
1 

Investigating the spatial and temporal dynamics of the large-scale 

mangrove dieback around the Gulf of Carpentaria during the 

austral summer of 2015/2016, using active and passive remote 

sensing techniques 

Emma Gale, B.Sc., PhD 

s260993 

Supervisor: Professor Lindsay Hutley  

College of IT, Engineering and Environment 

Charles Darwin University   

Submitted in partial fulfilment of the Master of Environmental Management 

Submission date: 1st June 2021 

Photo courtesy of L. Hutley 



2 

STATEMENT OF AUTHORSHIP 

I declare that this thesis my own work and has not been submitted in any 

form for any other degree or diploma at any university or other institute of 

tertiary education. Information derived from the published and unpublished work 

of others has been acknowledged in the text and list of references. 

Masters Candidate: Emma Gale, s260993 



  

3 

 

ACKNOWLEDGEMENTS 

 

Throughout the last year I have been very grateful to be able to complete my research, 

despite the world suffering a pandemic.  This has been largely due to the following people 

whom I would like to acknowledge: 

Lindsay Hutley, for his support and enthusiasm during this project, as well as his 

constructive feedback. As an external student, we have never met in person, yet he has 

always been there to help. Whenever I have had doubts about aspects of my research, he 

has been the one who has always provided helpful comments and feedback, coupled with 

a positive attitude.  

Jenny Davis who supported me in the early stages of my research project selection, and 

suggested Lindsay as a supervisor.   

Penny Wurm, for supporting me through earlier stages of my Master’s and being 

understanding when life needs to happen over university work.   

My husband, Bruce and son, Zac, who have given me the time and space to pursue my 

research and supported me through the process.  

Thank you to Jorg Hacker who answered my emails and had discussions about the Lidar 

data.  

 

 

 

 

 

  



  

4 

 

TABLE OF CONTENTS 

Statement of Authorship .................................................................................................... 2 

Acknowledgements ............................................................................................................ 3 

List of figures ...................................................................................................................... 5 

List of Tables ....................................................................................................................... 7 

List of Equations ................................................................................................................. 8 

List of Acronyms ................................................................................................................. 8 

Abstract .............................................................................................................................. 9 

1. Introduction and research context .......................................................................... 10 

2. Research aim and objectives ................................................................................... 12 

2.1 Aim ................................................................................................................... 12 

2.2 Objectives ......................................................................................................... 12 

3. Methodology ............................................................................................................ 13 

3.1 The study region .............................................................................................. 13 

3.2 Classification of mangrove dieback regions ..................................................... 15 

3.3 Identifying spatial elevation variations of dieback pixels ................................ 16 

3.4 Investigating temporal variations in mangrove dieback .................................. 19 

4. Identifying the role of sea level in mangrove dieback ............................................. 21 

4.1 Identifying local and regional sea level variability across the Gulf .................. 21 

4.2 Calculating Hydroperiods ................................................................................. 25 

5. Results ...................................................................................................................... 26 

5.1 Hydrogeomorphic classification of Dieback mangroves .................................. 26 

5.2 Localised changes in elevations of Fringing Mangrove Dieback ...................... 28 

5.3 Temporal variation of Fringing Mangrove dieback .......................................... 35 

5.4 The Influence of Water Levels on Mangrove Dieback ..................................... 41 

6. Discussion ................................................................................................................. 52 

6.1 Variability in mangrove dieback across the Gulf .............................................. 52 

6.2 Spatial variability and hydroperiods ................................................................ 53 

6.3 Seasonality of mean sea levels and impacts on temporal patterns of dieback

 56 

6.4 Recovery or ecosystem shift? .......................................................................... 57 

7. Summary and Conclusions ....................................................................................... 58 

References ........................................................................................................................ 60 

 



  

5 

 

LIST OF FIGURES 

Figure 1 Gulf of Carpentaria Study Site, with identification of the main dieback field 

sites, catchment boundaries and bathymetry ..................................................................... 14 

Figure 2 Hydro-Geomorphic classification for mangroves, based on work by Lugo and 

Snedaker (1974) and Woodroffe et al. (2016). .................................................................... 16 

Figure 3 Location of DGPS transects on the western side of the Gulf ........................... 18 

Figure 4 a) location of transects 1ANT and 1BNT, and b) location of transects 2ANT and 

2BNT. .................................................................................................................................... 18 

Figure 5 Workflow for clipping of elevation data to mangrove dieback extents. ......... 19 

Figure 6 Satellite SSHA data from 19th February 2015, showing regional variability in 

sea surface height anomalies.  Points of data extraction are indicated by the SSHA 

locations. .......................................................................................................................... 24 

Figure 7 Mangrove dieback setting types separated into catchment areas of the Gulf of 

Carpentaria .......................................................................................................................... 27 

Figure 8 Classification of mangrove dieback near the Pellew Islands, site E. The 

background google satellite image has been lightened so that the classified polygon can 

be seen more clearly. ........................................................................................................... 27 

Figure 9 Comparison of DGPS points measured along the four dieback transects with 

airborne Lidar data............................................................................................................... 29 

Figure 10 Site A, with locations of mangrove dieback patches (A-1 to A-5) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site A in the Gulf 

 .......................................................................................................................... 30 

Figure 11 Site B, with locations of mangrove dieback patches (B-1 to B-5) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site B in the Gulf 

 .......................................................................................................................... 31 

Figure 12 Site C, with locations of mangrove dieback patches (C-1 to C-8) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site C in the Gulf 

 .......................................................................................................................... 31 

Figure 13 Site D, with locations of mangrove dieback patches (D-1 to D-6) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site D in the Gulf 

 .......................................................................................................................... 32 

Figure 14 Site E, with locations of mangrove dieback patches (E-1 to E-4) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site E in the Gulf 

 .......................................................................................................................... 32 

Figure 15 Site F, with locations of mangrove dieback patches (F-1 to F-6) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site F in the Gulf 

 .......................................................................................................................... 33 

Figure 16 Site G, with locations of mangrove dieback patches (G-1 to G-9) and inset top 

right, mean elevations of the patches, and inset bottom right, location of Site G in the Gulf 

 .......................................................................................................................... 33 

Figure 17 Elevational ranges for each dieback site, where the green boxes show the 

range from low to high mean values. The potential accuracy error was identified in section 

3.3 when comparison was made between Lidar data and DGPS ground-truthed data, 

indicating an under estimation by lidar data of approximately 0.13m. .............................. 34 

Figure 18 Location of sites A-G in the top left hand corner, with identification of healthy 

and dieback patches within sections of each site. ............................................................... 37 



  

6 

 

Figure 19 NDVI time series for healthy and dieback mangroves, at a) site A b) site B, c) 

Site C, D) Site D, e) site E-1 and f) site E-2, g) site F and h) site G, identified from top left to 

bottom right PANELS, respectively. Healthy and dieback patch labels areas given in Figure 

18. .......................................................................................................................... 38 

Figure 20 Ensemble mean monthly range of NDVI calculated using monthly data for 

2005 to 2014 of healthy mangrove (green) and dieback mangrove (brown) patches, as 

identified in Figure 18. ......................................................................................................... 39 

Figure 21 Linear trends of dieback across the dieback sites, where larger NDVI anomaly 

values indicate greater variation from the mean. All sites show a similar slope in NDVI 

decline, except for site B (BD-1), which is steeper. ............................................................. 40 

Figure 22 Localised timing of dieback around the Gulf, as identified by an NDVI anomaly 

specific to each site. Critical dieback was assumed to be reached when NDVI reached 0.35. 

The black boxes represent the sites 1 to G, and the black circles and dates indicate the 

timing order month when NDVI crossed a critical value ..................................................... 40 

Figure 23 Mean elevations of mangrove dieback sites as shown by low to mean values 

(light green) and mean to high values (dark green). Each site has their corresponding tidal 

gauge station indicated above in the grey box, with corresponding tidal reference heights 

shown on the figure. ............................................................................................................ 41 

Figure 24 Observed sea levels, non-tidal component and mean sea level for Milner Bay, 

with the identification of the timing of Cyclone Lam, as well as the timing of the second 

largest peak and trough in NTC in December 2015 – January 2016 as identified by the 

black bars. .......................................................................................................................... 43 

Figure 25 Observed sea levels, non-tidal component and mean sea level for Karumba, 

with the identification of the timing of Cyclone Lam (black arrow), and the timing of the 

second largest peak and trough in NTC in December 2015 – January 2016 (black bars). ... 43 

Figure 26 Non-tidal component and monthly mean sea level at Milner Bay during 2015. 

The period of negative mean sea level is indicated by the black bar, the dashed bar 

represents the passing of the MJO, and the arrows indicate days where daily water levels 

did not exceed 0mAHD. ....................................................................................................... 44 

Figure 27 Non-tidal component and monthly mean sea level at Karumba during 2015. 

The period of negative mean sea level is indicated by the black bar, the dashed bar 

represents the passing of the MJO, and the arrows indicate days where daily water levels 

did not exceed 0mAHD. ....................................................................................................... 45 

Figure 28 comparison of non-tidal and local mean sea level vs satellite data, for 

Karumba from February 2015 to March 2016. The tidal filtered data is highly variable from 

May to September, and the black bar indicates periods where the SSHA underestimates 

the NTC. .......................................................................................................................... 46 

Figure 29 comparison of non-tidal and local mean sea level vs satellite data for Milner 

Bay, from February 2015 to March 2016. The black bar indicates where the SSHA 

underestimates the NTC. ..................................................................................................... 47 

Figure 30 Location of Milner Bay Tide Gauge Station and dieback sites A, B, C with the 

mean elevations of dieback as identified in section 5.2. ..................................................... 48 

Figure 31 Unadjusted Hydroperiods for 0.6m, 0.7m and 1.0m AHD elevations, using 

Milner Bay measured water level data a) during 2015 and b) during 2010. The arrowed 

bars represent absence of inundation at the colour coded elevations, and the duration. 

The y axis is daily fractional hydroperiod, and a value of 1 on the axis represents 24hrs of 

inundation. .......................................................................................................................... 49 



  

7 

 

Figure 32 Adjusted hydroperiods at site B for 0.6m, 0.7m and 1.0m AHD elevations, 

using Milner Bay measured water level data. The arrowed bars represent absence of 

inundation at the colour coded elevations, and the duration. The y axis is daily fractional 

hydroperiod, and a value of 1 on the axis represents 24hrs of inundation. ....................... 50 

Figure 33 Location of dieback sites F and G, with the corresponding range of mean 

elevations in the landscape for mangroves that suffered dieback. ..................................... 51 

Figure 34 Hydroperiods for Karumba sites F and G, for elevations of 0.8m AHD, 1.2m 

AHD and 1.4m AHD covering the period 15th February to 25th January for a) 2015 and b) 

2010. The arrowed bars represent absence of inundation at the colour coded elevations, 

and the duration. The y axis is daily fractional hydroperiod, and a value of 1 on the axis 

represents 24hrs of inundation. .......................................................................................... 51 

Figure 35 Inundation and adjusted inundation for three elevations at site F. The y axis is 

daily fractional hydroperiod, and a value of 1 on the axis represents 24hrs of inundation. .. 

 .......................................................................................................................... 52 

Figure 36 A) Fragmented loss of fringing mangroves, B) complete loss of fringing 

mangroves and C) loss of landward extent of mangroves. Photos courtesy of Airborne 

Research Australia. .............................................................................................................. 54 

Figure 37 Site a) Healthy mangrove patch (approximate location and size) and b) 

dieback patch (approximate location and size) both with similar pre-dieback seasonal 

fluctuations in NDVI. Photos courtesy of Airborne Research Australia. .............................. 55 

Figure 38 a) Dry season, and b) monsoon or wet season with arrows indicating the 

direction of water movement, as defined in GHD (2013). .................................................. 57 

Figure 39 Recovery at dieback stands north-west of Karumba, Qld, December 2020.  

Aegialitis annulata regrowth can be seen in the foreground with Avicennia marina further 

seaward forming a regenerating canopy beneath the dead mature A. marina canopy. 

