom

the posterior distribution of observed score changes at each reef and depth.

g_ Index Coral Coverl Macroalgae| Juvenile | Cover Chang Compositior|
[]
Period . Score|P Score|P Score|P Score|P Score| P Score|P
2008 to 20 2| -0.07| 0.78| -0.07| 091 | 0.00| 0.00| -0.08| 0.80 | -0.05| 0.62| -0.14| 0.70
5| -0.08/] 0. | 0.10| 0.86| 0.00| 0.64| 0.03| 0.58| -0.03| 0.52 | 0.25| 0.83
2 (016 70:99]70:15 0.6 | 0.00| NA [ 0.18] 0.86] 0.20]| 0.74] 0.29] 0.8
2012 to 201
5| 0.09| 0/ | 0.06| 0.69| -0.01| 0.62| 0.17| 0.73| 0.05| 0.54| 0.5 | 069
21| -0.19| o778 | 045 0.2 | 0.14| 0.64| 0.36| 0.88| 0.00| 0.50| 0.29| 0.70
2016 to 204 A T 065 0.20] 0.77 | 0.19| 068 | 0.22| 0.7 | 0.04| 058| 0.10| 0.@

Prior to 2017, flooding in 2009 and Cyclone Ului in 2010 were the only acute disturbance events
recorded since 2005 (Figure 20e) and will have contributed to the slight declines in the index through
to 2012. While the impacts of Cyclone Ului were widespread, with the exception of Daydream (Table
Al. 4), impacts to coral communities were relatively minor compared to those associated with
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cyclone Debbie (Figure 20e, Figure 21a). Considering the proportional loss of coral cover, the most
severely impacted of the monitored reefs were: Daydream, where coral cover was reduced by 98%
(2 m) and 90% (5 m), and Double Cone, where coral cover was reduced by 97 % (2 m) and 74% (5
m) (Figure Al. 5, Table Al. 4).

The water quality index for the Whitsundays region has shown a general declinefromé moder at e 6
0 p o mr2017, influenced by increases in several variables, most notably, nitrogen oxides,
suspended solids and Chl a (Figure Al. 13). Given the impacts of cyclone Debbie however it is not
possible to link the current changes in the coral index to the changes in water quality within the

region.

Following a period of below median discharge since 2014, rainfall associated with cyclone Debbie
led to discharge from the adjacent catchments which exceeded median levels (Figure 20d). Whilst
no direct impacts of flooding were evident during surveys in 2017, previous above median flows have
been identified as influencing the coral index in this region. Over the period 2007 to 2013, annual
discharge from the adjacent catchments was above median levels (Figure 20d), supplying elevated
loads of nutrients and sediments (Turner et al. 2012, 2013, Wallace et al. 2014, 2015, Waterhouse
et al. 2018). Although, there is no strong evidence for changes in measured marine water quality at
that time (Figure Al. 13, Waterhouse et al. 2018), the onset of this increased runoff coincided with
elevated incidence of coral disease (Figure Al. 7). Direct impacts due to flooding were recorded only
in 2009 (Figure 20e), attributed primarily to the high loads of sediments observed on corals during
surveys. The source of these sediments is not clear as the local rivers did not experience extreme
flooding over the preceding summer (Figure 20d) although local heavy rainfall did result in a number
of land-slides along the adjacent ranges.
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5.2.6 Fitzroy region

In 2017 the coral index remained 6 p o forrth@ third consecutive year, havi ng i mpr oved f I
p o oir 2814 (Table 15, Figure 23a). Improvement in the index score since 2014 was most evident
at 2 m depth, where increases in the Juvenile and Coral Cover metrics were most consistent, and
improvement in the Composition score at some reefs also contributed to the increase (Table 15). At
5 m depths Coral Cover and Juvenile metrics also increased and while Cover Change has improved
since 2014, there was a downturn in the trend of this indicator in 2017 (Figure 23e, Table 15). The
slight improvement in the coral index demonstrates reefs are recovering following an extended
period of cumulative pressures associated with acute disturbances and high discharge from the
adjacent catchment (Figure 22c-e, Figure 11). However, this recovery is slow as a result of ongoing
pressures associated with high water temperatures in both 2016 and 2017 and a further flood of the
Fitzroy River also in 2017. These ongoing pressures are keeping the Cover Change metric at
moderate levels and, along with impacts associated with Cyclone Marcia in 2015, limiting
improvement in the Coral Cover metric (Figure 22e, Figure 23b, e). A persistent high proportion of
macroalgae amongst the algal community (Figure 23c) also limits improvement in the coral index.
With the exception of Barren 2 m, all reef and depth combinations returned Macroalgae metric scores
of zero in 2017 (Table Al. 5).

Temperature anomalies over the 2016/17 summer indicated the potential for coral bleaching to
impact reefs in this region (Figure 22c¢). Observed bleaching however was minor, affecting individual
colonies at the time of survey in May 2017. Similarly, discharge from the adjacent catchment was
above median levels for the 2016/17 water year, however no direct impacts associated with flooding
were observed. Whilst no direct impacts were observed during surveys, it is reasonable to assume
that both high water temperatures and discharge from the Fitzroy River will impede recovery.

Tablel5Index and metric scooenparisoris theFitzroy Regiobata compare the changes in scores between local maxima and
minima in the index t8eBes. For the index, and each metric, the observed changegiahal sgbre and the probability

that the change was greater or less than zero (no change) are presented. Shading is used as a visual anitaold@ighlight the n
of the probabjlihe score improved (blue shades) or declined (red shades). Probabilities are derived from the posterior distr
of observed score changes at each reef and depth.

% Index Coral Coverl Macroalgae| Juvenile | Cover Chang Compositior
]
)
Period Score|P Score |P Score|P Score |P Score|P Score|P
2| - d - - g
20T to 2014 0.5 | 092 | -0.36| 0.85| -0.05| 0.8 | -0.66 | 0.® | -0.41| 0.88| -0.42| 0.98
5| -0.15| 093 | -0.28| 0.94| 0 NA | 0.2 | 0.56] 013 | 0.72| -0.33| 0.89
2|1 010! 0 | 0.06| 0.73| 0.06| 0.6 0.08| 0.3 | 0.17| 067
201410 2005717 04 | 0.7 | 0.06] 0.72| 0.00| NA | 0.07 | 0.8 | 015 0:85| -0.08| 0.6

