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Executive $nopsis

The Temperate East Marine Park Network, managed by Parks Australia, incorporates the coral reefs and coral
reef lagoons of Norfolk Island. The most accessible reef within the Norfolk Island coral reef ecosystem includes
the Emily Bay and Slaughter Bay laigal reef, and neighbouring Cemetdsgy lagoonateef, both of which
FR22AYy GKS YAy3albzy t2¢flyR Ol G§OKYSyWileHistpriR sités2 NI R KSN

During2020unusually high sea surface temperatures extended acrosStuthernHemisphere including the
Great Barrier Reethe Coral Sea anthe reef habitatsof Norfolk Island This eventesulted in extensive coral
bleachingwithin the lagoonal reefsf Norfolk Island including Emily Bay and Slaughter Bag 2020 bleaching
event is the first record within the Norfolk Island coral reef ecosystewever bleaching events have also likely
occurred within the bay during previous anomalously high terapge conditions, including 2005, 2011 and
2017 based on satellite derived past searface conditions. Addition&inpacts to the reef ecosystein 2020
following the bleaching evemmcluded disturbance caused by Cyclone Gretel in March and signifadamvents
through winter and autumn resultng in flooding, sedimentation and nutrient input into the inshore lagoon.
Coral bleaching within the lagoonal reefas extensive and corals remained bleached through the subsequent
winter, which wadollowed by hshore pollutioneventsand declining water qualityNutrient concentrations
within both Emily and Slaughter Bay, associated with periods of high rainfall antidard runoff.exceead

the Australian and New Zealand Environment and Conservation CcecaihmendationsCoincident with this
event was an increase in fleshy algal cover within Emily and Slaughter Bay. In April 2021 algal populations,
specifically fleshy macroalgae, dominate the benthic cover in Emily and Slaughter Bay, whereas neighbouring
Canetery Baywhichis a coral dominated benthic systemaintainednutrient concentrations similar to those

of the northernopen ocean beaches of Norfolk Islaaad low macroalgal coveFrom December 2021 coral
disease outbreaklso occurredn Emily and Slaughter Bay, providing furtlegidence for declingin reef health
within the inshore baysluring 202621 period. Coral diseases were not observed the inshore reef of
neighbouring Cemetery Bay in April 2021stlrbanceevents and associated reef responses reported here,
namelyhighseasurface temperatures, coraleaching, lanebased pollutionincreased coral mortality and coral
disease outbreaksare knownto be associated with declining coral reef health and pkstséts from coral to
algal dominatedtoralreef systemsTaken together these provide evidence of declines in coral health within the

lagoonal inshore coral reef ecosystem of Emily and Slaughter Bay.

Ongoing investigationand monitoring of the inshore coral reeflagoon of Emily and Slaughter By
recommended to supportnanagement decision making and determine if management interventions are
improving theresilienceof the Norfolk Island coral reef ecosystefiven the increased abundance of large
fleshy algae seen over the study period, and as these are generally more unpalatable to herbivores, it is
recommended that orgoing monitoring continues to examine the benthic community structure to ensure that
the changes in algal abundance do not indicate ¢bntinuation of a phase shift away from a coral dominated

reef. It is also suggested that active coral restoration efforts are examined to improve the resiliencecofitiie

4



and Slaughter Bay inshore lagoonal coegf ecosystengiven they areof substantial socioceconomicvalueto
the local communities andtakeholderslt is recommendedhat further study of coral recruitment is undertaken
to determine recruitment rates and possible larval sourakesupply for corals, and fish communities on Norfolk.
Other management considerations for the Emily, Slaughter and Cemetery Bay coracmsfsteminclude
highlighting reef areas of potential high conservation vatudtural value areas fortargetedrehabilitation and

visitor educational opportunities for the reef ecosystem.

Executive Summary

Background.The coral reefs and coral reef lagoons of Norfolk Island are within the Temperate East Marine Park
Network managed by Parks Australia. The island has ay@&Ohistory of settlement within the Kingston
Lowlands wetland adjacent to the coral reef lagoorEafily Bay, Slaughter Bay and Cemetery Bay of Norfolk
Island. The catchment has been modified over time diverting the water course and altering the wetland
structure. Reports of declining coral reef health are evident from 1998 with-esed sources limd to
potential declines in reef health and diversity. Declines in coral reef health, coral cover and coral diversity in
other coral reefs link management considerations for the inshore coral reef lagoons to divers of decline that
include sedimentation, par water quality, pollution from lanthased sources, freslater influx, and increased
sea surface temperatures.

1 Norfolk Island is a sutpopical system with coral reefs and coral reef lagoons that host a diverse range
of tropical hard corals and other reef species. The most easily accessible coral reefs are located at Emily and
Slaughter Bay lagoon on the southendes of the island. These coral reefs are impacted by a variety of
anthropogenic influences, including global scale issues, such as climate change leading to coral bleaching, and

local scale issues such as freshwater runoff and nutrient inputs.

1 Followingpredictions of coral bleaching across the Great Barrier Reef, Coral Sea and temperate east
marine networks, for February 2020, caused by elevated water temperatures, Parks Australia commissioned a
survey of coral health of Emily and Slaughter Bay in LebeuBry/early March with subsequent surveys
conducted in June, September, December 2020 and April 2021. These surveys covered a period when the reef
was also impacted by a tropical cyclone and high rainfall events leading to increases in bacteria antsnutri
entering the bays.

Section 1Drivers of reef health including lagoonal water quality and ocean temperature 22221.

Emily and Slaughter Bay were impacted by a number of environmental intpattesulted in declining coral
health. In summer 2020 seawater tempaures exceeded the local coral bleaching threshold in February and
March, resulting in significant coral bleachingr& mortality was not evident associated with the bleaching
eventat the time of survey in Margtoweverbleaching remained evideffitom the video survey taken ifune
2020 while there was no evidender recentcoral bleaching associatedhortality found during June, August

and November surveys. The bleachewgnt was followedn winter 2020with high rainfall events (>30 mm in



one day) recorded in May, July, August, September and Novenalagling toincreases in inorganic nitrogen
(ammonium and nitrate/nitrite)while Enterococcuscounts and thermotolerant baerial counts were also
recorded in the bays during this tim&mmonium concentrations in September, November and December
samples were between 5 and 14 times abalre Australian and New Zealand Environment and Conservation
Councilwater quality guidelies, while nitrate/nitrite levels were up to 2 times higher. Due to travel restrictions
associated with Covil9 video transects of the bays were performed from a b&a® (Servicgsn June and
September with a subsequent in water benthic survey and wateality assessment conducted in

November/December 2020.

Section 2. Lagoonal coral reef condition Emily Bay, Slaughter Bay and Cemetery Bag@®P0

Monitoring of benthiccommunity structure in Slaughter and Emily Bay was conducted from March 2020 until
April 2021. In both bays coral cover was approximately 30% over the survey periods and did not significantly
alter. The dominate coral growth forms were branching coral ancrusting coralsilgal cover during the survey
period was approximately 60%, which indicated that this reef would be categorised as algal dominated. In
comparisonthe nearby Cemetery Bay, has coral cover of 50.8% and algal cover of only 36.5%. B&timgeth

period the dominant type of algechanged, from green turfing alga in March 20@0fleshy algal dominated by

April 2021 these changes are consistent with a reef subjected to increasériknt input into the system
Generallyfleshy algaare less susceptible to herbivory and can compete more effectively with ¢asalsuch

increases in their abundance can lead to further decreased coral health

Section3a. Qoral bleaching eventMarch 2020Emily Bay and Slaughter Bay Norfolk Island

The majority of coral speciesepresenting multiplecoral growth forms, within Emily and Slaughter Bayere
impacted by bleachingn 202Q The lowest bleachingrevalencewas recorded in branchingorals (16% of
individuals bleached)n contrast,56%of mounding coral colonies experienced bleachiAg suchbleaching
susceptibility was found to be highest in mling and encrusting specidsdicators such as coral cover and
algal cover suggesteéconditionis inadegrading stateln March 2020ive hardcoral covemwasapproximately
30%, andhere was evidence aforal skeletons, recently dead corahd coral overgrown with algae across the
reef. In 1988 coral cover raad betweenl4% on théntertidal platform to 64% at midagoonal Bommie§/eron
1997), at that time there was no evidencef dead or algal overgrown corals in the bays, bigron noted
declining coral health and species loses, attributed to poor water quality andbasedd pollutionDuring the
March survey period there wa® evidenceof significantfreshwater inflow into the lagoonal waters at the time

of surveyas the island

Section3c Lagoonwide mral disease outbreakWe reportevidencefor increased signs of poor coral health
and report on the first recoridg, although probably not the first instana#f,a corabdiseaseoutbreakat Norfolk
Island putativelyidentified as Atrementous NecrosiBhedisease impacted over 50% of plating and encrusting
Montiporacolonies in the lagom Atrementous Necrosis has previously been identified on the centrabG8R

is corelated taun-off events and resultant low saltgi high nutrients andedimentationwhere it caused high
6



mortality in Montipora spp.during the summer with a maximum recorded prevalence of 75%. Further
monitoring of coral health and disease are critical to understand the impacts of this diseaseaduthrehe
reefs of Norfolk IslandAs such weecommend ongoing monitoring of prevalence, tissue loss and colony fate of

diseaseon the reefs of Norfolk Island.

Section 4Recommendation summary

Reducing pressure on the redf is recommended that Marine Park Managers continue to engage with local
Norfolk Island community and relevant land managers to examine ways in which nutrient/pollution inputs into
the bays can be reduced or eliminated to improve water quality and sulesglyucoral health. Further study of
groundwater inputs into the bay are also necessary to clarify sources and routes of Inm@ddition given that
negative impacts often have synergistic effectef mangers shouldonsiderthe extent ofalready exisng
pressures on the Emily and Slaughter Bay reefs when assessing the impact of future activities/undé€etakings

dredging, capital wor® that would negatively impact the local marine environment.

Further research and monitoringMonitoring of water quality nutrient enrichment, coral bleaching, coral
disease, and algal cover are needed to determine{ang patterns of reef ecosystestate. We recommend
initiating an annual reef health report card system to communicate with stakeholdersrigming health othe

reef and environs Ongoingassessmenand monitoring of drivers of coral reef decline are needed within the
Kingston lowland inshore lagoonal reef ecosystem including Slaudgaer Emily Bay and neighbouring
Cemetery Bato determine the effectiveness of management intervention&® also reommend extending the

reef health assessment to other reefs of Norfolk Island including the islets and other bays to determine if
changing reef structure, algal growth, poor water quality and indicators of poor coral health are evident in
neighbouring reefsWe also propose assessing the efficacy of active management intervention such as targeted

algae removal and coral4iatroduction for rehabilitation of algae colonised regions of the lagoonal reef.

Tourism opportunities:There areseveraltourism relatal initiatives that could be undertaketo increase the
ecotourism potential of the bayslncluded below isa detailed benthic structure assessment for use with
possibleeducation snorkel trails, proposed coral health educational card and establishment of citizen science

records.

1 Areas with noteworthy coral diversity or unknown taxonomy are also highlighted for future
investigation

1 Proposed snorkel trails (dotted lines) provide potential paths for both advanced and beginner
swimmers and seek to take advantage of existing healthy areas of the reef

1 Proposed Coral Preservation Aredisat are highlighted to members of theublic and cald be
rezoned differentlyfor areas ofEmily Bay and Slaughter Bay (yellow, green)

1 Cemetery Bay (pink and rebaveextensive coral coveand may require specific site management.



Map of suggested areas for scientific investigation of site rehabilitatiddlaughter and Emily Bay.
Areas outlined for algae removal (green) and corahteoduction following algal removal efforts.
lllustrative snorkel trail locations based on assessment on reef structure and management goals
Icons display noteworthy coréd be viewed along the trail and corals of cultural and/or ecological
significance

The possibility of tourism opportunities around coral spawrshguldalso be examined

Possible citizen science project based aroaciive managemenntervention such as targeted algae

removal and coral rintroduction for rehabilitation of algae colonised regions of the lagoonal reef.
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Figure 1.ProposedEmily Bay, Slaughter Bay and Ceme tation Summary

Figure 2.Proposed educational coral reef snorkel trail locations
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Figure 4. Emily Bagoints of interest.
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Section 1Norfolk Island dgoonalnutrient concentrations, temperatures and site conditio29202021.