Photo courtesy of L. Hutley. ................................................................................................. 58 

 

LIST OF TABLES 

Table 1 Gulf of Carpentaria tidal gauging stations and dieback sites used to assess tidal 

inundation prior to and during the 2015-2016 dieback event. ........................................... 23 

Table 2 Combinations of SSHA and observed water level data sets that were analysed 

for correlation ...................................................................................................................... 25 

Table 3  Areas of mangrove dieback (ha), classified into hydrogeomorphic mangrove 

setting, for coastal areas associated with major rivers and creeks of the Gulf ................... 28 

Table 4 Results from the post hoc Tukey HSD showing all site comparisons, with those 

comparison sites with insignificant results identified as sites with similar elevational 

ranges.  ............................................................................................................................. 35 

Table 5 Regional sea level variability assessed via comparisons of local sea level from 

harmonic analysis and tidal filtering and SSHA from satellite altimetry. The SSHA data was 

sourced from the pixel adjacent to the gauging station. ..................................................... 46 

  

  



  

8 

 

 

LIST OF EQUATIONS  

Equation 1. Calculation of NDVI ........................................................................................... 19 

Equation 2. Calculation of the mean seasonal range for NDVI ............................................ 20 

Equation 3. Calculation of the NDVI anomaly ...................................................................... 20 

Equation 4. Components of observed water levels ............................................................. 21 

 

LIST OF ACRONYMS  

 

AHD = Australian Height Datum  

DGPS = Differential Global Positioning System  

DTM = Digital Terrain Model  

ENSO = El Nino Southern Oscillation 

HAT = Highest Astronomical Tide  

MJO = Madden Julian Oscillation 

MLHW = Mean Lower High Water 

MHHW = Mean Higher High Water  

MSL = Mean Sea Level  

NDVI = Normalised Difference Vegetation Index  

SSHA = Sea Surface Height Anomaly  

 

 

  



  

9 

 

ABSTRACT 

An extensive mangrove dieback event occurred in the Gulf of Carpentaria over the 

austral summer of 2015 to 2016. The event was unprecedented and resulted in the 

loss of approximately 7000ha of mangroves, over 1000kms of coastline and coincided 

with low rainfall, high temperatures and a lowering of the mean sea level. This study 

focused on identifying the spatial and temporal variations in mangrove dieback, at a 

local (site) and a regional (Gulf) scale, due to the lowering of sea levels. This was 

undertaken utilising several datasets ranging from satellite imagery products to Lidar 

data and site-based ground-truthing, with the application of novel concepts to link 

regional sea level variability to local dieback sites. Spatial variability in mean 

elevations of dieback highlighted correlations to mean high tide ranges in the north 

and south of the Gulf, with some sites statistically different in elevation to other sites 

nearby. Temporal variability of dieback onset also occurred across the Gulf with 

mean sea level seasonality playing a large role, promoting dieback onset in the 

southern regions before the northern regions. The mangroves have shown 

vulnerability to a changing sea level, and whilst the lowering of MSL was event driven, 

it is likely the fast rate of change during the severe 2015-2016 ENSO event did not 

allow some mangroves to shift or adapt. This dieback event may serve as an early 

warning of what may happen if the rate of sea level rise and fall increases, due to 

climate change. Rapid perturbation will result in dieback as this will offset the ability 

of mangroves to rapidly colonize available niches. 
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1. INTRODUCTION AND RESEARCH CONTEXT 

In the austral summer of 2015 / 2016 a large mangrove dieback event occurred in the Gulf 

of Carpentaria (the Gulf), Northern Australia. The event has been described as the most 

severe and notable instance of widespread mangrove dieback ever reported, and spanned 

1000km of shoreline (Duke et al., 2017). A number of studies have been undertaken to 

understand the potential drivers behind the dieback event (Harris (2017) (Duke et al., 2017) 

Asbridge (2016), Sippo et al. (2020)) and results indicate that the dieback occurred due to 

lower than average rainfall (Saintilan, 2018), high temperatures and a drop in mean sea 

level in the preceding months (Asbridge et al., 2019) (Lovelock, 2017). It has been suggested 

that the event was somewhat synchronous across the Gulf (Duke et al., 2017), however 

detailed spatial and temporal studies have not been undertaken. Furthermore the event 

was not isolated, with smaller dieback events occurring in Northern Australia, at Kakadu 

National Park, Northern Territory (Asbridge et al., 2019) and Mangrove Bay, North Western 

Australia (Lovelock, 2017).   

Mangroves provide valuable ecosystem services to the local environment through coastal 

protection from storms, cyclones and large wave events (Horstman, 2014), stabilisation of 

sediments (Lymburner et al., 2020), contribution to biogeochemical solute budgets 

(Stieglitz, 2013); and providing fish nursery functioning (Sasmito, 2015).  They grow within 

a specific ecological niche covering a range of hydrological, sedimentological and ecological 

factors (Rogers, 2021). More specifically, mangroves grow on upper intertidal shorelines in 

the tropics and subtropics (Woodroffe et al., 2016) and require a hydroperiod with a species 

specific frequency and duration of inundation, to survive (Crase, 2013).  Across the Gulf, 

the two dominant mangrove species suffering dieback were Avicennia marina and 

Rhizophora stylosa (Duke et al., 2017) and in some regions the two species suffered dieback 

with each species contracting within their own ecological niche.  

Mangroves in the Gulf are subject to a harsh environment, with one of the largest seasonal 

variations in mean sea level in the world (Haigh et al., 2012), as well as diurnal tides which 

promote only one inundation per day, and the majority of rainfall occurs over only a few 

months (January to March) during the wet season. Mangroves are considered sensitive to 

the spring tide for inundation (Rodriguez et al., 2017) and a lowering of mean sea level also 

lowers the tidal cycle, which can mean a longer time of exposure between successive tides. 

Asbridge et al. (2019) examined fine resolution Lidar data and found that small elevation 

changes in the landscape could result in the difference between partial dieback (2.35m) and 
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total dieback (2.38m) of mangroves. Examining the spatial variability in mean dieback 

elevations provides insight into driving influences and distribution on dieback, as well as 

identifying areas vulnerable to future disturbance.     

Understanding the complex ways in which mangroves respond to disturbance is important 

to improving theoretical understanding of processes and improving environmental 

management (Viles et al., 2008).  A common method to examine mangrove response to 

disturbance is calculating the changes in Normalised Difference Vegetation Index (NDVI), 

which is an indicator of mangrove cover (Phillips, 2018). The NDVI utilises the near infrared 

and red bands from satellite imagery to calculate the greenness of vegetation. Gulf 

mangroves are known to undergo a seasonal cycle of greenness due to a maximum in plant 

growth at the end of the wet season (March / April), and a minimum due to shedding of 

leaves, at the end of the dry season (October / November). Values of NDVI can range from 

-1 to 1, with vegetation ranging from 0.2 for open forests to 0.7 for closed mangrove forests 

(Mafi-Gholami et al., 2017). Time series analysis of NDVI can highlight the onset and rate of 

mangrove cover decline, as identified by a departure below the mean seasonal range of 

NDVI for that site. Identification of the temporal variability in dieback across the Gulf allows 

for greater understanding of important timescales and processes that may be driving or 

influencing the dieback event. 

Over recent years, the collation and public availability of spatial data, in particular satellite 

imagery, as well as increases in computer processing power like Google Earth Engine 

(https://earthengine.google.com/), allows for extensive temporal and spatial analysis of 

large datasets (Lymburner et al. (2020) Bishop-Taylor et al. (2019)) from any location. 

Furthermore, the ability to access historical as well as current information is invaluable for 

environmental management especially for remote areas such as the Gulf of Carpentaria, 

where populations and towns are small with no coastal access.  The following research 

investigating mangrove dieback will utilise several datasets ranging from satellite imagery 

products to Lidar data and site-based ground-truthing and will focus on processes at two 

different spatial scales: local (site) and regional (Gulf).  

https://earthengine.google.com/
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2. RESEARCH AIM AND OBJECTIVES 

2.1 AIM  

To investigate the spatial and temporal patterns of mangrove dieback across the Gulf of 

Carpentaria in 2015 – 2016 and examine how the variability may be linked to sea level 

changes.    

 

2.2 OBJECTIVES 

The following scope of spatial and temporal analysis of mangrove dieback is divided into 

four parts. The first part classifies all mangrove types that suffered dieback, across the 

entire Gulf. The second, third and fourth parts focus on fringing mangroves only, and this is 

due to the greater abundance of data being available for the coastline, as opposed to 

inland, as well as the increased complexity of sea level influence on other mangrove setting 

types, especially riverine mangroves e.g., addition of river flows, surface water, ground 

water and attenuation of tidal flow along rivers and estuaries. The objectives are outlined 

as follows:  

1. Classification of Dieback Mangroves i.e., Were mangroves in certain landscapes 

targeted and were there any regional trends? 

2. Investigation of spatial variability in mangrove dieback i.e., Did dieback occur at 

similar elevations in the landscape, all around the Gulf? 

3. Identification of temporal variability in mangrove dieback i.e., Did dieback occur 

simultaneously across the Gulf? If not, can a critical threshold be identified? 

4. Establish how sea levels contributed to the dieback i.e., Can spatial or temporal 

dieback variations be explained by sea level variations? 
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3. METHODOLOGY 

3.1 THE STUDY REGION  

The Gulf of Carpentaria, located in northern Australia, covers 330,000km2 (Duke et al., 

2017) and experiences a monsoon tropical climate where more than 85% of annual rainfall 

occurs between November to April (Bowman et al., 2010). The climate is hot and humid 

and rainfall varies from 800mm/yr. in the south to >2000mm/yr. in the North (Asbridge, 

2016). The wet season is characterised by storms and cyclones (Oliver & Thompson, 2011) 

and moist north-westerly winds, whilst the dry season is characterised by dry south easterly 

winds (Bowman et al., 2010). Mangroves extend around most of the coastline of the Gulf 

of Carpentaria covering an estimated 206 185 ha (Duke et al., 2017) with different species 

relying on hydroperiods with varying frequency and inundation patterns, to survive. Coastal 

landscapes have low gradients, consequently small variations in sea level can promote large 

variations in hydroperiod.  

Diurnal tides are experienced around the Gulf ranging from microtidal in the north (<2m 

range, at Milner Bay), to mesotidal in the south (2-4 m range, at Karumba).  As the tides 

deliver relatively small daily sea level fluctuations in the north, they can be comparable or 

overridden by large wind or wave events from climatic events. Water depths within the Gulf 

average between 55 – 66 m, with a maximum depth of 82m (Wang et al., 2015) and as a 

consequence of the shallowness water circulation is dominated by wind rather tides. Mean 

sea levels within the Gulf have the largest seasonal variation around Australia, ranging from 

0.4 – 1.0m (Haigh et al., 2012) with the variation largely correlated to the presence of 

atmospheric systems, which contribute to 71% of the water level variation (Harris, 2017). 

The strongest climate driver being the El Nino - Southern Oscillation (ENSO) which can alter 

the duration and timing of monsoon rains as well as tropical cyclones (Bowman et al., 2010). 

During El Nino years there is usually below average rainfall, and the onset of monsoon rains 

is generally delayed 2-6 weeks (BOM, 2021a). There is also less cyclone activity. During La 

Nina years there is typically greater rainfall and more storm and cyclone activity. The second 

influential climate driver, the Madden Julian Oscillation (MJO), consists of an eastward 

moving cloud of rainfall that typically recurs every 30-60 days (BOM, 2021b). If the MJO 

occurs during the monsoon wet season, it can enhance rainfall, however prior to and 

following the MJO is a high-pressure system that produces dry conditions. In mid-December 

2015, the MJO passed by the Gulf, then in mid-January 2016 the MJO passed over the Pacific 

Ocean. The inverse barometer effect and wind driven setup are also contributing drivers, 
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at shorter timescales of hours to days. At any one time, these climate drivers may be 

individually or collectively influencing water levels.  

The spatial and temporal scales varied through the study, with the first part on mangrove 

classification covering the fourteen key coastal catchments where dieback had previously 

been identified (Figure 1). The second part of the study focused on seven key sites around 

the coastline, where the mean dieback elevations were examined. The third part of the 

study looked at paired mangrove patches within the same seven key dieback sites. Lastly, 

the investigation of sea level variability covered both a local and regional scale across the 

Gulf.  