Coral communities are monitored at six fringing reefs within Keppel Bay, situated along a distinct
environmental gradient. Peak and Pelican are situated in relatively turbid and nutrient rich waters
compared to reefs further offshore (Figure 22a, b). Keppels South, Middle and North Keppel are
consistently exposed to Chl a concentrations that exceed Guidelines compared to Barren where Chl
a levels are lower; these four reefs share reasonably low levels of total suspended solids (Figure
22a, b, Table Al. 6). These gradients in water quality are clearly reflected in the benthic communities.
At Peak and Pelican benthic communities differ markedly between 2 m and 5 m depths (Figure Al.
6) illustrating the substantial attenuation of light as a result of high turbidity. The differences in
community composition are evident in the baseline conditions for the Composition metric (Figure
23f). Pelican has a highly stratified environment, supporting slow growing, low-light tolerant corals at
depth, and fast-growing Acroporidae in the shallows; although these shallow communities were killed
and replaced by macroalgae as a result of exposure to freshwater during the 2011 floods of the
Fitzroy River (Figure Al. 6). This loss of Acropora resulted in a marked reduction in Composition at
this reef (Figure 23f). Since 2013 the gradual appearance of juvenile Acroporidae (Figure Al. 6)
mark the beginning of a recovery of the coral community at the 2 m depth of Pelican. Closer to the
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Fitzroy River, Peak is defined by a low cover of corals, low density of juvenile corals, high cover of
macroalgae (Figure Al. 6), and a lack of substantial reef development, suggesting that the
environmental conditions at this location are marginal for most corals. In the less turbid waters at
Keppels South, Middle Is, North Keppel, and Barren the coral communities are dominated
Acroporidae (Figure Al. 6), principally, but not restricted to, the branching species Acropora
intermedia and A. muricata.

The proximity to the Fitzroy River also influences the recovery dynamics of the reefs in this region.
During inter disturbance periods, change in index scores across the region are negatively related to
discharge from the Fitzroy River (Figure 11). This relationship corresponds to the higher levels of
disease and the chronic pressures, implied by lower than expected rate of coral cover increase,
especially over the period 2008-2013 (Figure 22e) when discharges where mostly well above median
levels (Figure 22d). It should be noted here, that direct exposure to low salinity waters killed corals
at 2 m depths at Peak and Pelican in 2008 and also Keppels South (2 m) in 2011.The influence of
flooding, in combination with severe bleaching in 2006 and the repeated exposure storm driven
waves in 2008, ex-TC Oswald 2013, ex-TC Dylan 2014 and Cyclone Marcia 2015 (Figure 22e)
ensured the decline in condition of coral communities through to 2015 as described by the coral
index (Figure 23a).

Prior to the commencement of the MMP in 2005, Queensland Parks and Wildlife Service monitoring

of reefs in Keppel Bay from 1993-2003 recorded substantial loss of coral cover, and subsequent

recovery following thermal bleaching events in 1998 and 2002 (Table Al. 4). Initial MMP surveys in

2005 documented moderate to high hard coral cover on all the Acropora-dominated reefs confirming

the potential for recovery at these reefs. High water temperatures over the 2005 - 06 summer (Figure

22c¢) again caused severe bleaching and loss of coral cover (Figure 22e, Figure 23b). Coincident

with the loss of coral was a rapid increase in the cover of the brown macroalgae Lobophora (Figure

23c, Diaz-Pulido et al. 2009) further contributedtothereduct i on i n t he <cor al i nd
t o O friguoer2@a). (

The 2011 flood event was the largest on record and exposed shallow coral communities to low
salinity waters that caused widespread mortality of corals at the 2 m depths of Peak, Pelican and
Keppels South (Table Al. 4). Flooding also pre-empted elevated levels of coral disease in 2008,
2010 and 2011 (Figure A1. 7).

Water quality monitoring (in-situ) has been discontinued in the Keppels region since 2014-2015. The
final year of water quality sampling saw an improvement in the water quality index (Lgnborg et al.
2015). Measured levels of Chl a, particulate nitrogen and particulate organic carbon showed a slight
downturn at this time coinciding with a respite in flooding in the region since 2012 (Lgnborg et al.
2015). Modelling of total suspended solids and dissolved inorganic nitrogen indicate substantially
lower concentrations in the region from 2014 to 2016 compared to those associated with the high
discharge years of 2010, 2011 and 2013 (Waterhouse et al. 2017).
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6 Di scussi on

As naturally dynamic systems that alternate between impacts and periods of recovery (Connell 1978)
it is critical for the persistence of coral communities that there is a long-term balance between
disturbance and recovery processes. The primary focus of the MMP is the role of water quality in
altering this balance leading to the long-term decline in coral communities. In this light, despite wide
spread disturbances and substantial loss of coral cover in three of the four regions, the coral index
has remained relatively stable in 2017. This stability is influenced by two attributes of the index that
buffer against short term responses to acute disturbance events. Appropriately, the index includes
consideration of the ability of coral communities to recover, via the Cover Change metric. As Cover
Change scores are estimated from a running mean of recovery rates observed over the preceding
four years, the high rates of recovery observed prior to the 2016/17 summer contribute to stable or
increasing scores for this metric in all regions. Less desirable, is that the biennial sampling design of
the program means that index scores are based on a combination of observations from reefs
sampled that year and those carried forward from previous years. While additional surveys were
undertaken in all regions to limit the influence of carried-forward scores on the index in 2017, some
buffering of impact of the summer® disturbance events on the index remains.

Results are discussed in terms of the Pressure, State and Impact components of a broader Driver-
Pressure-State-Impact-Response (DPSIR) framework. This allows identification of some of the key
pressures influencing coral community condition. In this context, there is a natural distinction
between pressures that are beyond the realm of management under Reef Plan, such as acute
disturbances associated with severe storms or bleaching events, and those related more tangibly to
water quality, and as such, expected to be manageable.

6.1 Pressure s
6.1.1 Acute disturbances

High water temperatures over the 2016-17 summer were widely reported as causing severe coral
bleaching of the Reef for a second consecutive year (Hughes et al. 2018). On the inshore reefs
monitored by the MMP an average of 10.5% of the hard coral cover in the Wet Tropics and Burdekin
Regions was lost between surveys in 2016 and 2017. This figure should be considered a minimum
estimate of the proportion of coral lost, as at the time of survey (May i August 2017) up to 66% (mean
14.4%) of the surviving corals were still bleached, suggesting possible further losses. The figure also
compares cover to that observed at the time of last survey, mostly May-August 2016, and as such,
does not account for the increase in cover that would have occurred between those surveys and the
onset of bleaching in December 2016-January 2017. Chapter 8 provides a summary of the impacts
to coral communities that occurred as a result of this bleaching event.

Tropical cyclone Debbie severely damaged coral communities in the Mackay Whitsunday Region. A
mean of 60% of hard coral cover was lost from the reefs monitored, with losses in excess of 95% at
2m depths at Daydream and Double Cone. The storm made landfall, as a category 4 cyclone, near
Airlie Beach on the 28™ of March 2017 (Figure Al. 8) with sustained wind speeds of 195km/h (max
265 km/h) (www.bom.gov.au). Contributing to the damage incurred is that the geography of the
island group provides areas that are usually protected from wave exposure in which relatively fragile
coral communities have developed. The slow passage of the storm and direction of the winds
ensured these fragile communities were exposed to damaging conditions over a prolonged period.

