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Executive Synopsis 

 

 

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 lagoonal reef, and neighbouring Cemetery Bay lagoonal reef, both of which 

ŀŘƧƻƛƴ ǘƘŜ YƛƴƎǎǘƻƴ ƭƻǿƭŀƴŘ ŎŀǘŎƘƳŜƴǘ ŀƴŘ ǿƻǊƭŘ ƘŜǊƛǘŀƎŜ ƭƛǎǘŜŘ YƛƴƎǎǘƻƴ ŀƴŘ !ǊǘƘǳǊΩǎ Vale historic sites.  

 

During 2020 unusually high sea surface temperatures extended across the Southern Hemisphere, including the 

Great Barrier Reef, the Coral Sea and the reef habitats of Norfolk Island. This event resulted in extensive coral 

bleaching within the lagoonal reefs of Norfolk Island including Emily Bay and Slaughter Bay. The 2020 bleaching 

event is the first record within the Norfolk Island coral reef ecosystem, however bleaching events have also likely 

occurred within the bay during previous anomalously high temperature conditions, including 2005, 2011 and 

2017, based on satellite derived past sea-surface conditions. Additional impacts to the reef ecosystem in 2020 

following the bleaching event included disturbance caused by Cyclone Gretel in March and significant rain events 

through winter and autumn resulting in flooding, sedimentation and nutrient input into the inshore lagoon. 

Coral bleaching within the lagoonal reef was extensive and corals remained bleached through the subsequent 

winter, which was followed by inshore pollution events and declining water quality. Nutrient concentrations 

within both Emily and Slaughter Bay, associated with periods of high rainfall and land-based runoff, exceeded 

the Australian and New Zealand Environment and Conservation Council recommendations. Coincident 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 

Cemetery Bay, which is a coral dominated benthic system, maintained nutrient concentrations similar to those 

of the northern open ocean beaches of Norfolk Island and low macroalgal cover. From December 2021 a coral 

disease outbreak also occurred in Emily and Slaughter Bay, providing further evidence for declines in reef health 

within the inshore bays during 2020-21 period. Coral diseases were not observed on the inshore reef of 

neighbouring Cemetery Bay in April 2021. Disturbance events and associated reef responses reported here, 

namely high sea surface temperatures, coral bleaching, land-based pollution, increased coral mortality and coral 

disease outbreaks, are known to be associated with declining coral reef health and phase-shifts from coral to 

algal dominated coral reef systems. Taken together these provide evidence of declines in coral health within the 

lagoonal inshore coral reef ecosystem of Emily and Slaughter Bay.  

 

Ongoing investigation and monitoring of the inshore coral reef lagoon of Emily and Slaughter Bay is 

recommended to support management decision making and determine if management interventions are 

improving the resilience of the Norfolk Island coral reef ecosystem. Given 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 on-going 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. It is also suggested that active coral restoration efforts are examined to improve the resilience of the Emily 
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and Slaughter Bay inshore lagoonal coral reef ecosystem given they are of substantial socio-economic value to 

the local communities and stakeholders. It is recommended that further study of coral recruitment is undertaken 

to determine recruitment rates and possible larval sources of supply for corals, and fish communities on Norfolk.  

Other management considerations for the Emily, Slaughter and Cemetery Bay coral reef ecosystem include 

highlighting reef areas of potential high conservation value, cultural value, areas for targeted rehabilitation 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 a 200-year history of settlement within the Kingston 

Lowlands wetland adjacent to the coral reef lagoon of Emily 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 land-based sources linked 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, poor water quality, pollution from land-based sources, fresh-water influx, and increased 

sea surface temperatures. 

¶ Norfolk Island is a sub-tropical 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 southern side 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.  

 

¶ Following predictions 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 Late February/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 and nutrients 

entering the bays.  

Section 1. Drivers of reef health including lagoonal water quality and ocean temperature 2020-2021. 

Emily and Slaughter Bay were impacted by a number of environmental impacts that resulted in declining coral 

health. In summer 2020 seawater temperatures exceeded the local coral bleaching threshold in February and 

March, resulting in significant coral bleaching. Coral mortality was not evident associated with the bleaching 

event at the time of survey in March, however bleaching remained evident from the video survey taken in June 

2020, while there was no evidence for recent coral bleaching associated mortality found during June, August 

and November surveys. The bleaching event was followed in winter 2020 with high rainfall events (>30 mm in 
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one day) recorded in May, July, August, September and November, leading to increases in inorganic nitrogen 

(ammonium and nitrate/nitrite) while Enterococcus counts and thermotolerant bacterial counts were also 

recorded in the bays during this time. Ammonium concentrations in September, November and December 

samples were between 5 and 14 times above the Australian and New Zealand Environment and Conservation 

Council water quality guidelines, while nitrate/nitrite levels were up to 2 times higher. Due to travel restrictions 

associated with Covid-19 video transects of the bays were performed from a boat (GP Services) in June and 

September with a subsequent in water benthic survey and water quality assessment conducted in 

November/December 2020.  

 

Section 2. Lagoonal coral reef condition Emily Bay, Slaughter Bay and Cemetery Bay 2020-2021 

Monitoring of benthic community 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 and encrusting corals. Algal cover during the survey 

period was approximately 60%, which indicated that this reef would be categorised as algal dominated. In 

comparison, the nearby Cemetery Bay, has coral cover of 50.8% and algal cover of only 36.5%. During the survey 

period the dominant type of algae changed, from green turfing alga in March 2020, to fleshy algal dominated by 

April 2021, these changes are consistent with a reef subjected to increased nutrient input into the system. 

Generally, fleshy algae are less susceptible to herbivory and can compete more effectively with corals, as such 

increases in their abundance can lead to further decreased coral health.  

 

Section 3a. Coral bleaching event March 2020 Emily Bay and Slaughter Bay Norfolk Island.  

The majority of coral species, representing multiple coral growth forms, within Emily and Slaughter Bays were 

impacted by bleaching in 2020. The lowest bleaching prevalence was recorded in branching corals (16% of 

individuals bleached); in contrast, 56% of mounding coral colonies experienced bleaching. As such, bleaching 

susceptibility was found to be highest in mounding and encrusting species. Indicators such as coral cover and 

algal cover suggest reef condition is in a degrading state. In March 2020 live hard-coral cover was approximately 

30%, and there was evidence of coral skeletons, recently dead coral, and coral overgrown with algae across the 

reef. In 1988 coral cover ranged between 14% on the intertidal platform to 64% at mid-lagoonal Bommies (Veron 

1997), at that time there was no evidence of dead or algal overgrown corals in the bays, but Veron noted 

declining coral health and species loses, attributed to poor water quality and land-based pollution. During the 

March survey period there was no evidence of significant freshwater inflow into the lagoonal waters at the time 

of survey as the island.   

 

 

Section 3c. Lagoon-wide coral disease outbreak. We report evidence for increased signs of poor coral health 

and report on the first recording, although probably not the first instance, of a coral disease outbreak at Norfolk 

Island, putatively identified as Atrementous Necrosis. The disease impacted over 50% of plating and encrusting 

Montipora colonies in the lagoon. Atrementous Necrosis has previously been identified on the central GBR and 

is corelated to run-off events and resultant low salinity, high nutrients and sedimentation, where it caused high 
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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 disease outbreak on the 

reefs of Norfolk Island. As such we recommend ongoing monitoring of prevalence, tissue loss and colony fate of 

disease on the reefs of Norfolk Island.  

 

 

Section 4. Recommendation summary.  

Reducing pressure on the reef: It 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 subsequently coral health. Further study of 

groundwater inputs into the bay are also necessary to clarify sources and routes of inputs. In addition, given that 

negative impacts often have synergistic effects, reef mangers should consider the extent of already existing 

pressures on the Emily and Slaughter Bay reefs when assessing the impact of future activities/undertakings (e.g., 

dredging, capital works) that would negatively impact the local marine environment.  

 

Further research and monitoring: Monitoring of water quality, nutrient enrichment, coral bleaching, coral 

disease, and algal cover are needed to determine long-term patterns of reef ecosystem state. We recommend 

initiating an annual reef health report card system to communicate with stakeholders the on-going health of the 

reef and environs.  Ongoing assessment and monitoring of drivers of coral reef decline are needed within the 

Kingston lowland inshore lagoonal reef ecosystem including Slaughter Bay, Emily Bay and neighbouring 

Cemetery Bay to determine the effectiveness of management interventions. We also recommend 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 reefs. We also propose assessing the efficacy of active management intervention such as targeted 

algae removal and coral re-introduction for rehabilitation of algae colonised regions of the lagoonal reef. 

 

Tourism opportunities: There are several tourism related initiatives that could be undertaken to increase the 

eco-tourism potential of the bays. Included below is a detailed benthic structure assessment for use with 

possible education snorkel trails, proposed coral health educational card and establishment of citizen science 

records.  

 

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

investigation.  

¶ 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  

¶ Proposed Coral Preservation Areas, that are highlighted to members of the public and could be 

rezoned differently for areas of Emily Bay and Slaughter Bay (yellow, green) 

¶ Cemetery Bay (pink and red) have extensive coral cover and may require specific site management. 
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¶ Map of suggested areas for scientific investigation of site rehabilitation in Slaughter and Emily Bay. 

Areas outlined for algae removal (green) and coral re-introduction following algal removal efforts. 

Illustrative snorkel trail locations based on assessment on reef structure and management goals  

¶ Icons display noteworthy coral to be viewed along the trail and corals of cultural and/or ecological 

significance 

¶ The possibility of tourism opportunities around coral spawning should also be examined 

¶ Possible citizen science project based around active management intervention such as targeted algae 

removal and coral re-introduction for rehabilitation of algae colonised regions of the lagoonal reef. 
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Figure 1. Proposed Emily Bay, Slaughter Bay and Cemetery Bay Site Orientation Summary  

 

 
Figure 2. Proposed educational coral reef snorkel trail locations  
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Figure 3. Slaughter Bay points of interest. 

 

 

Figure 4. Emily Bay points of interest. 
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Section 1. Norfolk Island lagoonal nutrient concentrations, temperatures and site conditions 2020-2021. 