 

 

 

 

 

FIGURE 1 GULF OF CARPENTARIA STUDY SITE, WITH IDENTIFICATION OF THE MAIN DIEBACK 

FIELD SITES, CATCHMENT BOUNDARIES AND BATHYMETRY  
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3.2 CLASSIFICATION OF MANGROVE DIEBACK REGIONS 

To classify mangrove dieback regions from the Gulf of Carpentaria into their 

hydrogeomorphic categories, an existing spatial coverage of mangrove dieback was utilised 

as a base layer.  The presence of mangrove dieback was previously identified (Duke et al., 

2017) using a quantitative binary change detection approach based on Landsat 8 level 1 

imagery from March to May in 2015 and 2016. This was followed by an unsupervised 

classification approach and resulting surface reflectance imagery were then converted to 

normalised difference vegetation index (NDVI) values. The 2016 NDVI was subtracted from 

the 2015 NDVI and the resulting regions of mangrove loss were further refined by applying 

a threshold value based on visual inspection of the imagery. The final coverage had a spatial 

resolution of 30m. It does not, however, identify gradations of dieback i.e., 50%, 70% etc. 

The process is further outlined in (Duke et al., 2017) and (Kovacs et al., 2001).  

The accuracy of this dieback coverage map was investigated by viewing mangrove canopy 

cover data sourced from the NationalMap web portal (https://nationalmap.gov.au/). In this 

system, canopy cover is calculated from Landsat satellite imagery through identification of 

green fractional cover, resulting in gradations of classifications from 20-50%, 50-80% and 

>80% cover. The data had a spatial resolution of 25m and a yearly temporal resolution 

which allowed for a coarse comparison of presence and absence of mangroves between 

2015 and 2016 (Lymburner et al., 2020).  Any large inaccuracies in classification were 

removed from the mangrove dieback coverage with all other data remaining. Single pixel 

classifications were not removed as it was deemed that removal of single pixels may bias 

mangrove classification type results with many single pixels predominantly located along 

river edges.   

CLASSIFICATION SYSTEM  

To identify the fringing dieback mangroves, each mangrove dieback polygon was further 

classified into one of four hydrogeomorphic settings; overwash, fringing, basin, or riverine 

mangroves, as outlined in Figure 2.  This was achieved by visually assessing the coverage 

overlain onto satellite imagery, with additional confirmation sought from aerial 

photographs. The total area of each hydrogeomorphic setting was then calculated for each 

catchment around the Gulf, to provide an overview of mangrove types most affected by 

dieback. All image and data analysis were undertaken using QGIS 

(https://qgis.org/en/site/), a freeware geographic information system.  

https://nationalmap.gov.au/
https://qgis.org/en/site/
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Overwash mangroves occur on small low islands 
and finger like projections of land masses in 
shallow bays and estuaries.  

The mangroves are inundated at 
high tide and tidal velocities are 
high. 

 

Fringing mangroves occur along shorelines with 
elevations ranging up to the highest astronomical 
tide.  

Tidal velocities are low 
however the open exposure of 
the shoreline means they are 
subject to strong winds from 
storms and cyclones.  

 

Riverine mangroves occur along river and creek 
drainage lines, which may be separated by a 
berm, but still receive daily 
tidal flushing.  

Tidal velocities are low. 

 

Basin mangroves occur in drainage depressions 
and may receive influence from daily tides as well 
as terrestrial runoff.   

These may occur behind fringing 
mangroves or behind riverine 
mangroves. 

FIGURE 2 HYDRO-GEOMORPHIC CLASSIFICATION FOR MANGROVES, BASED ON WORK BY LUGO 

AND SNEDAKER (1974) AND WOODROFFE ET AL. (2016). 

 

3.3 IDENTIFYING SPATIAL ELEVATION VARIATIONS OF DIEBACK PIXELS   

The elevations of fringing mangrove regions suffering dieback were identified across the 

Gulf using previously collected Light Detection and Ranging (Lidar) data. This active remote 

sensing technique sends pulses of light, usually from an aircraft or land-based scanner, 

towards the earth’s surface and then measures the time it takes for the reflectance to 

return to the sensor.  The Lidar data was collected by Airborne Research Australia (ARA) 

with a Riegel Q680i-S topographic (full waveform) laser scanner rigidly tied to a Novatel-
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Span GPS/IMU navigation system which included a tactical grade 100C-ISA IMU (ARA, 

2017). The vertical datum was set to AHD 09 and the data were projected on the Australian 

Map Grid system, AGD84. The Lidar data was obtained during August – September 2017 

and covered over 7000km’s of flight lines around the Gulf. A Digital Terrain Model (DTM) 

consisting of x, y, z coordinates of the ground elevation were derived from the data by 

Airborne Research Australia (ARA, 2017). The horizontal resolution of the DTM was 0.5m 

and vertical accuracy initially estimated at ~0.2m (pers. Comm Jorg Hacker, ARA, and 

wiki.auscover.net.au/wiki/LIDAR_data,_Gulf_of_Carpentaria).  

VERTICAL ACCURACY ASSESSMENT OF THE LIDAR DTM 

To confirm vertical accuracy of the lidar derived DTM, ground truthing was undertaken in 

October 2018 via the establishment of four transects across the coastal plain in areas of 

contrasting dieback severity and where Lidar data was collected. Along each transect, 

elevations were measured using a Differential Global Positioning System (DGPS).  The DGPS 

transects were located on the western side of the Gulf, with two located near Cox River and 

another two located further south near Centre island (Figure 3, Figure 4a and Figure 4b). 

The DGPS transects were established in October 2018, and whilst the lidar data was 

collected in August 2017, surface elevation changes within mangrove settings are not 

expected to increase by more than 0.01m/year (Woodroffe et al., 2016). Therefore, 

elevation changes above mean sea level between the two dates were assumed to be 

minimal. The accuracy assessment covered elevations from 0.1m to 2.0m AHD which 

spanned the local ranges of flooding tides experienced at the two western Gulf tide gauges; 

Milner Bay (HAT of 1.2m AHD) and Centre Island (HAT of 1.3m AHD) (GHD, 2013).  

The horizontal variability of lidar data, around each DGPS point, was assessed by extracting 

mean values of elevation from a 1m and a 2m radius surrounding each DGPS point. The 

variation between the collated mean values and the point values was less than 0.01m and 

was thus considered negligible for this assessment.  The DGPS elevations at point locations 

were then compared directly to the lidar elevation extracted from the same point. Each 

transect included between 16-22 points.  
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FIGURE 3 LOCATION OF DGPS TRANSECTS ON THE WESTERN SIDE OF THE GULF 

        

FIGURE 4 A) LOCATION OF TRANSECTS 1ANT AND 1BNT, AND B) LOCATION OF TRANSECTS 2ANT AND 

2BNT. 

 

a) b) 
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The extent of the spatial analysis was defined by the mangrove dieback spatial coverage 

and the region of crossover with the DTM, which primarily covered the coastal region of 

the Gulf.  Where both datasets were present, the DTM was clipped to the extent of the 

mangrove dieback and elevations were extracted. Each mangrove dieback polygon that was 

analysed consisted of thousands of individual elevation points extracted from the Lidar 

data.  For each group, the mean elevation as well as minimum, maximum and standard 

deviation were calculated in QGIS.  A single factor analysis of variance (ANOVA) was 

performed, to assess whether elevation ranges at all sites were statistically different, 

followed by a post hoc Tukey HSD to identify site similarities. An example of the workflow 

is provided in Figure 5.   

 

      Figure 5 Workflow for clipping of elevation data to mangrove dieback extents.  

3.4 INVESTIGATING TEMPORAL VARIATIONS IN MANGROVE DIEBACK 

The timing of fringing mangrove dieback around the Gulf was identified by utilising the 

Normalized Difference Vegetation Index (NDVI) (Equation 1.). The NDVI provides an 

indication of green canopy cover change, and this can be used to infer vegetation health. 

This index is widely used in remote sensing and is measured remotely utilising satellite 

imagery.  The NDVI can be expressed as:  

𝑵𝑫𝑽𝑰 =  
(𝑵𝑰𝑹 − 𝒓𝒆𝒅)

(𝑵𝑰𝑹 + 𝒓𝒆𝒅)
 

EQUATION 1. CALCULATION OF NDVI 

where NIR and red are reflectance intensity in these spectral bands, captured by the 

imagery. The Landsat series of satellite imagery were utilised to extract NDVI, due to their 

capture of relevant spectral bands at a spatial resolution of 25m and the long temporal 

coverage of 2 images per month from 1986 to present. Extraction of NDVI values from 

imagery was undertaken using Google Earth Engine (GEE) (Gorelick, 2017 ), which is a web-

based platform to ingest and analyse geospatial datasets. A GEE script was utilised to access 

Mangrove 
Dieback Coverage

Lidar Flight Path
Clipped Elevation 

Data 
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surface reflectance from Landsat images, which had already been atmospherically 

corrected, with water, clouds and shadows removed through masking. For every available 

Landsat satellite image across the area of interest, a mean NDVI value was extracted for 

every mangrove dieback polygon. In addition, a collection of healthy fringing mangrove 

regions was identified, near selected dieback regions, and NDVI values were also extracted 

to allow for localised comparisons of timing. Additional visualisation of source imagery was 

undertaken for dates with low extracted NDVI values, to ensure confidence in the results.  

This was undertaken utilising the Australian NationalMap web portal (nationalmap.gov.au).   

CALCULATION OF THE SEASONAL RANGE OF NDVI  

The seasonal range of NDVI was estimated for both healthy and dieback mangroves, by 

calculating the monthly means from months with small interannual variations in NDVI, 

varying from 1986 to 2014. Each calculation was site specific. Further investigation of NDVI 

variability was undertaken to ensure previous climatic events e.g., the 1997-1998 ENSO, 

were excluded from the monthly database. The calculation can be expressed as follows: 

𝑵𝑫𝑽𝑰̅̅ ̅̅ ̅̅ ̅̅ ̅
𝒊 = ∑

𝑵𝑫𝑽𝑰𝒊

𝒏

𝒏

𝒊=𝟏

 

EQUATION 2. CALCULATION OF THE MEAN SEASONAL RANGE FOR NDVI 

where i = month and n = total number of suitable images over the imagery record.  

CALCULATION OF THE NDVI ANOMALY 

An NDVI anomaly was calculated to identify the timing and scale of large deviations of NDVI 

values from the mean annual range.  A small NDVI anomaly would indicate healthy 

mangroves whilst a large negative NDVI anomaly would indicate a significant departure 

from the natural range of mangrove health and indicate a period of vegetation stress and 

decline. The calculation can be expressed as follows:  

𝑵𝑫𝑽𝑰𝒂𝒏𝒐𝒎𝒂𝒍𝒚𝒊 = 𝑵𝑫𝑽𝑰_𝒅𝒊𝒆𝒃𝒂𝒄𝒌𝒊 −  𝑵𝑫𝑽𝑰̅̅ ̅̅ ̅̅ ̅̅ ̅
𝒊 

EQUATION 3. CALCULATION OF THE NDVI ANOMALY 

where i = month and 𝑁𝐷𝑉𝐼_𝑑𝑖𝑒𝑏𝑎𝑐𝑘𝑖  represents the dieback region month of interest.  

A rate of decline was calculated for each dieback site by selecting the months in 2015 and 

2016 where the NDVI decreased below the lowest monthly mean, as identified in Equation 

2. A linear regression was applied to each data set and the slopes of each site were 

compared to identify sites with high or low dieback rates.  
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IDENTIFYING A CRITICAL THRESHOLD  

During the decline in mangrove cover, it was assumed that there will is a critical cover 

threshold beyond which a mangrove stand cannot recover. By using the NDVI anomaly, 

which incorporates seasonal variations and is site specific, the exact timing of reaching such 

a threshold and developing high (>90%) cover loss was investigated.  Previous research on 

mangrove dieback in Kakadu National Park, N.T., found that an NDVI value between 0.2 – 

0.35 represented full dieback (Asbridge, 2019). By utilising the upper limit of 0.35 as an 

NDVI_diebackI value in Equation 3., an NDVI_anomalyi was calculated. This threshold was 

then compared across healthy and known dieback mangrove regions; during 2014 to 2016 

to assess its suitability as an indicator of full dieback.  

4. IDENTIFYING THE ROLE OF SEA LEVEL IN MANGROVE 
DIEBACK  

The spatial (elevations) and temporal (timing of dieback) data were then utilised to 

examine the relationship to frequency and timing of inundation for the fringing mangrove 

setting as defined in Figure 2.  