Site conditiors within Emily Bay and Slaughter Bayere assessed with avariety of biophysical
measurements Water qualitywas assessedy measuringseawater nutrient concentrations and overall
organic matter loads within reef sediments, ocean temperatuese assessed with satellite sea surface
monitoring (National Oceanographic and rAtdspheric Administration NOAA and in situ logger
deployment, additionallgalinity, tidal rangewater flow speed and directiorwere assessedviethodology

is provided in sectiof.

Emily Bay and Slaughter Bay inshore water quality 222121.

Summary findings.Concentrations of dissolved inorganic nitrog&iN)in the Norfolk lagoon are above
ANZECC trigger valules coastal andnarine waterdrom June 2020 to April 202The ANZECC guidelines

trigger values are designed to assisinagement agencies to determine if coastal and marine waters are
GFAGE (2 &adzZlI2 NI SY@ANRYYSyllt @FfdsSad ! bk9// NB
investigations are performed tdetermine the cause of elevated values and then furtbdevelop, and

possible adpt, the guidelines to suit the local arem comparisonseawater outside of the lagoonal
catchmentfrom the north side of the islandias found to be below guidelines in April 20@he sole period

they were examined)As such inshe lagoonal wates are consistent withother near shore reef areas
impacted by lanebased runoff Nutrient concentrationswvere highest following rain events butere also

elevated in Slaughter Bay during dry peridiiiss suggests that contaminated groungter infiltrates into

the lagoon outside of rain events)

According tcANZECC guidelindse Norfolk lagooml reefs of Emily and Slaughter Bay would be classified
asdisturbedduring April 2021 (Figurd-1) andduringthe period ofSeptember2020 toDecember2021
(Figure 12).
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- - I —L L
T Nutrient 0 - = —
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inshore lagoonal water of ] ) ) ) o )
Figurel-1. Concentrations of dissolved inorganic nitrogen (nitrat

Cemetery Bay were also - _ _
+ nitrite [NQJ] and ammonium [NH) In April 2021 Dashed red

found to be below o )
line indicates ANZECC trigger values.
guidelines in April 2021

(Figure 11).

The hghest concentrations of dissolved inorganic nitrogen are evident in the lagoonal waters of Emily and
Slaughter Bay following higher than average rainfaldutumn 2020. Specifically, we find September,
November and December 2020 ammtrationswere consistently highethan that of March 2020and

March 2021(Figure 12).

Conditions in March of 2026an beclassified as oligotrophic, exhibiting relatively low concentrations of
DIN in line with other coral reef ecosystermsble 1) andfollowing rainfall events the system is consistent
with transitioning to a eutrophic state (Tablel). Between the periods of December 2020 to March of
2021, rainfall was relatively low and nutrient sampling in late March and early April &onlg and
Slaughter Bay indicated a general decrease in levels of botaMIONH* relative peak values in September

of 2020, however, were still higher than those initially measured a year prior in March 2020, especially for
NH*. AverageNQ.and NH* concentrations were higher thatrigger values set by the Australian and New
Zealand Guidelines for Fresh and Marine Water Quality (ANZE=06Ig1-1).
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Figurel-2. Concentrations of dissolved inorganic nitrogen (nitrate + nitrite [J@nd ammonium

[NH:]) at Emily Bay, Slaughter Bay, Cemetery Bay, the strésmind Kingston. Dashed red line
indicates ANZECC trigger values.



Tablel-1: ANZECC Guidelines Table indicating trigger values for Ammoniurg iRt Nitrate + Nitrite
(NQY) based on ecosystem type and state.

Nitrogen
Ecosystem NZ VIC NSW ACT TAS QLD south QLD
type east tropical
Estuaries and 13 10 10 395
lakes
Marine 3 25 3 4
Rivers 167-444 190 20 30
Ammonium
Ecosystem NZ VIC NSW ACT TAS QLD south QLD
type east tropical
Estuaries and 8 20 19 17
lakes
Marine 11 20 4 15
Rivers 1021 40 13 6 6

14



Table1-2: Mean coliform (cfu/100 ml)data: Norfolk Island Regional counc)y Ry dzii NJidétg & 6 > 3
averaged across all sites within Emily Bay (EB), Slaughter Bay (SB), and Cemetery Bay (CB) for each time
point (date) and location (lagoon or shoreline). Rainfall data represents theay and 3Gday

accumulation of rainfall (mm) prior to the sampling time point.

7-day 30-day Above
Coliform Rainfall Rainfall Nutrients Limits
NH4 NOx ANZECC
Date Site (cfu/100ml) mm mm ug/L ug/L  Guidelines
March 15
2020 SB Shore NA 74 114 5.4 34.1 No
EB Shore 57 35.8 No
SB
September 2 Lagoon <1 16 118 148.2 54.9 Yes
EB
Lagoon 400 84.6 59.1 Yes
November
15 SB Shore 150 12 161 59.1 65.9 Yes
EB Shore 475 67.7 106.9 Yes
December 8 SBShore NA 0 40 76.2 57.3 Yes
EB Shore 68.4 90.8 Yes
EB
Lagoon 74.6 100.4 Yes
CB Shore 66.5 32.9 Yes
December
10 SB Shore NA 22 62 73.4 105.6 Yes
SB
Lagoon 68.9 99.1 Yes
EB Shore 74.4 115.2 Yes
EB
Lagoon 74.8 116.3 Yes
April 1 2021 SB Shore NA 37 54 16.9 36.6 No
EB Shore 24.4 36.7 Yes
CB Shore 3.7 16.0 No
Stream 97.7 22.1 No
North
Side 1.8 <0.01 No

In comparison, in coastal lago®on the Great Barrier Re&fO.and NH*concentrationof<5mn atke |
generallyreported. These levels for an oligotrophic coral reef lagoonal ecosysteralia@st order of
magnitude lower than the values measured from September to December in the EmilyoBdyreef
lagoonal water® 94 1 P). Othér reffecosystems associatedtwiGBR Islands outer lagoonal reefs, and
reef associated waterways nutrient concentrations are lower than that recorded from-2020 in Norfolk
Island lagoonal wateréTable 13). Above average accumulation of rainfall for 2020 on Norfolk Island is

likely contributing to eutrophication in Emily and Slaughter Bayevident from Autumn 2020. Multiple

15



sources ofnutrient delivery into the lagoon seawaterincluding both ground water or point source
locations, arehe likelydrivers of thecomparatively higltoncentrations evident in both Emily and Slaughter
Bay within the current study in both periods of high and low rainfatir example, relatively high
concentrations of dissolved inorganic nitrogen were observed on Béc 8emetery Bay (above ANZECC
trigger values) despite no apparent pesdurce runoff location. Similarly, nutrients have been highest at
sometime pointsin the middle of Slaughter Bay, farther from the point source runoff location at Bayly
Together, these observations suggest ttiare may be multiple sources of dissolved inorganic nitrogen to
the reef.Low concentrations ipril 2021 of the north side of the island shows surrounding ocean waters
are extremely nutrient poor (undetectable)rther supporting theconclusion thanutrient source to the

lagooral watersasterrestrial.

Tablel-3: Dissolved inorganic nitrogen concentrations measured within oligotrophic and eutrophic

coral reef lagoons worldwide. Oligotrophic conditions are in white and eutrophic cdiadis are

highlighted in green. Values noted are the concentration of nitrate + nitrite (NO >a 0 | YR | YY2 VY,
(NH'T >a0 o

Location Study NO6 > a U NH*6 > a 0
Norfolk Island (March 2020) Current study 0.30 0.41

Norfolk Island (December 2020) Current Study 4.02 4.70
OneTree Island, GBR Koop et al., 2001 2.94 0.65
Waimanalo, Hawaii Atkinson, 2011 1.12 0.56

Outer Lagoon, GBR Bell, 1992 0.05 0.10

Lizard Island, GBR Bell, 1992 0.22 0.99
Coastal Lagoon, GBR Bell, 1992 25.00 30.00
Kaneohe Bay, Hawaii Atkinson, 2011 20.00 12.00

Rio Bueno, Jamaica Mallela & Perry, 2007 36.61 61.11
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Coral Lagoon and Ocedremperature(SSTLonditions

Summaryof findings. Conditions likely to cause bleachingre evident in the Norfolk Island reef region

from late January 2020nvhen heat stress (measured byeBreeHeatingWeek, DHW)began to accumulate.

Heat stress accumulation in the Norfolk region was consistent with severe coral bleaching and extensive
coral mortality. The accumulation of heat stress was mitigated by TC Gretel in April 2020. This is the first
formalrecord of coral bleaching for Norfdi&land coral reef8oth this analysis and historic satellite derived

sea surface data suggest bleaching has also occurred 6e2@12011 on the Norfolk Island coral reef.

In the period of JanuagMay 2020 the region accumulatddHW 0f9.36 Gweeks (Fgure 1-3). DHWSs
accumulated until a tropical cyclone impacted the region on March t&pidly cooling surface waters
Significant coral bleaching is typically associated with DifilW Gweeks which the region reached on
February 1%, whilst DHWof 8 Gweeks(reached on March'9 isassociated withsevere bleaching and
significantmortality. Tropical Cyclone Gretaffected the region on March 16th, rapidly reduci8&Tand
therefore heat stress-or comparison, SST in 2019 had a summer avenagesd 2°C lower than in 2020.
As a result, the heat stress accumulation was Té€€ks in 2019, beginning February 12th, 2019 and with

only a brief additional accumulation in lafgril (Figure 13).

——— o

- wﬁ” .

D [ C-vniir s )

G ST T Y- BT

Figurel-3. Sea surface temperaturéurple line) and Degree Heating Week accumulation (red lir
DHW) for Emily Bay Norfolk Islarfidom October 2018 to April 2021The bleaching threshold (blue
line) is 1°C above the summertime climatology (blue dashed; maximum of the monthly m
climatologies, MMM).

At the time ofthis report there areno other known scientific studiegslocumentingbleaching occurrence
within the Emily and Slaughter Bay lagoonal reef systenidodfolk Islan@ other reefs systems. However,

coral bleaching habeen recorded on reefs of neighbouring islands including Lord Howe |888dkm
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south-west of Norfolk Island, (bleaching recedlin 1998, 2009, 2010, 2019) and the Barrier reef of New
Caledonialocated 724 km north of Norfolk Island. Millar (2000) &udschi and Lemasson (1967) refer to
oceanographic connectivity between the Coral Sea and Norfolk Island ocean waters, with Norfolk Island
influencedby the East Australi@irrent/Tasman Fronfrom the Coral Sea. The cabccurrence of bleaching

on the Grea Barrier Reef and Norfolk Island in 2020 suggests bleachirgts may have occurred in
previous yearsAnalysis of historic satellite derived sea surface temperatirghe context ofthe 2020
thermal anomalythat resulted in bleaching on Southern Norfolkland Bagoonal reefsindicates that
bleaching conditions were likely to have occurred on the reef in 2004 where the reef experiesaed
stressof 12 Gweeks SSTthat exceeded the local bleaching threshold (Figl#4 solid blue line)also
occurred in 2011 and 261 We also note that the mass bleaching events of 2016 and 2017 owttieern

and central Great Barrier Reef did not appear to coincide with a similar accumulation of heat stress on
Norfolk Island. In 201éhe accumulation of 7Gweeks was abruptly haltedn February 28 when SST
cooled to more than 1IC below the summertime peak dsopical Gyclone (TCWinston passed 208m

north of Norfolk Islandwhichexperiened Category 1 winds. In 2018 C Winstonravelled westward from

Fiji to the Southern Great Barrier Reef where wind and cloud conditiisositigated bleaching conditions

on the southern reef from late February 2016.