 

Site conditions within Emily Bay and Slaughter Bay were assessed with a variety of biophysical 

measurements. Water quality was assessed by measuring seawater nutrient concentrations and overall 

organic matter loads within reef sediments, ocean temperatures were assessed with satellite sea surface 

monitoring (National Oceanographic and Atmospheric Administration (NOAA) and in situ logger 

deployment, additionally salinity, tidal range, water flow speed and direction, were assessed. Methodology 

is provided in section 6.  

 

Emily Bay and Slaughter Bay inshore water quality 2020-2021. 

 

Summary findings.  Concentrations of dissolved inorganic nitrogen (DIN) in the Norfolk lagoon are above 

ANZECC trigger values for coastal and marine waters from June 2020 to April 2021. The ANZECC guidelines 

trigger values are designed to assist management agencies to determine if coastal and marine waters are 

άŦƛǘέ ǘƻ ǎǳǇǇƻǊǘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǾŀƭǳŜǎΦ !b½9// ǊŜŎƻƳƳŜƴŘ ǘƘŀǘ ǿƘŜƴ ǘƘŜǎŜ ǾŀƭǳŜǎ ŀǊŜ ŜȄŎŜŜŘŜŘ ǎǇŜŎƛŦƛŎ 

investigations are performed to determine the cause of elevated values and then further develop, and 

possible adapt, the guidelines to suit the local area. In comparison seawater outside of the lagoonal 

catchment from the north side of the island was found to be below guidelines in April 2021 (the sole period 

they were examined). As such inshore lagoonal waters are consistent with other near shore reef areas 

impacted by land-based runoff. Nutrient concentrations were highest following rain events but were also 

elevated in Slaughter Bay during dry periods (this suggests that contaminated ground water infiltrates into 

the lagoon outside of rain events).  

 

 

 

According to ANZECC guidelines the Norfolk lagoonal reefs of Emily and Slaughter Bay would be classified 

as disturbed during April 2021 (Figure 1-1) and during the period of September 2020 to December 2021 

(Figure 1-2).  
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¶ In comparison, in 

seawater samples from 

open water areas of north 

Norfolk Island NOx and NH4
+ 

ǿŜǊŜ ǳƴŘŜǘŜŎǘŀōƭŜ όғ л ˃Ǝ [-

1 ) (Figure 1-1).    

 

¶ Nutrient 

concentrations for the 

inshore lagoonal water of 

Cemetery Bay were also 

found to be below 

guidelines in April 2021 

(Figure 1-1). 

 

 

The highest concentrations of dissolved inorganic nitrogen are evident in the lagoonal waters of Emily and 

Slaughter Bay following higher than average rainfall in autumn 2020. Specifically, we find September, 

November and December 2020 concentrations were consistently higher than that of March 2020 and 

March 2021 (Figure 1-2).  

 

Conditions in March of 2020 can be classified as oligotrophic, exhibiting relatively low concentrations of 

DIN in line with other coral reef ecosystems (Table 1-1) and following rainfall events the system is consistent 

with transitioning to a eutrophic state (Table 1-1). Between the periods of December 2020 to March of 

2021, rainfall was relatively low and nutrient sampling in late March and early April along Emily and 

Slaughter Bay indicated a general decrease in levels of both NOx and NH4
+ relative peak values in September 

of 2020, however, were still higher than those initially measured a year prior in March 2020, especially for 

NH4
+. Average NOx and NH4

+ concentrations were higher than trigger values set by the Australian and New 

Zealand Guidelines for Fresh and Marine Water Quality (ANZECC; Table 1-1). 

Figure 1-1. Concentrations of dissolved inorganic nitrogen (nitrate 

+ nitrite [NOx] and ammonium [NH4+]) In April 2021. Dashed red 

line indicates ANZECC trigger values. 
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Figure 1-2. Concentrations of dissolved inorganic nitrogen (nitrate + nitrite [NOx] and ammonium 

[NH4
+]) at Emily Bay, Slaughter Bay, Cemetery Bay, the stream behind Kingston. Dashed red line 

indicates ANZECC trigger values. 
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Table 1-1: ANZECC Guidelines Table indicating trigger values for Ammonium (NH4
+) and Nitrate + Nitrite 

(NOx) based on ecosystem type and state.  

Nitrogen        

Ecosystem 
type 

NZ VIC NSW ACT TAS QLD south 
east 

QLD 
tropical 

Estuaries and 
lakes 

 13 10  10  395 

Marine  3 25  3  4 

Rivers 167-444    190 20 30 

Ammonium        

Ecosystem 
type 

NZ VIC NSW ACT TAS QLD south 
east 

QLD 
tropical 

Estuaries and 
lakes 

 8 20   19 17 

Marine  11 20   4 15 

Rivers 10-21  40  13 6 6 
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Table 1-2: Mean coliform (cfu/100 ml) (data: Norfolk Island Regional council) ŀƴŘ ƴǳǘǊƛŜƴǘ ό˃Ǝ [-1) data 
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 the 7-day and 30-day 
accumulation of rainfall (mm) prior to the sampling time point. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In comparison, in coastal lagoons on the Great Barrier Reef NOx and NH4
+ concentrations of < 5-мл ˃Ǝ [-1 are 

generally reported. These levels for an oligotrophic coral reef lagoonal ecosystem are almost order of 

magnitude lower than the values measured from September to December in the Emily Bay coral reef 

lagoonal waters όϤ тр ˃Ǝ [-1).  Other reef ecosystems associated with GBR Islands outer lagoonal reefs, and 

reef associated waterways nutrient concentrations are lower than that recorded from 2020-2021 in Norfolk 

Island lagoonal waters (Table 1-3). Above average accumulation of rainfall for 2020 on Norfolk Island is 

likely contributing to eutrophication in Emily and Slaughter Bay as evident from Autumn 2020. Multiple 

    Coliform 
7-day 

Rainfall 
30-day 
Rainfall Nutrients 

Above 
Limits 

Date Site (cfu/100ml) mm mm 
NH4 
ug/L 

NOx 
ug/L 

ANZECC 
Guidelines 

March 15, 
2020 SB Shore NA 74 114 5.4  34.1 No 

  EB Shore       5.7  35.8 No 

September 2 
SB 

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 SB Shore 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 
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sources of nutrient delivery into the lagoon seawater, including both ground water or point source 

locations, are the likely drivers of the comparatively high concentrations evident in both Emily and Slaughter 

Bay within the current study in both periods of high and low rainfall. For example, relatively high 

concentrations of dissolved inorganic nitrogen were observed on Dec 8th in Cemetery Bay (above ANZECC 

trigger values) despite no apparent point-source runoff location. Similarly, nutrients have been highest at 

some time points in the middle of Slaughter Bay, farther from the point source runoff location at Emily Bay. 

Together, these observations suggest that there may be multiple sources of dissolved inorganic nitrogen to 

the reef. Low concentrations in April 2021 of the north side of the island shows surrounding ocean waters 

are extremely nutrient poor (undetectable), further supporting the conclusion that nutrient source to the 

lagoonal waters as terrestrial. 

 

Table 1-3: Dissolved inorganic nitrogen concentrations measured within oligotrophic and eutrophic 

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

highlighted in green. Values noted are the concentration of nitrate + nitrite (NOxΤ ˃aύ ŀƴŘ ŀƳƳƻƴƛǳƳ 

(NH4
+Τ ˃aύΦ 

Location Study NOx ό˃aύ NH4
+ ό˃aύ 

Norfolk Island (March 2020) Current study 0.30  0.41  

Norfolk Island (December 2020) Current Study 4.02 4.70 

One-Tree 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 Ocean Temperature (SST) Conditions.  

 

Summary of findings.  Conditions likely to cause bleaching were evident in the Norfolk Island reef region 

from late January 2020, when heat stress (measured by Degree Heating Week, 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 

formal record of coral bleaching for Norfolk Island coral reefs. Both this analysis and historic satellite derived 

sea surface data suggest bleaching has also occurred in 2016 and 2011 on the Norfolk Island coral reef.  

 

In the period of JanuaryςMay 2020 the region accumulated DHW of 9.36̄ C-weeks (Figure 1-3). DHWs 

accumulated until a tropical cyclone impacted the region on March 16th, rapidly cooling surface waters. 

Significant coral bleaching is typically associated with DHW of 4̄ C-weeks, which the region reached on 

February 17th, whilst DHW of 8̄ C-weeks (reached on March 9th) is associated with severe bleaching and 

significant mortality. Tropical Cyclone Gretel affected the region on March 16th, rapidly reducing SST and 

therefore heat stress. For comparison, SST in 2019 had a summer average around 2°C lower than in 2020.  

As a result, the heat stress accumulation was 1.1°C-weeks in 2019, beginning February 12th, 2019 and with 

only a brief additional accumulation in late-April (Figure 1-3). 

