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Executive summary 

The water quality component of the Great Barrier Reef Marine Monitoring Program has monitored 
and reported on the annual and long-term condition of inshore water quality in the Great Barrier Reef 
for the last 15 years.  

The program design includes the collection of samples along transects in the Cape York, Wet 
Tropics, Burdekin and Mackay-Whitsunday regions year-round, with higher frequency sampling 
during the wet season to better characterise this period of episodic river discharge. Satellite imagery 
and modelling are linked with in situ monitoring data to estimate the exposure of inshore areas to 
end-of-catchment loads from rivers in the Great Barrier Reef catchment. 

Trends in key inshore water quality indicators  

Key water quality indicators were used to derive a Water Quality Index which communicates the 
long-term trend (insensitive to year-to-year variability) and annual condition (sensitive to year-to-year 
variability) of water quality relative to guideline values (Figure i). Cape York trends are not assessed 
yet as there is not enough data for a robust assessment. 

The Index derived from monitoring showed that long-term inshore water quality trend (insensitive to 
year-to-year variability) has:  

¶ declined gradually in the Wet Tropics region from 2008ï2018 and is showing early signs 
of improving in recent years 

¶ declined gradually in the Burdekin region since 2010  

¶ declined steadily in the Mackay-Whitsunday region since 2008.  

The annual condition Index showed that inshore water quality (sensitive to year-to-year variability) 
in 2019ï20 was:  

¶ good in the Wet Tropics and Burdekin regions, better than in 2018ï19  

¶ poor in the Mackay-Whitsunday region, worse than in 2018ï19. 

Improvements in annual Index scores in 2019ï20 are most likely related to below-average river 
discharge during this year.  

 

 

Figure i: Water Quality Index scores from 2008 to 2020 for the Wet Tropics, Burdekin and Mackay-Whitsunday regions. The Index is 
calculated to show the long-term trend in water quality since the start of monitoring (circles), where seasonal and short-term variability 
signals are removed. An updated Index version communicating annual condition is calculated from 2015 onwards (squares) that 
includes increased temporal and spatial sampling and relates water quality values to wet and dry season Reef water quality guidelines. 
The Index includes five variables: water clarity, concentrations of nitrate/nitrite, particulate nitrogen, particulate phosphorus, and 
chlorophyll a. Details of calculations are in Appendix B.   
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Individual water quality indicators are monitored for comparison against water quality guideline 
values. In general, concentrations of chlorophyll a are improving, while total suspended solids 
concentrations are stable or improving and both parameters met guideline values in most regions in 
the 2019ï20 year. In contrast, these parameters exceed guideline values in most or all regions 
during 2019ï20: 

¶ dissolved and particulate nutrients (nitrate/nitrite, particulate nitrogen, and particulate 
phosphorus) 

¶ Secchi depth (a proxy for water clarity). 

Changes in nutrient concentrations are related to changes in nutrient sources (i.e. inputs) and sinks 
(i.e. outputs) in the Reef lagoon and potentially changes in the rates of key ecological processes 
(such as primary production). The spatial and temporal variability in the in situ water quality 
discussed in this report highlights the combination of complex factors including river discharge, 
biogeochemical processes, and physical forcing that drive water quality.  

Drivers and pressures 

Environmental conditions over the 2019ï20 wet season involved rainfall below the long-term 
average, river discharge well below the long-term median, and no cyclone impact on the coast.  A 
weak cyclone (cyclone Gretel) remained off the coast and had limited impact on the Great Barrier 
Reef. 

End-of-catchment sediment and nutrient load estimates showed distinct variations between the 
focus areas, with the highest dissolved inorganic nitrogen exports from the Tully-Murray-Herbert 
basins followed by the Russell-Mulgrave-Johnstone and Burdekin-Haughton basins. This finding 
was largely due to the relatively low discharges from all focus areas. Loads of total suspended solids 
and particulate nitrogen were dominated by the Burdekin-Haughton basins. The loads in 2019ï20 
were much smaller compared to the 2018-19 season due to the lower rainfall and river discharge.  