JTa— - /A\ A A:la
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Figurel-4. Satellite derived sea surface temperature records for Emily Bay Norfolk Island from
1985 to 2020*Satellite data prior to December 2002 have a greater degree of uncertainty than
recent years.
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Norfolk Island as a Regional Virtual StatigRVS)

An important management output provided within this project was the addition of Norfolk Island as a
Regional Virtual Station (RVS) in the suite of monitoring products supplied by the Coral Reef Watch (CRW)
program of the U.S. National Oceanic and @¢pheric Administration (NOAA). The RVS system was first
described in Heron et al. (2016)The Norfolk Island station is now available via:

https://coralreefwatch.noaa.gov/product/vs/qgages/norfolk island.php

The virtual stations provide managers and other stakeholders with regional assessments of current and
potential heat stress levels based on satellite data and climate model output (at 5 km and 50 km resolution,
respectively). Thidgnformation is delivered as spatial maps and qgtrielerence gauges; historical
information is also available for these products and also as ad#mnies of the satellitelerived data. Maps

of the metrics that underpin and complement the heat stres®lg\are also available (e.g., Sea Surface

Temperature, SST; HotSpot; Degree Heating Week, DHW).

For example, conditions at Norfolk Island orf' Eebruary 2020 indicated that heat stress was present at
Alert Level 1 (red, top left map and top gaugegHgure 1-5), typically associated with significant coral
bleaching. Future predictions at that time suggested that heat stress would continue to accumulate to Alert
Level 2 (severe bleaching likely) around Norfolk Island during the subsegdewegks (and poterdily

also the fourweek period following that) but were predicted to subside by a igack of 312 weeks. The

time series (Figuré-5, 1-6) of regionallysummarised, satellitdased metrics confirms that the predicted

heat stress level (Alert 2; dark retlading) was realised, with peak heat stress occurring iFviaicch. The

time series graph displays several regionalijnmarised elements including the SST (purple solid),
expected temperatures through the year (monthly mean climatologies, blue +) Sfat8eshold for heat

stress (horizontal blue solid), accumulated heat stress (DHW, red solid) and the associated heat stress level
(yellow to dark red shading). Following the heat stress of early 2020, the graph shows that SST had dropped
to historicallyexpected (i.e., climatological) values from AMidy. Time series graphs span two years

allowing comparisons between years, beginning in 1985.

The details of how the regional summaries are derived are available via the website.

https://coralreefwatch.noaa.gov/product/vs/gauges/norfolk_island.php
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Maps ofsatellite-based current heat stress level and modeased predictions (left) are complemented

by regionatsummary gauges (right), with coloursepresenting the different levels. Satellitbased

metrics are available from January 1985, with modw®sed pralictions from November 2017.

A key aspect of the RVS system for use in management is that the information is also disseminated via an
automated email alert system, for which subscription is free. Emails are sent to subscribers whenever a
changein the stellite-based alert level occurs (e.g., from Watch to Warning) at the specific global reef
locations for which they are registered (now over 200 locations worldwide). Subscription to the automated

email alerts is via the CRW websitéps://coralreefwatch.noaa.gov/subscriptions/vs.phphe addition of

the Norfolk Island RVS was made possible through collaboration with NOAA Coral Reef Watch.
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Figure 16. Time series of regionallgummarised satellite-based metrics for Norfolk Island for 2032020.
Elements including the SST (purple solid), expected temperatures through the year (monthly mean
climatologies, blue +), the SST threshold for heat stress (horizontal blue solid), accumulatedstieas
(DHW, red solid) and the associated heat stress level (yellow to dark red shading). Graphs spanning two
years are available from 1985.

Bluetooth Temperaturéoggers(Hobo,Massachusetiswere alsodeployed at6 sites across the Emily and
SlaughterBay lagoonal reef between Mar@f' 2020 and April 28' 2020to determinein situ thermal
variability during the survey periogee Figurel-7). In situ temperatures allow for determination of the
maximum temperature gposure during bleaching conditions and the spatimporal variability within the

study site. Thermal variance is an important driver of bleaching severitytt@ndapacity of corals to
withstand bleaching conditions and recover from bleaching evén®®ne degree above the maximum
monthly mean (MMM) indicates the temperature at which degree heating weeks accumatditefching

alerts on coral reef systems. Temperatures remained at approximately the Emily Bay MMM+1°cf 26.5

all sites throughout March and April 2020, with temperatures remaining slightly higher at inshore sites (6,
7 and 10), reflecting less waterixing, when compared to that of sites 1, 3 and 4, closer to offshore wave
action. We find thatneanwater temperature in Emilfgay varied from23.8 °C to 25.7 °C, and in Slaughter
Bayfrom 23.9 °C to 25.7 °GdeTablel-4 for min/max recorded temperaturgwithin adailycycle Given
bleaching had begun prior to the survey period the influence of daily and tidally driven thermal variance in

bleaching responses requires further investigation
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Table1-4. Minimum, maximum, and mean temperatures (°C) recorded during the period of Martlg 7

Apr 23%at six of the recovered logger sise

Location

Site mean (°C) min(°C) max(°C)|

Slaughter Bay
Slaughter Bay
Slaughter Bay
Emily Bay
Emily Bay
Emily Bay

01
03
04
06
07
10

23.9
23.8
23.9
23.7
23.8
23.8

22.5
22.3
22.5
21.6
22.0
22.4

25.7
25.5
25.5
25.7
25.4
25.6

027
<

o 26
2

® 25
S

24
)

23
22
27
26
25
24
23

22
27

26
25
24
23
22

Temperature (AC)

Temperature (AC)

Site 1

Il Temperature logger

Site 7

Site 3

Site 6

Site 4

Site 10

6t March

April 231

6t March April 231

Figurel-7. In situ water temperature at 6 inshore lagoonal sites of Emily and Slaughter iBaylarch

2020 Squares represent temperature loggers, circles represent temperature loggers and flow meters,

triangles represent temperature loggers, current meters and tide gauges.

However, the thermal peaks in SST evident in January, February and March, suggesitdwitve and

repetitive prebleaching temperature stressors (as described of the Great Barrier Reef) may have an

influence in alleviating and accelerating the severity of bleaching response on some reefs of Norfolk Island.

The potential for increased sesairface temperatures to alter the thermal variance and corals bleaching

responses on Norfolk Island reefs therefore also requires further investigation.
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Water Flow and Tidal Currents

A tide meter was deployed on MarcH 2020and recorded datauntil April 2392020 Mean depth at the
location of deployment was3.1 m and tidal variations ranged between 1.75anpeak low tideand 3.9
m at peak high tide, equating to a 1.75 m tidal range, within the lagoon at time of s{speyg tide was
25" Feb)

Flowmeters were deployed at 7 sites across the lagodnom March to June of 2020 and December
2020 to April 2021 Mean flow speeds in the lagodar non-storm times wererecorded as @2 m s* and
varied from 0.01 to 1.19 m s*(Tablel-6). Water flow was strongest at the western side of the lagoon in
Slaughter BaySBY, especially at the lagoon exit chanrehd weakest at the east end of Emily Bay (fégu
1-8, EB1 and EB3Mean flow speeds (02Im s') were predominately driven bydal/wave action andeSE
trade winds, with flow speeds in the lagoon fastest at higid midtide andlowest atlow tide (Figurel-

9). Deployments in March of 2020 provided the opportunity to measure lagoon flow dusiagektreme
weather events On March 13" Cyclone Gretel passed Norfolk Islandngs of40+ km h) and on Apit 4"

a storm event with high winds from the north (30+ k) kseewindrose fgures for comparison of normal
and storm event wind characteristicBigure 110). Analysis of sality during March, dry period, found no

significant differences between sites (Figur&1l).

Table1-5. Minimum, maximum, and mean flow speeds recorded during the period of Maré¢hc7Apr

234at the five flow logger sites.

Location Site # Mean (m s') Minimum (m st)  Maximum (m s')
Slaughter Bay 01 0.11 0.01 042
Slaughter Bay 03 0.10 0.0 041
Slaughter Bay 04 0.16 0.01 0.78
Slaughter Bay 05 0.22 0.01 1.19
Emily Bay 01 0.06 0.0@ 0.39
Emily Bay 03 0.06 0.001 0.26
Lagoon Average 0.12 0.007 0.57
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Figurel-8. Windrose flow diagrams displaying the mean flow speed (i) and cardinal direction of

flow at the five locations where flow meters were deployed. Bars represent magnitude and directic
of flow March-April 202Q

24



Site 1

Site 7

High Tide

Mid-Tide

Low Tide

™M -‘-- ’--. ‘,,
I s o
=

& 3 4 '

n " " 25

(]

-t gy J

n w,

>025
[o, 0210025 i
o - Flow sl
o " u_‘é 0.15100.2 Speed E ‘&
“ 3 L 3
) v o1wots  (ms™?)
0.05t0 0.1
0to0.05

Figurel-9. Windrose flowdiagrams displaying the mean flow speed (m)sand cardinal direction
during low (< 2.7 m depth), mid (~ 3.1 m depth), and high (> 3.5 m depth) tide at each site.
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Figurel-10. Windrose flow diagrams displaying the mean flow speed (#) and cardinal direction
during three distinct weather events; common&E winds, Cyclone Gretel, and a northerly storm.
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Figurel-11. Salinity records for Emily and Slaughter Bay inshore reef duNtagch 2020.
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Figure 1-12. Annual total rainfall at Norfolk airport.Data obtained from the Australian Bureau of

Meteorology.

The historic rean annual rainfall for Norfolk Island is 1312mm, in 2011 rainfall exceeded the decadal
average with ovel 700 mm of rainfallwhile only one other year in the decade experienced above average
rainfall (2016). An extended period of below averagmfall was experienced between 202020 and
throughout 2019 Figures 112, 1-13, 1-14).

In 2020Norfolk Island experiencesignificant rainfall events were associated with T.C. Gretel (Mar&h 16
with subsequent high rainfall events occurring in M88 mm on 25/5/2020 and 34.2 mm on 26/5/2020),
July (37.2 mm on 5/7/2020 and 83 mm on 31/7/2020), August (45.6 mm on 17/8/2020) and November
(105.6 mm on 5/11/20200Figure 114). Freshwater incursion, sedimentation and flooding of Emily Bay was

observed ly residents on Island following the high rainfall event during winter 2020.
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Figurel-14. Sevenday rainfall totals for Norfolk Island airport during 2020 (red arrows represent benthic

survey periods). Data obtained from the Australian Bureau of Meteorology.
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Sediment Organic Matter Content

Sediment samplesvere collected along the shorelinat approximately 20 cm deptfsame location as
nutrient samplessee abovein Emily and Slaughter B@ylarch 2020)and the concentration of organic
carbon, nitrogen, hydrogen, and sulphur present was determined. Samplesolireted at each shoreline
location on two separate days, resulting in a total of 20 sediment samples taken across the survey region.
Samples were collected in 60 ml stegli jars, frozen, and transported to the UNSW Analytical Centre for
Micro-combuston environmental analysisediments were predominately composed of organic carbons
(mean:; 11.3%) and, to a small extent, hydrogen (0.10 %) and sulphur (Orab¥1-6). Nitrogen was,
relatively, the least concentrated of the analysed organics, sugggeatielatively low input of terrestrially
derived organic matter. Data exhibited an even distribution of these elements across the shoreline sampling
transect.Relative % concentration of CHNS did not significantly differ between location (p = 0.694) or ti

(p = 0.751) in a onway analysis of variance (ANOVA).

Table1-6: Relative concentration of organic Carbon, Nitrogen, Hydrogen, and Sulphur in the sediment
collected at high and low tide along the shoreline at 10 sampling locations (noted in Figpdr®. Values

noted are the relative % concentration.