Moderate numbers of crown-of-thorns starfish (COTS) continue to occur at reefs in the Johnstone
Russell-Mulgrave sub-region. The individuals observed represented a range of size classes
including juveniles <15 cm in diameter indicating the recurrent recruitment of COTS. The concern is
that as these individuals grow, they will cause ongoing loss of coral cover. COTS are recognised as
a major contributor to loss of coral cover in mid-shelf areas of the Reef (Osborneetal.2 011, Dedat
et al. 2012) with population outbreaks in 2017 recorded on reefs between Cairns and Townsville, as
well as off Princess Charlotte Bay in the North and Mackay in the south (AIMS LTMP). The transport
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of coastal nutrients to the mid-shelf Reef remains the most plausible explanation for the promotion
of COTS outbreaks as a result of human activities, potentially extending the influence of runoff to
large tracts of the Reef and over long periods of time (Brodie et al. 2005, Fabricius et al. 2010, Furnas
et al. 2013, Caballes & Pratchett 2014, Pratchett et al. 2014, Wooldridge & Brodie 2015).

The recent disturbances build on previous events that, since MMP surveys began in 2005, have
resulted in clear reduction in coral cover across the regions, these include: thermal bleaching (Fitzroy
Regioni 2006, Wet Tropics and Burdekin Regions - 2017), Cyclone Larry (Wet Tropics and Burdekin
Regions - 2006), Cyclone Ului (Whitsunday Region - 2010), Cyclone Tasha (Wet Tropics - 2011),
Cyclone Yasi (Wet Tropics and Burdekin Regions - 2011), Cyclone Ita (Wet Tropics - 2014), Cyclone
Marsha (Fitzroy Region - 2015), cyclone Debbie (Whitsunday Region i 2017), sub-cyclonic storms
(Barron Daintree sub-region - 2009, Burdekin - 2009, Fitzroy - 2008, 2010, 2013), predation by COTS
(Wet Tropics - 2012 to 2014) and exposure to low salinity flood waters (2 m depths, Fitzroy Region
2011). These disturbance events contribute strongly to the declines in the coral index scores in all
regions. Acute pressures most directly influenced coral cover and contributed to between 63%
(Fitzroy Region) and 92% (Herbert Tully sub-region) of the coral cover lost since 2005. These losses
unavoidably translated into reductions in the scores for the Coral Cover metric and contribute to
declines in overall reef condition assessments following severe disturbance events. Each of the
remaining four indicator metrics have been formulated to limit responsiveness to acute pressures to
focus, as directly as possible, on changes in condition that can be interpreted as resulting from
changes in water quality.

6.1.2 Chronic conditions - water quality

Water quality is a summary term for a range of chemical and physical properties of marine waters
that exert a fundamental influence on the processes governing coral community composition and
condition. Water quality in the inshore Reef shows a strong gradient, improving with distance from
the coast and major rivers. Variation in benthic communities on coral reefs along this gradient is
evidence for the selective pressures imposed by water quality on coral reef communities (van Woesik
& Done 1997, van Woesik et al. 1999, Fabriciusetal.2 0 0 5, Dedbath & Fabeatalci us
2010, Fabricius et al. 2012), and also within individual reefs in response to localised hydrodynamic
conditions and depth (Uthicke et al. 2010, Thompson et al. 2010, Browne et al. 2010). Such gradients
are a natural part of the Reef ecosystem, albeit supported by lower levels of input of runoff-derived
pollutants than presently occurs (Belperio & Searle 1988, Waters et al. 2014). The premise
underpinning Reef Plan is that anthropogenic contaminant loads delivered by rivers create conditions
which suppress the health and/or resilience of the Reefs ecosystems. It is the quantification of the
compounding conditions along naturally occurring gradients, as a result of runoff, and any
subsequent improvement under the Reef Plan, that is the core focus of the water quality monitoring
component of the MMP (see separate report by Waterhouse et al. 2018).

For corals, the pressure relating to | and managem
which in turn is influenced by the pressure of contaminant loads entering marine waters as runoff.
The MMP river plume monitoring (see Waterhouse et al. 2018) clearly shows that inshore reefs
monitored by MMP and the LTMP are directly exposed to elevated loads of sediments and nutrients
carried by flood plumes. Variability in loads delivered to the Reef (Joo et al. 2012, Turner et al. 2011,
2012, Wallace et al. 2014, 2015, Garzon-Garcia et al. 2015) has, however, not been closely linked
to variability in marine water quality conditions as measured by the MMP in situ monitoring program.
This is not unexpected given the complexity of nutrient cycling that occurs in marine waters, dilution
of plumes, and the necessarily sparse sampling regime of the long-term water quality monitoring
program. It is evident from marine water quality time-series, however, that the period of high
discharge into the Reef (2008-2013) resulted in a general increase in turbidity, oxidised forms of
dissolved nitrogen (NOx) and dissolved organic carbon (DOC) with levels beginning to decline again
in 2015-2016 (Waterhouse et al. 2018). Lgnborg et al. (2015) suggest that these observations
indicate changes in the carbon and nutrient cycling processes in the Reef lagoon, although the
detailed understanding of these processes remains elusive. Turbidity in the Reef lagoon is strongly
influenced by variations in the inflow of particles from the catchment and resuspension by wind,

61



Marine Monitoring Program: Annual Report for inshore coral reef monitoring 2016-17

currents and tides (Larcombe et al. 1995). The trends emerging from the MMP support other studies
showing that the additional flux of fine sediment imported by rivers remains in the coastal zone for
periods of months to years leading to chronically elevated turbidity (Wolanski et al. 2008, Lambrechts
et al. 2010, Brodie et al. 2012a, Thompson et al. 2014a, Fabricius et al. 2013a, Fabricius et al. 2014,
Fabricius et al. 2016). Any increase in turbidity associated with runoff will reduce the level of
photosynthetically active radiation reaching the benthos - a primary energy source for corals and so
a key factor limiting coral distribution (Cooper et al. 2007, Muir et al. 2015).

6.2 Ecosystem State
6.2.1 Coral index

In 2017 index scores were inversely related to the location of reefs along the gradient of exposure
to above Guideline values of Chl a, over the wet season. Most influential in this result were the Coral
Cover and Macroalgae metrics. These results indicate that where the availability of nutrients is
sufficient to promote highChla,t he proporti on of | arge fl eshy
communities is enhanced and coral cover is diminished. This relationship has been maintained
despite the influence of acute disturbance events that have the potential to obscure the chronic
influences of water quality. In particular, the distribution of large brown macroalgae shows a strong
relationship to environmental conditions of high nutrient availability, adequate light (prevalence is
limited by turbidity at 5 m depths) and sufficient water movement to preclude the build-up of fine
sediments on the substrate (Thompson et al. 2017). In terms of light availability and water movement,
the preferred habitat for brown macroalgae overlaps strongly with that of some corals, and in
particular the fast growing Acroporidae, highlighting the direct competition for space between these
groups. The correspondence between high prevalence of macroalgae and Chl a concentrations
implies that a reduction in the availability of nutrients, that promote high concentrations of Chl a in
the water column, has the potential to shift the competitive relationship between macroalgae and
coral back toward coral. In contrast to results from 2016, when there was evidence that communities
had disproportionately shifted over the duration of the program to include a lower proportion of
species susceptible to poor water quality in areas of relatively low exposure, this result was not
evident in 2017. Unfortunately the species most susceptible to poor water quality (the Acropora) are
also susceptible to the acute pressures imposed by thermal anomalies (Table 18) and storm damage
that occurred in 2017, and this resulted in losses across the water quality gradient.