4.1 IDENTIFYING LOCAL AND REGIONAL SEA LEVEL VARIABILITY 

ACROSS THE GULF  

Sea level variability due to external pressures such as weather events, can alter water levels 

beyond their normal tidal range and therefore influence inundation patterns. To investigate 

sea level variability, at a local and regional scale in the Gulf, the observed water levels from 

the tide gauges were deconstructed. This was undertaken by identifying the key 

components of observed sea levels, as shown in Equation 4:  

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙

= 𝑚𝑒𝑎𝑛 𝑠𝑒𝑎 𝑙𝑒𝑣𝑒𝑙 (𝑚𝑜𝑛𝑡ℎ𝑙𝑦) + 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑡𝑖𝑑𝑒 (ℎ𝑜𝑢𝑟𝑙𝑦)  

+ 𝑛𝑜𝑛_𝑡𝑖𝑑𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 (𝑑𝑎𝑖𝑙𝑦) 

EQUATION 4. COMPONENTS OF OBSERVED WATER LEVELS 

Each of these components have a dominant temporal scale which influences water levels, 

with mean sea levels exhibiting large variations on a monthly to yearly scale; non-tidal 

components producing water level variations daily timescales and tides operating on hourly 

timescales. To examine local and regional variability, the focus was on the daily timescale, 

where mean sea level is relatively constant and tidal fluctuations are cyclical and 

predictable, but the non-tidal component can be highly variable. The non-tidal component 
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is influenced by meteorological, coastal and ocean processes including atmospheric effects, 

baroclinic instabilities, coastal trapped waves, shelf currents, waves and freshwater inflows 

from rivers and estuaries which can all have a large, but short lived, influence on inundation 

patterns.  

LOCAL VARIABILITY IN SEA LEVELS  

There are two methods to identify the non-tidal component which include tidal filtering 

and harmonic analysis. Tidal filtering focuses on averaging observed sea levels, so that the 

tidal component is removed from the sea level. The main tidal fluctuations that govern the 

diurnal or semi-diurnal nature of the tides occur at periods equal to or less than 12.5hrs, so 

they can be averaged out over a 25-hour period.  So, at a minimum averaging over a 25-

hour period would remove a large proportion of the tidal cycle and leave a mean sea level 

and non-tidal components. The disadvantage of this method is that any non-tidal processes 

operating on the same time scale will also be eliminated. In contrast the process of 

harmonic analysis focuses on removing only the tidal components and leaving everything 

else. Harmonic analysis involves identifying the amplitudes of tidal constituents that make 

up the tidal signature at a specific location. The amplitudes are identified from an observed 

water level record by extracting the known periods of each tidal constituent. Once 

extracted, the tidal constituents can be re-constructed to make an equilibrium tide for the 

location. The equilibrium tide can then be removed from the observed water levels to 

produce a mean sea level with non-tidal components. For analysis of the non-tidal 

component, the Sa tidal constituent, which has a period of 365.25 days and is known to 

produce a similar amplitude and phase to the mean monthly sea level in the Gulf, was also 

removed.  One disadvantage of the harmonic analysis method is that in shallow waters, 

there can be some influence of non-tidal processes on the amplitude of the tidal 

constituents, which can result in the production of small inaccuracies in the equilibrium 

tide.  For both methods, when the mean sea level is removed and the remaining sea level 

is composed of non-tidal components, those of which are likely to be variable along the 

Gulf coastline.   

Both methods were undertaken on the observed water levels from the tidal gauges at 

Milner Bay and Karumba, to identify coastal processes that may have also influenced 

hydroperiods during 2015-2016. Tidal filtering was undertaken in Excel, and harmonic 

analysis was undertaken in the statistical software R, using the OCE package.  
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TIDAL DATUM RELATIONSHIP TO MANGROVE DIEBACK 

The relationship between the tides and mangrove dieback sites was first investigated by 

comparing the relationship between mean dieback elevations and the range of high tide 

descriptors; the Mean Higher High Water (MHHW), Mean Lower High Water (MLHW) and 

the Highest Astronomical Tide (HAT). The MLHW and MHHW represent the means of the 

lowest and the highest high tides, respectively, whereas the HAT is the highest high tide 

experienced. These descriptors provide a long term mean elevation, in the absence of any 

other external influences. Data available included measured water levels and tidal datum 

planes from three tidal gauging stations within the Gulf (Table 1).   

All three locations exhibit diurnal tides, however tidal planes differ largely from the 

northwest to the southeast of the Gulf by approximately 1.5m, therefore, each site was 

paired with the nearest tidal gauging station (Table 1). Prior to analysis, all measured water 

levels were converted to Australian Height Datum (AHD), where a reference to 0 mAHD was 

equivalent to Mean Sea Level (MSL).  

TABLE 1 GULF OF CARPENTARIA TIDAL GAUGING STATIONS AND DIEBACK SITES USED TO ASSESS TIDAL 

INUNDATION PRIOR TO AND DURING THE 2015-2016 DIEBACK EVENT. 

Location MLHW 
(mAHD) 

MHHW 
(mAHD) 

HAT 
(mAHD) 

Interval Dates  Source  Dieback 
Sites 

Milner 
Bay, NT 0.6 0.7 1.2 hourly 

September 
1993 – 
current 

BOM 
A, B, C, 

D, E 

Centre 
Island, 
NT 

0.4 1.2 1.3 hourly 
1966 – 1988 
(incomplete) 

BOM D, E 

Karumba, 
QLD 

1.4 1.7 2.7 
10 

minutes 
1996 to 
current 

QLD 
Govt. 

F, G 

 

REGIONAL SEA LEVEL VARIABILITY 

Regional sea level variability was identified from a Sea Surface Height Anomaly (SSHA) 

product which was calculated from satellite altimetry. Sea surface height is measured by 

altimeters on board satellites, which measure the reflectance of a radar signal. The signal 

is adjusted for atmospheric and geophysical corrections including ocean tides and basic sea 

state and interpolated onto a grid covering the world. The resulting data has a spatial 

resolution of 19km and vertically, the standard deviation of the detrended difference 

between the global altimetry and 61 tide gauges was 3.1cm (Zlotnicki, 2019). The sea 

surface height anomaly was calculated by removing a mean sea level from the sea surface 
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height, resulting in regional sea level variability.  The mean sea level utilised for the 

corrections is a regional MSL covering the Indonesian region as well as the Gulf.   

The SSHA grids were sourced from JPL – NASA (https://podaac.jpl.nasa.gov/) and were 

produced sourcing the TOPEX/Jason satellite missions and the ERS-1, ERS-2, Envisat, SARAL-

AltiKa, CRyosat-2 satellites (Zlotnicki, 2019). The combination of the two series of satellites, 

based on their orbits, results in a grid of the world produced every 5 days.  The time stamp 

of each grid is given as the midpoint in the 5-day interval, so whilst there is a date given to 

each grid, the actual capture of data at a specific location may have occurred somewhere 

within those 5 days.  Furthermore, the accuracy of satellite altimeter data declines within 

10-15km of the coast due to several features which can influence the radar signal reflected 

from the ocean including land contamination, as well as high frequency sea level responses 

to wind and pressure changes (Benveniste, 2020). As a result, only gridded data outside of 

this coastal zone was utilised (Figure 6). The SSHA grids were interrogated in QGIS, and data 

was extracted at a series of sites along the Gulf coastline, including the tidal gauge locations.   

 

FIGURE 6 SATELLITE SSHA DATA FROM 19TH FEBRUARY 2015, SHOWING REGIONAL VARIABILITY 

IN SEA SURFACE HEIGHT ANOMALIES.  POINTS OF DATA EXTRACTION ARE INDICATED BY THE SSHA 

LOCATIONS.  

 

ASSESSING THE SUITABILITY OF SATELLITE ALTIMETRY DATA  

To assess the correlation of regional sea level variability to local sea level variability, the 

SSHA data was compared to a combination of non-tidal sea levels and tidal filtered water 

https://podaac.jpl.nasa.gov/


  

25 

 

levels from the tide gauge stations. To cater for the coarse temporal resolution in the SSHA 

data, a series of time periods were selected from the water level data, for correlation. To 

ensure compatibility across all data sets, the mean sea level that was removed for 

calculation of the SSHA, was also removed from the observed water level data. However, 

as the SSHA data did not have the local monthly sea level removed, this was also left in the 

sea level product. A series of six products were analysed (Table 2), where MB = Milner Bay 

and KAR = Karumba.  

The comparison of data sets was analysed, via regression analysis, to investigate similarities 

and differences between the local and regional sea level variabilities. The data set from 

each tidal gauge site that identified the best fit to the SSHA data was then further 

investigated for extrapolation to nearby field site locations. The parameters from the 

regression analysis and the SSHA grid were then utilised to modify sea level data for regional 

locations, namely at sites B, C and F. Site A was deemed close to the Milner Bay tidal Gauge 

station and sites D and E were identified as unsuitable due to occurring within the Pellew 

Islands, where sea level variability is likely much more complex.   

TABLE 2 COMBINATIONS OF SSHA AND OBSERVED WATER LEVEL DATA SETS THAT WERE ANALYSED FOR 

CORRELATION 

Comparison 
set 

Satellite 
Altimetry 
product 

Timescale Sea Level product 

1 SSHA_MB 

1-day 

Harmonic Analysis on observed water levels to 
produce an equilibrium tide. Equilibrium tide 
and regional mean sea level removed from 
observed water level. Daily averaged.  

2 SSHA_KAR 

3 SSHA_MB 
25hr 

Tidal filtering of observed water levels to 
produce a 25hr average. Regional mean sea 
level removed. 4 SSHA_KAR 

5 SSHA_MB 

5-day 

Tidal filtering of observed water levels to 
produce a 5-day average. Box filter method 
which includes data from before and after the 
date, for averaging. Regional mean sea level 
removed. 

6 SSHA_KAR 

 

4.2 CALCULATING HYDROPERIODS  

The hydroperiod of a mangrove can be calculated from the elevation above mean sea level, 

where the duration of inundation is the amount of time the measured water level was 
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above the elevation. This method assumes a direct relation between inundation and 

measured water level from the tide gauge e.g., bathtub type model and does not consider 

bed friction or flow attenuation. The hydroperiod was examined utilising observed water 

levels from the Milner Bay tide gauge and the Karumba tide gauge, as well as the modified 

sea levels as identified previously. The hydroperiods were calculated daily over the period 

February 2015 to January 2016, with an additional hydroperiod calculated for 2010, 

providing a baseline year of maximum mangrove extent (Lymburner et al., 2020).   

5. RESULTS 

5.1 HYDROGEOMORPHIC CLASSIFICATION OF DIEBACK 

MANGROVES 

The classification of the mangrove dieback, into four hydrogeomorphic settings as 

described in section 3.2, identified riverine mangroves as experiencing the greatest extent 

of the total dieback, comprising 48%. Fringing mangroves also constituted a high 

percentage of dieback with 39%, whilst back basin mangroves totalled 13% and overwash 

mangroves constituted less than 1% of the total area.  

A further breakdown of mangrove dieback into catchments (Figure 7) suggested a higher 

fraction of riverine dieback around the McArthur and Robinson Rivers located opposite the 

Pellew Islands (Figure 8), mid-way along the west Gulf coastline. The Roper River catchment 

was also dominated by riverine mangrove dieback, which was likely due to the smaller areal 

extent of coastline to catchment area and the presence of one of the larger rivers in the 

region.  On Mornington Island, riverine mangrove dieback dominated, largely due to the 

limited classification of fringing mangroves.  Catchments with the largest extent of back 

basin mangrove dieback coincided with the largest extent of riverine dieback, the 

McArthur, and Robinson Rivers. Overwash mangrove dieback was minimal, with values too 

small for viewing in Figure 7.  



  

27 

 

 

FIGURE 7 MANGROVE DIEBACK SETTING TYPES SEPARATED INTO CATCHMENT AREAS OF THE 

GULF OF CARPENTARIA 

Fringing mangrove dieback was found to be highest in the Nicholson-Leichardt and Flinders 

Norman Rivers catchments in the southern region of the Gulf, as well as the Rosie River 

catchment located along the open coast just north of the Pellew islands group. All three of 

these catchments have long, open, exposed coastlines. Incidentally, Settlement Creek 

catchment has a similar featured coastline, but had one of the lowest catchment 

percentages for any type of mangrove dieback.  