Location Site # Tide N (%) C (%) H (%) S (%)
Emily Bay WS01 High 0.05 11.36 0.13 0.05
Emily Bay WSO01 Low 0.03 11.46 0.09 0.09
Emily Bay WS02 High 0.04 11.46 0.10 0.08
Emily Bay WS02 Low 0.02 11.41 0.17 0.11
Emily Bay WSO03 High 0.04 11.51 0.09 0.10
Emily Bay WS03 Low 0.05 11.61 0.08 0.10
Emily Bay WS04 High 0.05 11.20 0.11 0.08
Emily Bay WS04 Low 0.04 10.51 0.13 0.04
Emily Bay WS05 High 0.03 11.65 0.03 0.03
Emily Bay WS05 Low 0.01 11.72 0.04 0.05
Slaughter Bay WS06 High 0.02 11.57 0.04 0.05
Slaughter Bay WS06 Low 0.03 11.64 0.07 0.05
Slaughter Bay WSO07 High 0.03 11.51 0.17 0.11
Slaughter Bay WSO07 Low 0.04 11.33 0.06 0.06
Slaughter Bay WS08 High 0.04 11.49 0.06 0.02
Slaughter Bay WS08 Low 0.03 1151 0.07 0.04
Slaughter Bay WS09 High 0.02 11.13 0.14 0.07
Slaughter Bay WS09 Low 0.04 11.39 0.10 0.06
Slaughter Bay WS10 High 0.04 11.55 0.17 0.09
Slaughter Bay WS10 Low 0.03 10.95 0.30 0.16
Mean 0.03+0.01 11.39+0.27 0.10+0.06 0.07+£0.03
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Section 2Benthic CoveAssessment foNorfolk Islandinshore Lagoon

Benthic Health Assessmetummary of findingsThe Norfolklagoonal reef encompassing bdmily and
Slaughter Bay sites show hiblnthicvariabilitywithin the reef Substantial cover of macro and turf algae
was observed throughouthe 20202021 study period. The average benthic cover in Emily Bay and
Slaughter Baijs composed of approximately 30% coral cover arh @dgaecover,this algal cover would
be categorised as high for a coral reef ecosyst@umral cover consisprimarily ofbranching coral$9.9%
Emily Bay and 15% Slaughter Bawygrusting 7.2% Emily Bay and 4.1% Slaughter)Baljose (5% Emily
Bay and 3.2% Slaughter Baghd mounding (6.4% Emily Bay and 3.8% Slaughter Bagiphologies
Encrusting and branchingpral growth formsdominate the reefwhile foliose and mounding speciase
more rarely observedin comparisonin neighbouring Cemetery Bawhich also hosts a diverse inshore
reef ecosystemthere is substantially higher corebver(50.8%)and lower algal covei36.5%) suggesting
ongoing declines in coral cover within the neighbouring Emily and SlaughteA8aych Cemetery Bay

would be considered eoral dominated system, whilst Emily and Slaughter are dlgainated systems.

Overall coral cover was not found tc

. i Coral Cover Comparison ®Emily Bay Coral
differ significantly across the yetong s 2 Slaughter Bay Coral
study period. Coral cover in both Emil 40

7]
and Slaughter Bay ranged from.8% to E 30
35% of the benthic cover. Coral cover« § z;

o
20-30% would be categorised as loy & 10

[]

©
coral cover for a coral reef ecosyster + . e o i o r
(Figure 21). Mar 20 June Sept Moy Apr 21
Algal cover on the reefs extensive, : .

d Algae Cover Comparison BEmily Bay Algae

ranging from48% to 54% of the benthic _. 0 Slaughter Bay Algae
& .,
cover. Algal cover was consistent acro ; 60
>
the study period for both Emily anc3
Slaughter BayfFigure 21). E
o
o 20
[
° o, s 480 547 500 5.3
Mar 20 June Sept Nov Apr 21

Figure2-1: The relative percent cover (% cover + SD) of bentldger at both Emily Bay and Slaughter

Bay combinedCoral categories are highlighted in blyelgae in green

Cemetery Bay is an inshore lagoonal reef dominated by coral cover, w858 the benthic cover
comprising coral and&5% comprising alga&imilarly,CemeteryBay hasubstantiallyhighercoralcover

for all dominate coral growth forms, most notably-16% higher cover of the benthic habitat forming
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branching coral specigfigure 22). Branchingcoral species are critical habitedrming organisms for fish
species and as such functionally important on healthy coral reef ecosystems. Branching coral cover in
Cemetery Bay in April 2021 was found to E&8@of the benthic cover, whilst iBmily Bay 9.8% of the
benthic cover and 15% of the benthic coveiSiaughter BayGiven the close proximity of these sites the
figures siggest a londerm decline in these habitat formers and increase in algal cswcurringwithin

the Emily and Slatnger Bay inshore reef ecosystem compared to the neighbouring Cemeter{Figpye

2-2).
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Figure2-2: The relative percent cover (% cover = SD) of benttiwer at Cemetery BayEmily Bay

Slaughter BayCoral categories are highlighted in blyelgae in green

Emily and Slaughter bayre highly variable inshore coral reef ecosystems with substantial wigeih
variability in coral cover, algal cover and coral growth f@figure 23). Within site variability is also evident

for coral conditiom with substantially higher diseased, dead and algal colonised corals evident with some
reef areas such as those sites closer to point source runoff locations (Emily Bay outlet adjaéent 3
dead/diseased/colonise coral) and other regions potentially iot@e by groundwvater based runoff (beach
adjacent reef 182% dead/diseased/colonise coral) (ground water incursion was not investigated within
the current study)Figure 23). Thosereef sites with high water flow and connectivity to open ocean waters
hawe lower proportions of dead diseased and algal overgrown coral and higher proportions of live coral
(Figure 23).
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Figure2-3. Emily Bay (top) and Slaughter Bay (Bottom) within reef site variability in coral cover and coral

condition.

Within both Emily and Slaughtéays we find evidence for changes in algal composition over throughout
the study periodAlgal cover in Emily Bay in March 2020 was dominated by green turfing algae (25% of the
algal community) reducing to 11% of the algal community 12 months later. In caopdieshy algal
increased from 3% of the algal community to 32% in November 2020 and reducing to 14% in April 2021
(Figure 24). Algal community changes such as reported here are consistent with those occurring on coral
reef ecosystems impacted by incr@as nutrient influx(Atkinson, 2011 The SlaughteBay coral reef
ecosystem also experienced similar changes in algal community composition shifting from a turf dominated

system to a fleshyalgae dominated system within the yedong study periodFigure2-4).
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The algal groups present on the reef wealassified by their functional groughich is based upon external
morphology, size, productivity/growth, toughness and resistance to herb{(M@tyle2-1) (Littler et al. 1983;
Littler & Littler, 1984 Steneck & Dethier, 1994diazPulido & McCook, 2008 A functional approach is a
useful alternative to specidgvel identification, which is often very difficult, and in this instaages to
determine the capacity for herbivory to reducalgal abundance and pressure upontabiting corals.
Categories of functionally benthic algae include;

1 Algal turfs composed of microscopic algae (e.g. Cyanobacteria) or filamentous algae (e.g.
Chlorodesmis)hat have high colonization rates, fast growth and, in the case of cyanobacteria, can be rich
in nitrogen relative to biomass due to their capacity to fix nitrogen from the surrounding water.

Although some species such as Chlorodesmis produce chemical comgesigthed to deter herbivory, in

generalalgal turfs are grazed by a wide variety of herbivores

1 Macroalgae are larger, anatomically more complex and usually more tough. The degree of
O2YLX SEAGE | YR Wii2dAKY S & artindidaiorbod growtk gates/pedaubtiliity. Ohei SR
G§SNY WFtSakKeQ Aa O2YY?2 y-takifieddiod Ralcified! algaa. &alidse/fEstwhaigse K :
have a high surface area to volume ratio and so often exhibit high productivity/growth (Littler et a), 1983
which means they are often highly responsive to nutrient enrichment (e.g. Ulva).

Macroalga susceptibility to herbivory depends upon how corticated (i.e. tough) the aldladgsis easily

grazedwhile leathery Padina alga adess susceptible to herbivornjdditionally, eme genera produce

compounds that make them unpalatakiie.g. Dictyota, Laurencia).

1 Crustose algaeare often the slowest growing and appear as a painted layer on the suibstr
Crustose coralline algaee applanatg(i.e., grow horizontally) and important in promoting the settlement
of new corals on a reef. Rhodoliths (elgthophyllum) themselves produce protruding calcareous nodules

and can be an important source of regbwth on temperate reefs.

As such benthic coral reef ecosystems with algal communities dominated by crustose coraline (encrusting
£ 3FKSQao FyR f2¢ AobnsivarediNdcatdred HealthyNdal dbRiyatdetosystéms

in which herbivoryontrols the benthic algal assemblaged reduces coradlgal competitionThe increase

in fleshy algae across the Emily and Slaughter Bay inshore coral reef ecosystem during the study period
corresponds to a significant number of rainfall events thatuoad on the Island in 2020 following an
extended period of below average annual rainfall in comparison with previous years. Significant rainfall
events were associated with T.C. Gretel (March) Mith subsequent high rainfall events occurring in May

(38 mm on 25/5/2020 and 34.2 mm on 26/5/2020), in July (37.2 mm on 5/7/2020 and 83 mm on
31/7/2020), August (45.6 mm on 17/8/2020) and November (105.6 mm on 5/11/2020) (see report section
1). Water quality measures taken in September, November and December gaction 1) indicate
significant terrestrial inputs into the marine system of the bays, with nutrient values exceeding the ANZECC
guidelines A significant increase in fleshy macroalgae over the study period is of particular concern for the

health of theEmily and Slaughter Bay corals.
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Algae are the major competitors with corals for space and are a natural part of any coral reef system,
however algal cover is normally dominated by turfing algae in a healthy system. Large fleshy algae are
generally more unpalatable to herbivores and ashsgenerally have lower herbivory rates leading them to
outcompete resident corals. As such it is recommended theg@ng monitoring continues to examine the
benthic community structure to ensure that the changes in algal abundance do not indicate the
continuation of a phase shift away from a coral dominated reef. Furthermore, given the substantial
differences in coral cover, algae cover, coral composition and algal composition between Emily and
Slaughter Bay and neighbouring Cemetery Bay, site remediatfith the goal of improving water quality
across Emily and Slaughter Bay and reducing terrestrial inputs shoylddoigised A reduction in kgal

cover or removabf algae has the potential to increase cover of species that facilitate coral settlesuet,

as crustoseoraline algae and benthic habitat conducive to coral settlement, growth and survival.
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Figure 24. Benthic composition of Emilyral SlaughterBay during the yearlong study periodMarch
2020-April 2021.

35



Table 2-1. Algae areclassed by their expected response to high nutrient pulse events; t
resistance to herbivory; and their direct competitive effect upon adjacent corals. Predictions
based on peetreviewed comparative biology studies that examined both genera and fiimmal

groups (Littler et al., 1983; Brown et al. 20R0

Genera

Ulva,
Chaetomorpha,
Cladophora,
Bryopsis,
Cyanobactera
Dictyota,
Dictyopteris,
Chlorodesmis

Halimeda,
Lithophyllum,
Tricleocarpa

Hormosira,
Padina

Caulerpa

Fun. Group (s)

Expected

MAT
FAT
FolioseM

FAT
FolioseC

ACA

CCA

Leathery

Fleshy

Response Rate o

Expected
Resistance to

Potential Effect on
Adjacent Corals

High Nutrients
Fastgrowing
algae that
respond quickly
to nutrient
pulses
Filamentous and
foliose species
are fastgrowing.

Calcification is a
high-energy

process so ACAs

and CCAs are
slow-growing

Slower growing
than foliose but
faster than
calcifying

As Caulerpa
species gather
nutrients via
subsurface
rhizomes, they
might be
expected to
respond
groundwater
discharge.
Mediumgrowth
rates relative
turfs and foliose
algae.

Herbivory

Soft, generally
non-toxic algae
SO not very
resistant

Produce
chemical
deterrents so
resistant to
herbivory

Stony texture
makes them

unpalatable to all

but specialist
herbivores (e.qg.
parrotfish)

Algal turfs in
general are highly
competitive with
corals.

Toxinproducing
alga such as
Chlorodesmis have
been previously
identified as
detrimental to
adjacent corals.

Calcifying algae, in
part due to their
slow growthrates,
are not strong coral
competitors.
Usually more
abundant in the
summer.

These are heavily These tough,

corticated algae
and so are
resistant to
herbivory.

Usually only
lightly corticated
S0 not very
resistant to
herbivory.

persistentand large
seaweeds can
smother and
overshadow corals.
They are also likely
to cause heavy
abrasive damage.

C. cf. cuppressoide
(Cactus tree algae)
forms meadows on
sand patches in EB
and SB. C. racemog
(sea grapes) is
commonly adjacent
to coralsand so
may cause abrasive
damage and
smother corals.
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Laurencia, Fleshy
Plocamium,

Amansia, Codiun

cf. fragile

Codium cf. Fleshy
lucasii,

Colpomenia cf.

sinuosa

Medium growth
rates relative to
turfs and foliose
algae.