River-derived nutrient and sediment loads dispersion was similar to other years with below long-term 
median discharges. Comparison with modelled pre-development conditions identified limited 
anthropogenic influence in 2019ï20. 

There was a high frequency of exposure to the primary water type in inshore areas, with mid-shelf 
to offshore areas most frequently exposed to the tertiary water type only. Primary waters are 
brownish (enriched in sediment and dissolved organic matter), secondary waters are greenish 
(enriched in algae and dissolved organic matter), and tertiary waters have low risk of detrimental 
ecological effects. The area exposed to a potential risk in 2019ï20 was spatially limited relative to 
the scale of the Great Barrier Reef. Eighty-five percent of the Great Barrier Reef was exposed to no 
or very low potential risk.  

Conclusion 

While this report presents some positive results for inshore water quality in the Great Barrier Reef 
for the 2019ï20 sampling period, sustained improvements in the marine water quality of the inshore 
reef have not yet been observed. The complexity of the relationship between land-based runoff and 
water quality, the influence of inter-annual variability and external drivers and pressures, the 
progress of changed management practice adoption, and the expected slow response timeframes 
between land-based changes and marine water quality all contribute to this lack of observed change.  
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1. Introduction 

1.1 The Great Barrier Reef 

The Great Barrier Reef (the Reef) is the most extensive reef system in the world, comprising over 
2900 km2 of coral reefs. It also includes large areas of seagrass meadows, estimated to be over 
43,000 km2 or ~12.5% of the total area of the Great Barrier Reef Marine Park (the Marine Park) 
(Great Barrier Reef Marine Park Authority, 2019). The Reef catchment is divided into six natural 
resource management (NRM) regions, each with differing land use, biophysical and socio-economic 
characteristics.  

1.2 Water quality monitoring in the Reef 

The management of water quality remains a priority for the Great Barrier Reef Marine Park Authority 
(the Authority) because good water quality supports the health and resilience of coastal and inshore 
ecosystems of the Reef (Great Barrier Reef Marine Park Authority, 2019).  

In response to concerns about the impact of land-based run-off on water quality, the Reef 2050 
Water Quality Improvement Plan (Reef 2050 WQIP; Australian and Queensland governments, 
2018a) was updated by the Australian and Queensland governments in 2017, and integrated as a 
major component of the Reef 2050 Long-Term Sustainability Plan (Commonwealth of Australia, 
2018)1, which provides a framework for the integrated management of the Great Barrier Reef World 
Heritage Area.  

A key deliverable of the Reef 2050 WQIP is the Paddock to Reef Integrated Monitoring, Modelling 
and Reporting Program (Australian and Queensland governments, 2018b), which is used to evaluate 
the efficiency and effectiveness of the implementation of the Reef 2050 WQIP, and report on 
progress towards goals and targets. The Great Barrier Reef Marine Monitoring Program (MMP) 
forms an integral part of the Paddock to Reef Integrated Monitoring, Modelling and Reporting 
Program. The MMP has the following three components: inshore water quality, coral, and seagrass.  
Ecological components of the MMP (seagrass and coral health) are published in separate annual 
reports detailing the condition and trend of these ecosystems in relation to multiple stressors, 
including water quality presented in this report (e.g. McKenzie et al., 2021; Thompson et al., 2021). 
In previous years, inshore pesticide monitoring has been presented in a separate report (e.g. Thai 
et al., 2020). Loads of sediments, nutrients, and pesticides within rivers are monitored by the 
Catchment Loads Monitoring Program (Ten Napel et al., 2019). 