 

FIGURE 8 CLASSIFICATION OF MANGROVE DIEBACK NEAR THE PELLEW ISLANDS, SITE E. THE 

BACKGROUND GOOGLE SATELLITE IMAGE HAS BEEN LIGHTENED SO THAT THE CLASSIFIED POLYGON CAN BE 

SEEN MORE CLEARLY. 
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TABLE 3  AREAS OF MANGROVE DIEBACK (HA), CLASSIFIED INTO HYDROGEOMORPHIC 

MANGROVE SETTING, FOR COASTAL AREAS ASSOCIATED WITH MAJOR RIVERS AND CREEKS OF THE GULF 

CATCHMENT  Back basin Fringing Overwash Riverine Catchment 
% of Total 

GROOTE EYLANDT 1.8 7.3 0.0 1.6 <1% 

WALKER RIVER                            50.4 211.7 1.6 68.0 4% 

ROPER RIVER                             117.1 120.8 0.0 305.7 7% 

TOWNS RIVER  103.6 193.1 0.0 111.7 5% 

LIMMEN BIGHT RIVER            22.3 204.1 0.6 162.8 5% 

ROSIE RIVER 13.6 406.1 0.0 151.9 8% 

McARTHUR RIVER 220.2 236.4 1.6 617.3 14% 

ROBINSON RIVER 294.9 357.8 2.2 1247.6 25% 

CALVERT RIVER 26.4 0.5 1.9 342.8 5% 

SETTLEMENT CREEK 1.4 149.0 3.4 56.3 3% 

MORNINGTON ISLAND 61.0 178.0 0.5 286.3 7% 

NICHOLSON-LEICHHARDT 
RIVERS 

47.4 559.4 0.0 64.1 9% 

MORNING INLET 0.0 72.2 0.0 3.6 1% 

FLINDERS-NORMAN RIVERS 3.5 325.6 9.0 94.0 6% 

Total 964 3022 21 3514  

 

5.2 LOCALISED CHANGES IN ELEVATIONS OF FRINGING MANGROVE 

DIEBACK  

The accuracy assessment of the Lidar data versus the DGPS data showed a linear regression 

indicating a good fit with an R2 value of 95% (Figure 9). The root mean square error (RMSE) 

was 0.13 suggesting a potential variation in vertical accuracy in the Lidar elevations of 

0.13m, however when plotted against a 1:1 line some of the data shows an exact fit. There 

were greater accuracy errors between 1.5 to 2.0m AHD, however elevations above 1.5m 

AHD in this region of the Gulf are above the highest astronomical tide and therefore 

irrelevant in this study.      
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FIGURE 9 COMPARISON OF DGPS POINTS MEASURED ALONG THE FOUR DIEBACK TRANSECTS 

WITH AIRBORNE LIDAR DATA  

 

Mean elevations of dieback mangrove polygons were analysed across each of the seven 

reference sites (Figure 1), using the Lidar data. At site A, the fringing mangroves that 

suffered dieback occurred between elevations of 0.6m AHD to 0.9m AHD (Figure 10), 

showing an increase in mean elevation moving southwards within this site. The dieback 

areas were located at the inland extents of the fringing mangroves. Along the open coast 

section (A-1, A-2, A-3) the dieback elevations were 0.6 – 0.7m AHD, however on the point 

and around the corner the south facing mangroves were around 0.7 – 0.8m AHD and 

increased to 0.8-0.9m AHD. Moving further south to the Roper River region (Site B, Figure 

11) the dieback mangroves were located at slightly higher elevations ranging from 0.9 – 

1.1m AHD.  

Along the open section of the coast, site C exhibited a lower range of elevations (Figure 12), 

like site A. The dieback mangroves were located between 0.7m AHD and 0.9m AHD, and 

those located between the river mouths (C-2, C-3) experienced the lowest elevations across 

this site.  In the northern Pellew Islands region, around site D, the mean elevations were 
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lower ranging from 0.53m to 0.75m AHD (Figure 13). Whilst in the Southern Pellew Islands 

region, around site E, dieback occurred at a higher elevation in the landscape, between 0.74 

to 0.88m AHD (Figure 14). 

The highest elevations of mangrove dieback were identified around Site F (Figure 15), with 

mean elevations ranging from 1.4m AHD to 1.6m AHD. These elevations were almost 

double the elevation of those dieback regions in Site A and C. The higher dieback elevations 

continued along the southern region of the Gulf (G-1, G-2, G-3, and G-4) (Figure 16), then 

started to decrease moving towards Karumba. In and around Karumba, elevations ranged 

from 1.2 – 1.4m AHD with one location at 0.8m AHD (G-8).  This last location exhibited 

dieback of fringing mangroves through to the water’s edge, whereas most other sites were 

focused on the inland edges only. The mean elevations at sites F and G were all higher in 

the landscape than the northern sites (A through to E).  

The general landscape position was also identified, and found to be variable, including the 

majority if dieback patches occurring at the landward margin of the fringing zone, two key 

locations where full dieback occurred across the fringing zone (site C and Site G) and some 

regions where dieback occurred in segments along the coast, in between tidal creeks (sites 

A and C).  

 

FIGURE 10 SITE A, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (A-1 TO A-5) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE A IN THE 

GULF  
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FIGURE 11 SITE B, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (B-1 TO B-5) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE B IN THE 

GULF  

 

FIGURE 12 SITE C, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (C-1 TO C-8) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE C IN THE 

GULF  
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FIGURE 13 SITE D, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (D-1 TO D-6) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE D IN THE 

GULF 

  

 FIGURE 14 SITE E, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (E-1 TO E-4) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE E IN THE 

GULF 
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FIGURE 15 SITE F, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (F-1 TO F-6) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE F IN THE 

GULF 

 

 

FIGURE 16 SITE G, WITH LOCATIONS OF MANGROVE DIEBACK PATCHES (G-1 TO G-9) AND INSET 

TOP RIGHT, MEAN ELEVATIONS OF THE PATCHES, AND INSET BOTTOM RIGHT, LOCATION OF SITE G IN THE 

GULF 

 

GULF WIDE PATTERNS OF DIEBACK ELEVATIONAL RANGE  

The lowest and highest mean values of all mean dieback patches, at each site, were collated 

and plotted and results showed that at locations A to F there was a 0.2 – 0.3m elevational 

band of dieback occurring along the coast (Figure 17). The range of the band, however, was 

variable with higher dieback elevations around the Roper and Leichardt Rivers (sites B and 



  

34 

 

F). Meanwhile the range of MDE at Karumba was influenced by one outlier patch, that 

experienced a loss of mangroves at lower elevations than the rest of the region which 

lowered the range.  

Results from a single factor ANOVA test indicated there were statistically different dieback 

elevational ranges at dieback sites across the Gulf (F-value = 78.7, Fcrit = 2.19, α= 0.05). A 

post hoc Tukey HSD (Table 4) identified that sites A, D and E were similar, whilst site C was 

also like site E, whilst sites F and G were similar. Meanwhile site B was the only site 

statistically different to all others.  The results indicated there was spatial variability in 

dieback of fringing mangroves around the Gulf, linked to the elevational range.   

 

FIGURE 17 ELEVATIONAL RANGES FOR EACH DIEBACK SITE, WHERE THE GREEN BOXES SHOW THE 

RANGE FROM LOW TO HIGH MEAN VALUES. THE POTENTIAL ACCURACY ERROR WAS IDENTIFIED IN 

SECTION 3.3 WHEN COMPARISON WAS MADE BETWEEN LIDAR DATA AND DGPS GROUND-TRUTHED 

DATA, INDICATING AN UNDER ESTIMATION BY LIDAR DATA OF APPROXIMATELY 0.13M.    

  



  

35 

 

TABLE 4 RESULTS FROM THE POST HOC TUKEY HSD SHOWING ALL SITE COMPARISONS, WITH THOSE 

COMPARISON SITES WITH INSIGNIFICANT RESULTS IDENTIFIED AS SITES WITH SIMILAR ELEVATIONAL 

RANGES.   

 

5.3 TEMPORAL VARIATION OF FRINGING MANGROVE DIEBACK  

LOCALISED RESPONSE TO DIEBACK  

The occurrence of dieback was estimated by identifying areas with rapid declines in NDVI. 

NDVI anomalies were calculated, and standardized, for a range of healthy and dieback 

regions of mangroves around the Gulf (Figure 18). Within each dieback site, paired locations 

were selected that represented healthy and dieback stands at similar elevation ranges, 

classification type and proximity with each other (Figure 18).  

Figure 19 shows the clear rapid drop in NDVI of the selected dieback stands relative to the 

healthy, across all seven sites that span the Gulf. Healthy stands showed some decline but 

then recovered back to their natural seasonal cycle, whilst the dieback sites continued 

deteriorating. At site A, the dieback stand (AD-1, Figure 19a) is likely to be a developing 

stand given the gradual increase in NDVI from 0.2 in the early 2000, peaking at 0.6 after the 

2010-2011 wet season suggesting growth of a new stand. This is followed by a rapid 50% 

COMBINATION TUKEY HSD Q 

STATISTIC 

TUKEY HSD P-

VALUE 

TUKEY HSD 

INFERENCE 

A VS B 13.5981   0.0010053 ** p<0.01 

A VS C 5.2625   0.0059502 ** p<0.01 

A VS D 2.1673 0.698732 insignificant 

A VS E 1.1778 0.8999947 insignificant 

A VS F 21.2168 0.0010053 ** p<0.01 

A VS G 22.0303 0.0010053 ** p<0.01 

B VS C 6.3309 0.0010053 ** p<0.01 

B VS D 11.4135 0.0010053 ** p<0.01 

B VS E 5.925 0.0011757 ** p<0.01 

B VS F 10.5832 0.0010053 ** p<0.01 

B VS G 9.1814 0.0010053 ** p<0.01 

C VS D 5.6645 0.0022627 ** p<0.01 

C VS E 1.7775 0.8579229 insignificant 

C VS F 15.2031 0.0010053 ** p<0.01 

C VS G 14.4886 0.0010053 ** p<0.01 

D VS E 2.3504 0.6239907 insignificant 

D VS F 18.7673 0.0010053 ** p<0.01 

D VS G 18.3724 0.0010053 ** p<0.01 

E VS F 12.836 0.0010053 ** p<0.01 

E VS G 11.7241 0.0010053 ** p<0.01 

F VS G 2.482 0.5702426 insignificant 
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decline in NDVI commencing during October 2015. The timing of NDVI declines of dieback 

patches occurred before the healthy patches showed their typical seasonal declines. 

Healthy patches tended to show a less variable NDVI time trace over the last 20 years, but 

they also showed a reduced range in seasonal cycle after 2015. At site B, near Roper River, 

both the healthy and dieback patches showed maturity since 1999, within similar seasonal 

ranges of NDVI.  However, around November 2015, at the bottom of the seasonal NDVI 

cycle, the dieback patch (BD-1) significantly deteriorates, reaching a minimum at the end of 

2016 (Figure 19b). There is evidence of a recovery with NDVI increasing around 2017. 

However, in 2018, both the healthy and dieback patches start declining. At site C, along the 

open coast near Cox River, a similar pattern is observed as at site A, where the dieback 

patch was not as mature as the healthy patch prior to 2010, with decline of the dieback 

patch deviated from the healthy patch in November 2015.  The same observed decline in 

healthy mangroves was also seen in 2018.  

Around the Pellew Islands, at site D, the dieback patch (DD-1) was, again, less mature than 

the healthy mangrove patch, however, whilst the deterioration of the dieback patch 

occurred at the same time as the other dieback sites the NDVI did not drop as sharply. The 

dieback patch showed a continual gradual decline though, and the healthy patch did not 

mirror the 2018 decline as at previous dieback sites. At site E, the dieback patches (ED-1, 

ED-2) were less mature than the healthy mangrove patches, with one of the patches (ED-1) 

never reaching the same NDVI, or maturity, as the healthy patch. Both dieback patches 

exhibited the sharp decline in NDVI at the end of 2015 and showed stability at this lower 

level. Interestingly the healthy mangrove patch (EH-1) showed stability through 2018, 

whilst the healthy mangrove patch (EH-2) showed a gradual decline continuing through 

2018 to 2019 followed by recovery in 2020.  