Slow to medium
growth rates

These fleshy red
algae are, in
general, not very
resistant but
some taxa (e.qg.
Laurencia
produce
compounds that
make them
unpalatable.
Codium cf. fragile
is a tough,
resistant green
fleshy algae.
Tough algae that
are resistant to
generalist
herbivores.

C. fragile is not
often seen adjacent
to corals but has
the potential to
cause abrasive
damage. Red algae
are usually more
abundant in the
winter and may
cause light abrasive
damage and
smother corals.

Lowlying, small
algae are unlikely tg
have asignificant
impact on corals
unless growing as

epiphytes (e.g.

Colpomenia)
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Historical Comparison: 1988 vs. 2020 Benthic cover

Historical estimates of benthic cover were conducted within the Southern Norfolk Island lagoon in June of
1988 by the Australian National Parks and Wildlife Service. The historical surveyadatdlected in both

Emily and Slaughter Bay and are categutiy cardinal direction (E, SE, S) and depfntOlagoon, 25 m

channel, 5m slope) (Table-2). To provide comparison to lagoon survey sites in 2020 (n = 14), we
specifically compared the 1988 survey data from sites at all cardinal directions wighi2tim lagoon area

(n = 4). It is important to note that surveys in 1988 do not provide a breakdown of morphological
distribution within the hardcoral category and have used individual categories for algae as follows:
coralline, thallousand tdzNJF @ | N&RS OPMI £ Q OI G S 3 2thlde edcFustimgplyranchidy?z NNEB &
foliose, and mounding categoriased here The historical study also categorises the reef into distinct

zonesthe subtidal reef platform, slope to the channel and mid lagoonal bommie.

Table2-2. Historical study locations 1988 and percentage benthic cover (lvanovichi, 1988)

Location Location Depth Hard Coral  Soft Coral Anemone
Subtidal platform E 0.51m 14% 0 1.7%
S/E 19% 2% 0
S 0 0 0
Slope E 1-4m 29% 0 1
S/E 19% 0 0
S 23% 0 1.5%
Bommie E 1-2m 64% 0 0

The algae categoriemcluding encrusting, macro + fleshy, and turf, are here referred to as encrusting,
macro-algae and turf for the surveys conducted in 20B9comparison to the recorded coral cover in 1988,
we find the analysed corresponding 2020 transects record &ignify higher coral cover (18% in 1998 and

to 29% 2020) (p = 0.02) while recorded algal cover is significantly lower (p = 0.398P{Z abigure2-5).
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Figure2-5 Comparison of benthic survey data collected in Emily and Slaughter Bay in 1988 and N
2020. Algae total includes the sum of the three algal categories (encrusting, macroalgae, and turf).
coral includes the sum of coverage among all four coral mulwgies (branching, encrusting, foliose
and mounding).

Table2-3: Comparison of Southern Norfolk Island benthic survey data collected at lagoon survey sites in
2020 (n = 14) to those collected in 1988 within the20m lagoon area (n = 4). 198&irveys did not

differentiate between coral morphology, so % cover estimates here are compared as overall hard coral
cover. Total algae accounts for the sum of the three individual algal categories used both in 2020 and

1988: encrusting, macroalgae, andrfu

Benthic ategory 1988 % Cover March2020 % Covel November 2020% Cover
Hard Coral 19+4 2710 34+15

Total Algae 717 57+5 50+ 16
Encrusting 23119 25%0.9 1+1
Macroalgae 47+ 4 11+6 42+10

Turf 187 42 + 16 6+5

The 1988reported benthic compositionsuggests macroalgass the dominantalgae groupat the time of
survey whilst in March 2020 we find the algae dominated by turf species, which shiftecreand fleshy
algaedominance throughout the remaining survey peridtbwever, it is important to note some of these
trends may be due to categorical interpretations aaido transect placement within the highly variable
intertidal lagoonal reef systentt should also be noted that the 1988 values were diver estimates from long
swim transects, in comparison to the current study utilising quadrats to quantify abundareggladirect
comparison should be made with caution. Finallye 1988 surveys also did not discuss the relative
proportion of bare space (sand, rubble, other

39



Fish community of Emily and Slaughter Bay December 2080April 2021

Total fish abundancevas not found to varypetween the December and April sampling periodgre 2
6). Highest fish abundances were detected at SB2, SB1 an(B&BXish/120 m, 41.5fish/120 nt, 37
fish/120 nf)which have the highest structural compigxand are coral dominatedkgions within the Emily
and Slaughter Bay reefghile lowest abundance was site SB3a sandCaulerpalominated sitg(5 fish/120
m?). Average abundance across the entire reef was 11.8 fish/120vhich is significantly lowehan that
found at Elizabeth and Middleton Reefhere herbivorous fish were found ahean densiies of 26.3
fish/120m?and 28.6fish/120m?. Ofthe 28 speciesf fishobservedin the baygsee spplemental table of
fish species observgthe most abundant wathe territorial herbivore Parma polylepishe Banded Scalyfin
(Figure2-7), a herbivorous Pomacentridae, which was found in all survey sites. Densifepolylepsis
varied from 1.8° 0.6 to 13.0° 0.8 individuals per transect. The next most abundant group were the
remainder of the Pomacentridae (Damsel Fish) and then the Labridae (Wyasd#sich include
planktivorous and herbivorous specieBhe endemic temperate butterflyfisGhaetodon tricinctusthe
three stripe butterfly fish was also observed the inshore reéfghile providing an estimate of fish
abundancethe current studyonly assessedish greater than approximately 5 cm in length adid not

assesgrypticor juvenile fish species genegafbundwithin the reef structure.

Fish per transect

¥

Figure2-6. Total fish abundance during December and April survey peridéisor bars represent
standard errors, n=4 for all sitexpect for EB3 and EB2 in December. Area of transects is 220 m
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Figure2-7. FISh abundance during December 2020 (Blue) and April ZA2ange)(A) SB5, (B) SB4, (C)
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Section 3Biological indicators of coral health including bleaching occurrence and disease prevalence

Norfolk Island oral bleachingeventMarch 2020 and bleaching recovery June 2020

Summary of findingsAll coralgrowth forms representing thenajority ofcoral speciesyere impacted by
bleachingn 2020within both Emily and Slaughter BaysMarch 2020Acrosgshe inshore lagoomf Emily

and SlaughteBayseverecoral bleaching, evident ashite colories were recordedin each of thecoral

growth forms.Mounding corals, while low in density on the reef were severely impacted by bleaching.
Branching corals, which are the primary habitat forming corals on coral reef ecosystems where also found
to be severely impacted by the bleaching event. Bleaching mdteger 20%, as found in the current study,

are consistent with a severe bleaching event a coral reef ecosysterithrough March 2020, there was

also evidence otoral skeletons, recently dead carahd coral overgrown with algae across the raaf

each of the coral typesCoral bleachingaling remained evident across the reef in the months after

bleaching, suggesting coral recovery from bleaching is slow within the ecosystem.

Coral bleaching ocerence was determined faall coral morphologieat each of Emily and Slaughter Bay
during March 202@s follows(Figure 3L1):
1 _ defined ascoral showing no signs on coral bleachi@n the inshore reef ecosystem of

Emily andSlaughter Bays healthy coral accounteddpproximately34%of the coralcover.

7 Paling cora defined ascoral showing

100
evidence of a reduction in algae densi
and mild coral bleaching respons
80 |
compared to healthy coraDn the inshore
70
reef ecosystem of Emily and Slaughter Bz
. AT |
pale coral accounted for approximatel 2 ’
,
30%of the coralcover. g °U
& 4o § &
1 Bleaching coral, defined by white 1
30 { =
appearanceof the colonyand severe loss l
. . 20 {
of algal symbionts from the coral tissue: e n l
. . I 21
On the inshore reef ecosystem of Emily a 10 I Jf %
] 4 7
Slaughter Bay$leached coral accountec Cl B o -
Healthy Pale Bleached Dead
for approximatel\29%of the coral cover. - dl TILLLITIILS
W Branching {n=2000) Encrusting [n=1138)
Foliose (n=97) Mounding (n=53)

T Recentlydead coral defined by bare i re 31. Bleaching frequency in the inshore Norfolk
coral skeleton wittearlyalgal colonisation ~ Island lagoonal reef in March 2020
On the inshore reef ecosystem of Emily and Slaughterd@aykcoral accounted for approximatedyo of

the cord cover

42



Percentage

60 4 g0 -
50 80 1
70 4
40 - [ 160 4
50 4
30 o |
a0 4
4 | L
20 4 (2 3] 30 '
20 4
10 4 M 1a a2 21 by
10 4
5 s
ﬂ — -- T — -ﬂ T T —— T —— 1 U i l T T -lr . T
Slaughter Emily Slaughter Emily Slaughter  Emily Slaughter  Emily
{n=1113) {n=887) (n=1016) (n=1022) (n=59) [n=38) (n=B6) (n=47)
Branching Encrusting Foliose

Mounding

FHgure 32. Coral cover healthy (dark green), pale (light greemjeached (white), and deadblack) for
each of branching, encrusting, foliose and mounding corals, during the March 2020 bleaching event on
Norfolk Island(n, data points within benthic cover photoqudrats generated in CoralNet, see section 6

methodg.

Branchingoralsare important habitat forming species coral reef ecosystems and are severely impacted

by coral bleaching events on most reef ecosystems. In the current study branching coralsStelogtiter
Bayand Emily Bayere found tohave bleachingwith only approximately 34% of the branchimprals
remairing healthy (unbleachedXhrough theevent 2 A (i KA y s BrailNdng Sldughter Bdjeaching

rates of 22% and 42% were evident, while 46% and 18% of colonies were found to have paled for branching
corals.Branching corals here include branchigoporaspecies, plating\croporaspecies, and branching
Paocilloporaand Stylophoracoral sgcies.Bleaching susceptibility research has previousipwn that
branching and plating growth forms of Acroporid species are the most susceptible to bleaching, bleaching
first during anomalously high sea surface conditions and undergoing extensive itpowigtiin weeks of
bleaching. In contrastPratchettet al,*°report that the normally bleaching susceptible Pocilloporid corals

are more thermally toleranton reefs in Moorea. On Norfolk Island inshore red¥scillioporacorals
underwent extensive bleaching across the reef in March, whereas branching and platomra were
morethermally tolerant Across the Norfolk Island inshore rettfe Foliose corals were the least impacted

by the bleaching event, recording the lowest bleaching occurrgnmgealso found to be in low abundance

on the reef ecosystenT.he highest incidence afortality (dead, diseased, and algal colonised) was evident

in encrusting and mounding corals in both reef habitatdmy March 202@Figure 32).
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A 1988 report into coral health within Emily and Slaughter Bay Norfolk Island also repbseations of

potential past coral bleaching occurrence by residents (lvanovichi, 1898)s a A RSy 1a &adzZ3asSad

of the coral species develop an icy blue colour during the summer months, which changes to brown as the

cooler weather sets in. Dr ks (Australian Institute for Marine Science) has suggested this may be due to

seasonal loss of endosymbionts, possibly associated with a temperature change, or some other
SYOGANRYYSyGlFt adadNBaa T Od2NWE

Despite exceeding the accepted thermal lifiwit widespread bleaching related coral mortali@HW8)

extensive mortality was not observed within the lagoonal seef Emily andlaughterBayNorfolk Island

during March 2020. A lack of evidenforwidespread bleaching associatedral mortality maybe due to

thermal susceptibility of the species in the lagaormd DHWSs not exceeding the corals upper thermal limits

during the 2020 evenor the reduction in heat stress accumulation due to cyclonic conditiedsicing

immediate mortality occurring of theeef. Cyclonic conditions rapidly reducing heat stress, DHW

accumulation and alleviating bleaching has been reported in other sys¥thide thereduction in heat

stress as a result of cyclonic conditions coincident with the peak of summer tempergtotegtially

ameliorated the severity of coral bleaching within the Norfolk Island lagoorals in both Emily and

Slaughter Baywere found to stillexhibt bleachedand pale tissue in June 2020(see Figure2-3).