The overarching objective of the inshore water quality monitoring program is to óAssess temporal 
and spatial trends in inshore marine water quality and link pollutant concentrations to end-of-
catchment loadsô (Australian and Queensland governments, 2018b). Water quality monitoring has 
been delivered by the Australian Institute of Marine Science (AIMS), James Cook University (JCU) 
and the Authority since 2005; the Cape York Water Monitoring Partnership (CYWMP) was added as 
a collaborator in 2017. Pesticide monitoring has also been conducted by the University of 
Queensland. 

1.3 Structure of the report 

The following Section presents a summary of the programôs methods. Section 3 describes the factors 
influencing marine water quality, referred to as drivers and pressures in the Driver-Pressure-State-
Impact-Response (DPSIR) framework (Figure 1-1). Water quality results from satellite imagery and 
hydrodynamic modelling are presented in Section 4 at Reef and regional scales. Detailed results 
from focus areas are presented in Section 5, including monitoring results, indices, and catchment 

                                                
1 http://www.environment.gov.au/marine/gbr/reef2050 

 

http://www.environment.gov.au/marine/gbr/reef2050
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loading. At the request of the Authority, the pesticide monitoring results for the Wet Tropics and 
Mackay-Whitsunday regions are included in the regional results. An overall Discussion and 
Conclusions are given in Sections 6 and 7, respectively. Detailed tables and figures of monitoring 
data are included in Appendix C. 

 

 

Figure 1-1: DPSIR framework used to guide the structure of the MMP derived from the Great Barrier Reef Strategic Assessment (Great 
Barrier Reef Marine Park Authority, 2014). The aspects highlighted in yellow are included in this report. 
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2. Methods 

This Section provides an overview of the sampling design and indicators that are monitored as part 
of the MMP. More details are presented in the Appendices and in a separate quality 
assurance/quality control (QA/QC) report published annually (Great Barrier Reef Marine Park 
Authority, 2020).  

2.1 Sampling design 

The MMP inshore water quality monitoring program is designed to measure the annual condition 
and long-term trends in coastal water quality. Tropical waters are characterised by high seasonal 
variability in river discharge, as rainfall from low pressure systems causes river flood plumes to 
extend into the coastal ocean, while river discharge becomes negligible during low rainfall periods. 
Water quality monitoring by the MMP is thus conducted during both ambient conditions and 
discharge events.  

Ambient monitoring refers to routine sampling during the wet and dry seasons outside of major flood 
events. It has been conducted since 2005 under the MMP, although the program design (site 
location, site number, monitoring frequency) has changed over time.  

Event-based monitoring occurs in response to major flood events to capture conditions within flood 
plumes; event-based monitoring occurs at the ambient site locations, plus additional sites, and the 
monitoring frequency depends on the number of flood events each year.  

The program currently covers four NRM regions including Cape York, the Wet Tropics, Burdekin and 
Mackay-Whitsunday, chosen based on water quality risk assessments (Brodie et al., 2013). 
Monitoring site locations were selected along expected water quality gradients related to exposure 
to land-based runoff. This was largely determined by increasing distance from a river mouth in a 
northerly direction to reflect the predominantly northward flow of surface water driven by the 
prevailing south-easterly winds (Brinkman et al., 2011).  

From 2005 to 2014, monitoring occurred ~3 times per year at 3 sites in the regions listed above and 
additionally in the Fitzroy region (discontinued in 2015). An independent statistical review of the MMP 
in 2014 (Kuhnert et al., 2015) showed that additional sites and higher sampling frequency would 
provide additional statistical power. The current program design was implemented in February 2015 
and includes most of the sampling sites in the pre-2015 design, allowing for the continuation of the 
long-term time-series, and inclusion of additional sites.  

The program currently includes nine focus areas, each with 5 to 6 sites measured routinely: Pascoe, 
Normanby-Kennedy, Annan-Endeavour and Stewart Rivers (all added in 2017), Barron-Daintree, 
Russell Mulgrave, Tully, Burdekin and Mackay-Whitsunday. The frequency of ambient water quality 
monitoring was increased in 2015, and sites are now visited 5ï10 times annually, depending on the 
focus region.  