Moving further into the southern region of the Gulf, at site F, the dieback patch (FD-1) 

showed a higher NDVI maximum than the healthy mangrove patch (FH-1). Whilst both 

patches showed a decline in NDVI in late 2015, the healthy patch recovered. In late 2019 

the healthy mangrove patch showed a similar decrease in NDVI, but again recovered, whilst 

the dieback patch was stable at the lower NDVI between 0.3 and 0.4.  At site G, near 

Karumba, the dieback patch (GD-1) showed a slightly lower range of NDVI up until 2015, 

where the patch suffered the sharp decline in NDVI. Meanwhile the healthy mangrove 

patch showed stability over the full period.  
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FIGURE 18 LOCATION OF SITES A-G IN THE TOP LEFT HAND CORNER, WITH IDENTIFICATION OF 

HEALTHY AND DIEBACK PATCHES WITHIN SECTIONS OF EACH SITE.   
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FIGURE 19 NDVI TIME SERIES FOR HEALTHY AND DIEBACK MANGROVES, AT A) SITE A B) SITE B, 
C) SITE C, D) SITE D, E) SITE E-1 AND F) SITE E-2, G) SITE F AND H) SITE G, IDENTIFIED FROM TOP LEFT TO 

BOTTOM RIGHT PANELS, RESPECTIVELY. HEALTHY AND DIEBACK PATCH LABELS AREAS GIVEN IN FIGURE 

18.  

 

TIMING OF MANGROVE DIEBACK ACROSS THE GULF   

The stable healthy range of NDVI values was chosen by identifying a period of 

measurements with no annual trends. For most sites, the NDVI was relatively stable up until 

2014, and so periods of 8-10 years prior to this were utilised to produce the mean healthy 

a) b) 

c) d) 

e) f) 

g) h) 
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NDVI range for the mangroves, however periods did vary depending on the stage of 

mangrove growth and maturity.  Each month was averaged, to produce an annual healthy 

range of NDVI. The healthy mangroves showed smaller variation in NDVI throughout the 

year, ranging from 0.61 to 0.72, whilst the dieback mangroves demonstrated a range from 

0.52 to 0.65 and had an overall lower annual NDVI seasonal cycle (Figure 20).  Throughout 

the year there was no crossover of the mean monthly NDVI values, however there was 

crossover in the variance.  

 

FIGURE 20 ENSEMBLE MEAN MONTHLY RANGE OF NDVI CALCULATED USING MONTHLY DATA FOR 

2005 TO 2014 OF HEALTHY MANGROVE (GREEN) AND DIEBACK MANGROVE (BROWN) PATCHES, AS 

IDENTIFIED IN FIGURE 18. 

The NDVI anomaly that showed a negative continuous trend in 2015 to 2016 (Figure 21) 

was selected and regressions analysis was applied to produce linear trends for each dieback 

patch at each site.  All linear trends had an R2 of 0.90 or greater, and results showed all sites 

demonstrated a negative trend from February 2015 through to 2016. In addition, by May 

2015, all sites expressed a negative NDVI anomaly, with patches in sites F and G showing 

the greatest negative variation from the mean.  Whilst most dieback patches showed 

similar rates of decline, as identified by the slopes of the trendlines, Site B (BD-1) near Roper 

Rover, showed a steeper decline and thus quicker onset of dieback even though it started 

with a the largest positive NDVI anomaly.  

The critical NDVI anomaly, equivalent to an NDVI of 0.35, was calculated for each site and 

the results indicated that timing of critical dieback varied across the Gulf, from September 

2015 to April 2016 (Figure 22).  Critical dieback first occurred in the south near Karumba, 

followed soon by sites F, E and C in October, moving clockwise along the coast. Except for 

site D, which was the last site to reach the critical NDVI anomaly. Closer examination of 
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NDVI at site D revealed that whilst the mangrove patch declined in health, it stabilised at a 

higher NDVI than the other sites, which was above 0.35, so did not cross the threshold until 

April 2016.   Site A followed this pattern in November 2015, and site B reached critical low 

NDVI in January 2016.  

 

FIGURE 21 LINEAR TRENDS OF DIEBACK ACROSS THE DIEBACK SITES, WHERE LARGER NDVI 
ANOMALY VALUES INDICATE GREATER VARIATION FROM THE MEAN. ALL SITES SHOW A SIMILAR SLOPE IN 

NDVI DECLINE, EXCEPT FOR SITE B (BD-1), WHICH IS STEEPER.   

 

 

FIGURE 22 LOCALISED TIMING OF DIEBACK AROUND THE GULF, AS IDENTIFIED BY AN NDVI 
ANOMALY SPECIFIC TO EACH SITE. CRITICAL DIEBACK WAS ASSUMED TO BE REACHED WHEN NDVI 
REACHED 0.35. THE BLACK BOXES REPRESENT THE SITES 1 TO G, AND THE BLACK CIRCLES AND DATES 

INDICATE THE TIMING ORDER MONTH WHEN NDVI CROSSED A CRITICAL VALUE  

Sept 2015 
Oct 2015 

Oct 2015 

Nov 2015 

Nov 2015 

Apr 2016 

Jan 2016 
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5.4 THE INFLUENCE OF WATER LEVELS ON MANGROVE DIEBACK  

Spatial and temporal variability of mangrove dieback around the Gulf has been identified 

in result sections 0 and 5.3, hence the following section aims to identify linkages between 

the variability to variations in sea levels.     

TIDAL RELATIONSHIP TO MANGROVE DIEBACK 

The mean dieback elevations (MDE) in and around the seven sites were collated and 

compared to the nearest tidal reference site (Figure 23). Across most sites, except site G, 

mangrove dieback occurred within the high-water (either low-high or high-high) range of 

tides. In the northwest of the Gulf, at sites A and C, mangrove dieback occurred at similar 

elevations in the landscape from approximately 0.6 to 0.95m AHD, whereas at site B around 

Roper River, mangrove dieback was at slightly higher elevations with a mean above 1m 

AHD.  

 

FIGURE 23 MEAN ELEVATIONS OF MANGROVE DIEBACK SITES AS SHOWN BY LOW TO MEAN 

VALUES (LIGHT GREEN) AND MEAN TO HIGH VALUES (DARK GREEN). EACH SITE HAS THEIR 

CORRESPONDING TIDAL GAUGE STATION INDICATED ABOVE IN THE GREY BOX, WITH CORRESPONDING 

TIDAL REFERENCE HEIGHTS SHOWN ON THE FIGURE.  

South-east along the coastline at sites D and E, located within the Pellew islands, the MDE 

was 0.5 to 0.75m AHD in the north of these sites and higher in the south at 0.75 to 0.9m 

AHD. Further south at site F, the MDE occurred at the highest elevations of all sites 

examined, ranging from 1.4 to 1.6m AHD, however this still fell within the mean high-water 
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range of these sites. The Karumba MDE were lower, ranging from 0.8 to 1.5m AHD and this 

was the only site where dieback occurred below the mean high-water range. Incidentally, 

at site G, the MDE was biased (lowered) by a location within this site group (G-8, refer Figure 

16), with all other locations ranging from 1.2 to 1.5m AHD, however this still placed dieback 

elevations below mean high water.      

LOCAL SEA LEVEL VARIABILITY FROM 2014 - 2016 

The local sea level variability at Milner Bay in the northwest, and Karumba in the south of 

the Gulf, was identified through the extraction of the Non-Tidal Component (NTC) and 

Mean Sea Level (MSL) from observed sea levels. Data from 2014 to 2016 were shown, to 

allow comparison of annual features during the dieback event of 2015 to early 2016, to the 

previous and following years. Results revealed some variations across the years with the 

NTC comprising a greater fraction and influence on observed sea levels at Milner Bay than 

at Karumba (Figure 24 and Figure 25).   

At Milner Bay, the NTC peaked in February 2015 and was associated with Cyclone Lam, 

which produced a dominant peak in observed sea level, exceeding all other sea levels over 

the 3-year period. Whilst at Karumba, the NTC peak was observed with a similar magnitude, 

however the influence on observed water levels was not as significant. The second large 

peak in NTC was observed at both Milner Bay and Karumba at the end of 2015, due to the 

passing of the MJO (section 3.1), peaking at 0.6m at Milner Bay and 1.15m at Karumba 

(Figure 24). The peak was preceded by a low in early December 2015 and followed by a low 

in January 2016, due to high atmospheric pressure preceding and following the MJO. These 

features resulted in depression and elevation of the tidal cycle. Several lows in NTC were 

observed in the Karumba data for the austral winter in 2015 and 2016, which frequently 

exceeded the MSL and contributed to the lower observed sea levels. Whilst the same 

features were observed in the Milner Bay data, the magnitude was much less.  The lowest 

MSL was reached in July 2015 at both Milner Bay and Karumba at -0.4 m and -0.63m, 

respectively, whilst the peak in MSL during the 2015-2016 Austral summer was depressed 

at both sites, when compared to the summer before.  
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FIGURE 24 OBSERVED SEA LEVELS, NON-TIDAL COMPONENT AND MEAN SEA LEVEL FOR MILNER 

BAY, WITH THE IDENTIFICATION OF THE TIMING OF CYCLONE LAM, AS WELL AS THE TIMING OF THE 

SECOND LARGEST PEAK AND TROUGH IN NTC IN DECEMBER 2015 – JANUARY 2016 AS IDENTIFIED BY 

THE BLACK BARS.  

 

FIGURE 25 OBSERVED SEA LEVELS, NON-TIDAL COMPONENT AND MEAN SEA LEVEL FOR 

KARUMBA, WITH THE IDENTIFICATION OF THE TIMING OF CYCLONE LAM (BLACK ARROW), AND THE 

TIMING OF THE SECOND LARGEST PEAK AND TROUGH IN NTC IN DECEMBER 2015 – JANUARY 2016 

(BLACK BARS). 

 

A closer investigation of the NTC at Milner Bay, during 2015, allowed for comparison to the 

tidal cycle, on a finer temporal scale. Results showed several positive and negative peaks 
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(Figure 26) that influenced the observed sea levels. Instances when there was a negative 

MSL, negative NTC and neap part of the tidal cycle often resulted in water levels that did 

not exceed 0m AHD during a tidal cycle. The same process occurred at Karumba (Figure 27).  

From January to March the NTC and MSL were both mostly positive, at both sites, and 

contributed to elevated sea levels. However, during the austral autumn, the MSL 

demonstrated a 2-week shift in timing between Karumba and Milner Bay. At Karumba, a 

negative MSL was experienced from early April to late November, whilst in the north of the 

Gulf, at Milner Bay, negative MSL occurred from mid-April to early December. During 

December, the peak in NTC and weak positive MSL resulted in observed water levels at 

Milner Bay being elevated by 0.4m and resulted in the maintenance of water levels above 

0m AHD for almost a full spring – neap tidal cycle. At Karumba, the observed water levels 

were also shifted up by approximately 0.6m, however due to the higher tidal range, this still 

allowed the tides to cycle to -0.6m AHD.  

 

FIGURE 26 NON-TIDAL COMPONENT AND MONTHLY MEAN SEA LEVEL AT MILNER BAY DURING 

2015. THE PERIOD OF NEGATIVE MEAN SEA LEVEL IS INDICATED BY THE BLACK BAR, THE DASHED BAR 

REPRESENTS THE PASSING OF THE MJO, AND THE ARROWS INDICATE DAYS WHERE DAILY WATER LEVELS 

DID NOT EXCEED 0MAHD. 
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FIGURE 27 NON-TIDAL COMPONENT AND MONTHLY MEAN SEA LEVEL AT KARUMBA DURING 

2015. THE PERIOD OF NEGATIVE MEAN SEA LEVEL IS INDICATED BY THE BLACK BAR, THE DASHED BAR 

REPRESENTS THE PASSING OF THE MJO, AND THE ARROWS INDICATE DAYS WHERE DAILY WATER LEVELS 

DID NOT EXCEED 0MAHD. 

 

REGIONAL SEA LEVEL VARIABILITY DURING THE 2015- 2016 DIEBACK EVENT  

Regional scale variability was identified by investigating the relationship between satellite 

SSHA data and observed sea levels from the two long term gauging stations at Milner Bay 

and Karumba. This analysis involved the correlation of 78 paired observations, from both 

gauging stations, covering the period February 2015 to January 2016.  

The strongest relationship between the SSHA from satellite imagery and local sea level 

variability, as calculated by either tidal filtering or harmonic analysis, was identified 

between the 5-day tidal filtered water level from Milner Bay (Set 5, Table 5). The correlation 

coefficient was 0.91 and the R2 indicated 83% of the variation observed in the local sea 

variability was like the SSHA.  From the Karumba comparison sets, the 25hr tidal filtered 

water level (4) had the strongest relationship to the SSHA, with a correlation coefficient of 

0.89 and an R2 of 80%. Across both sites the harmonic analysis method produced the 

weakest relationship to SSHA.  
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TABLE 5 REGIONAL SEA LEVEL VARIABILITY ASSESSED VIA COMPARISONS OF LOCAL SEA LEVEL FROM 

HARMONIC ANALYSIS AND TIDAL FILTERING AND SSHA FROM SATELLITE ALTIMETRY. THE SSHA DATA 

WAS SOURCED FROM THE PIXEL ADJACENT TO THE GAUGING STATION.   