Approximately 57% dbranching coralsvere still pale in the June survey perigw signs of bleaching or

paling was evident in the encrusting coral species. Mounding corals, while a low proportion of total coral

cover on the reef, were also found to still be bleacipadiedin June 202@no foliosecorals were observed

in this survey

Percentage

100

20 3.5 ’
80 - i ‘- e <
LR I W A
60 - e )
30+
40 = 0
30 A ¢
20 .
10 < ’

Branching Encrusting Mounding

(n=68) (n=227) (n=16)

m Healthy m Pale

Figure 33. Bleaching prevalence on Emily and Slaughter Bay in June 2020. Surveys conducted t
services using timed in water video transects.
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Coralmicrobiome associated with bleaching in March 2020

Summary of findingsCorals comprise some of the most diverse and abundant microbial communities.
Various components of the coral holobiont, that is, the cnidarian host and its microbial comntieity (
GYAONROA2YSE0X LXIF& 1S@&@ NRfS& A)andNBdesihdicateityaBan O2 NI
intact and diverse coral microbiome may be essential to coral immunity and Hé&ith wSa L2y asa 2 7F
associated bacterial communities to environmental stressors have been reported wightrevidence
suggesting flexibility of these communities miafluence coralsredlienceto environmental stres and

markers of pollutionhave been detectedin the coral microbiomeln this studysix bacterial taxa of the

order Campylobacterales and the families Leigioinellaceae, Enterobacteriaceae, Peptostreptococcaceae,
Staphylococcaceae and Vibrionacedeere found,which have been associated with faecal pollutfor

However the overall contribution of these taxa was Ipwhe largest contribution was found to be from
Vibrionaceaeand Escherichia colalso known a€. coli was detected Further timeseries investigation
specifically targeting these bacterial types could be used to determine the extent and source of these

phylotypes and to what extend they contribute to coral decline.

Microbiome composition is important in determining coral health iospace and timeyet is undescribed

for the coral communities at Norfolk Island. Therefore, we evaluated bacterial diversity and community
composition among key reddfuilding coral speciesA€ropora sp plating Acropora sp.Montipora sp,
Pocillopora sp and Porites sp collected from Emily Bay during bleaching conditions in March 2020.
Importantly, this combination of species included those previously described as eithesthesg sensitive
(Acroporaspp.) or tolerant Poritessp.), and we assead the microbiome of both healthy and bleaching
individuals of each generda.he generated microbiome data set comprised 41 16S rRNA gene libraries from
5 coral species. After quality filtering sequences were annotated to bacteriaubteichg at the 97%
similarity level, resulting in the identification of 948 operational taxonomic units (OTU), presented as a
taxonomy stacked column plot to the phylogenetic level of family (Figg#hs The coral microbiome ag
dominated by taxa fromthe Oceanospirillales (blue), consistent with that described in other studies of the
coral microbiome, and thécropora platingAcroporaand Pocilloporaspecies were found to have higher
contributions from the Oceanospirillales compared witlontipora and Poritessp (Figure3-4). The taxa
contributing the most to the overall relative abundance includedeanospirillales, Pseudomonadales,
Burkholderiales and Propionibacteriales (Figd). A principal coordinates analysis (PCoA) of coral OTU
composition shows the coral microbiome is distinct between species, as previously described3B)gure
Significantdifferencesin bacterial diversity were found between spec{@OONIS: ko= 14.96, R= 0.62,

p < 0.001), with similar dispersions (\ence) around the group centroids (BETADISPER: F =1.51, p =0.22).
Total species richness was highestParitessp. (87.69 = 33.85, mean + SE) indicating a more diverse and

heterogeneous bacterial community and lowest Amroporasp. (1.92 £+ 0.86). Spies diversity was highest
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for Acroporasp. (1.89 + 0.19) and lowest fglontiporasp. (1.52 + 1.04Figure 35). There was a significant
difference between coral speci@sspecies richness (ANOVA:z= 6.968, p = 0.0004; Figuses), but no

difference detected between coral species for diversity (p>0.05; Fi&je

We also found six bacterial taxa of the order Campylobacterales and the families Leigioinellaceae,
Enterobacteriaceae, Peptostreptoasreae, Staphylococcaceae and Vibrionaceae, which have been
associated with faecal pollutioim other studie$®’, however these can also occur naturalljhe overall
contribution of these taxa was found to be low within the coral microbiome representing less than 0.02%
of the total microbial community. Theugest contribution was found to be from Vibrionaceae (0.018 +
0.01% relative abundancea)e also detectedEscherichia colalso known a&. colj contributing 0.002 +
0.0009% to overall abundancehe familyPeptostreptococcaceattom Clostridia class were also present

in the coral samples from Emily Bay, Norfolk Island, but again found in low relative abundance. Further
analysis using targeted quantitative analysis is required to determine the source of potential pathogens and

their abundance within the marine environment.

Acropora Acropora plating Montipora
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Order
0319-6G20 Chitinophagales Francisellales OM182_clade Sphingomanadales
Abditibacteriales Chloroplast Gammaprotecbacteria Opitutales Spirochaetales
Acanthopleuribacterales Chromatiales Gramulosicoccales P palmC41 S81-B-07-19
Aceiobacterales Corynebacteriales Haliangiales Parvibaculales Staphylocoocales
Acidobacleriales Caoxiellales HOC36 PE1D Steroidobacterales
Alteromonadales Cyanocbacteriales JTB23 Peptostreptococcales Synachococcales
Anaerclineales Cytophagales KIS9A_clade Phormidesmiales Thalasschaculales
Ardenticatenales Dadabacteriales Kiloniellales pltb—vmat-20 Thermoanaerobaculales
Arenicellales Defluviicoccales Kiritimatiellales Propionibacteriales Thermosynechococcales
AT=-52-59 Deinococcales Lactobacillales Pseudomonadales Thiomicrospirales
Babeliales Desulfobacterales Legionellales Puniceispirillales Thaatrichales
Bacillales Desulfobulbales Lentisphaerales Rhizobiales UBA10353_marine_group
Bacteroidales Ectothiorhodospirales MBAE 14 Rhedobacterales Unassigned
BO7T-2 Enterobacterales Micavibricnales Rhodospirillales ampirovibricnales
Burkhelderiales Entomoplasmatales Microtrichales Rhodethermales \errucomicrobiales
Caldilineales EPR3968-08a-BeTa Mycoplasmatales Ricketisiales \ibrionales
Campylobacterales Erysipelotrichales Myxococcales Saccharimonadales Xanthomaonadales
Candidatus_Peribacteria eubB62A3 Mitrosococcales SARBE_clade
Caulobacterales Fibrobacterales Cceanospirillales SBR103
Cellvibricnales Flavobacteriales Oligofiexales Sphingobacteriales

Figure3-4. Microbiome of dominant coral genera in Slaughter Bay in March 2020
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Figure3-5. (a) PCoAand (b) species richness and diversityr bleached and symbiotic (healthy) corals
collected fromEmily Bay during March 202&ach point on (a) represents a different individual, patterns
demonstrate that there are distinct microbial communities associated with each coral spediasnot

discernible change due to bleaching. Similarly species richregbsdiversity differs between species but

not between healthy and bleached corals
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Coral Disease Outbred020- 2021

Summary of findingsCoral disease outbreaks are evident in reef ecosystepacted by coral bleaching
eventsand periods of poor water quality. Durillipcembe 2020and April 202Hisease signs were evident
acrossthe reef includinggrowth anomalies Atramentous necrosis white syndromespvergrowth by
sponges and boring organisms. Most notablgeaerecoral disease was evident within individuals of the
genusMontipora spp, consistent with previously describetramentous necrosiglisease with disease
prevalence rates of over 50% recerd This disease has previously been linked to poor water quality
Concerninglya rapidtissue loss white syndrome was also evidentliontipora coral colonies during April
2021, up to 30 cm of live coral tissugas lostwithin a monthfrom coral colonies estimatto be over 20
years of ageCauses ofapid tissue loss white syndrome diseases hagebeen linked to heat stress and

poor water qualityat other sites

Across both Emily and Slaughter Bays SESIGEY B Fl0

of surveyedViontipora spp.colonieswere =
recorded withdiseasdesionsincluding the '
white lesions, white spots, dead tissue‘ 3
exposed coral skeleton, consisterih ke
shape and size, andwith previous
descriptions of the diseas@trementous

necrosis

On average, 46% of coralsof the 80
Montipora generawere recorded as 60
healthy with no disease lesions presen 40
In Emily Bay disease prevalence 20
74+7% in December 2020 and &M%bin 0

Emily Bay Slaughter Bay

April 2021were recorded In Slaughter ’
P g m December = April

Bay disease prevalence of #3%6 in _ )
Figure 36. Survey locations (top) and prevalence of Atramentous

December and 58% in April 2021 necrosis disease iMontipora colonies (bottom)

(Figure 36) were recorded

Atramentousnecrosisvas recorded itMontiporacoral colonies across both Slaughter and Emily Bay survey
sites in both December 2020 and April 2021, prevalence was high in both growth of this genera (plating and
encrustingtype growth) (Figur&-7, 3-8).
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Figure3-7. Phasés of disease ou Ereak ;an Mc;ntiora sp.in Emily and Slaughter Bays. Initial stage
is characterised by patchy bleaching of tissue (A), followed by death of tissugthe formation of a
white lesion (B). Lesion can then become overgrown by turf algae, and/or suffee@ndary infection of
sulphurous black bacteria (C, D).
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Figure3-8. Disease prevalence in corals across the 2 bays and coral growth forms affected
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Presence and occurrence Afrementous necrosisoral disease iEmily and Slaughter Baysimilar to a

disease outbreak firstdentified on the Great Barrier Reef known aAsrementous necrosigAN) in
Montipora sp. andis one the of the few coral diseases with high prevalence values on GBR (se8-Table

2). Prevalence of the disease outbreakoeded in Emily and Slaughter bay is comparable to other recorded
outbreaksof the diseas®n the central Great Barrier Reef (see Tab®). The overall prevalence of disease

in other IndePacific reefs, (i.e. Indonesia, <1% in Sula¥es&ihilippines, 8.3%) and the central pacific

(<1%%) are generally low. In the Caribbean, disease prevalence values as high as 70% have been recorded
during recent outbreaks of stony coral tissue loss (SCTL), although studies have also shown that other
disease prevalence o@aribbean reefs is much lower, around 4?29%tramentous necrosisvas first
recorded on reefs around Magnetic Island, an inshore reef of the Central GBR in late December 2001 (Jones
et al., 2004). In March 2002, a peak in AN caused significant mortality of the Magnetic Island populations
of Montipora aequituberculatgspecies also identified at Norfolk Island) during a thermal ridsaching

event. Disease prevalence generally increases during summer on reefs in both the Cafifiteaand
Richardson 2002)nd on the GBRWillis et al. 2004)Correlations have also been found between diseas
prevalence and coral bleachifBage et al. 2009Notably, on Magnetic Island the maximum prevalence
recordedof this diseaseavithin the population was 75% during the summn{@ones et al 2004 Notably,
prevalence oAAtramentous necrosisn the centralGreat Barrier Redfas been linked to flood events during

the wet seasonand analysis has shown that spatial pattelingiseasgrevalercehave been correlated to
environmental drivers of low salinity and high particulate organic carbon, typical in terrestriaffr(ltoth

sewage and agriculturalHaapkyla et al. 2011)

In addition to the outbreak of Atramentous necrosis on Emily and Slaughter Bay in late 2020, fearadso
an increase in other coral disease signs between March 2020 and April \202& Syndrome disease
lesions and coral growtanomalies both previously linked to poor water quality and heat stress were
evident on the reef in April 202Table 31). White syndrome disease lesions were also observed to result
in rapd tissue loss iraffected coral in April 202With tissue loss ofipproximately400 cn? observed
between March 28 and April 28 within a colony of platindlontipora accounting for approximately 90%

of the coral colony lostFigure 39).

Coral disease occurrence on the inshore reefs of Norfolk Island from December 2020 to April 2021 is
comparable to the highest recorded coral disease outbreaks (Bab)leCoral disase outbreaks exceeding

50% of the affected coral species have only been recorded on inshore reefs of the Great Barrier Reef
(atramentous necrosis) and Florida Keys (stony coral tissue loss disease). As semtmmeend ongoing

monitoring of prevalencejdsue loss and colony fate of diseasethe reefs of Norfolk Island 2021.
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Figure3-9. White syndrome affectedMontipora coral colony April 2% 2021(t(.)p red-bordered image),
location of live tissue bordered disease lesion on March"28201 indicated in yellow, and on Aprif"9

indicated in orange.