This report also presents results from water quality monitoring along the Cairns Transect in the 
Barron-Daintree focus region of the Wet Tropics. AIMS has been monitoring the 6 Cairns Transect 
sites 3 times annually since 1989, making this dataset one of the worldôs longest tropical water quality 
datasets. In 2005, monitoring at the Cairns Transect sites became part of the MMP. 
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Figure 2-1: Sampling locations of the water quality monitoring sampled from 2015 onwards. Note that the Cape York transects were 
added in 2017.   
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The list of parameters sampled in the MMP is provided in Table 2-1 and includes:  

¶ continuous measurement of salinity and temperature at seven sites 

¶ continuous measurement of chlorophyll and turbidity at 15 sites 

¶ 58 ambient sites with more frequent sampling during the wet season (85 sites in total) 

¶ 27 event-based sites identified for sampling during flood conditions.  

 

Table 2-1: List of parameters measured during the ambient and event-based water quality monitoring. Note that +/- signs identifying 
the charge of the nutrient ions were omitted for brevity. 

Condition Parameter Abbreviation  Units of Measure  

Physico-chemical  

Salinity Salinity  

Temperature Temperature Celsius degree 

Light attenuation coefficient1 KD m-1 

Secchi depth Secchi m 

Total suspended solids TSS mg L-1 

Coloured dissolved organic matter CDOM m-1 

Turbidity Turb NTU 

Nutrients 

Ammonia NH3 µg L-1 

Nitrite2 NO2 µg L-1 

Nitrate2 NO3 µg L-1 

Dissolved inorganic phosphorus PO4 µg L-1 

Silica Si µg L-1 

Particulate nitrogen PN µg L-1 

Particulate phosphorus PP µg L-1 

Total dissolved nitrogen TDN µg L-1 

Total dissolved phosphorus TDP µg L-1 

Particulate organic carbon POC µg L-1 

Dissolved organic carbon DOC µg L-1 

Biological Chlorophyll-a Chl-a µg L-1 
1Derived from vertical profiles of photosynthetically active radiation and not sampled at all sites 
2 NOx is the sum of NO2 and NO3 

 

2.2 Water quality sampling  

At each of the sampling locations (Figure 2-1, Appendix A), vertical profiles of water salinity and 
temperature were measured with a Conductivity Temperature Depth (CTD) profiler (Sea-Bird 
Electronics SBE19plus). CTD profiles are used to characterise the water column and to identify its 
state of vertical mixing. Some CTD profiles included measurements of photosynthetically active 
radiation (PAR), which were used to derive the light attenuation coefficient (KD). See the QA/QC 
report for a detailed description of CTD data processing (Great Barrier Reef Marine Park Authority, 
2020). 

Immediately following the CTD cast, discrete water samples were collected with Niskin bottles. 
Samples collected at ambient sites were from the surface (~0.5 m below water surface) and bottom 
(~1 m above the seabed) of the water column, whereas for some event-based sampling only surface 



Marine Monitoring Program  Annual Report for inshore water quality monitoring 2019ï20 

8 

water samples were collected. Samples from the Niskin bottles were taken in duplicate and were 
analysed for a broad suite of water quality parameters (Table 2-1). Detailed descriptions of analytical 
chemistry techniques can be found in the QA/QC report (Great Barrier Reef Marine Park Authority, 
2020). Values of water quality variables presented in this report are depth-weighted means 
calculated using surface and bottom samples. 

Below is a brief description of each of the main water quality variables measured as part of the MMP. 
These definitions are not all-encompassing but are meant to provide a short description of what 
aspects of water quality they measure and what processes influence the variables:  

¶ Total Suspended Solids (TSS) is a measure of the suspended particulate material in the 

water column. These solids include suspended sediments (sand, silt, and clay), living 

plankton, and detrital (non-living organic) material. TSS concentrations are affected by 

oceanographic processes including primary production and resuspension, as well as 

inputs from other sources such as dredging and land-based run-off. 