SET LOCATION CORRELATION 
COEFFICIENT  

R2 REGRESSION 
EQUATION 

SCALE METHOD  

1 Milner Bay 0.82 0.68 Y = 0.94x + 0.09 1 day Harmonic 
Analysis 2 Karumba 0.84 0.71 Y = 0.86x +0.10 

3 Milner Bay 0.89 0.79 Y = 1.00x + 0.11   25hr 

Tidal 
Filtering 

4 Karumba 0.89 0.80 Y = 0.93x + 0.03 

5 Milner Bay 0.91 0.83 Y = 1.07x + 0.11 5 day 

6 Karumba 0.89 0.79 Y = 0.91x + 0.03 

 

All regressions were significant with high R2 and slope near unity. However, there were 

short periods where the SSHA data did not capture the local sea level variability well. At the 

Karumba site (Figure 28), the variable nature of the water levels was captured well in the 

satellite imagery, with a decline in water levels from February through to May. There was, 

however, a discrepancy around November to December where the drop in SSHA was not 

mirrored in the local sea level variability. Following this, the strong peak in water levels at 

the end of 2015 is not evident in the SSHA data.  From January to March 2016, the general 

trends are similar. At the Milner Bay site (Figure 29) there was a similar discrepancy 

between data sets around November and December, with the SSHA indicating a drop in sea 

level that was not observed in the local sea level data.  Furthermore, the peak in water 

levels at the end of 2015 was also not mirrored in the SSHA data set.   

 

FIGURE 28 COMPARISON OF NON-TIDAL AND LOCAL MEAN SEA LEVEL VS SATELLITE DATA, FOR 

KARUMBA FROM FEBRUARY 2015 TO MARCH 2016. THE TIDAL FILTERED DATA IS HIGHLY VARIABLE 

FROM MAY TO SEPTEMBER, AND THE BLACK BAR INDICATES PERIODS WHERE THE SSHA 

UNDERESTIMATES THE NTC.  
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FIGURE 29 COMPARISON OF NON-TIDAL AND LOCAL MEAN SEA LEVEL VS SATELLITE DATA FOR 

MILNER BAY, FROM FEBRUARY 2015 TO MARCH 2016. THE BLACK BAR INDICATES WHERE THE SSHA 

UNDERESTIMATES THE NTC. 

HYDROPERIODS  

The temporal and spatial patterning of fractional hydroperiod for the seven sites is 

described below. In the north-western region of the Gulf, at sites A, B and C (Figure 30) the 

hydroperiod for elevations of 0.6m, 0.7m and 1.0m AHD were calculated using Milner Bay 

water level data (Figure 31a) for 2015. The same hydroperiods have been calculated for 

2010 (Figure 31b), a wetter year, for comparison. A 0.6m elevation represents the height 

of minimal dieback elevation, 0.7m representing the start of MDE at sites A and C, and 1.0m 

AHD represented the start of MDE at site B.  Spring high tides produce the highest peak 

during the tidal cycle, and results showed that at 0.6m, the largest gap between successive 

spring tides was between end of May to November 2015, totalling 175 days. The duration 

of inundation at 0.6m, for 2015, was 6% whereas during 2010 it was 16%. At 0.7m AHD, 

there were also two spring tide inundations in May 2015, lasting 2.4hrs, which then did not 

re-occur until December 2015, a period of 205 days. Whilst the duration of inundation was 

5% in 2015, and 11% in 2010. Whereas at 1.0m AHD, there was a gap between spring tide 

inundations between February to December 2015, totalling 306 days, whilst the duration 

of inundation was 1% in 2015 and 2% in 2010. The greatest reduction in inundation time, 

between 2010 and 2015, occurred at the 0.6m elevation. During 2010, spring tide 

inundations were experienced during every month at 0.6 and 0.7m AHD elevations, 

whereas at 1.0m AHD there was no inundation for a period of 177 days.  
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FIGURE 30 LOCATION OF MILNER BAY TIDE GAUGE STATION AND DIEBACK SITES A, B, C WITH 

THE MEAN ELEVATIONS OF DIEBACK AS IDENTIFIED IN SECTION 0.  

 

As site B was shown to have different temporal and spatial variability to sites A and C 

(sections 0 and 5.3), the regional variability from the SSHA data was converted to a non-

tidal local sea level variability, which was then utilised to modify the Milner Bay observed 

sea levels. As the non-tidal component with the strongest relationship was the 5-day tidal 

filtered sea level, the regression equation from that comparison set (Table 5) was utilised 

to produce a 5-day non-tidal sea level component for Site B using SSHA data.  The difference 

between the two non-tidal sea levels was utilised to adjust the observed sea level and the 

hydroperiod for site B was then re-calculated. The adjusted data set had a coarser temporal 

resolution than the observed water levels due to the filtering method, consequently there 

may be increases or decreases in hydroperiod that were not captured.   

 

 

 

0.7m – 0.9m AHD 

1.0m – 1.1m AHD 

0.7m – 0.9m AHD 
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FIGURE 31 UNADJUSTED HYDROPERIODS FOR 0.6M, 0.7M AND 1.0M AHD ELEVATIONS, USING 

MILNER BAY MEASURED WATER LEVEL DATA A) DURING 2015 AND B) DURING 2010. THE ARROWED 

BARS REPRESENT ABSENCE OF INUNDATION AT THE COLOUR CODED ELEVATIONS, AND THE DURATION. 
THE Y AXIS IS DAILY FRACTIONAL HYDROPERIOD, AND A VALUE OF 1 ON THE AXIS REPRESENTS 24HRS OF 

INUNDATION. 

 

Results showed more frequent inundation occurring at all three specified elevations (Figure 

32). At 0.6m the adjusted hydroperiod captured another spring tide inundation in July, 

which reduced the amount of time without inundation to 113 days, whereas at an elevation 

of 0.7m, an additional spring tide inundation was captured in at the end of October, also 

reducing the time without inundation to 174 days. There was little difference at 1.0m AHD 

between unadjusted and adjusted sea levels, however spring tide inundation was captured 

slightly earlier in December 2015, which did not occur in the unadjusted data (Figure 32). 
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FIGURE 32 ADJUSTED HYDROPERIODS AT SITE B FOR 0.6M, 0.7M AND 1.0M AHD ELEVATIONS, 
USING MILNER BAY MEASURED WATER LEVEL DATA. THE ARROWED BARS REPRESENT ABSENCE OF 

INUNDATION AT THE COLOUR CODED ELEVATIONS, AND THE DURATION. THE Y AXIS IS DAILY FRACTIONAL 

HYDROPERIOD, AND A VALUE OF 1 ON THE AXIS REPRESENTS 24HRS OF INUNDATION. 

At Karumba, the hydroperiod was calculated for elevations of 0.8m, 1.2m and 1.4m AHD 

(Figure 34). The lower range coincided with MDE to the north of Karumba, whilst 1.2m AHD 

covered the mid-range of site G and 1.4m AHD covered the MDE’s associated with site F.  

The resulting fractional hydroperiod showed an almost monthly frequency of inundation at 

0.8m AHD throughout 2015, equivalent to MDE for areas to the north of Karumba, with 

17% duration of inundation through 2015 whilst in 2010 it was 23%. At 1.2m, corresponding 

to the start of MDE at a couple of sites around Karumba, there was an absence in spring 

tide inundation from mid-August to mid-October, all other months received some 

inundation. The duration of inundation was 8% in 2015, and 13% in 2010. Whilst at 1.4m 

AHD, corresponding to the upper mean of MDE around Karumba, there was a large absence 

in spring tide inundation between May 2015 to October 2015 totalling approximately 5 

months. The duration of inundation during 2015 was 5%, whilst during 2010 it was 9%. 

For site F, comparison set 4 was used (Table 5) with the offshore SSHA data adjacent to site 

F to estimate the local non-tidal component, using the same method as for Site B. The 

adjusted hydroperiods for site F (Figure 35) showed slightly longer duration of spring tide 

inundations at 0.8m AHD, especially from April to July and again in November 2015.  At 
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1.2m AHD there was a slightly higher frequency of inundation, especially around May to 

August. However, at 1.4m AHD, approaching the MDE for site F, little changed was noted 

in hydroperiod until November 2015 where the frequency and duration of inundation 

increased slightly.    

 

FIGURE 33 LOCATION OF DIEBACK SITES F AND G, WITH THE CORRESPONDING RANGE OF MEAN 

ELEVATIONS IN THE LANDSCAPE FOR MANGROVES THAT SUFFERED DIEBACK.   

 

FIGURE 34 HYDROPERIODS FOR KARUMBA SITES F AND G, FOR ELEVATIONS OF 0.8M AHD, 
1.2M AHD AND 1.4M AHD COVERING THE PERIOD 15TH FEBRUARY TO 25TH JANUARY FOR A) 2015 AND 

B) 2010. THE ARROWED BARS REPRESENT ABSENCE OF INUNDATION AT THE COLOUR CODED 

ELEVATIONS, AND THE DURATION. THE Y AXIS IS DAILY FRACTIONAL HYDROPERIOD, AND A VALUE OF 1 

ON THE AXIS REPRESENTS 24HRS OF INUNDATION. 

1.4m – 1.6m AHD 0.8m – 1.5m AHD 
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FIGURE 35 INUNDATION AND ADJUSTED INUNDATION FOR THREE ELEVATIONS AT SITE F. THE Y 

AXIS IS DAILY FRACTIONAL HYDROPERIOD, AND A VALUE OF 1 ON THE AXIS REPRESENTS 24HRS OF 

INUNDATION. 

 

6. DISCUSSION 

6.1 VARIABILITY IN MANGROVE DIEBACK ACROSS THE GULF 

Alternating dominance of riverine and fringing mangrove dieback was identified along the 

14 coastal catchments. The dominance of certain hydrogeomorphic setting types is linked 

to the overall landscape and provides evidence of the hydrology of each catchment. In this 

case, the catchments with numerous meandering river systems e.g., McArthur River and 

Robinson River catchments next to the Pellew Island Group, as well as catchments with 

rivers and limited fringing mangroves e.g., Roper River and Calvert River catchments, were 

typically those with dominance from riverine mangrove dieback. These results indicated 

that the lowering of sea levels was likely influential beyond the immediate coastline. 

Fringing mangroves were the most visually evident and reported on though ((Duke et al., 

2017) (Harris, 2017)), most likely due to the larger patches of fringing dieback, as opposed 

to the smaller, localised patches of riverine mangrove dieback.  
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6.2 SPATIAL VARIABILITY AND HYDROPERIODS  

Spatial variability in dieback was identified across the Gulf, with mean dieback elevations 

ranging from 0.55m around the Pellew Islands (sites D and E) mid-way along the western 

Gulf coastline, to 1.6m in the south. The lower mangrove dieback elevations on the 

coastline adjacent to the Pellew Islands are likely due to the blocking effect that islands can 

have on tidal flow and storm surge reaching the coastline (GHD, 2013).  All elevations were 

however associated with the mean high tidal range for each region, as would be expected. 

Dieback around the Roper River (site B) was significantly higher than nearby sites (A and C), 

and this suggested that there may be different processes, and / or complexities associated 

with sea levels at this site.  Mangrove dieback elevations in the southern region of the Gulf 

(Sites F and G) were significantly different from the other dieback sites, but this was due to 

the larger tidal range experienced in the south. These results indicate that measured water 

levels at the tidal gauge in the north of the Gulf (Milner Bay) should not be utilised to 

reference water levels in the south, around Karumba, and vice versa. The sea surface height 

anomaly data further supported this conclusion regarding spatial variability by 

demonstrating different sea level height anomalies in the north compared to the south of 

the Gulf (Figure 28 and Figure 29). 

The sea level height anomalies, driven by the non-tidal components of sea levels, were 

shown to be influential in defining water levels in the Gulf, especially in the north where 

non-tidal components were similar in magnitude to the tidal range. It was therefore 

important to include this regional variability when looking at hydroperiods. The 

investigation of sea level height anomalies through the correlation and then adjustment of 

observed water levels, based on SSHA data was a novel approach, aimed at producing 

greater accuracy in local hydroperiods. Correlations have been investigated between SSHA 

data and longer term trends (months to years) before (Karimi & Deng, 2020) but the author 

is not aware of any work undertaken at such a fine temporal scale. This is most likely due 

to the coarse temporal (5 days) and spatial (19km) scale of the SSHA data.  Progress is being 

achieved on producing coastal sea level height anomalies from satellite altimetry data 

(Benveniste, 2020), however still only at monthly intervals.   