Table 31: Common coral health signs recorded on Norfolk Island lagoonal reef.

Coral Healthcategory Present March 2020 PresentApril 2021
Disease lesiorts No Yes
White syndrome No Yes
Atrementous necrosis No Yes
Growth anomalies No Yes
Predation scaring Some Yes
Bleaching Yes No
Paling Yes Yes
Coralivorous crabs No No
Coralivorous snaits No Yes
Coral ciliate bands No Yes
Trauma/Breakage Some Yes
Sedimentation Some Yes
Competition with algae Yes Yes
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Table3-2. Coral disease outbreak occurrence globally.

Disease Species Location Survey time Prevalence Reference
Atreme_n tous Montipora spp. Nl Nov/Dec 2020 54%
Necrosis Island
Central GBR, 1StOCtober2003 .,
Al Montipora s Magnetic (spring) 21
Necrosis P Pp. g 27th October 2003
Island . 52%
(spring)
Atrementous Montipora Sl eIy
. ontip Magnetic 23rd January 2002 75% 2
Necrosis aequituberculata
Island
Montastrea cavernosa . Average prevalence  70%
%f:gecl:fg:sl Orbicella faveolata Flo_rlltrjaaCtReef from May 2014 to 52% 28
Dichocoenia stokesii December 2017 58%
Pseudodiploria strigosa . 42%
Stony Coral Meandri P dqt Mexican Average prevalence 400/0 29
Tissue Loss egn fina mgan MeS  caribbean from 2018- 2019 0
Siderastreaiderea 28%
Skelotal Erod Pocﬂlppora eydouxi GBRf (18 Average prevalence 8.5%
eletaleroding  seriatopora spp. reets, across the summers  5-8% 30
Band o spanning 500
Stylophora pistillata km) from 2004- 2006 4%
Ulcerative StaghormAcropora  HeronIsland, Average prevalence 5 50, .
White Spot MassivePori Southern across November 106
assivePorites GBR 2007- August 2009 0
Dipastraea November and 6.1%
. 0 32
Black Band Montipora Red Sea December 2015 3.7%
Pavona 8.2%
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Sectiod. Summary of findings and associated management considerations

1. Repeated significant rainfall events (>30 mm in a single day) following an extended period of low
rainfall (below average annual rainfall has been recorded in 8 of the previous 9 geaugledin May, July,
August and November. Rainfall periods corelatectlevated seawater nutrient levels above thbove
Australian and New Zealand Environment and Conservation Council trigger wéthiesEmily Bay and
Slaughter Bayandincreases in thermotolerant and enterococcus bacterial couat®rded by Norfolk
Island Regional Council

2. Hevatedseavater temperatures recordedin Februaryand March 2020resulted inan accumulated
thermal stress (coral bleaching) 6f365 | 2 CHagre® heating weelsexceeding the8 DHW (legree
heating week¥associated with severe bleaching and significaralmortality

3. Passage ofropical cyclone Gretel (March)6near Norfolk Island wasorelated with high currents
and significant rainfalandalleviationof heat stress accumulation.

4. Extensive corallbaching was recorded in Mar@020, with over 3®6 ofeach ofthe 3 dominant
growth forms of coraldound to be bleachedr paled during the bleaching everifaken together the
bleaching event would be categorised as a severe bleaching eventéoalareef ecosystem.

5. InJune2020both branching and moundingprals werestill foundto be displaying sigsof bleaching

or paling however by Novembe2020no paling or bleachingias found, suggestingpral recoveryCoral
mortality across the 2020 peril was evident on the reefd waslikely the result of the cumulative impacts
of bleaching and lantlased runoff.

6. Over the survey period we record a-fidd increase in fleshy algal cover (fr@&f 1% to 37 7%) with

a concomitant decrease in green aret algae A significant increase in fleshy macroalgae, as recorded
within the study period, is consistent with declining reef health, however during the survey period there
was no significant change in coral cover.

7. Algae are the major competitors with @s for space and are a natural part of any coral reef system,
however on coral reefm a healthycoral dominated statalgal cover is dominated by turfing algae. Large
fleshy algae are reported as unpalatable to herbivores and associated with lower herbivory rates leading
them to outcompete resident corals, they also significantly benefit from increased nutrients.

8. A cord disease outbreak, putatively identified Afrementous necrosjsvas observed oMontipora
spp. colonies during thBecember 2020 and Ap&D21scientific survey period (54% of colonies affected).
This disease was not evident in Ma&®20in the Emilyand Slaughter Bay targeted bleaching and disease
surveys period or observed in the video transects collected by residents in June and Sepi@ber
Causes for Atrementous necrosis outbreaks in otegronshave been linked to inshore reefs, poor water

quality and sedimentation.
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9. Rapid tissue loss white syndrome disease outbreak was also evident within padintgpora coral
colonies during March and April 2021, tissue losse800¢m of live coral tissue within a montivere
observed in coral colonies @mate to beover 20yearsof age(This potentially equates to a loss 13-15

years of average growth)large areas of growth anomalies were also observed on plating Acroporid corals.
10. Ongoing survey of diseada coral coloniess needed to determine the longerm impacts of this
disease along with surveys of other sites around the island for disease occurrence.

11. It is recommended that ra annual report card of coral cover and health is undertaken to inform
stakeholders of the condition @he reef environment and changes relative to previous years.

12. Given the isolated nature of Norfolk Island, it is currently unknown the source of juvenile corals and
fish recruiting onto the reef In a disturbed environment, sufficient recruitment is reqdir® maintain
healthy population stocks and aid in recoveypral spawning was reported by the local residents of Norfolk
Island in January 202iccurringseveral days following the full moon. No juvenile corals were observed on
the reef structure duringurveys using GFP switch torch in March and April 2021, as such no evidence for
recruitment could be obtained at the time of survdyis recommended further study of coral recruitment

is undertaken to determine recruitment rates and possible larval ssuAdso given theemoteness of the

islanda comprehensive study for endemic species may be warranted.

13. Given the strong hydrodynamiesound the Islandfuture survey effortombiningremote operated
vehicle (ROV) would aid in surveying offshore lagoonal reef locations. This will also provide the potential
for survey data in less accessible locations includiggNJi K S NJ L & f Andoh Bay an? Bafl Rapfd Q& X

14. Itis ecommenckdthat a varietyof public education resourceicluding coral identification card, coral
health identification cargdfish ID cards, are produced to increase community and tourist engagement with

the reefs of Norfolk Island.
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Managementresourcesprovided

1. 360 video of Cemetery Bay Norfolk IslafdouTube https://youtu.be/[GRnc3IASbp (high

resolution video provided by file transfer)

2. 360 video of Slaughter Bay Norfolk Islan@¥ouTube https://youtu.be/nXEZXZGXs¥B\thigh

resolution video provided by file transer)

3. Video of proposed snorkel trail locatiamd benthic survey sites used throughout thevay period
(SB1SB5, EBEB3) (high resolution video provided by file transfer

4. Booklet Coral Species Identification

5. Boaooklet Algal species identification

6. Coral Health Card

Figure 41. Path of continuousGopro video footage of the benthic community for preliminary identification
of specific reef zones ideal for snorkel trail activities
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Section5. Review of Scientific literature and government reports

Introduction. Southern Norfolk Islanthcludes the regions of Emily and Slaughter &ajthe lagoonal reef
incorporates an intertidal barrier platform with coral growth and the bays host the higleesrded coral
coveradjacent tothe Island.Emily Bay and Slaughter Bay together form a8-@rf¥ intertidal lagoon.The

Emily and Slaughter Bay reefs support local tourism initiatives and have high societal value. One of the
earliest reports on Norfolk Island coral reef ecosystem (1988), undertakdrel®yustralian National Parks

and Wildlife ®rvice, refers to the high value of the Southern reef to the local community and reports
concerns within the local community regarding the health of the system (lvanocivic 1988, NPWSe&eport
attached. The 1988 report into benthic population structuraedacoral cover notes that at that timine

local communities reported concerns for a reduction in corals, loss of fish species, decline in ecosystem
health, and attributes long running ladzhsed nutrient influx into the bags a possible driver afeclining
ecosystem health. The report however also notes high coral cowammestudy sites (ranging frorh4%-

64% see section Historical Datavith corals appearing healthyith little to no observations of dead or

algal covered corals. Subsequent reports over the intervening 30 yearslasacterisecoral species
assemblages (Veron 199&e attachedl benthic algal species (Miller 2000), fish species (Francis and Randall
1998; Francis 1993, Van Der Mer 2015), and ¢lemeral species occurrence (Edgar et al. 26éf Life

Qurvey conducted in 2009) Norfolk Islan@ catchment uage and water movement has also been
investigatedwith S NI @ RSAONALIIAZ2Yya 2F (GKS Aafl BRom@bdKe RNR
The work by Abell illustrates the position at the southern end of the island adjacent to the Kingston lowland
(Figure5-1) and the connectivity between ground water and the adjacent seawater in this location.
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Figure5-1. Hydrogeological section of Norfolk Island prepared by Abell (1976).
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Coral reef lagoon ecosystems are generally classifiedigarophic (nutrient poor) due to the relatively
low concentrations of dissolved inorganic nutrients in the water colunm (<> a4* abd NQ) or organic
matter deposited within the sediment (< 28irogen; Koop et al., 2001 The surrounding surface oceans
of tropical and suHropical latitudes are some of the most nutriedepleted areas on the planet (referred

to as ocean deserts; Atkinson, 20Hhd any ntrients produced within the reef itself are quickly recycled
by the nutrient-starved benthic community. Eutrophic conditions on coral reefs5n > a" aniol NQ;
Fabricius, 200Bare generally caused by latdised nutrient introduction (e.g., runoff of organic matter or
nutrients).Analysis of dissolved inorganic nutrients in coral reef seawatethtmrefore indicate if runoff is
elevatingthe nutrient concentrationsvithin a reeflagoon on relatively short time scales (hotoslays)as
pollution occurswhile the analysis of sediment organic matter composition helps determine the relatively
longer, accumulated effect of nutrient runoff (mthsto years) (Yamamoto et al., 200Taken together
these analyses can provide information for management agencies for aitgytae impacts of pollution
prior to the emergence of impacts at biological and ecological scElesmpact of water quality and runoff
onthe health of coradand coral reefhas been widely documented within the scientific literature. Studies
have shown higltoral disease prevalencéncreasedsensitivity tocoral bleaching, lower coral cover and
higher competition with algae occting on reefs that are impacted by pollutiomunoff, landbased
pollution, sedimentation and nutrientinfluxe€.2 NJ SEI YLX S 2y | dzZaG NI f Al Q&

(Great Barrier Reef Marine Park Authority) Sewerage Discharge Policy provides regulations governing

maximum nitrogen and total ptephorus loads discharged in the park. Monitoring guidelines within the

GBR marine park include regulations on daily and monthly water quality monitoring, visual inspections for

evidence of water contaminatiqincluding turbidity and slick formation adjatteto outfall and discharge

sites. Coral disease, bleaching and poor health outcomes associated with pollution have been correlated to

freshwater runoff, increased nutrients, pathogenic and opportunistic microbes and toxins, as well as the

additive and syargistic impacts of these factomm impacted reef systemg-{gure5-2; Table5-1).

Table 51. Summary of published literature providing evidence linking incidence of coral disease and

pollution (See Moriarty et al2020)

Location Disease Species Main findings
Guam White syndrome Poritesspp. Increases in sewage derived N correlated significa
disease with increases in the severity of disease among Por

spp. 1N values account for more than 48% !
variation in disease severity.

St Croix, Black band disease Various Results of the study suggest a relationship between t
US Virgin ~ White plaque Sleractinia  prevalence of BBD and WP type Il and exposure
Islands Dark spot syndrome. sewage.

Florida White Pox Acmopora palmata Identification of a strain of faecal enterobacteriu
Keys disease (Elkhorn) (Serratia marcescensPDR60) in sewage, diseas

Acropora palmatand other reef invertebrates.