Index scores declined in all regions through to low points between 2012 and 2014, prior to
improvements through to 2016 that demonstrated recovery was underway. Declines in the index
reflect the cumulative influence of multiple acute disturbances that coincided with a period of high
runoff and associated loads of contaminants entering the Reef from adjacent catchments. In
contrast, improvement in index scores through to 2016 occurred during a period largely free from
acute disturbance events and typified by low loads of contaminants entering the reef in runoff
(Waterhouse et al. 2018).

To understand the influence of runoff on the rate of change in the index, which we consider as
representative of community resilience, required explicitly focusing our analysis on observations that
were not confounded by the impact of acute events (Flower et al. 2017), i.e. during recovery periods.
In three of the four regions: Wet Tropics, Burdekin and Fitzroy, biennial changes in index scores
during recovery periods demonstrate an inverse relationship to regional discharge. In both the Wet
Tropics and Burdekin regions the relationship with discharge was supported by similar, although less
linear, relationships to loads of total Nitrogen and total Phosphorous entering the Reef in runoff and
variability in Chl a concentration around reefs. Although these results suggest a consistent direction
of response, we are mindful that both the spatial and temporal responses of the index to water quality
or discharge varied among reefs. This is not unexpected as index scores at any point in space or
time will reflect the cumulative responses of the communities to: past disturbance events and chronic
pressures, selective pressures imposed by ambient conditions, and stochasticity in the population
dynamics of the diverse communities inhabiting these reefs. In combination, variable exposure to
past events and location specific pressures are also likely to have selected for communities tolerant
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of those conditions. What this means, is that communities in different locations will be variously
susceptible to exposure to runoff-related water quality pressures (e.g. Morgan et al. 2016). It is
precisely the inability to accurately measure, or predict, the role of cumulative impacts across a
diversity of exposures that suggests the use of biological indicators, such as the coral and seagrass
(McKenzie et al. 2017) indices used by the MMP as tools to identify where, and when, environmental
stress is occurring (Karr 2006, Crain et al. 2008).

The observed relationship between discharge and changes in coral index does, however, imply that
the cumulative impacts of river-delivered contaminants suppress the resilience of coral communities.
In general, the spatial and temporal variability in index scores presented in this report are consistent
with well documented links between increased runoff and stress to corals (Bruno et al. 2003, Kline
et al. 2006, Kuntz et al. 2005, Voss & Richardson 2006, Kaczmarsky & Richardson 2010, Haapkyla
et al. 2011, 2013, Vega Thurber et al. 2013). That we did not observe a clear relationship between
discharge and change in the index scores in the Mackay Whitsunday Region may be explained by
the relatively low discharge but high tidal range in this region, compared to other regions, resulting
in variability in corals exposure to water quality related pressures being less influenced by runoff.
There was however a weak relationship between high turbidity and reduced improvement in the
index. This response to turbidity is consistent with the clear response of communities to high turbidity
within the region evidenced by the strong vertical differentiation in community composition at many
of the reefs and a high representation of species tolerant to high turbidity at the 5m depths. Indeed,
the selection for turbidity tolerance is likely to offer a degree of resistance to additional pressures
imposed by variable runoff, a point raised by Morgan et al. (2016). Influential in the results for the
Mackay Whitsunday Region were declines in the index that occurred in 2006 when discharge was
low. While the 2006 declines remain unexplained, our estimation of relative temperature stress -
based on in situ loggers rather than satellites, and expressed as degree heating days (available from
the Bureau of Meteorology), implicate high summer temperatures as the likely stressor.

It should also be noted, that excluding changes in index scores influenced by acute events from our
analysis may underestimate the influence of water quality on index scores. In addition to reducing
capacity for recovery, degraded water quality may also increase the susceptibility of corals to acute
disturbance events. Evidence from recent research into the interactions between water quality and
temperature suggests that corals tolerance to heat stress is reduced by exposure to contaminants
including nutrients, herbicides and suspended particulate matter (Wooldridge & Done 2004, Negri et
al. 2011, Wiedenmann et al. 2013, Fabricius et al. 2013b, Wooldridge 2016, Bessell-Browne et al.
2017hb). Similarly, increased susceptibility to disease may increase the loss of coral cover attributed
to cyclones, floods, or COTS. With widespread bleaching events impacting the Reef in 2016 and
2017 (Figure 24, Hughes et al. 2017) the interaction between water quality conditions and
temperature on the fate of corals remains an ongoing concern.

6.2.2 Coral cover

For corals to persist in a location they need to be able to survive extremes in environmental
conditions but also maintain a competitive ability under ambient conditions. Although low scores for
the coral cover metric often occur due to losses experienced as a result of acute disturbance, low
cover, as a response to water quality pressures, can also be inferred from our analyses. In 2017,
coral cover was higher at reefs with low Chl a levels. In addition, there are a number of reefs
monitored at which coral cover has remained low rather than recovering during periods free from
acute disturbance events. The majority of these reefs have had a persistent cover of macroalgae;
an attribute of benthic communities linked to high Chl a levels. High turbidity or nutrient levels do not,
however, preclude high cover of corals on inshore reefs. There is ample evidence from the data
presented in this report along with other studies (e.g. Sweatman et al. 2007, Brown et al. 2010,
Morgan et al. 2016) that reefs in highly turbid settings can support very high cover of species tolerant
to those conditions. Despite claims for high diversity in turbid habitats based on aggregated diversity
over a variety of microhabitats (Brown et al. 2010, Morgan et al. 2016), from sites that control for
depth and exposure to wave energy, it is evident that as turbidity increases, high coral cover typically
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results from relatively few species tolerant of their local environment, particularly at deeper depths
(De Vantier et al. 2006, Sweatman et al. 2007).

6.2.3 Rate of change in coral cover

The Coral Change metric assesses the rate of change in coral cover (growth) during years free from
acute disturbances. An adequate rate of coral cover increase is essential to ensure the long-term
balance between cover lost to disturbances and that regained under ambient conditions. Within
regions the Coral Change metric scores are often highly variable. Such variability is likely due to a
combination of both sampling error and real responses as communities are differentially exposed to
pressures in both space and time. The formulation of this metric includes the averaging of estimates
over a four year period so as to allow averaging over potential sampling error. Unfortunately the
move to a biennial sampling and the multiple disturbances recorded over the life of the program
mean that the scores representing a mean over a four year period may represent estimates derived
from a single observation of cover change. It was partly to account for this that the program adopted
a contingency sampling to ensure visitation of reefs following disturbances and so improve the data
available from which to estimate scores for this metric. Ideally reefs would be sampled annually to
maximise the observations available to updating scores for this metric. Differences between reefs or
through time should be expected given the likelihood of variable exposure, but also susceptibility, of
communities to pressures that suppress the rate at which coral cover increases.