¶ Secchi depth is a visual measure of water clarity and proxy for light penetration, which is 

measured using a high-contrast black and white patterned disc called a Secchi disc. The 

Secchi depth is the average of the vertical disappearance and reappearance depths of the 

disc, where clarity increases with increasing Secchi depth. Secchi depth is a simple 

method that has been used for over 150 years, so is excellent for assessing long-term 

change and for cross-system comparisons. 

¶ Turbidity is a measure of light scattering caused by fine suspended particles, such as 

sediment, detritus, and plankton. Turbidity is affected by a wide range of factors including 

oceanographic processes such as resuspension of bottom sediments by wind, waves and 

currents; river discharge; and anthropogenic factors such as dredging. 

¶ Chlorophyll-a (Chl-a) concentration is a measure of phytoplankton biomass in a water 

body. Phytoplankton grow quickly in response to nutrient availability, so elevated values of 

Chl-a can indicate increased nutrient loading.  

¶ Dissolved inorganic nutrients (NH3, NOX, PO4 and Si) measure the amount of readily 

available nutrients for plankton growth in water samples. Inorganic nitrogen (NH3, NOx) 

and phosphate (PO4) represent around 1% of the nutrient pools in the Reef. The inorganic 

nutrient pools are affected by a complex range of biogeochemical processes including 

both natural (e.g. plankton uptake, upwelling, nitrogen fixation, and remineralisation) and 

anthropogenic (e.g. dredging and nutrient inputs from changed land use) processes.  

¶ Particulate nutrients (POC, PN and PP) are a measure of the suspended material 
retained on a filter with a pore size of approximately 0.7 µm. This material consists of a 
minor fraction of living biomass (e.g. bacteria, phytoplankton) and a major fraction of 
detritus (e.g. dead cells, faecal pellets). Particulate nutrient concentrations are affected by 
oceanographic processes (primary production, bacterial production, resuspension, and 
remineralisation) as well as sources such as dredging and land-based run-off.  

¶ Dissolved organic carbon (DOC) is a measure of organic carbon concentrations passing 
through a filter with a pore size of 0.45 µm. DOC has a complex chemical composition and 
is used by bacteria as a source of energy. The DOC pool is affected by a range of 
production and degradation pathways. The sources include primary production by 
phytoplankton, zooplankton grazing, resuspension events, river runoff, and abiotic 
breakdown of POC. DOC can by degraded by sunlight. 

¶ Pesticides includes 13 photosystem II (PSII) inhibiting herbicides (such as diuron, 
atrazine (and its metabolites), ametryn, hexazinone, tebuthiuron), which all affect 
photosynthesis, and are commonly detected due to their high usage in adjacent 
catchments, and their high solubility. Seventeen other pesticides monitored include those 
that have non-photosynthetic effects (such as imidacloprid and metolachlor) and 
knockdown herbicides (such as 2,4-D) (Thai et al 2020). 
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Pesticides at fixed monitoring sites are sampled using passive samplers deployed for 
approximately one month in the wet season (Thai et al 2020). Pesticide concentration 
data are evaluated in two ways: 

-  Individual estimates of concentration are checked against relevant water quality 
guidelines and exceedances noted 

-  Measured concentrations in a given sample are assessed against a pesticide 
exposure risk metric which predicts the percentage of species that may be affected 
by mixtures of pesticides detected. The risk metric used is the multi-substance 
potentially affected fraction (ms-PAF method). 

2.3 In situ loggers  

Continuous in situ Chl-a fluorescence and turbidity were measured using WET Labs ECO 

FLNTUSB Combination Fluorometer and Turbidity Sensors located at 15 sites (Appendix A), which 

were deployed 3 m (Cape York region) or 5 m (all other regions) below the surface and sampled at 

10 min intervals. Water samples for analyses of Chl-a and TSS were collected three times per year 

to calibrate logger fluorescence and turbidity to in situ conditions. Diver-operated Niskin bottles 

were used to sample close to the moored loggers and samples were preserved and analysed in 

the same manner as ship-based water samples. 