 

 

 

 

 

 

At the time of this report there are no other known scientific studies documenting bleaching occurrence 

within the Emily and Slaughter Bay lagoonal reef systems, or Norfolk IslandΩs other reefs systems. However, 

coral bleaching has been recorded on reefs of neighbouring islands including Lord Howe Island, 885 km 

Figure 1-3. Sea surface temperature (purple line) and Degree Heating Week accumulation (red line, 

DHW) for Emily Bay Norfolk Island from October 2018 to April 2021. The bleaching threshold (blue 

line) is 1°C above the summertime climatology (blue dashed; maximum of the monthly mean 

climatologies, MMM). 
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south-west of Norfolk Island, (bleaching recorded in 1998, 2009, 2010, 2019) and the Barrier reef of New 

Caledonia, located 724 km north of Norfolk Island.  Millar (2000) and Rotschi and Lemasson (1967) refer to 

oceanographic connectivity between the Coral Sea and Norfolk Island ocean waters, with Norfolk Island 

influenced by the East Australia Current/Tasman Front from the Coral Sea. The co-occurrence of bleaching 

on the Great Barrier Reef and Norfolk Island in 2020 suggests bleaching events may have occurred in 

previous years. Analysis of historic satellite derived sea surface temperature, in the context of the 2020 

thermal anomaly that resulted in bleaching on Southern Norfolk IslandΩǎ lagoonal reefs, indicates that 

bleaching conditions were likely to have occurred on the reef in 2004 where the reef experienced heat 

stress of 12̄ C-weeks. SST that exceeded the local bleaching threshold (Figure 1-4 solid blue line) also 

occurred in 2011 and 2016. We also note that the mass bleaching events of 2016 and 2017 on the northern 

and central Great Barrier Reef did not appear to coincide with a similar accumulation of heat stress on 

Norfolk Island. In 2016 the accumulation of 7̄C-weeks was abruptly halted on February 25th when SST 

cooled to more than 1̄C below the summertime peak as Tropical Cyclone (TC) Winston passed 200 km 

north of Norfolk Island, which experienced Category 1 winds.  In 2016, TC Winston travelled westward from 

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

on the southern reef from late February 2016.  
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Figure 1-4. 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 Station (RVS) 

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 Atmospheric 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/gauges/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). This information is delivered as spatial maps and quick-reference gauges; historical 

information is also available for these products and also as a time-series of the satellite-derived data.  Maps 

of the metrics that underpin and complement the heat stress levels are also available (e.g., Sea Surface 

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

 

For example, conditions at Norfolk Island on 21st February 2020 indicated that heat stress was present at 

Alert Level 1 (red, top left map and top gauge, see Figure 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 subsequent 1-4 weeks (and potentially 

also the four-week period following that) but were predicted to subside by a lead-time of 9-12 weeks.  The 

time series (Figure 1-5, 1-6) of regionally summarised, satellite-based metrics confirms that the predicted 

heat stress level (Alert 2; dark red shading) was realised, with peak heat stress occurring in mid-March. The 

time series graph displays several regionally-summarised elements including the SST (purple solid), 

expected temperatures through the year (monthly mean climatologies, blue +), the SST threshold 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 historically expected (i.e., climatological) values from mid-May. 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 

https://coralreefwatch.noaa.gov/product/vs/gauges/norfolk_island.php
https://coralreefwatch.noaa.gov/product/vs/gauges/norfolk_island.php
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Figure 1-5Φ bƻǊŦƻƭƪ LǎƭŀƴŘ ƘŜŀǘ ǎǘǊŜǎǎ ƳƻƴƛǘƻǊƛƴƎ ōȅ ǘƘŜ bh!! /ƻǊŀƭ wŜŜŦ ²ŀǘŎƘ ΨwŜƎƛƻƴŀƭ ±ƛǊǘǳŀƭ {ǘŀǘƛƻƴΩΦ  

Maps of satellite-based current heat stress level and model-based predictions (left) are complemented 

by regional-summary gauges (right), with colours representing the different levels.  Satellite-based 

metrics are available from January 1985, with model-based predictions 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 

change in the satellite-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 website, https://coralreefwatch.noaa.gov/subscriptions/vs.php. The addition of 

the Norfolk Island RVS was made possible through collaboration with NOAA Coral Reef Watch. 

 

https://coralreefwatch.noaa.gov/subscriptions/vs.php
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Figure 1-6. Time series of regionally-summarised, satellite-based metrics for Norfolk Island for 2019-2020.  

Elements including the SST (purple solid), expected temperatures through the year (monthly mean 

climatologies, blue +), the SST threshold for heat stress (horizontal blue solid), accumulated heat stress 

(DHW, red solid) and the associated heat stress level (yellow to dark red shading).  Graphs spanning two 

years are available from 1985. 

 

Bluetooth Temperature loggers (Hobo, Massachusetts) were also deployed at 6 sites across the Emily and 

Slaughter Bay lagoonal reef between March 6th 2020 and April 23rd 2020 to determine in situ thermal 

variability during the survey period (see Figure 1-7). In situ temperatures allow for determination of the 

maximum temperature exposure during bleaching conditions and the spatio-temporal variability within the 

study site. Thermal variance is an important driver of bleaching severity and the capacity of corals to 

withstand bleaching conditions and recover from bleaching events3,4. One degree above the maximum 

monthly mean (MMM) indicates the temperature at which degree heating weeks accumulate for bleaching 

alerts on coral reef systems. Temperatures remained at approximately the Emily Bay MMM+1 of 25.5 °C at 

all sites throughout March and April 2020, with temperatures remaining slightly higher at inshore sites (6, 

7 and 10), reflecting less water mixing, when compared to that of sites 1, 3 and 4, closer to offshore wave 

action. We find that mean water temperature in Emily Bay varied from 23.8 °C to 25.7 °C, and in Slaughter 

Bay from 23.9 °C to 25.7 °C (see Table 1-4 for min/max recorded temperatures) within a daily cycle.  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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Table 1-4. Minimum, maximum, and mean temperatures (°C) recorded during the period of March 7th ς 

Apr 23rd at six of the recovered logger sites. 

Location Site  mean (°C) min (°C) max (°C) 

Slaughter Bay 01 23.9 22.5 25.7 

Slaughter Bay 03 23.8 22.3 25.5 

Slaughter Bay 04 23.9 22.5 25.5 

Emily Bay 06 23.7 21.6 25.7 

Emily Bay 07 23.8 22.0 25.4 

Emily Bay 10 23.8 22.4 25.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7. In situ water temperature at 6 inshore lagoonal sites of Emily and Slaughter Bay in March 

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, suggest that protective and 

repetitive pre-bleaching 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 sea surface 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 7th 2020 and recorded data until April 23rd 2020. Mean depth at the 

location of deployment was ~3.1 m and tidal variations ranged between 1.75 m, at peak low tide, and 3.9 

m at peak high tide, equating to a 1.75 m tidal range, within the lagoon at time of survey (spring tide was 

25th Feb).  

 

Flow meters were deployed at 5 to 7 sites across the lagoon from March to June of 2020 and December 

2020 to April 2021.  Mean flow speeds in the lagoon for non-storm times were recorded as 0.12 m s-1 and 

varied from 0.001 to 1.19 m s-1 (Table 1-6). Water flow was strongest at the western side of the lagoon in 

Slaughter Bay (SB5), especially at the lagoon exit channel, and weakest at the east end of Emily Bay (Figure 

1-8, EB1 and EB3). Mean flow speeds (0.12 m s-1) were predominately driven by tidal/wave action and E-SE 

trade winds, with flow speeds in the lagoon fastest at high- and mid-tide and lowest at low tide (Figure 1-

9). Deployments in March of 2020 provided the opportunity to measure lagoon flow during two extreme 

weather events. On March 13th Cyclone Gretel passed Norfolk Island (winds of 40+ km h-1) and on April 4th 

a storm event with high winds from the north (30+ km h-1) (see windrose figures for comparison of normal 

and storm event wind characteristics, Figure 1-10). Analysis of salinity during March, dry period, found no 

significant differences between sites (Figure 1-11). 

 

Table 1-5. Minimum, maximum, and mean flow speeds recorded during the period of March 7th ς Apr 

23rd at the five flow logger sites.  

Location Site # Mean (m s-1) Minimum (m s-1) Maximum (m s-1) 

Slaughter Bay 01 0.11 0.01 0.42 

Slaughter Bay 03 0.10 0.009 0.41 

Slaughter Bay 04 0.16 0.01 0.78 

Slaughter Bay 05 0.22 0.01 1.19 

Emily Bay 01 0.06 0.002 0.39 

Emily Bay 03 0.05 0.001 0.26 

Lagoon Average  0.12 0.007 0.57 
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Figure 1-8. Windrose flow diagrams displaying the mean flow speed (m s-1) and cardinal direction of 

flow at the five locations where flow meters were deployed. Bars represent magnitude and direction 

of flow March-April 2020. 
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Figure 1-9. Windrose flow diagrams displaying the mean flow speed (m s-1) and 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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Figure 1-10. Windrose flow diagrams displaying the mean flow speed (m s-1) and cardinal direction 

during three distinct weather events; common E-SE winds, Cyclone Gretel, and a northerly storm.  
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Figure 1-11. Salinity records for Emily and Slaughter Bay inshore reef during March 2020. 
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Figure 1-12. Annual total rainfall at Norfolk airport. Data obtained from the Australian Bureau of 

Meteorology. 

 

The historic mean annual rainfall for Norfolk Island is 1312mm, in 2011 rainfall exceeded the decadal 

average with over 1700 mm of rainfall while only one other year in the decade experienced above average 

rainfall (2016). An extended period of below average rainfall was experienced between 2017-2020 and 

throughout 2019 (Figures 1-12, 1-13, 1-14).  

 

In 2020 Norfolk Island experienced significant rainfall events were associated with T.C. Gretel (March 16th) 

with subsequent high rainfall events occurring in May (38 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 5/11/2020) (Figure 1-14). Freshwater incursion, sedimentation and flooding of Emily Bay was 

observed by residents on Island following the high rainfall event during winter 2020. 

 

 

 

 

 

Mean annual rainfall 1312 mm 
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Figure 1-13. Seven-day rainfall totals for Norfolk Island airport during 2019. Data obtained from the 

Australian Bureau of Meteorology. 

 

 

Figure 1-14. Seven-day 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 samples were collected along the shoreline at approximately 20 cm depth (same location as 

nutrient samples, see above) in Emily and Slaughter Bay (March 2020) and the concentration of organic 

carbon, nitrogen, hydrogen, and sulphur present was determined. Samples were collected 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 sterilised jars, frozen, and transported to the UNSW Analytical Centre for 

Micro-combustion environmental analysis. Sediments were predominately composed of organic carbons 

(mean: 11.3%) and, to a small extent, hydrogen (0.10 %) and sulphur (0.07%; Table 1-6). Nitrogen was, 

relatively, the least concentrated of the analysed organics, suggesting a relatively 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 tide 

(p = 0.751) in a one-way analysis of variance (ANOVA). 

Table 1-6: 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 Figure 1-11). 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 WS01 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 WS03 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 WS07 High 0.03 11.51 0.17 0.11 

Slaughter Bay WS07 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 11.51 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 2. Benthic Cover Assessment for Norfolk Island Inshore Lagoon 

Benthic Health Assessment Summary of findings. The Norfolk lagoonal reef encompassing both Emily and 

Slaughter Bay sites show high benthic variability within the reef. Substantial cover of macro and turf algae 

was observed throughout the 2020-2021 study period. The average benthic cover in Emily Bay and 

Slaughter Bay is composed of approximately 30% coral cover and 60% algae cover, this algal cover would 

be categorised as high for a coral reef ecosystem. Coral cover consists primarily of branching corals (9.9% 

Emily Bay and 15% Slaughter Bay) encrusting (7.2% Emily Bay and 4.1% Slaughter Bay), foliose (5% Emily 

Bay and 3.2% Slaughter Bay), and mounding (6.4% Emily Bay and 3.8% Slaughter Bay) morphologies. 