The widespread disturbances influencing inshore reefs over the 2016/17 summer precluded the use
of 2017 data to update scores for this metric and most reefs. Rather, scores represent the recovery
demonstrated by coral communities in the 2 to 3 years prior to these disturbances. Scores for this
indicator increased through to 2016, coincident with relatively low inputs from the catchments. The
exception was the Johnstone Russell-Mulgrave sub-region where there was no improvement, a
result potentially influenced by ongoing low densities of COTS on these reefs. Prior to this, Cover
Change scores either declined, or remained stable, as index scores within each region declined to
low points between 2012 and 2014; a period that coincided broadly with the period of high loads of
sediments and nutrients entering the Reef (Joo et al. 2012, Turner et al. 2012, 2013, Wallace et al.
2014, 2015). During this period the most evident changes in marine water quality were increased
concentration of dissolved oxides of nitrogen and dissolved inorganic carbon (Lgnborg et al. 2015).
Dissolved inorganic carbon constitutes the major carbon source for heterotrophic microbial growth
in marine pelagic systems (e.g. Lgnborg et al. 2011) and increases in DOC have been shown to
promote microbial activity and coral diseases (Kline et al. 2006, Kuntz et al. 2005). In each region,
we noted peaks in coral disease that corresponded to either the onset of flooding or, in the case of
the Johnstone Russell-Mulgrave Region, flooding in catchments to the south. The conclusion that
environmental conditions associated with increased loads of sediments and nutrients have been
sufficiently stressful to corals to reduce growth rates, and/or induce disease in susceptible species,
is consistent with previous observations linking nutrients and organic matter availability to higher
incidence and severity of coral disease (Bruno et al. 2003, Haapkyla et al. 2011, Weber et al. 2012,
Vega Thurber et al. 2013).

6.2.4 Composition

It is well documented that compositional differences in coral communities occur along environmental
gradients (Done 1982, van Woesik & Done 1997, van Woesik et al. 1999, Fabricius et al. 2005,
Debath & Fabr i cdtals 22001008,, DBerboawvtnhe & F a tetral 2010,WJshick2 0 1 0 ,
et al. 2010, Browne et al. 2012, Fabricius et al. 2012). The relationships between disease and altered
environmental conditions, discussed above, demonstrates the dynamic nature of coral community
selection occurring on inshore reefs. Sensitive species gain a foot-hold during relatively benign
conditions only to be removed during periods when environmental conditions are beyond their
tolerance. The coral community composition indicator has tended to track the trend in coral cover
indicating the disproportionate loss, and subsequent recovery, of genera sensitive to water quality.
The was however some evidence that the probability the scores for this metric in 2017 had declined
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relative to baseline conditions set in 2005-2008 was positively related to the long-term mean wet
season exceedance of Chl a concentration at the reefs surveyed, suggesting either recovery is
slightly retarded at this reefs or communities are in chronic decline.

The genus most susceptible to poor water quality is Acropora. As Acropora are generally fragile,
thus particularly susceptible to loss of cover during cyclones (Fabricius et al. 2008), as well as
sensitive to thermal bleaching (Marshal & Baird 2000), and a preferred prey group for COTS
(Pratchett 2007), trends in the composition indicator cannot unambiguously be interpreted as
representing a response to, and subsequent release from, water quality pressures alone. In 2017, it
was only at 2m depths in the Barren Daintree and Johnstone Russell-Mulgrave sub-regions and
Mackay Whitsunday Region that scores for this metric declined. Elsewhere, the impacts of bleaching
and cyclone Debbie appear to have been largely indiscriminate in terms of impacts to corals
categorised on their sensitivity to poor water quality. Over the longer term, however, there is evidence
that the representation of Acropora on reefs in the Burdekin region has declined since the mid-20™
century, possibly as a result of increased runoff from the adjacent catchments (Roff et al. 2013). This
consideration makes the recent recovery of this group in the Burdekin Region, and lack of a
disproportionate reduction as a result of bleaching in 2017, particularly positive as it demonstrates
the capacity for these species to re-establish under the conditions experienced in recent years. As
a genus including a high diversity of rapidly growing species, the Acropora are a key group for the
rapid recovery of coral cover and maintenance of diversity on inshore reefs.

6.2.5 Macroalgae

Macroalgae generally benefit from increased nutrient availability due to runoff (e.g., Schaffelke et al.
2005) and, as coral competitors, supress both coral growth and juvenile settlement or survival (e.g.,
Tanner 1995, McCook et al. 2001, Birrell et al. 2005, 2008a, b). Clear relationships between Chl a
concentrations, a proxy for nutrient availability, and the proportion of macroalgae link nutrient
availability to reduced coral community resilience in inshore areas of the Reef. Unlike the coral
indicators that are plausibly responsive to water quality extremes, the persistence of macroalgae
during winter surveys may suggest that ambient water quality levels are also important for the
maintenance of high macroalgal cover. While reef specific thresholds for macroalgae allow for
increased abundance of macroalgae in response to naturally occurring gradients of water quality,
their cover in 2017, where long-term Chl a concentrations exceed guideline levels, was often at levels
likely to have detrimental influences on coral recruitment and growth.

It is important to note, that the relationship between high Chl a concentration and macroalgae cover
is correlative only and does not necessarily indicate a direct cause-effect relationship between
nutrient concentrations and pressures imposed by macroalgae. Chl a may be a proxy for
environmental variables or ecological processes other than the direct availability of nutrients that
influence macroalgae abundance. Wismer et al. (2009) demonstrate an inverse relationship between
macroalgal cover and herbivore biomass and Cheal et al. (2013) link this relationship to water quality
by demonstrating a decline in herbivorous fish populations with increasing turbidity. Importantly, the
reduction in herbivore biomass noted by Cheal et al. (2013) occurred on the LTMP survey reefs
included in this report and are among the reefs toward the better end of the strong water quality
gradient in inshore waters. The higher turbidity at the majority of reefs surveyed under the MMP
suggest even lower biomass of herbivorous fishes.

Grazing is a key process for the control of macroalgal blooms and research demonstrates the
importance of the maintenance of herbivore populations to avoid a phase shift to a macroalgae
dominated state (e.g. Hughes et al. 2007). Within the Burdekin region Hughes et al. (2007)
demonstrated that dense macroalgal communities could be supported in the absence of grazing on
a reef with generally low cover of fleshy macroalgae, partly divorcing macroalgae biomass from direct
relationship to water-quality alone. The relative influences of herbivory and nutrients on coral reef
macroal gae is undoubtedly complex and | ikely
hi story processes un-8udido& MaCoak R003. trraspectivenobthe (Uridlerlging
mechanism that limits macroalgae on reefs with lower Chl a concentrations, our results demonstrate
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that the environmental conditions at sites where Chl a concentrations most frequently exceed
summer guideline values also support macroalgal biomass at levels detrimental to coral community
resilience.