Daily averages of the chlorophyll and turbidity collected by the ECO FLNTUSB instruments are 
presented as time-series graphs in Appendix C Figure C-1. Annual means and medians of turbidity 
were also calculated for each site based on the ówater yearô (1 October to 30 September) and 
compared with the guideline value (GV) (Appendix C Table C-3). 

Salinity and temperature loggers (Sea-Bird Electronics SBE37) were deployed at eight locations, 
with three of these being placed on fixed moorings near the Russell-Mulgrave, Tully and Burdekin 
River mouths (Figure 2-1; Appendix A). See the QA/QC report (Great Barrier Reef Marine Park 
Authority, 2020) for detailed descriptions of logger pre- and post-deployment procedures. Site-
specific time-series from these loggers can be found in Appendix C Figure C-2. 

2.4 Data analyses ï Summary statistics and trends  

Concentrations of water quality parameters at each sampling occasion were calculated as depth-
weighted means by trapezoidal integration of the data from all sampling depths.  At most sites, only 
two vertical points are sampled (i.e., surface and bottom samples), and this method averages these 
values to derive the depth-weighted mean. Measurements falling below the instrumental detection 
limit were represented as half the detection limit. Summary statistics for all water quality variables 
are presented for all monitoring sites in Appendix C. Concentrations were compared to site-specific 
GVs (Appendix C Table C-9), which are defined for Chl-a, PN, PP, TSS, Secchi depth, NOx, and 
PO4. Concentrations of water quality parameters are presented along the sampling transects for 
each focus region with distance from river mouths. Trends in water quality are represented with 
generalised additive models, fitted with a maximum of five knots and modelled with a gamma-
distributed response and log-link function. 

Temporal trends in key water quality variables (Chl-a, TSS, Secchi depth, turbidity, NOx, PN, PP, 
DOC, and POC) since 2005 are reported for all focus regions except Cape York. Only open coastal 
and mid-shelf sites are used for these analyses because GVs for enclosed coastal waters are 
derived differently and are not available for all variables, creating statistical imbalance.  

Generalised additive mixed effects models (GAMMs) were used to decompose each irregularly 
spaced time-series into its trend cycles (long-term) and periodic (seasonal) components (Wood, 
2006). GAMMs are an extension of additive models (which allow flexible modelling of non-linear 
relationships by incorporating penalised regression spline types of smoothing functions into the 
estimation process), where the degree of smoothing of each smooth term (and by extension, the 
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estimated degrees of freedom of each smoother) is treated as a random effect and thus estimable 
via its variance as with other effects in a mixed modelling structure (Wood, 2006).  

For each water quality variable within each focus region, the variable was modelled against a thin-
plate smoother for date and a cyclical cubic regression spline (maximum of 5 knots) over months 
within the year. Spatial and temporal autocorrelation in the residuals was addressed by including 
sampling locations as a random effect and imposing a first-order continuous-time auto-regressive 
correlation structure (Pinheiro and Bates, 2000). All GAMMs were fitted using the mgcv (Wood 2006, 
2011) package in R 3.6.1 (R Core Team, 2019).  

In order to provide a more quantitative assessment of trend, linear change in values of GAMMs was 
measured starting in 2015 to the present sampling year. This period was chosen as it covers the 
MMP re-design, which began in 2015; using earlier data would unbalance this analysis as the 
amount of sampling greatly changed in 2015. As GAMMs are de-trended to remove the effects of 
seasons, tides, and wind, this analysis aims to quantify trends occurring outside of these cycles. 

Trend analysis results are presented for each focus region in Section 5.  