Encrusting and branching coral growth forms dominate the reef while foliose and mounding species are 

more rarely observed. In comparison, in neighbouring Cemetery Bay, which also hosts a diverse inshore 

reef ecosystem, there is substantially higher coral cover (50.8%) and lower algal cover (36.5%), suggesting 

ongoing declines in coral cover within the neighbouring Emily and Slaughter Bay. As such Cemetery Bay 

would be considered a coral dominated system, whilst Emily and Slaughter are algal dominated systems. 

 

Overall coral cover was not found to 

differ significantly across the year-long 

study period. Coral cover in both Emily 

and Slaughter Bay ranged from 24.6% to 

35% of the benthic cover. Coral cover of 

20-30% would be categorised as low 

coral cover for a coral reef ecosystem 

(Figure 2-1). 

Algal cover on the reef is extensive, 

ranging from 48% to 54% of the benthic 

cover. Algal cover was consistent across 

the study period for both Emily and 

Slaughter Bay (Figure 2-1). 

 

 

 

Figure 2-1: The relative percent cover (% cover ± SD) of benthic cover at both Emily Bay and Slaughter 

Bay combined. Coral categories are highlighted in blue, algae in green. 

 

Cemetery Bay is an inshore lagoonal reef dominated by coral cover, with 50.8% of the benthic cover 

comprising coral and 36.5% comprising algae. Similarly, Cemetery Bay has substantially higher coral cover 

for all dominate coral growth forms, most notably 10-15% higher cover of the benthic habitat forming 
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branching coral species (Figure 2-2). Branching coral species are critical habitat forming 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 be 25% of the benthic cover, whilst in Emily Bay 9.8% of the 

benthic cover and 15% of the benthic cover in Slaughter Bay. Given the close proximity of these sites the 

figures suggest a long-term decline in these habitat formers and increase in algal cover is occurring within 

the Emily and Slaughter Bay inshore reef ecosystem compared to the neighbouring Cemetery Bay (Figure 

2-2).  

 

 

Figure 2-2: The relative percent cover (% cover ± SD) of benthic cover at Cemetery Bay, Emily Bay, 

Slaughter Bay. Coral categories are highlighted in blue, algae in green. 

 

Emily and Slaughter bays are highly variable inshore coral reef ecosystems with substantial within-reef 

variability in coral cover, algal cover and coral growth form (Figure 2-3).  Within site variability is also evident 

for coral condition 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 adjacent 37.6% 

dead/diseased/colonise coral) and other regions potentially impacted by ground-water based runoff (beach 

adjacent reef 18-22% dead/diseased/colonise coral) (ground water incursion was not investigated within 

the current study) (Figure 2-3). Those reef sites with high water flow and connectivity to open ocean waters 

have lower proportions of dead diseased and algal overgrown coral and higher proportions of live coral 

(Figure 2-3).  
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Figure 2-3. Emily Bay (top) and Slaughter Bay (Bottom) within reef site variability in coral cover and coral 

condition.  

 

Within both Emily and Slaughter bays we find evidence for changes in algal composition over throughout 

the study period. Algal 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 comparison fleshy algal 

increased from 3% of the algal community to 32% in November 2020 and reducing to 14% in April 2021 

(Figure 2-4). Algal community changes such as reported here are consistent with those occurring on coral 

reef ecosystems impacted by increasing nutrient influx (Atkinson, 2011). The Slaughter Bay coral reef 

ecosystem also experienced similar changes in algal community composition shifting from a turf dominated 

system to a fleshy-algae dominated system within the year-long study period (Figure 2-4).  
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The algal groups present on the reef were classified by their functional group, which is based upon external 

morphology, size, productivity/growth, toughness and resistance to herbivory (Table 2-1) (Littler et al. 1983; 

Littler & Littler, 1984; Steneck & Dethier, 1994; Diaz-Pulido & McCook, 2008).  A functional approach is a 

useful alternative to species-level identification, which is often very difficult, and in this instance aims to 

determine the capacity for herbivory to reduce algal abundance and pressure upon co-habiting corals. 

Categories of functionally benthic algae include; 

¶ Algal turfs composed of microscopic algae (e.g. Cyanobacteria) or filamentous algae (e.g. 

Chlorodesmis) that 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 compounds designed to deter herbivory, in 

general algal turfs are grazed by a wide variety of herbivores.  

¶ Macroalgae are larger, anatomically more complex and usually more tough. The degree of 

ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ΨǘƻǳƎƘƴŜǎǎΩ όƛΦŜΦ Ƙƻǿ ŎƻǊǘƛŎŀǘŜŘ ǘƘŜȅ ŀǊŜύ ƛǎ an indication of growth rates/productivity. The 

ǘŜǊƳ ΨŦƭŜǎƘȅΩ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ǘƘƻǎŜ ƴƻƴ-calcified from calcified algae. Foliose fleshy algae 

have a high surface area to volume ratio and so often exhibit high productivity/growth (Littler et al. 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 alga is: Ulva is easily 

grazed while leathery Padina alga are less susceptible to herbivory. Additionally, some genera produce 

compounds that make them unpalatable (e.g. Dictyota, Laurencia). 

¶ Crustose algae are often the slowest growing and appear as a painted layer on the substrate. 

Crustose coralline algae are applanate (i.e., grow horizontally) and important in promoting the settlement 

of new corals on a reef. Rhodoliths (e.g., Lithophyllum) themselves produce protruding calcareous nodules 

and can be an important source of reef growth on temperate reefs. 

As such benthic coral reef ecosystems with algal communities dominated by crustose coraline (encrusting 

ŀƭƎŀŜΩǎύ ŀƴŘ ƭƻǿ ƛƴ ƳŀŎǊƻŀƭƎŀ ŀǊŜ ƎŜƴŜǊŀƭƭȅ considered indicators of healthy, coral dominated, ecosystems 

in which herbivory controls the benthic algal assemblage and reduces coral-algal competition. The 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 that occurred 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 16th) with 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 (see section 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 the Emily 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 as such generally have lower herbivory rates leading them to 

outcompete resident corals. As such it is recommended that on-going 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 remediation with the goal of improving water quality 

across Emily and Slaughter Bay and reducing terrestrial inputs should be prioritised. A reduction in algal 

cover or removal of algae has the potential to increase cover of species that facilitate coral settlement, such 

as crustose coraline algae and benthic habitat conducive to coral settlement, growth and survival.  

 

 

Figure 2-4. Benthic composition of Emily and Slaughter Bay during the year-long study period March 

2020-April 2021. 
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Table 2-1. Algae are classed by their expected response to high nutrient pulse events; their 
resistance to herbivory; and their direct competitive effect upon adjacent corals. Predictions are 
based on peer-reviewed comparative biology studies that examined both genera and functional 
groups (Littler et al., 1983; Brown et al. 2020). 

Genera Fun. Group (s) Expected 
Response Rate of 
High Nutrients 

Expected 
Resistance to 
Herbivory 

Potential Effect on 
Adjacent Corals 

Ulva, 
Chaetomorpha, 
Cladophora, 
Bryopsis, 
Cyanobactera 

MAT 
FAT 
FolioseM 

Fast-growing 
algae that 
respond quickly 
to nutrient 
pulses 

Soft, generally 
non-toxic algae 
so not very 
resistant 

Algal turfs in 
general are highly 
competitive with 
corals. 

Dictyota, 
Dictyopteris, 
Chlorodesmis 

FAT 
FolioseC 

Filamentous and 
foliose species 
are fast-growing. 

Produce 
chemical 
deterrents so 
resistant to 
herbivory 

Toxin-producing 
alga such as 
Chlorodesmis have 
been previously 
identified as 
detrimental to 
adjacent corals. 

Halimeda, 
Lithophyllum, 
Tricleocarpa 

ACA 
CCA 

Calcification is a 
high-energy 
process so ACAs 
and CCAs are 
slow-growing 

Stony texture 
makes them 
unpalatable to all 
but specialist 
herbivores (e.g. 
parrotfish) 

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

Hormosira, 
Padina 

Leathery Slower growing 
than foliose but 
faster than 
calcifying 

These are heavily 
corticated algae 
and so are 
resistant to 
herbivory. 

These tough, 
persistent and large 
seaweeds can 
smother and 
overshadow corals. 
They are also likely 
to cause heavy 
abrasive damage. 

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

Usually only 
lightly corticated 
so not very 
resistant to 
herbivory. 

C. cf. cuppressoides 
(Cactus tree algae) 
forms meadows on 
sand patches in EB 
and SB. C. racemose 
(sea grapes) is 
commonly adjacent 
to corals and so 
may cause abrasive 
damage and 
smother corals. 



 
 

37 

Laurencia, 
Plocamium, 
Amansia, Codium 
cf. fragile 

Fleshy Medium growth 
rates relative to 
turfs and foliose 
algae. 

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

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. 

Codium cf. 
lucasii, 
Colpomenia cf. 
sinuosa 

Fleshy Slow to medium 
growth rates 

Tough algae that 
are resistant to 
generalist 
herbivores. 