In the absence of finer resolution data for the Gulf, the method of utilising SSHA data to 

identify and include regional sea level variability, provided an initial testing of usefulness. 

Results of the adjusted hydroperiod, calculated from adjusted sea levels at the Roper River 

(site B) supported this proposition. More frequent inundation occurred at lower elevations, 
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which correlated well with no observed dieback at these lower elevations, as opposed to 

site A where dieback was observed at lower elevations. The calculation of hydroperiods, for 

this study, relies on a ‘bathtub model’ approach where a rise in sea level translates to an 

associated rise along the coastline. True tidal flow is much more complex, with flow through 

mangroves occurring as creek flow through channels, or as sheet flow (Montgomery et al., 

2018). Tidal creeks provide preferential pathways for tidal flow; however, this can also 

divert water away from non-tidal creek areas, which appears to explain why there is 

segmented loss of mangroves in between tidal creeks in some regions (Figure 36A). 

Interaction of sheet flow through mangroves is still poorly understood, but studies do show 

there is greater bottom friction experienced by smaller tides, as would have been 

experienced in the Gulf during 2015, which can slow tidal wave propagation (Horstman et 

al., 2021) and reduce the frequency and inundation at lower elevations. This suggests that 

the local topography and surface flow may also influence elevational variability in dieback. 

Dieback patches which suffered complete loss of fringing mangroves (part of site B, site C 

and site F, Figure 36B, section 0) may have experienced reduced extent of tidal flows due 

to bottom friction or from other processes such as water circulation patterns.  

        

FIGURE 36 A) FRAGMENTED LOSS OF FRINGING MANGROVES, B) COMPLETE LOSS OF FRINGING 

MANGROVES AND C) LOSS OF LANDWARD EXTENT OF MANGROVES. PHOTOS COURTESY OF AIRBORNE 

RESEARCH AUSTRALIA. 

Across the Gulf, changes in coastal geomorphology, related to sediment accumulation or 

tidal restriction, will alter tidal ranges and prisms (Rogers 2021), which will influence 

hydroperiods. The consequence of a period of lower water levels, may therefore be further 

reaching than the immediate dieback response. Investigation of localised topography 

between healthy and dieback stands, would be achievable utilising the existing extensive 

lidar data set. This would provide useful information on local topography to identify 

features that may have promoted some areas, over others, to experience dieback.  

c) a) b) 
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The maturity and establishment of mangroves may play a role in the variability across sites, 

with less mature mangroves suffering dieback at five of the seven sites (A, C, D, E, G, section 

3.4), when compared to the healthy paired mangrove stands. This was identified by an 

increasing NDVI from 1999 to stabilisation, as opposed to the healthy mangroves which 

appeared already established over the same timeframe. It is unknown whether the less 

mature mangroves were of a different species, and while only a small sample size was used 

within this study (8 paired mangrove patches), these results suggest that some areas of 

recent mangrove expansion or new growth may correlate to patches of dieback. Landward 

and seaward expansion of mangroves had been occurring in the north west of the Gulf, 

between 1987 to 2010 (Lymburner et al., 2020) and in the southern catchments of the Gulf 

between 1987 to 2015. The expansion was largely due to rising sea levels, which provided 

inundation to higher elevations in the landscape (Saintilan, 2018). There were also periods 

of increased rainfall which led to retention of freshwater in the landscape that favoured the 

colonisation of mangroves (Asbridge, 2016).  

The scenario (dieback at recently expanded stands) did not hold at site F though, where the 

dieback patch (Figure 37A) had a more stable seasonal pattern of NDVI than the healthy 

patch, yet this still suffered dieback. The dieback patch was at a further distance inland 

located at 400-600m, whereas the healthy patch was located within 300m of the water line 

(Figure 37B). Both patches were established by 1999, as evident by NDVI, and did not 

significantly change up until 2014 (Figure 37B). The dieback patch had a local elevation 

range of 1.4 to 1.6, whilst the healthy patch was from 1.1 to 1.8, encompassing the 

elevation range of the dieback site. In this instance the horizontal distance to the waterline 

appeared to be the main factor, and like above, bottom friction may have played a role as 

tidal flow had a greater horizontal extent of mangroves to flow through.    

        

FIGURE 37 SITE A) HEALTHY MANGROVE PATCH (APPROXIMATE LOCATION AND SIZE) AND B) 

DIEBACK PATCH (APPROXIMATE LOCATION AND SIZE) BOTH WITH SIMILAR PRE-DIEBACK SEASONAL 

FLUCTUATIONS IN NDVI. PHOTOS COURTESY OF AIRBORNE RESEARCH AUSTRALIA. 

a) b) 
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6.3 SEASONALITY OF MEAN SEA LEVELS AND IMPACTS ON 

TEMPORAL PATTERNS OF DIEBACK 

The timing of dieback, as identified by the critical NDVI anomaly, was variable across the 

Gulf. Dieback onset ranged from September 2015 to April 2016 and appeared to be largely 

driven by mean sea level seasonality.  The dominant circulation patterns in the Gulf during 

the dry season (Figure 38) promoted the setdown of water levels (GHD, 2013), that was 

0.2m lower in the south of the Gulf relative to the north. This feature supports the timing 

of earlier dieback occurring in the south of the Gulf, following a northward trajectory in 

timing.  It did not appear to influence severity of dieback though. The combination of an El 

Nino event and the passing of the MJO also produced a high-pressure system over the Gulf 

in November 2015, which extended the period of lower water levels which is likely to have 

decreased the frequency of inundation and pushed the start of the monsoon rains slightly 

later in the year, into December 2015.  

The set-up of water levels in the north was not enough to restrict dieback from occurring, 

but it did delay the onset, and may have even contributed to the higher mean dieback 

elevations at site B. The importance of non-tidal sea level components and their influence 

on water levels was identified as both locally variable for some events. For example, more 

negative peaks were identified in the vicinity of Karumba (Figure 27), which may have been 

related to seasonal winds driving the setdown of water levels and synchronous for others, 

for example the influence of Cyclone Lam. Mangrove dieback, especially loss of all fringing 

mangroves, will allow for greater impacts of the non-tidal sea level events on the coastline 

and a high frequency of storm events will affect recovery (Asbridge, 2018). During the dry 

season, when negative non-tidal components coincided with low tides and a lowered mean 

sea level, there was a prolonged absence (days) of tidal flow above mean sea level. During 

the late dry season (October – November), mangroves would naturally be experiencing 

stress due to the largely rain-less dry season, high temperatures and greater durations 

between tidal inundation resulting in the drying and oxidation of sediments, which 

dramatically enhances physiological stress (Sippo et al., 2020). 
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FIGURE 38 A) DRY SEASON, AND B) MONSOON OR WET SEASON WITH ARROWS INDICATING THE 

DIRECTION OF WATER MOVEMENT, AS DEFINED IN GHD (2013).  

 

6.4 RECOVERY OR ECOSYSTEM SHIFT? 

Mangroves occupy a tight ecological niche within the landscape, dependent on a range of 

hydrological, sedimentological and ecological factors (Rogers, 2021). With a rising of mean 

sea levels, recovery from this dieback event is likely to be facilitated but only if a few 

conditions are met. Most mangrove species, particularly Rhizophoraceae, are unable to 

resprout (Tomlinson (1986), Baldwin (1995)), where recovery occurs through growth from 

reserve or secondary meristematic tissues, sprouting from trunks or branches or 

establishment from propagules (Asbridge, 2018). For reseeding species, recovery will be a 

function of the degree of dieback, tidal inundation, sediment stability and proximity to seed 

sources.   

Following the dieback event, NDVI at the dieback sites stabilised and seasonal fluctuations 

in NDVI were evident. However, the range in seasonal fluctuations was much lower, 0.1 to 

0.4, well below the range of non-impacted mangrove stands (section 5.3).  It is not known 

whether this has resulted in an ecosystem shift to perhaps saltmarsh species, or whether 

the cover mangroves at these sites is low with no regrowth. Species composition has been 

shown to change due to varying tolerances to hydroperiods, salinity and sediment dynamics 

(Asbridge, 2016). Sippo et al. (2020) showed that at a severe dieback site near Karumba, 

sediment oxidation during the period of low sea levels led to pyrite oxidation and 

subsequent iron toxicity, a potentially critical geochemical process arising from the rapid 

drop in sea level. Figure 39 shows regenerating Avicennia stands near Karumba, a site of 

a) b) 
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severe dieback. Regeneration is likely to be a mix of seed -based regeneration and for the 

A. marina some resprouting is likely to have occurred.  

Remote sensing linked to on-ground field work is recommended here to investigate the 

recovery of dieback patches. Future work could collate the NDVI values for larger extents 

of healthy and dieback mangrove regions, for a more detailed analysis. 

 

FIGURE 39 RECOVERY AT DIEBACK STANDS NORTH-WEST OF KARUMBA, QLD, DECEMBER 2020.  
AEGIALITIS ANNULATA REGROWTH CAN BE SEEN IN THE FOREGROUND WITH AVICENNIA MARINA 

FURTHER SEAWARD FORMING A REGENERATING CANOPY BENEATH THE DEAD MATURE A. MARINA 

CANOPY. PHOTO COURTESY OF L. HUTLEY. 

 

7. SUMMARY AND CONCLUSIONS 

This study has quantified the likely height range of mangrove dieback across the Gulf of 

Carpentaria and assessed the spatial and temporal variability of sea level dynamics during 

the mangrove dieback event of 2015 – 2016. The variability indicates that sections of the 

Gulf differ in tidal dynamic, especially the northern and southern regions. The mangroves 

have shown vulnerability to a changing sea level, and whilst the lowering of MSL was event 

driven, it is likely the fast rate of change during the severe 2015-2016 ENSO event did not 

allow some mangroves to shift or adapt. This dieback event may serve as an early warning 
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of what may happen if the rate of sea level rise and fall increases, due to climate change. 

Rapid perturbation will result in dieback as this will offset the ability of mangroves to rapidly 

colonize available niches. The primary findings are as follows:  

1. Fringing mangroves accounted for 39% of the total mapped dieback across the Gulf 

and exhibited the largest contiguous stands of dieback, as opposed to riverine 

mangroves accounting for 48% but constituting much smaller mangrove stand 

sizes; back-basin mangroves accounted for 13% and overwash mangroves for 1%.  

2. Dieback onset varied across the Gulf, ranging from September 2015 to April 2016, 

with onset occurring a month earlier in the south, than the north. Temporal 

variation appeared to be linked to Gulf circulation patterns, driven by mean sea 

level seasonality, which was exacerbated by lower mean sea levels.        

3. Spatial variation of mean dieback elevations across the Gulf, showed the southern 

sites had statistically different elevational ranges, to the northern sites. 

Furthermore, mangrove dieback elevations around the Roper River area were 

statistically different to all other sites and were generally high in elevational range 

than nearby sites.  Regardless of the variation, the elevation ranges could be tied 

to the mean high tide range, in most locations.    

4. Sea level variability, driven by variations in MSL and NTC, occurred across the Gulf, 

with variations in NTC ranging from 1.1m to -1.2m in the south, and 1.0m to -0.6m 

in the north. Even though the range of NTC was slightly smaller in the north, it was 

more effective in raising or lowering observed water levels, due to the smaller tidal 

range.   

5. Public access to the extensive lidar data and satellite imagery was essential to this 

research, however it did highlight some data usage limits and data gaps. For 

example, the coarse temporal and spatial scale of the SSHA data left gaps in the 

analysis of hydroperiods, whilst the addition of a tide gauge near the Roper Rover 

area would be beneficial to understand the unique circumstances leading to the 

dieback in that region. Most of the work on the hydrodynamics in the Gulf have 

been inferred from sparsely gathered data and modelling studies. Observational 

data, such as a shelf mooring array to measure currents, temperatures, salinity, and 

dissolved oxygen, would be beneficial to gain more knowledge on the circulation 

patterns within the Gulf that influences tidal dynamics, coastal mixing and water 

quality, clearly critical factors to maintain healthy coastlines.     
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