6.2.6 Juvenile density

The effects of the 2017 bleaching event on juvenile corals was not severe. However, minor declines
in the number of juveniles observed on most reefs in the Wet Tropics surveyed in 2017 contrasted
consistent increases recorded at the LTMP reefs that were surveyed prior to the bleaching event.
Observed declines in juvenile indicator scores in the Wet Tropics resulted due the compounding of
reduced numbers of juveniles and increased availability of space, as a result of reduced coral cover,
on the estimated density of juvenile corals. In the Herbert Tully sub-region, declining numbers of
juveniles were observed, due largely to the moderation in the number of Turbinaria juveniles that
had recruited strongly in recent years. In the Burdekin Region, neither the number of juvenile
colonies, nor the scores for the Juvenile metric, varied substantially from those observed prior to the
bleaching event.

In contrast, cyclone Debbie had a clear impact on juvenile corals with, numbers declining sharply in
the Mackay Whitsunday Region in 2017. In combination with a severe loss of coral cover, and so
increased spaced categorised as available to settlement, this reduction in juvenile abundance
resulted in a clear decline in the Juvenile metric from being classifiedas 6 goodd 2016
2017. Juvenile density in the Fitzroy region remains low, although gradually increasing.

The early life history stages of corals are sensitive to a range of water quality parameters (Fabricius
2011). Direct effects of high concentrations of suspended sediments can reduce fertilisation (Ricardo
et al. 2016) whereas the accumulation of sediments on the substrate can preclude larval settlement
(Ricardo et al. 2017). In contrast, conditions that promote macroalgae are likely to have secondary
effects on larval settlement and survival (Tanner 1995, McCook et al. 2001, Birrell et al. 2005, 2008a,
b). That the density of juvenile corals does not correspond to observed gradients in water quality
likely reflects the action of confounding influences, such as acute disturbances or variable
connectivity to bloodstock populations. Disentangling such influences remains a challenge. As an
example, shallow water corals in the inshore areas of the Fitzroy Region were killed by flooding in
2011 and subsequently replaced by macroalgae (Berkelmans et al. 2012, data herein), juvenile
densities have remained very low ever since, but we cannot distinguish between the relative roles of
reduced local bloodstock and high cover of macroalgae in the realised lack of coral recruitment.

It is also apparent that sensitivity of juvenile corals to environmental conditions likely varies among
species. Some of the highest densities of Juvenile corals occur in the Herbert-Tully and Burdekin
(sub-)regions on reefs were the genus Turbinaria recruits in vast numbers. As this genus was not
well represented in the adult community prior to the successive cyclonic disturbances in 2006 and
2011, it is unclear whether this recruitment pattern is simply due to natural variability or indicates the
selection for species more suited to the recent environmental conditions (Sofonia & Anthony 2008).
The high density of juveniles clearly tolerant of poor water quality at some reefs confound the
analysis in this report that compares total juvenile densities only. A possible solution would be the
development of a metric that includes consideration of community composition in addition to
abundance of juveniles, or focused on a group, such as, Acropora that is important for recovery of
coral communities.

6.3 Regional summaries
6.3.1 Wet Tropics
Impacts from coral bleaching, and to a lesser degree COTS, prior to surveys in 2017 interrupted a

period of improving coral index scores since a low point in 2013. Within the region, only the Herbert
Tully sub-region, where recovery from the severe impacts of Cyclone Yasi is clearly occurring,
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continued to show improvement in the coral index. Within this sub-region, of the five metrics included
in the coral index it was only Macroalgae at 5 m depth that had not improved through to 2017.

Impacts from thermal bleaching were widespread throughout the region, most notably in the
Johnstone Russell i Mulgrave sub-region where there were clear declines in the Coral Cover metric
at both 2 m and 5 m depths. In contrast, the Coral Cover metric in the Herbert-Tully sub-region
continued to improve despite the impacts of beaching over the 2016/17 summer. In the Barron-
Daintree sub-region, the loss of coral cover as a result of bleaching had little impact on the Coral
Cover metric. It should be noted that due to timing of surveys, no impacts from bleaching were
observed on any of the three reefs in the region monitored by the LTMP. It is reasonable to expect
that subsequent surveys of these reefs may indeed show declines in coral cover resulting from this
bleaching event, in turn affecting future assessment of the coral index.

Compounding the effects of the bleaching is the continued presence of COTS with this being the
only region where the current outbreak of COTS has impacted inshore reefs. In 2017 COTS were
again observed at Fitzroy, the Frankland Group and High, and contributed to coral losses observed
in the Johnstone Russell i Mulgrave sub-region. Helping to mitigate the impact of COTS in this
region has been the ongoing removal of COTS* with 14,990 individuals removed from the monitoring
reefs in this region prior to surveys in 2017. The observation of juvenile COTS at Fitzroy, the
Frankland Group and High Island present the likelihood of further loss of corals as this cohort
matures, suggesting ongoing benefit of population control to protect these valuable sites for tourism.

Importantly, despite the impacts of bleaching, regional mean hard coral cover remains at 27% and
this, in conjunction with high scores for the Cover Change metric in recent years, provides hope for
ongoing recovery.

6.3.2 Burdekin

The coral index for the Burdekin region remained stable with impacts associated with coral bleaching
offset by recent high rates of increase in coral cover as reefs recovered from Cyclone Yasi. While
the index has remained stable, declines in the Coral Cover and Juvenile metrics as a result of coral
bleaching, halted the steady improvement in the index over the previous three years. It should be
noted that across the region only 53% of sites were surveyed post the 2017 bleaching event, with
two MMP reefs not surveyed and the three LTMP reefs surveyed prior to the event. As such, it is
likely that the 2017 index score reflects an underestimate of the impacts to these coral communities
and may decline further following future assessment.

Declines in juvenile density are of particular concern within the Burdekin Region. Historically,
recovery from acute events, in particular coral bleaching, has been slow (Sweatman et al. 2007,
Cheal et al. 2013). Observation of low coral settlement in this region (Thompson et al. 2013) and
generally low densities of juvenile corals, suggest that slow recovery may, in part, reflect recruitment
limitation. Preliminary hydrodynamic modelling (Luick et al. 2007, Connie 2.0°) and differences in
population genetics of corals (Mackenzie et al. 2004) both indicate limited connectivity between
Halifax Bay and reefs further offshore. This isolation, coupled with the widespread loss of cover in
1998 and 2002, as a result of thermal bleaching (Berkelmans et al. 2004), may explain the low
densities of juvenile colonies observed (Done et al. 2007, Sweatman et al. 2007). Exacerbating any
supply-side limitation to coral recruitment is the persistently high cover of macroalgae at several
reefs that is likely to further suppress recruitment success (Tanner 1995, McCook et al. 2001, Birrell
et al. 2005, 2008a, b). Whilst macroalgae cover remains high, there were notable declines at both
Pandora and Havannah which will potentially benefit recovery of these reefs.

4 Australian Government crowsof-thorns starfish management programme data supplied by Great Barrier Reef Marine
Park Authority, Eyen the Reef.

5 Connie 2.0, CSIRO Connectivity Interface, CSIRO connie2
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Regionally, changes in the coral index demonstrate an inverse relationship to discharge from the

regions rivers. It was not until 2014, a year into a period of below mediandisc har ges fr om t he
rivers, that the average rates of hard coral cover increase began matching modelled expectations.