Low-lying, small 
algae are unlikely to 
have a significant 
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 survey data was collected in both 

Emily and Slaughter Bay and are categorized by cardinal direction (E, SE, S) and depth (0-2 m lagoon, 2-5 m 

channel, 5 m slope) (Table 2-2). To provide comparison to lagoon survey sites in 2020 (n = 14), we 

specifically compared the 1988 survey data from sites at all cardinal directions within the 0-2 m lagoon area 

(n = 4). It is important to note that surveys in 1988 do not provide a breakdown of morphological 

distribution within the hard-coral category and have used individual categories for algae as follows: 

coralline, thallous and tǳǊŦΦ ¢ƘŜ ΨƘŀǊŘ ŎƻǊŀƭΩ ŎŀǘŜƎƻǊȅ ƻŦ мфуу ŎƻǊǊŜǎǇƻƴŘǎ to the encrusting, branching, 

foliose, and mounding categories used here. The historical study also categorises the reef into distinct 

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

 

Table 2-2. Historical study locations 1988 and percentage benthic cover (Ivanovichi, 1988)  

Location   Location Depth Hard Coral Soft Coral Anemone 

Subtidal platform  E 0.5-1 m 14% 0 1.7% 

  S/E  19% 2% 0 

   S  0 0 0 

Slope  E 1-4 m 29% 0 1 

  S/E  19% 0 0 

   S  23% 0 1.5% 

Bommie  E 1-2 m 64% 0 0 

 

The algae categories, including encrusting, macro + fleshy, and turf, are here referred to as encrusting, 

macro-algae and turf for the surveys conducted in 2020.  In comparison to the recorded coral cover in 1988, 

we find the analysed corresponding 2020 transects record significantly higher coral cover (18% in 1998 and 

to 29% 2020) (p = 0.02) while recorded algal cover is significantly lower (p = 0.398) (Table 2-2, Figure 2-5).  
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Table 2-3: Comparison of Southern Norfolk Island benthic survey data collected at lagoon survey sites in 

2020 (n = 14) to those collected in 1988 within the 0-2 m lagoon area (n = 4). 1988 surveys 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, and turf. 

Benthic category 1988 % Cover March 2020 % Cover November 2020 % Cover 

Hard Coral 19 ± 4 27 ± 10 34 ± 15 

Total Algae 71 ± 7 57 ± 5 50 ± 16 

Encrusting 2.3 ± 1.9 2.5 ± 0.9 1 ± 1 

Macroalgae 47 ± 4 11 ± 6 42 ± 10 

Turf 18 ± 7 42 ± 16 6 ± 5 

 

The 1988 reported benthic compositions suggests macroalgae as the dominant algae group at the time of 

survey, whilst in March 2020 we find the algae dominated by turf species, which shifts to macro-and fleshy 

algae dominance throughout the remaining survey period. However, it is important to note some of these 

trends may be due to categorical interpretations and also transect placement within the highly variable 

intertidal lagoonal reef system. It 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 abundance, as such direct 

comparison should be made with caution. Finally, the 1988 surveys also did not discuss the relative 

proportion of bare space (sand, rubble, other). 

Figure 2-5 Comparison of benthic survey data collected in Emily and Slaughter Bay in 1988 and March 

2020. Algae total includes the sum of the three algal categories (encrusting, macroalgae, and turf). Hard 

coral includes the sum of coverage among all four coral morphologies (branching, encrusting, foliose, 

and mounding). 
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Fish community of Emily and Slaughter Bay December 2020 and April 2021 

 

Total fish abundance was not found to vary between the December and April sampling periods (Figure 2-

6). Highest fish abundances were detected at SB2, SB1 and EB3 (39.3 fish/120 m2, 41.5 fish/120 m2, 37 

fish/120 m2) which have the highest structural complexity and are coral dominated regions within the Emily 

and Slaughter Bay reefs while lowest abundance was at site SB3, a sand/Caulerpa dominated site (5 fish/120 

m2). Average abundance across the entire reef was 11.8 fish/120 m2, which is significantly lower than that 

found at Elizabeth and Middleton Reef, where herbivorous fish were found at mean densities of 26.3 

fish/120 m2 and 28.6 fish/120 m2. Of the 28 species of fish observed in the bays (see supplemental table of 

fish species observed) the most abundant was the territorial herbivore Parma polylepis, the Banded Scalyfin 

(Figure 2-7), a herbivorous Pomacentridae, which was found in all survey sites. Densities of P. polylepsis 

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 (Wrasses), which include 

planktivorous and herbivorous species. The endemic temperate butterflyfish Chaetodon tricinctus, the 

three stripe butterfly fish was also observed the inshore reefs. While providing an estimate of fish 

abundance the current study only assessed fish greater than approximately 5 cm in length and did not 

assess cryptic or juvenile fish species generally found within the reef structure.  

 

 
 
Figure 2-6. Total fish abundance during December and April survey periods. Error bars represent 
standard errors, n=4 for all site expect for EB3 and EB2 in December. Area of transects is 120 m2.   
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Figure 2-7. Fish abundance during December 2020 (Blue) and April 2021 (Orange) (A) SB5, (B) SB4, (C) 

SB3, (D) SB2, (E) SB1, (F) EB3, (G) EB2, (H) EB1. Error bars represent standard errors, n=4 for all site 

expect for EB3 and EB2 in December (n=3). Area of transects is 120 m2. 
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Section 3. Biological indicators of coral health including bleaching occurrence and disease prevalence 

 

Norfolk Island coral bleaching event March 2020 and bleaching recovery June 2020 

 

Summary of findings. All coral growth forms, representing the majority of coral species, were impacted by 

bleaching in 2020 within both Emily and Slaughter Bays in March 2020. Across the inshore lagoon of Emily 

and Slaughter Bay severe coral bleaching, evident as white colonies, were recorded in each of the coral 

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 rates of over 20%, as found in the current study, 

are consistent with a severe bleaching event on a coral reef ecosystem. Through March 2020, there was 

also evidence of coral skeletons, recently dead coral, and coral overgrown with algae across the reef, in 

each of the coral types. Coral bleaching/paling remained evident across the reef in the months after 

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

 

Coral bleaching occurrence was determined for all coral morphologies at each of Emily and Slaughter Bay 

during March 2020 as follows (Figure 3-1):  

¶ Healthy coral defined as coral showing no signs on coral bleaching. On the inshore reef ecosystem of 

Emily and Slaughter Bays healthy coral accounted for approximately 34% of the coral cover.  

 

¶ Paling coral defined as coral showing 

evidence of a reduction in  algae density 

and mild coral bleaching response 

compared to healthy coral. On the inshore 

reef ecosystem of Emily and Slaughter Bays 

pale coral accounted for approximately 

30% of the coral cover. 

 

¶ Bleaching coral, defined by white 

appearance of the colony and severe loss 

of algal symbionts from the coral tissues. 

On the inshore reef ecosystem of Emily and 

Slaughter Bays bleached coral accounted 

for approximately 29% of the coral cover.  

 

¶ Recently dead coral, defined by bare 

coral skeleton with early algal colonisation. 

On the inshore reef ecosystem of Emily and Slaughter Bays dead coral accounted for approximately 8% of 

the coral cover. 

Figure 3-1. Bleaching frequency in the inshore Norfolk 
Island lagoonal reef in March 2020 
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Figure 3-2. Coral cover healthy (dark green), pale (light green),  bleached (white), and dead (black), 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 

methods). 

 

Branching corals are important habitat forming species on coral reef ecosystems and are severely impacted 

by coral bleaching events on most reef ecosystems. In the current study branching corals in both Slaughter 

Bay and Emily Bay were found to have bleaching, with only approximately 34% of the branching corals 

remaining healthy (unbleached) through the event. ²ƛǘƘƛƴ bƻǊŦƻƭƪΩs Emily and Slaughter Bay bleaching 

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 branching Acropora species, plating Acropora species, and branching 

Pocillopora and Stylophora coral species. Bleaching susceptibility research has previously shown 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 mortality within weeks of 

bleaching.  In contrast Pratchett et al,10report that the normally bleaching susceptible Pocilloporid corals 

are more thermally tolerant on reefs in Moorea. On Norfolk Island inshore reefs, Pocilliopora corals 

underwent extensive bleaching across the reef in March, whereas branching and plating Acropora were 

more thermally tolerant. Across the Norfolk Island inshore reef, the Foliose corals were the least impacted 

by the bleaching event, recording the lowest bleaching occurrence, but also found to be in low abundance 

on the reef ecosystem. The highest incidence of mortality (dead, diseased, and algal colonised) was evident 

in encrusting and mounding corals in both reef habitats during March 2020 (Figure 3-2).  
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A 1988 report into coral health within Emily and Slaughter Bay Norfolk Island also reported observations of 

potential past coral bleaching occurrence by residents (Ivanovichi, 1988); άǊŜǎƛŘŜƴǘǎ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǎƻƳŜ 

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

cooler weather sets in. Dr Veron (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 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǎǘǊŜǎǎ ŦŀŎǘƻǊΦέ   

 

 

Despite exceeding the accepted thermal limit for widespread bleaching related coral mortality (DHW 8) 

extensive mortality was not observed within the lagoonal reefs of Emily and Slaughter Bay Norfolk Island 

during March 2020. A lack of evidence for widespread bleaching associated coral mortality may be due to 

thermal susceptibility of the species in the lagoon and DHWs not exceeding the corals upper thermal limits 

during the 2020 event or the reduction in heat stress accumulation due to cyclonic conditions reducing 

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

accumulation and alleviating bleaching has been reported in other systems. While the reduction in heat 

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

ameliorated the severity of coral bleaching within the Norfolk Island lagoon, corals in both Emily and 

Slaughter Bay were found to still exhibit bleached and pale tissue in June 2020 (see Figure 2-3). 

Approximately 57% of branching corals were still pale in the June survey period no 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 bleached/paled in June 2020 (no foliose corals were observed 

in this survey. 

 

 

 
Figure 3-3. Bleaching prevalence on Emily and Slaughter Bay in June 2020. Surveys conducted by GP 
services using timed in water video transects. 
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Coral microbiome associated with bleaching in March 2020 

 

Summary of findings: Corals comprise some of the most diverse and abundant microbial communities. 

Various components of the coral holobiont, that is, the cnidarian host and its microbial community (the 

άƳƛŎǊƻōƛƻƳŜέύΣ Ǉƭŀȅ ƪŜȅ ǊƻƭŜǎ ƛƴ ǊŜƎǳƭŀǘƛƴƎ ŎƻǊŀƭǎΩ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ƘŜŀǘ ǎǘǊŜǎǎ, and studies indicate that an 

intact and diverse coral microbiome may be essential to coral immunity and health11-15Φ wŜǎǇƻƴǎŜǎ ƻŦ ŎƻǊŀƭπ

associated bacterial communities to environmental stressors have been reported with recent evidence 

suggesting flexibility of these communities may influence corals resilience to environmental stress and 

markers of pollution have been detected in the coral microbiome. In this study six bacterial taxa of the 

order Campylobacterales and the families Leigioinellaceae, Enterobacteriaceae, Peptostreptococcaceae, 

Staphylococcaceae and Vibrionaceae where found, which have been associated with faecal pollution16,17. 