Puako, Porites growth Porites lobata Results implicate sewage pollution asa@ntributor to
Hawaii anomalies diminished reef health and a relationship betwes

Porites growth anomalies and sewage pollution.
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In 2015 Wear and Thurb&rreported that compared to other threats to coral reefcosystemsthe
potential impacts of sewerage have been understudied and highlight that for 112 distinct coral reef
geographt regiondisted in the World Atlas of Coral Reefs the majority utiisean outfalls as sewerage
treatment, and only 3 regionsare free of human sewerage impactiue to a lack osignificanthuman
populations. Importantly the authors note that sewerage impacts are likely strongest in areas with little
water flushing of the reefindin close proximity to human populatiomentres Land-based runoff directly

into reef lagoonganoccur as a result of residential, commercial and industrial scale use of lagoon adjacent
land, with the impact determined bthe quantity of discharge into the marine environment including the
rate of exposue, level of prior treatment, and the distance of the discharge from the adjacent reefs.
Impacts to corals and coral reef ecosystems that have been associated witlff imd poor water quality

from increased nutrients within the water column are evidewetoss the levels of biological organisation
include;

Microbiome

1 Increase in disease associated microbes

1 Decrease in symbiotic/mutualistic microbes (shifting from healthy microbiome)
9 Increase in microalgal overgrowth

Organism function
1 Reduction in coral growth
9 Reduction in coral reproduction

Organism health

1 Increase in coral diseases and disease occurrence within a species and reef location

1 Increase occurrence specifically, but not exclusively, of black band disease, growth anonthlies a
white syndromes

1 Increase in algal overgrowth

T Increase susceptibility to bleaching

1 Decreasenimmune function

Ecosystem state

1 Invasive species and/or community shifts

9 Increasdan abundance of coral predators, urchins and starfish associated with poor water quality
1 Blooms of phytoplankton and microbes within the water column

1 Fish kills
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9 Disruption of normal ecological function

!
Microbiome ].L Function
!
D

Ecosystem state

Figure5-2. Conceptual diagram dbiological and ecological impacts from larithsed pollution to coral
reefs, photo illustrates a diseased coral (affected at organism level) with negative interaction with other

species (ecosystem level).

Worldwide water pollutionregulationson coral reds typically require thatland-sourcedoutfalls do not
directly flow into reef areas and receiving areae designated foremoval of potential pollutants
associated withwaste away from the reef systemWaste receiving areas are typicallyvedter-depths
exceeding reef lagoons and in areas of higiter flow. However, there are several localale and site
specificfactors that influence the impact of lantdased pollution to reef lagoonsand the subsequent
impacts tothe healthof corals and the ecologit variability on coral reefshat are in proximity to human
populations. Locadcale and sitespecific variables that can influence the health of corals within a lagoonal
reef include water residence time, water mixing via flow, current and wave aetimhtidal variation.
Ground water incursion into lagoonal reefs can also impact water salimityce freshwatetensing as well

as being a source of ladzhsed pollutionThese variables are also likely to impact the health of corals within
the Emily andSlaughter Bajagoonal reef systenhowever the health of the reef system has to date not
been widely investigatednor has the influence of variables such as water flow, tides, currents, and
groundwater incursion on coral health and resilience. Therefefiective reef management of the system
requires a greater understanding of the ecological, environmental and anthropogenic influence over the

future sustainability of the Norfolk Island lagoonal reefs system.
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impacts.
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TERM

Sea Surface
Temperature (SST)
MMM

HotSpot

Degree Heating
Weeks (DHW)
Marine heatwave
(MHW)

Biophysical drivers

Ecological phase shift

Dissolved inorganic
nutrients

Organic matter
Oligotrophic

Eutrophic

Benthic

Healthy coral

Coral paling

Coral bleaching

DEFINITION

hOSIYy WalAyQ o0G2LI mn YAONRYSGNBAI
satellites. Used to make predictions of coral bleaching events.

The areaspecific, maximum temperature historically experienced by coral
Historical baseline is the average of the means of the hottest months, for
year betweenl9851993.

An anomalously high SST, where anomaly is relative to the MMM baselin
A measure of heat stress representing the cumulative duration of Hotspot
MMM + 13 within a threemonth period.

A discrete period of anomalously warm seawater temperatures. Formally
defined as the temperature being above the"Qfercentile of all
temperatures at that location within its 30 year (198@12) climablogical
history, for at least five days consecutively.

The suite of physical environmental conditions that directly interact with
organism physiology to produces broader ecological patterns in response
environmental change.

A shift between two alternative stable states in an ecosystem. On coral rg
this most commonly refers to a transition from coddminated to algae
dominated.

The major nutrient groups (phosphatedicates, nitrates, nitrites, and
ammonium) dissolved in seawater.

Organic sources of nutrients on coral reefs; subsequently consumed and
broken down by reef organisms.

Lacking in, or very low, in nutrient concentrations. @leteristic of waters of
a healthy coral reef.

Describes a water body that is very high in nutrients, often causing rapid
growth in algal populations.

wStFGISR (2 GKS &aSFFE22NIT | a 2L 3
Any coral thashows no visible signs of poor health (disease, paling,
overgrowth)

The earliest visual signs of coral bleaching, due to a partial loss of symbig
and/or degradation of their pigmenis situ

The breakdown ofymbiosis between corals and algae living within their
tissue. Leaves the coral looking white and at increased risk of mortality. A

generalised stress response.
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Recently dead coral

Turf algae

Red turf algae

Fleshy algae

Macroalgae

Calcifying algae

Coral disease

Tissue loss

Lesion

White syndrome

Atramentous necrosis

Dead within ca. the previous week, where the substrate is still idenigfiajp
coral genus and significant overgrowth of the dead skeleton has not occu
Though there is no commonly held definition of turf algae, they tend to be
short (< 10mm) and do not contribute to reef structural complexity.
Asabove, but red in colour suggesting the algal population is primarily reg
algae or cyanobacteria

YAy (2 WdzyaNI T SR Gdz2NFQX (KSasS 1
black cyanobacterial tufts) that smother corals and other algapécially
when growing as epiphytes). No structural complexity added by these alg
though they are larger than turfs.

Tough, leathery algal species with distinguishable fronds, which often
contribute structure to the reef (e.gCaulerpaneadows on sand patches) by
might also be harmful and not easily grazed (Bigtyotd).
Algae that producebard skeletons of calcium carbonate, and so contributg
reef growth and sediment turnover. Includes rhodoliths, articulated coralli
algae and crustose coralline algae.

Any impairment to coral health resulting in physiological dysfumnctio

The loss of coral tissue (i.e. detachment from skeleton) as a result of
environmental and physiological stress.

Coral paling, bleaching or tissue loss in a localised area of the colony.

A general term given tdiseases that cause tissue loss (exposing the white
skeleton underneath) without an identified causative agent.

A coral disease characterised by distinct lesions caused by an initial blea
phase, follow by tissue loss and overgtbhwy a number of secondary

infections, including a sulphurous black bacterial community.
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Section6. Methodology

Methodology. Water gquality analysisSince March of 2020, seawater has been regularly collected at Emily
and Slaughter Bay to assess seawater salinity and concentrations of dissolved inorganic nitrogen (nitrate +
nitrite [NQJ and ammonium [NH]). Salinity samples were collected in a 20 ml falcon tube, refrigerated,
and measured with a refractometer. Nutrientraples were collected in a 15 ml falcon tube, frozen, and

transported to the UNSW Analytical Centre for Flow Injection Analysis.

Collections have been undertaken at six timepoints: March 2020 (Results initially presented in July 2020
Report), September 2D, November 2020, December 2nd 2020, DecemBe2@0, and December 10
2020.During March 2020 sampling efforts, seawater samples were collected at 10 locations along the
shoreline (Figur®) in Emily and Slaughter Bay to assess seavgal@rity and concentrations of dissolved
inorganic nitrogen (nitrate + nitrite [N{Pand ammonium [NHK]). Samples were collected at each shoreline
location at peak high and low tide on two separate days, resulting in a total of 40 seawater sampldg. Salini
samples were collected in a 20 ml falcon tube, refrigerated, and measured with a refractometer. Salinity
was found to vary between 37 38 ppt, consistent with normal seawater salin{fyigure 16) Nutrient

samples were collected in a 20 ml falcon tutsezen, and transported to the UNSW.

Collection of seawater samples during the September and November timepoints was done by local Norfolk
council members under the direction of Dr Lantz and Dr Ainsworth (who were off island). Collections in
September wre done by a boat at each survey starting GPS point (n = 7 per bay) and collections in
November were done directly inshore of these points (coliform levels unsafe to access lagoon; n = 7 per
bay). Collections by council in November also included two sssvipdm the bore water well upstream of

the Emily Bay outlet. All samples collected in September and November were frozen by council, packaged
together, and shipped to UNSW for analysis in November of 2020. December seawater collections were
performed by he team onisland and reflected a more comprehensive survey approach. Seawater samples
were collected at locations both along the shoreline and at depth in the lagoon at each logger station to
provide comparability to both September (lagoon) and Novemsteoreline) data. This effort was repeated

on 3 separate days, once at the beginning while dry (DecemBet020 and December™82020) and a

third time following a rain event (Dec #(020). Additionally, samples were also collected along the

shoreline # Cemetery Bay on Decembef &r comparability.
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Methodology: Benthic SurveyThe work
with this report was conducted undel
contract with Parks Australia. Initia
benthic surveys were conducted ol
snorkel over a period of 14 days fror
February 28 to March 12" 2020, within

Latitude

the Norfolk Island lagoon encompassir

Emly Bay and Slaughter Bay (Fig&ye

Due to Covidl9 travel restrictions, which
meant researchers were unable to retur|
to Norfolk between March and October
and high bacterial counts in Emily and
Slaughter Bay following rain events, #7%8
boat-based videos gsueys were : LY
conducted by GP Services in June an Logg:r*s " 3
September, followed by Hvater surveys §é
between the 28 November and the 11

of December by researchers.

Feb/March underwater surveys were
conducted at7 transects at both Emily

and Slaughter Bay. For each 10

transect 10 photoswere takenat 1 m
increments within the Emily Bay zone Figure6-1: Location of initial benthic surveys conducted in Emil
(EB) and Slaughter Bay zone (SB; n = Bay (EB; n = 7) and Slaughter Bay (SB; n = 7) within the soutt
photos transect; Figure 5; facing lagoon on Norfolk Island.
Supplementary Table 1).Photagraphs
were taken undenater with a T& Olympus underwater camera and photo area was standardised with
the use of a 1 rhquadrat. Coral cover, species identification, disease and health signs, bleaching severity
were all recorded. The resulting 140 photos (708iteere analged using the online platform CoralNet
(Figures 6, 7) with a grid of 100 points per photo. Data were recorded as the cover underneath each point
according to a set of prdefined labels which describe benthic cover and, should that cover be coral, its
morphology and healthData generated was also compared to previous reports from 188&parisons
of benthic data through space (Emily Bay vs. Slaughter bay) and time (1988 vs. 2020) were performed
statistically with a test to test for significant differeres in cover by categoryHowever exact GPS
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coordinates for historical surveys (1998) are not available and due to the highly heterogenous nature of the
lagoonal reef habitats within Emily and Slaughter Bay survey location can influence the assessnraht of co
and algal cover, as such direct comparison between 2020 and 1998 should be viewed with this

consideration.

In addition,loggers were deployed at a further 10 sif@sgure 5and water and sediment samples were
collected at an additional 10 inshore sites distributed across the length of the Emily Bay (sites annotated
EB) and Slaughter Bay (sites annotated SB) rediodune (3 June) boabased surveys and individual
photographs were taken at the GPS coordinates of the Feb/March in water surveys which were analysed as
for the initial surveys (10 photos in total), as such this represents the survey with the least benthic coverage.
A subsequent survey in Septembet @eptemler) include boabased video transects overlaying the GPS
coordinates of the initial surveys. For each assessment, the video survey footage was used to generate 10
non-overlapping stills per transect were and analysed as or the initial surveys (totgbbd#ts), to provide

benthic cover data.

Figure 62. CoralNetbenthic identification protocol for March 2020 (top) and June 2020 (bottom). Left ha
images provide representative coral images, right hand side images illustrated CoralNéysina
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