In addition to generally low rates of cover increase, stress to corals during periods of high catchment

input were observed as increased levels of disease in 2007-2009. Over that period discharge form

t he Regionés rivers were consistently above med]
discharges of the preceding years. A moderate increase in disease was also noted in 2011, again

following high catchment discharge. This expression of disease and downturn in the rate of cover

increase also coincided with a shift in community composition at deeper sites toward communities

tolerant of poor water quality. In combination, these results are consistent with the well documented

link between increased runoff and stress in coral communities, expressed as increased levels of

coral disease (Bruno et al. 2003, Kline et al. 2006, Kuntz et al. 2005, Voss & Richardson 2006,
Kaczmarsky & Richardson 2010, Haapkyla et al. 2011, 2013, Vega Thurber et al. 2013). It is evident

that the recovery of reefs in the Burdekin region is limited by catchment inputs suggesting that any

future deterioration in water quality will likely have substantial impact on the recovery process.

6.3.3 Mackay Whitsunday

Impacts associated with tropical cyclone Debbie in 2017 resulted in a sharp decline in the coral index
for the Mackay Whitsunday Region. Between 2016 and 2017 there were substantial reductions in
both the Coral Cover and Juvenile metrics. Buffering the index decline are results from LTMP reefs
and Hook Island that carry forward observations preceding the cyclone. There was also an
improvement in the Macroalgae metric, that is likely to be temporary as macroalgae removed by the
cyclone is expected to rapidly recolonise.

Environmental conditions at monitoring sites in this region are generally characterised by high rates
of sedimentation and turbidity. In combination these conditions have imposed strong selective
pressures on corals that is clearly illustrated by the marked differences in coral community
composition between 2 m and 5m depths at most reefs, perversely, these conditions also limit the
abundance of macroalgae (Thompson et al. 2014b). Despite the clear pressures imposed by the
environmental conditions, the consistent improvement in the index from 2012 to 2016 reflects both
the tolerance of coral communities to their environmental settings and the ability of these reefs to
recover from disturbance events. Prior to 2017, the only other major disturbance event to impact this
region since monitoring commenced in 1992 was cyclone Ului in 2010 which contributed to the
decline in the index through to 2012. Improvement in the coral index post 2012 was largely due to
rapid recovery of communities at 2 m depths where cover of the family Acroporidae rapidly increased.
Whilst impacts of cyclone Ului were widespread they were substantially less severe than those
incurred during cyclone Debbie.

The decline in the water quality index (Waterhouse et al. 2018, Figure Al. 13) captures anecdotal
observations from commercial users suggesting high turbidity persisted for several months in the
aftermath of cyclone Debbie. At the time of coral surveys (July 2017) turbidity was noticeably high
and sedimentation to the substrate ongoing. Given past observations of low scores for the Cover
Change metric, the unsuitable nature of the substrate for coral settlement (Ricardo et al. 2017) and
the regionally reduced brood-stock, a slow recovery of coral communities at the worst impacted reefs
appears likely. Where reefs were sheltered, thus less exposed to wave damage, surviving fragments
will aid recovery.

6.3.4 Fitzroy

While the Coral Cover and Juvenile metrics continued to improve in 2017 the coral index remains
0 p o. ®he éurrent condition of reefs in the region reflects a decline following the cumulative impacts
of thermal stress in 2006, a series of cyclones and storms, and flooding of the Fitzroy River that
exposed corals to lethal low levels of salinity (Jones & Berkelmans 2014) and introduced high loads
of nutrients and suspended sediments into Keppel Bay. Water temperatures where high over the
both the 2015/16 and 2016/17 summers and while bleaching was observed (section 7.2, Kennedy
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2018), acute impacts resulting in loss of coral cover were not recorded. The cumulative pressures
associated with consecutive years of high temperature will have contributed to the limited recovery
of coral communities over this period.

Flooding of the Fitzroy River impacts coral communities in two primary ways. Corals in shallow
waters, and in particular those to the south of Great Keppel Island, have been repeatedly exposed
to the low salinity plumes that Kill the corals (van Woesik 1991, data herein, Jones & Berkelmans
2014). In addition, negative relationship between the rate of change in index scores and discharge
from the Fitzroy River demonstrate the wider impact of major flood events on coral community
condition within Keppel Bay. Of note were elevated levels of disease following major flood events
supporting hypotheses that either reduced salinity (Haapkyla et al. 2011), or increased nutrient
enrichment (Vega Thurber et al. 2013) were sufficiently stressful so as to facilitate coral disease.
Reduction in light levels over extended periods of time as a result of higher turbidity from increased
concentrations of suspended sediments as well as dense plankton blooms following floods, is
another plausible explanation for reduced fitness of corals (Cooper et al. 2007) that may have
supressed the recovery of coral cover.

Variation in the recovery of reefs following disturbances events further illustrates the role of water
guality in supressing coral community resilience. Following coral bleaching in 2006, recovery of coral
cover was inversely related to the persistence of macroalgae. At the three Acropora sp. dominated
communities with high Chl a concentrations (Keppels South, Middle and North Keppel) macroalgae
cover (predominantly Lobophora spp.) rapidly increased and persisted at high densities, whilst rates
of change in coral cover remained low or coral cover continued to decline. In contrast, at Barren,
where Chl a concentration is lower, the Lobophora bloom was less pronounced and recovery of the
coral community clearly progressed. There is clear evidence that the abundance of macroalgae on
the Reef is higher where Chl a concentrations (as a proxy for nutrients) are above the annual
Guideline values for coastal and mid-shelf waters of 0.45ugL*( Dedéat h & Fabri ci
et al. 2017). This suggests that the persistence of macroalgae is related to nutrient levels.

In contrast to persistent macroalgae, there has been a continued improvement in the Juvenile metric
and a maintained rate of increase in coral cover; both key factors countering a long-term phase shift
to macroalgae dominated states. Following the initial improvements observed in 2015, despite
remai ni ng 6 p odexcontinugs hodandica® coaal communities in the region are resilient
when spared from acute disturbance events and high contaminant loads from the catchment
(Garzon-Garcia et al. 2015).

6.4 Conclusion

The cumulative impacts of tropical cyclones and storms, feeding by COTS, and thermal stress, along
with elevated loads of contaminants introduced to the Reef during periods of high discharges from
adjacent catchments, resulted in clear declines in the condition of coral communities on inshore reefs
through to 2012-2014. With the abatement of acute disturbances and lower loads of sediments and
nutrients entering the Reef clear recovery was observed through to 2016. The combination of tropical
cyclone Debbie and high summer temperatures, leading to coral bleaching, in 2017 interrupted this
short period of recovery. The persistence of inshore coral communities will depend on the long-term
balance between frequency and severity of acute pressures and the ability of corals to recover.
Central to this balance is limiting the influence of chronic pressures that either suppress the recovery
process or compound with acute events adding to the severity of community declines. It is the
overarching goal of Reef plan to ensure that runoff entering the reef does not alter this balance. With
a global trend for increasing frequency of thermally induced bleaching events (Hughes et al. 2018),
corroborated by the back-to-back bleaching events impacting the GBR in 2016 and 2017 (section
7), the focus on supporting recovery in a climate of increasing disturbance is ever sharpening.