However, the overall contribution of these taxa was low, the largest contribution was found to be from 

Vibrionaceae and Escherichia coli (also known as E. coli) was detected. Further time series 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 over space and time, yet is undescribed 

for the coral communities at Norfolk Island. Therefore, we evaluated bacterial diversity and community 

composition among key reef-building coral species (Acropora 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 either heat-stress sensitive 

(Acropora spp.) or tolerant (Porites sp.), and we assessed the microbiome of both healthy and bleaching 

individuals of each genera.  The generated microbiome data set comprised 41 16S rRNA gene libraries from 

5 coral species. After quality filtering sequences were annotated to bacteria by clustering 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 (Figures 3-4). The coral microbiome was 

dominated by taxa from the Oceanospirillales (blue), consistent with that described in other studies of the 

coral microbiome, and the Acropora, plating Acropora and Pocillopora species were found to have higher 

contributions from the Oceanospirillales compared with Montipora and Porites sp (Figure 3-4). The taxa 

contributing the most to the overall relative abundance included Oceanospirillales, Pseudomonadales, 

Burkholderiales and Propionibacteriales (Figure 3-4). A principal coordinates analysis (PCoA) of coral OTU 

composition shows the coral microbiome is distinct between species, as previously described (Figure 3-5). 

Significant differences in bacterial diversity were found between species (ADONIS: F4,40 = 14.96, R2 = 0.62, 

p < 0.001), with similar dispersions (variance) around the group centroids (BETADISPER: F = 1.51, p = 0.22). 

Total species richness was highest for Porites sp. (87.69 ± 33.85, mean ± SE) indicating a more diverse and 

heterogeneous bacterial community and lowest for Acropora sp. (1.92 ± 0.86). Species diversity was highest 
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for Acropora sp. (1.89 ± 0.19) and lowest for Montipora sp. (1.52 ± 1.04) (Figure 3-5). There was a significant 

difference between coral species in species richness (ANOVA; F4,31 = 6.968, p = 0.0004; Figure 3-5), but no 

difference detected between coral species for diversity (p>0.05; Figure 3-5).  

 

We also found six bacterial taxa of the order Campylobacterales and the families Leigioinellaceae, 

Enterobacteriaceae, Peptostreptococcaceae, Staphylococcaceae and Vibrionaceae, which have been 

associated with faecal pollution in other studies16,17, however these can also occur naturally. The overall 

contribution of these taxa was found to be low within the coral microbiome representing less than 0.02% 

of the total microbial community. The largest contribution was found to be from Vibrionaceae (0.018 ± 

0.01% relative abundance), we also detected Escherichia coli (also known as E. coli) contributing 0.002 ± 

0.0009% to overall abundance. The family Peptostreptococcaceae from 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.  

 

Figure 3-4. Microbiome of dominant coral genera in Slaughter Bay in March 2020. 
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Figure 3-5. (a) PCoA and (b) species richness and diversity for bleached and symbiotic (healthy) corals 

collected from Emily Bay during March 2020. Each point on (a) represents a different individual, patterns 

demonstrate that there are distinct microbial communities associated with each coral species but not 

discernible change due to bleaching. Similarly species richness and diversity differs between species but 

not between healthy and bleached corals. 
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Coral Disease Outbreak 2020- 2021 

 

Summary of findings. Coral disease outbreaks are evident in reef ecosystems impacted by coral bleaching 

events and periods of poor water quality. During December 2020 and April 2021 disease signs were evident 

across the reef including growth anomalies, Atramentous necrosis, white syndromes, overgrowth by 

sponges and boring organisms. Most notably, a severe coral disease was evident within individuals of the 

genus Montipora spp., consistent with previously described Atramentous necrosis disease, with disease 

prevalence rates of over 50% recorded. This disease has previously been linked to poor water quality. 

Concerningly, a rapid tissue loss white syndrome was also evident in Montipora coral colonies during April 

2021, up to 30 cm of live coral tissue was lost within a month from coral colonies estimated to be over 20 

years of age. Causes of rapid tissue loss white syndrome diseases have also been linked to heat stress and 

poor water quality at other sites.  

 

Across both Emily and Slaughter Bays 54% 

of surveyed Montipora spp. colonies were 

recorded with disease lesions including the 

white lesions, white spots, dead tissue, 

exposed coral skeleton, consistent in 

shape and size, and with previous 

descriptions of the disease Atrementous 

necrosis.  

On average, 46% of corals of the 

Montipora genera were recorded as 

healthy with no disease lesions present. 

In Emily Bay disease prevalence of 

74±7% in December 2020 and 60±7% in 

April 2021 were recorded. In Slaughter 

Bay disease prevalence of 56±8% in 

December and 58±8% in April 2021 

(Figure 3-6) were recorded.  

Atramentous necrosis was recorded in Montipora coral 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 

encrusting-type growth) (Figure 3-7, 3-8).  
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Figure 3-6. Survey locations (top) and prevalence of Atramentous 
necrosis disease in Montipora colonies (bottom) 
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Figure 3-7. Phases of disease outbreak recorded in Montipora sp. in Emily and Slaughter Bays. Initial stage 

is characterised by patchy bleaching of tissue (A), followed by death of tissue and the formation of a 

white lesion (B). Lesion can then become overgrown by turf algae, and/or suffer a secondary infection of 

sulphurous black bacteria (C, D). 

 

 

 
Figure 3-8. Disease prevalence in corals across the 2 bays and coral growth forms affected. 
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Presence and occurrence of Atrementous necrosis coral disease in Emily and Slaughter Bay is similar to a 

disease outbreak first identified on the Great Barrier Reef known as Atrementous necrosis (AN) in 

Montipora spp. and is one the of the few coral diseases with high prevalence values on GBR (see Table 3-

2). Prevalence of the disease outbreak recorded in Emily and Slaughter bay is comparable to other recorded 

outbreaks of the disease on the central Great Barrier Reef (see Table 3-2). The overall prevalence of disease 

in other Indo-Pacific reefs, (i.e. Indonesia, <1% in Sulawesi:18; Philippines, 8.3%19) and the central pacific 

(<1%:20) 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 on Caribbean reefs is much lower, around 4.2%21. Atramentous necrosis was 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 aequituberculata (species also identified at Norfolk Island) during a thermal mass-bleaching 

event. Disease prevalence generally increases during summer on reefs in both the Caribbean (Kuta and 

Richardson 2002) and on the GBR (Willis et al. 2004). Correlations have also been found between disease 

prevalence and coral bleaching (Page et al. 2009). Notably, on Magnetic Island the maximum prevalence 

recorded of this disease within the population was 75% during the summer (Jones et al 2004). Notably, 

prevalence of Atramentous necrosis on the central Great Barrier Reef has been linked to flood events during 

the wet season, and analysis has shown that spatial patterns in disease prevalence have been correlated to 

environmental drivers of low salinity and high particulate organic carbon, typical in terrestrial run-off (both 

sewage and agricultural) (Haapkylä et al. 2011). 

In addition to the outbreak of Atramentous necrosis on Emily and Slaughter Bay in late 2020, we also found 

an increase in other coral disease signs between March 2020 and April 2021. White Syndrome disease 

lesions and coral growth anomalies, both previously linked to poor water quality and heat stress were 

evident on the reef in April 2021 (Table 3-1). White syndrome disease lesions were also observed to result 

in rapid tissue loss in affected coral in April 2021 with tissue loss of approximately 400 cm2 observed 

between March 28th and April 25th within a colony of plating Montipora accounting for approximately 90% 

of the coral colony lost (Figure 3-9).  

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 (Table 3-2). Coral disease 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 such we recommend ongoing 

monitoring of prevalence, tissue loss and colony fate of disease on the reefs of Norfolk Island in 2021.  
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Figure 3-9. White syndrome affected Montipora coral colony April 25th 2021 (top red-bordered image), 

location of live tissue bordered disease lesion on March 28th 20201 indicated in yellow, and on April 9th 

indicated in orange.  

Table 3-1: Common coral health signs recorded on Norfolk Island lagoonal reef. 

Coral Health category Present March 2020 Present April 2021 

Disease lesions * No  Yes 

White syndrome No Yes 

Atrementous necrosis 

Growth anomalies  

No 

No 

Yes 

Yes 

Predation scaring *  Some Yes 

Bleaching Yes No 

Paling Yes Yes 

Coralivorous crabs No No 

Coralivorous snails* No Yes 

Coral ciliate bands * No Yes 

Trauma/Breakage Some Yes 

Sedimentation Some Yes 

Competition with algae Yes Yes 
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Table 3-2. Coral disease outbreak occurrence globally. 

 

 

 

 

 

 

Disease Species Location Survey time Prevalence Reference 

Atrementous 
Necrosis 

Montipora spp. 
Norfolk 
Island 

Nov/Dec 2020 54%  

Atrementous 
Necrosis 

Montipora spp. 
Central GBR, 

Magnetic 
Island 

1st October 2003 
(spring) 

12% 
27 

27th October 2003 
(spring) 

52% 

Atrementous 
Necrosis 

Montipora 
aequituberculata 

Central GBR, 
Magnetic 

Island 
23rd January 2002 75% 25 

Stony Coral 
Tissue Loss 

Montastrea cavernosa 
Florida Reef 

Tract 

Average prevalence 
from May 2014 to 
December 2017 

70% 
28 Orbicella faveolata 52% 

Dichocoenia stokesii 58% 

Stony Coral 
Tissue Loss 

Pseudodiploria strigosa 
Mexican 

Caribbean 
Average prevalence 
from 2018 - 2019 

42% 
29 Meandrina meandrites 40% 

Siderastrea siderea 28% 

Skeletal Eroding 
Band 

Pocillopora eydouxi GBR (18 
reefs, 

spanning 500 
km) 

Average prevalence 
across the summers 
from 2004 - 2006 

8.5% 

30 Seriatopora spp. 5.8% 

Stylophora pistillata 4% 

Ulcerative 
White Spot 

Staghorn Acropora Heron Island, 
Southern 

GBR 

Average prevalence 
across November 

2007 - August 2009 

5.5% 
31 

Massive Porites 1% 

Black Band  

Dipastraea 

Red Sea 
November and 
December 2015 

6.1% 
32 Montipora 3.7% 

Pavona 8.2% 
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Section 4. 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 years) occurred in May, July, 

August and November. Rainfall periods corelated to elevated seawater nutrient levels above the above 

Australian and New Zealand Environment and Conservation Council trigger values within Emily Bay and 

Slaughter Bay, and increases in thermotolerant and enterococcus bacterial counts recorded by Norfolk 

Island Regional Council. 

2. Elevated seawater temperatures recorded in February and March 2020 resulted in an accumulated 

thermal stress (coral bleaching) of 9.36 5I²Ωǎ όdegree heating weeks) exceeding the 8 DHW (degree 

heating weeks) associated with severe bleaching and significant coral mortality  

3. Passage of Tropical cyclone Gretel (March 16th) near Norfolk Island was corelated with high currents 

and significant rainfall, and alleviation of heat stress accumulation. 

4. Extensive coral bleaching was recorded in March 2020, with over 30% of each of the 3 dominant 

growth forms of corals found to be bleached or paled during the bleaching event. Taken together the 

bleaching event would be categorised as a severe bleaching event for a coral reef ecosystem. 

5. In June 2020 both branching and mounding corals were still found to be displaying signs of bleaching 

or paling, however by November 2020 no paling or bleaching was found, suggesting coral recovery. Coral 

mortality across the 2020 period was evident on the reef and was likely the result of the cumulative impacts 

of bleaching and land-based runoff.  

6. Over the survey period we record a 19-fold increase in fleshy algal cover (from 2 ° 1% to 37 ° 7%) with 

a concomitant decrease in green and red 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 corals for space and are a natural part of any coral reef system, 

however on coral reefs in a healthy coral dominated state algal 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 coral disease outbreak, putatively identified as Atrementous necrosis, was observed on Montipora 

spp. colonies during the December 2020 and April 2021 scientific survey period (54% of colonies affected). 

This disease was not evident in March 2020 in the Emily and Slaughter Bay targeted bleaching and disease 

surveys period or observed in the video transects collected by residents in June and September 2020. 

Causes for Atrementous necrosis outbreaks in other regions have 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 plating Montipora coral 

colonies during March and April 2021, tissue losses of 30 cm of live coral tissue within a month were 

observed in coral colonies estimate to be over 20 years of age (This potentially equates to a loss of 10-15 

years of average growth). Large areas of growth anomalies were also observed on plating Acroporid corals.  

10.  On-going survey of disease in coral colonies is needed to determine the long-term impacts of this 

disease along with surveys of other sites around the island for disease occurrence. 

11. It is recommended that an annual report card of coral cover and health is undertaken to inform 

stakeholders of the condition of the 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 required to maintain 

healthy population stocks and aid in recovery. Coral spawning was reported by the local residents of Norfolk 

Island in January 2021 occurring several days following the full moon. No juvenile corals were observed on 

the reef structure during surveys using GFP switch torch in March and April 2021, as such no evidence for 

recruitment could be obtained at the time of survey. It is recommended further study of coral recruitment 

is undertaken to determine recruitment rates and possible larval sources. Also given the remoteness of the 

island a comprehensive study for endemic species may be warranted. 

 

13. Given the strong hydrodynamics around the Island, future survey efforts combining remote operated 

vehicle (ROV) would aid in surveying offshore lagoonal reef locations. This will also provide the potential 

for survey data in less accessible locations including bƻǊǘƘŜǊ LǎƭŜǘǎΣ .ƻƳōƻǊŀΩǎΣ Anson Bay and Ball Bay.  

 

14. It is recommended that a variety of public education resources, including coral identification card, coral 

health identification card, fish ID cards, are produced to increase community and tourist engagement with 

the reefs of Norfolk Island. 
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Management resources provided 

 

1. 360 video of Cemetery Bay Norfolk Island (YouTube https://youtu.be/jGRnc3IA5bo) (high 

resolution video provided by file transfer) 

2. 360 video of Slaughter Bay Norfolk Island (YouTube https://youtu.be/nXEZXZGXsSU) (high 

resolution video provided by file transer) 

3. Video of proposed snorkel trail location and  benthic survey sites used throughout the survey period 

(SB1-SB5, EB1-EB3)  (high resolution video provided by file transfer) 

4. Booklet Coral Species Identification 

5. Booklet Algal species identification 

6. Coral Health Card 

 

 

Figure 4-1. Path of continuous Gopro video footage of the benthic community for preliminary identification 
of specific reef zones ideal for snorkel trail activities 
 

 

 

 

 

 

 

 

 

 

 

https://youtu.be/jGRnc3IA5bo
https://youtu.be/nXEZXZGXsSU
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Section 5.  Review of Scientific literature and government reports 
 

 

Introduction. Southern Norfolk Island includes the regions of Emily and Slaughter Bay and the lagoonal reef 

incorporates an intertidal barrier platform with coral growth and the bays host the highest recorded coral 

cover adjacent to the Island.  Emily Bay and Slaughter Bay together form a ~0.18 km2 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), undertaken by the Australian National Parks 

and Wildlife Service, 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 (Ivanocivic 1988, NPWS report see 

attached). The 1988 report into benthic population structure and coral cover notes that at that time the 

local communities reported concerns for a reduction in corals, loss of fish species, decline in ecosystem 

health, and attributes long running land-based nutrient influx into the bay as a possible driver of declining 

ecosystem health. The report however also notes high coral cover in some study sites (ranging from 14% - 

64%; see section Historical Data) with corals appearing healthy with little to no observations of dead or 

algal covered corals. Subsequent reports over the intervening 30 years also characterise coral species 

assemblages (Veron 1997 see attached), benthic algal species (Miller 2000), fish species (Francis and Randall 

1998; Francis 1993, Van Der Mer 2015), and the general species occurrence (Edgar et al. 2017; Reef Life 

Survey conducted in 2009). Norfolk IslandΩs catchment usage and water movement has also been 

investigated with ŜŀǊƭȅ ŘŜǎŎǊƛǇǘƛƻƴǎ ƻŦ ǘƘŜ ƛǎƭŀƴŘǎΩ ƘȅŘǊƻƭƻƎȅ ƛƴ мфтс ό!ōŜƭ мфтсΣ ǎŜŜ CƛƎǳǊŜ 3 from Abell).  

The work by Abell illustrates the position at the southern end of the island adjacent to the Kingston lowland 

(Figure 5-1) and the connectivity between ground water and the adjacent seawater in this location. 

 

 
     Figure 5-1. Hydrogeological section of Norfolk Island prepared by Abell (1976). 



 
 

57 

 

Coral reef lagoon ecosystems are generally classified as oligotrophic (nutrient poor) due to the relatively 

low concentrations of dissolved inorganic nutrients in the water column (< м ˃a bI4
+ and NOx) or organic 

matter deposited within the sediment (< 2% nitrogen; Koop et al., 2001). The surrounding surface oceans 

of tropical and sub-tropical latitudes are some of the most nutrient-depleted areas on the planet (referred 

to as ocean deserts; Atkinson, 2011) and any nutrients produced within the reef itself are quickly recycled 

by the nutrient-starved benthic community. Eutrophic conditions on coral reefs (5 ς нл ˃a bI4
+ and NOx; 

Fabricius, 2005) are generally caused by land-based nutrient introduction (e.g., runoff of organic matter or 

nutrients). Analysis of dissolved inorganic nutrients in coral reef seawater can therefore indicate if runoff is 

elevating the nutrient concentrations within a reef lagoon on relatively short time scales (hours to days) as 

pollution occurs, while the analysis of sediment organic matter composition helps determine the relatively 

longer, accumulated effect of nutrient runoff (months to years) (Yamamoto et al., 2001). Taken together 

these analyses can provide information for management agencies for alleviating the impacts of pollution 

prior to the emergence of impacts at biological and ecological scales. The impact of water quality and runoff 

on the health of corals and coral reefs has been widely documented within the scientific literature. Studies 

have shown high coral disease prevalence, increased sensitivity to coral bleaching, lower coral cover and 

higher competition with algae occurring on reefs that are impacted by pollution, runoff, land-based 

pollution, sedimentation and nutrient influxes. CƻǊ ŜȄŀƳǇƭŜΣ ƻƴ !ǳǎǘǊŀƭƛŀΩǎ DǊŜŀǘ .ŀǊǊƛŜǊ wŜŜŦ ǘƘŜ D.wat! 

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

maximum nitrogen and total phosphorus 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 contamination, including turbidity and slick formation adjacent to 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 synergistic impacts of these factors on impacted reef systems (Figure 5-2; Table 5-1).  

Table 5-1. Summary of published literature providing evidence linking incidence of coral disease and 

pollution (See Moriarty et al. 2020). 

Location Disease  Species Main findings 

Guam White syndrome 
disease  

Porites spp. Increases in sewage derived N correlated significantly 
with increases in the severity of disease among Porites 
spp.  ʵ15N values account for more than 48% of 
variation in disease severity. 

St Croix, 
US Virgin 
Islands 

Black band disease 
White plaque  
Dark spot syndrome. 

Various 
Scleractinia 

Results of the study suggest a relationship between high 
prevalence of BBD and WP type II and exposure to 
sewage. 

Florida 
Keys  

White Pox 
disease 

Acropora palmata 
(Elkhorn) 

Identification of a strain of faecal enterobacterium 
(Serratia marcescens, PDR60) in sewage, diseased 
Acropora palmata and other reef invertebrates.  