Disentangling the influence of runoff in observed declines in coral community condition, or the ability

us

2 (

of communities to recover, remains difficult for two primary reasons. Firstly,cor al 6 s t hr es hol

cumulative pressures associated with water quality are likely to be spatially variable because of the
selection and acclimation of corals in response to location specific conditions. Secondly, extrinsic
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variability, along with low concentrations of many constituents of water quality, limits the ability to
guantify additional pressures resulting from runoff at scales relevant to the communities monitored.
In combination, these issues limit the ability to quantify critical thresholds for water quality that are
appropriate to the diversity of coral communities found on inshore reefs. However, focusing on the
response of the coral communities (as measured by differences in index scores) identifies both
spatial and temporal responses of coral communities to variation in water quality. Spatially, results
from this project demonstrate that macroalgae abundance is enhanced, to the detriment of corals,
in areas of high nutrient availability. Temporally, the recovery of coral communities, assessed as rate
of increase in index scores, also shows a negative relationship to river discharge and the
corresponding loads of sediments and nutrients carried therein.

Although not strong, the consistent tendency for higher rates of improvement in the index when
runoff is low suggests sensitivity of community recovery to contaminant concentrations in runoff.
Given projections for increased severity and/or frequency of pressures as a result of climate change
and human activities in general (Steffen et al. 2013, Halpern et al. 2015, Hughes et al. 2018), the
importance of reducing local pressures (so as to reduce cumulative pressures and foster improved
recovery) becomes increasingly essential to the long-term maintenance of these communities. The
GBRMPA Strategic Assessment identified the cumulative impact of multiple pressures on coral
ecosystems as a key knowledge gap and the management of these impacts as a major strategic
challenge (GBRMPA 2014a). While the results presented here do not provide clear guidance in
terms of load reductions required to improve coral condition in the inshore Reef they do support the
premise of Reef Plan that the loads entering the reef, during high rainfall periods in particular, are
reducing the resilience of these communities.
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7 Casstudg¢or al Bl ea’ching 201

Following the record-breaking temperatures of 2016, sea surface temperatures on the GBR again

exceeded long-term averages during January to March 2017, causing an unprecedented second
consecutive year of bleaching. Patterns of bleaching intensity shifted from the northern reefs in 2016

to the central reefs in 2017 (Figure 24). While two previous widespread bleaching events have

occurred on the GBR (1998, 2002), recovery had been possible during the cooler interval. Globally,

this latest series of positive sea surface temperature anomalies began in mid-2014, continuing for

three years driven by a severe El Nifio/ LaNiiacycl e. Ter med the O6Third Gl
Event 6 by the National Oceanic and Atmospheric Adm
longest, most widespread and possibly the most damaging coral bleaching event on record (NOAA

2017). The collapse of the latest El Nifio in mid-2016, followed by a brief swing towards a La Nifa

event, retained the above-average sea surface temperatures (often +2°C) for the GBR during the

2016 winter, giving momentum to the accumulation of heat-stress by the beginning of the 2017

summer (Figure 25).

This case study looks at the distribution of bleaching among reefs monitored by the MMP in 2017,
with reference to the 2016 event.

7.1 Methods

Surveys in 2016 and 2017 were undertaken over the months May-September. Bleaching impact was
assessed based on analysis of photo point-intercept-transects. The proportion of the coral
community bleached at the time of survey was estimated from the classification of all of points falling
on corals being classified as either ot bleachedd @artially bleachedéor dleached whited The
proportion of corals bleached includes the sum of the partially bleached and bleached white
categories. The loss of cover attributed to the bleaching event was estimated as difference in cover
between the focal yearé survey and the previous year® survey divided by the cover in the previous
y € a suévay. I n a small number of cases the duration b
survey was two years due to the biennial sampling design of the MMP (Table 17). It should be noted
that these estimates of proportional loss of cover are minimum estimates as do not consider
increased cover in the period between previous survey and the onset of bleaching. The lack of
correction for growth, as included in the estimates in the body of the report and summarised in Table
Al. 4, allows consistency between genus level losses and total coral cover loss within this case
study.

The likelihood of temperature stress was estimated by accumulation of positive temperature
anomalies compared to long-term mean conditions over the austral summer (1%t December to 31%
March). Temperature anomalies were estimated as Degree Heating Days (DHD) where, exceedance
of the long-term average of 1°C, for one day, equates to 1 DHD. Two sources of DHD were used:
estimates downloaded from ReefTemp Next Generation, a product of the Bureau of Meteorology,
and estimates, based on in situ temperature loggers deployed at each the coral monitoring locations.
The derivation of these DHD estimates is more fully documented in section 4.3.2 of this report.
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7.2 Discussion of Results

Aerial surveys undertaken by the ARC Centre of Excellence at James Cook University (JCU)
demonstrate the differing footprint of the 2016 and 2017 bleaching events. In 2016 the most severely
bleached reefs were mostly north of Cairns, and largely exclusive of the inshore areas monitored by
the MMP (Figure 24). In contrast, the most severely bleached reefs in 2017 extended further south
and included reefs monitored by the MMP in the Wet Tropics and Burdekin Regions (Figure 24).

Figure4Composite map of surveyed corals across the 2016 and 2gl6vblgackinly reefs at either end of the bleaching
spectrum are shown: Red circles indicate reefs undergoing most severe bleaching (60%isibiecte ad ialraleveys
bleaching) Green circles indicate reefs with no or only minimal8leackesg 6f corals bleacGimgitesy ARC Centre of
Excellence Coral Reef Studies.

In Inshore areas monitored by the MMP both ReefTemp and in situ DHD estimates suggest
temperature anomalies in 2016 were in the range 60 to 100 that would be expected to result in heat
stress (Garde et al. 2014) but fell short of the > 100 DHD likely to cause severe bleaching (Table
16). In contrast, temperature anomalies were clearly higher in 2017, with severe bleaching
expectations indicted for all Regions (Table 16). Cross-referencing with the in situ temperature logger
data (Figure 25) shows daily anomalies were consistently higher, frequently in excess of 1°C, during
the austral spring and summer of 2017 than for a similar period in 2016.

With the exception of the Barron Daintree sub-region, ReefTemp DHD estimates in recent years
were consistently higher than those based on in situ data. This discrepancy may arise in two ways.
The satellite derived ReefTemp estimates are confined to days with little cloud cover. Where clouds
obscure an area sea-surface temperature estimates are infilled with the last valid observation for
that location, potentially inflating estimates as cooling beneath clouds is not accounted for. The
longer baseline period for ReefTemp may also have resulted in lower mean temperature profiles
contributing to the baseline compared to the in situ observations that date back to 2005. Conversely,
one possible explanation for the comparatively high estimates for the Barron Daintree sub-region is
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