Puako, 
Hawaii 

Porites growth 
anomalies 

Porites lobata Results implicate sewage pollution as a contributor to 
diminished reef health and a relationship between 
Porites growth anomalies and sewage pollution. 
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In 2015 Wear and Thurber38 reported that, compared to other threats to coral reef ecosystems, the 

potential impacts of sewerage have been understudied and highlight that for 112 distinct coral reef 

geographic regions listed in the World Atlas of Coral Reefs the majority utilise ocean outfalls as sewerage 

treatment, and only 3 regions are free of human sewerage impacts, due to a lack of significant human 

populations. Importantly the authors note that sewerage impacts are likely strongest in areas with little 

water flushing of the reef and in close proximity to human populations centres. Land-based runoff directly 

into reef lagoons can occur as a result of residential, commercial and industrial scale use of lagoon adjacent 

land, with the impact determined by the quantity of discharge into the marine environment including the 

rate of exposure, 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 with run-off and poor water quality 

from increased nutrients within the water column are evident across the levels of biological organisation 

include; 

Microbiome 

¶ Increase in disease associated microbes 

¶ Decrease in symbiotic/mutualistic microbes (shifting from healthy microbiome) 

¶ Increase in microalgal overgrowth   

Organism function 

¶ Reduction in coral growth  

¶ Reduction in coral reproduction 

Organism health 

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

¶ Increase occurrence specifically, but not exclusively, of black band disease, growth anomalies and 

white syndromes 

¶ Increase in algal overgrowth   

¶ Increase susceptibility to bleaching 

¶ Decrease in immune function 

Ecosystem state  

¶ Invasive species and/or community shifts 

¶ Increase in abundance of coral predators, urchins and starfish associated with poor water quality 

¶ Blooms of phytoplankton and microbes within the water column 

¶ Fish kills 
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¶ Disruption of normal ecological function 

 

 

 

Figure 5-2. Conceptual diagram of biological and ecological impacts from land-based pollution to coral 

reefs, photo illustrates a diseased coral (affected at organism level) with negative interaction with other 

species (ecosystem level). 

 

 

Worldwide water pollution regulations on coral reefs typically require that land-sourced outfalls do not 

directly flow into reef areas and receiving areas are designated for removal of potential pollutants 

associated with waste away from the reef system. Waste receiving areas are typically at water-depths 

exceeding reef lagoons and in areas of high-water flow. However, there are several local-scale and site-

specific factors that influence the impact of land-based pollution to reef lagoons, and the subsequent 

impacts to the health of corals and the ecological variability on coral reefs, that are in proximity to human 

populations.  Local-scale and site-specific variables that can influence the health of corals within a lagoonal 

reef include water residence time, water mixing via flow, current and wave action and tidal variation. 

Ground water incursion into lagoonal reefs can also impact water salinity, induce freshwater lensing as well 

as being a source of land-based pollution. These variables are also likely to impact the health of corals within 

the Emily and Slaughter Bay lagoonal reef system, however the health of the reef system has to date not 

been widely investigated, nor has the influence of variables such as water flow, tides, currents, and 

groundwater incursion on coral health and resilience. Therefore, effective 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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Figure 5-3. Conceptual diagram of biological and ecological tipping points under increasing anthropogenic 

impacts. 
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TERM DEFINITION 

Sea Surface 

Temperature (SST) 

hŎŜŀƴ ΨǎƪƛƴΩ όǘƻǇ мл ƳƛŎǊƻƳŜǘǊŜǎύ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƳƻǘŜƭȅ ƳŜŀǎǳǊŜŘ ōȅ 

satellites. Used to make predictions of coral bleaching events. 

MMM The area-specific, maximum temperature historically experienced by corals. 

Historical baseline is the average of the means of the hottest months, for each 

year between 1985-1993. 

HotSpot  An anomalously high SST, where anomaly is relative to the MMM baseline. 

Degree Heating 

Weeks (DHW) 

A measure of heat stress representing the cumulative duration of Hotspots > 

MMM + 1ᴈ within a three-month period. 

Marine heatwave 

(MHW) 

A discrete period of anomalously warm seawater temperatures. Formally 

defined as the temperature being above the 90th percentile of all 

temperatures at that location within its 30 year (1982-2012) climatological 

history, for at least five days consecutively. 

Biophysical drivers The suite of physical environmental conditions that directly interact with 

organism physiology to produces broader ecological patterns in response to 

environmental change. 

Ecological phase shift A shift between two alternative stable states in an ecosystem. On coral reefs, 

this most commonly refers to a transition from coral-dominated to algae 

dominated. 

Dissolved inorganic 

nutrients 

The major nutrient groups (phosphates, silicates, nitrates, nitrites, and 

ammonium) dissolved in seawater. 

Organic matter Organic sources of nutrients on coral reefs; subsequently consumed and 

broken down by reef organisms. 

Oligotrophic Lacking in, or very low, in nutrient concentrations. Characteristic of waters of 

a healthy coral reef. 

Eutrophic Describes a water body that is very high in nutrients, often causing rapid 

growth in algal populations. 

Benthic wŜƭŀǘŜŘ ǘƻ ǘƘŜ ǎŜŀŦƭƻƻǊΤ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ΨǇŜƭŀƎƛŎΩ 

Healthy coral Any coral that shows no visible signs of poor health (disease, paling, 

overgrowth) 

Coral paling The earliest visual signs of coral bleaching, due to a partial loss of symbionts 

and/or degradation of their pigments in situ 

Coral bleaching The breakdown of symbiosis 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 Dead within ca. the previous week, where the substrate is still identifiable by 

coral genus and significant overgrowth of the dead skeleton has not occurred 

Turf algae Though there is no commonly held definition of turf algae, they tend to be 

short (< 10mm) and do not contribute to reef structural complexity. 

Red turf algae As above, but red in colour suggesting the algal population is primarily red 

algae or cyanobacteria 

Fleshy algae !ƪƛƴ ǘƻ ΨǳƴƎǊŀȊŜŘ ǘǳǊŦΩΣ ǘƘŜǎŜ ŀǊŜ ƻǾŜǊƎǊƻǿƴ ǇŀǘŎƘŜǎ ƻŦ ŀƭƎŀŜ όƛƴŎƭǳŘƛƴƎ ƭƻƴƎΣ 

black cyanobacterial tufts) that smother corals and other algae (especially 

when growing as epiphytes). No structural complexity added by these algae, 

though they are larger than turfs. 

Macroalgae Tough, leathery algal species with distinguishable fronds, which often 

contribute structure to the reef (e.g. Caulerpa meadows on sand patches) but 

might also be harmful and not easily grazed (e.g. Dictyota). 

Calcifying algae Algae that produces hard skeletons of calcium carbonate, and so contribute to 

reef growth and sediment turnover. Includes rhodoliths, articulated coralline 

algae and crustose coralline algae. 

Coral disease Any impairment to coral health resulting in physiological dysfunction. 

Tissue loss The loss of coral tissue (i.e. detachment from skeleton) as a result of 

environmental and physiological stress. 

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

White syndrome A general term given to diseases that cause tissue loss (exposing the white 

skeleton underneath) without an identified causative agent. 

Atramentous necrosis A coral disease characterised by distinct lesions caused by an initial bleaching 

phase, follow by tissue loss and overgrowth by a number of secondary 

infections, including a sulphurous black bacterial community. 
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Section 6. Methodology  

 

 

Methodology. Water quality analysis. Since 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 [NOx] and ammonium [NH4+]). Salinity samples were collected in a 20 ml falcon tube, refrigerated, 

and measured with a refractometer. Nutrient samples 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 2020, November 2020, December 2nd 2020, December 8th 2020, and December 10th 

2020. During March 2020 sampling efforts, seawater samples were collected at 10 locations along the 

shoreline (Figure 5) in Emily and Slaughter Bay to assess seawater salinity and concentrations of dissolved 

inorganic nitrogen (nitrate + nitrite [NOx] and ammonium [NH4+]). Samples were collected at each shoreline 

location at peak high and low tide on two separate days, resulting in a total of 40 seawater samples. Salinity 

samples were collected in a 20 ml falcon tube, refrigerated, and measured with a refractometer. Salinity 

was found to vary between 37 ς 38 ppt, consistent with normal seawater salinity (Figure 16). Nutrient 

samples were collected in a 20 ml falcon tube, frozen, 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 were 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 samples from 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 the team on-island 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 November (shoreline) data. This effort was repeated 

on 3 separate days, once at the beginning while dry (December 2nd 2020 and December 8th 2020) and a 

third time following a rain event (Dec 10th 2020). Additionally, samples were also collected along the 

shoreline at Cemetery Bay on December 8th for comparability.  
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Methodology : Benthic Survey  The work 

with this report was conducted under 

contract with Parks Australia. Initial 

benthic surveys were conducted on 

snorkel over a period of 14 days from 

February 28th to March 12th 2020, within 

the Norfolk Island lagoon encompassing 

Emily Bay and Slaughter Bay (Figure 5).  

 

Due to Covid-19 travel restrictions, which 

meant researchers were unable to return 

to Norfolk between March and October, 

and high bacterial counts in Emily and 

Slaughter Bay following rain events, 

boat-based videos surveys were 

conducted by GP Services in June and 

September, followed by in-water surveys 

between the 28th November and the 11th 

of December by researchers. 

 

Feb/March underwater surveys were 

conducted at 7 transects at both Emily 

and Slaughter Bay. For each 10 m 

transect 10 photos were taken at 1 m 

increments within the Emily Bay zone 

(EB) and Slaughter Bay zone (SB; n = 10 

photos transect-1; Figure 5; 

Supplementary Table 1).  Photographs 

were taken underwater with a TG-6 Olympus underwater camera and photo area was standardised with 

the use of a 1 m2 quadrat. Coral cover, species identification, disease and health signs, bleaching severity 

were all recorded.  The resulting 140 photos (70 site-1) were analysed 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 pre-defined labels which describe benthic cover and, should that cover be coral, its 

morphology and health. Data generated was also compared to previous reports from 1998. Comparisons 

of benthic data through space (Emily Bay vs. Slaughter bay) and time (1988 vs. 2020) were performed 

statistically with a t-test to test for significant differences in cover by category. However exact GPS 

Figure 6-1: Location of initial benthic surveys conducted in Emily 

Bay (EB; n = 7) and Slaughter Bay (SB; n = 7) within the southern 

facing lagoon on Norfolk Island.  
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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 assessment of coral 

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 sites (Figure 5) and 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) region.  In June (3rd June) boat-based 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 September (1st September) include boat-based 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 (total of 70 photos), to provide 

benthic cover data.  

 

Figure 6-2. CoralNet benthic identification protocol for March 2020 (top) and June 2020 (bottom). Left hand 
images provide representative coral images, right hand side images illustrated CoralNet analysis. 