2.5 Data analyses ï Water Quality Index 

The Water Quality Index (WQ Index) is an interpretation tool developed by AIMS to visualise trends 
in the suite of water quality variables measured, and to compare monitored water quality to existing 
Water Quality Guidelines (Department of Environment and Resource Management, 2009; Great 
Barrier Reef Marine Park Authority, 2010). The WQ Index uses a set of five key indicators: 

¶ Water clarity (TSS concentrations, Secchi depth, and turbidity measurements by 

FLNTUSB instruments, where available) 

¶ Chl-a concentrations 

¶ PN concentrations 

¶ PP concentrations 

¶ NOx concentrations. 

These five indicators are a subset of the comprehensive suite of water quality variables measured 
in the MMP inshore water quality program. They have been selected because GVs are available for 
these measures and they can be considered as relatively robust indicators that integrate a number 
of bio-physical processes in the coastal ocean. 

For each monitoring site, these indicators are compared to GVs, scored based on performance 
relative to guidelines, and averaged to give an overall site-specific score. Sites are then averaged 
over a region or focus region to give a regional score (see Appendix B for details of Index calculation). 
Results are presented in Section 5. 

The WQ Index is calculated using two different methods due to the objectives of the program needing 
to report both the long-term trend in water quality condition, and the annual condition that 
ecosystems are exposed to, which both affect the response of those ecosystems but in different 
ways.  Changes in the MMP design that occurred in 2015 also needed to be accommodated. The 
changes in design included increased number of sites, increased sampling frequency and a higher 
sampling frequency during December to April to better represent wet season variability. Thus, 
statistical comparisons between MMP data from 2005ï15 to 2015ïonwards must account for these 
changes. The two versions of the WQ Index have different purposes: 

1. Long-term trend: This version is based on the pre-2015 MMP sampling design and uses only 
the original sites (open coastal water body) and three sampling dates per year. This sampling 
design had low temporal and spatial resolution and was aimed at detecting long-term trends in 
inshore water quality. Key aspects of this version are: 

¶ annual water quality GVs are used for scoring monitoring data (Appendix B Table B-1) 

¶ only AIMS monitoring data are used 
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¶ a four-year running mean is applied to data to reduce the effect of sampling time on the 
Index 

¶ the Index is an average of scores for 5 indicators (water clarity, Chl-a, NOx, PN, and PP 
weighted equally). 

  
2. Annual condition: This version is based on the post-2015 MMP sampling design and uses all 

sites (except enclosed coastal sites) and sampling dates per year. Key aspects of this version 
are: 

¶ seasonal site specific water quality GVs are used for scoring monitoring data (i.e. wet 
season data are compared to a wet season GV and dry season data are compared to a dry 
season GV) (Appendix C Table C-9) 

¶ both AIMS and JCU monitoring data are used 

¶ a running mean is not applied 

¶ the Index is a hierarchical combination of scores for 5 indicators [water clarity, productivity 
(combined score of Chl-a and NOx), and particulate nutrients (combined score of PN and 
PP) are weighted equally]. 

Details of Index calculation are in Appendix B. 

2.6 Data analyses ï Remote sensing monitoring products  

Several monitoring products have been developed combining MODIS satellite imagery and the water 
quality variables measured. They focus on the wet season period (December to April) and aim to:  

¶ map Reef water types and water quality gradients during the wet season and assess the 
extent of river flood plumes during high flow conditions 

¶ characterise the composition of the Reef wet season water types (mean long-term TSS, 
Chl-a, CDOM, DIN, DIP, PP and PN concentrations and SDD values) and identify where 
mean long-term concentrations of TSS, Chl-a, PP, and PN are likely to be above wet season 
GVs. Wet season GVs for the whole of the Reef (hereafter Reef-wide GVs) are derived from 
Deôath and Fabricius (2008) (Appendix B Table B-3) 

¶ assess the exposure of coral reefs and seagrass ecosystems to potential risk from land-
sourced pollutants.  

These products are used to illustrate wet season conditions for every wet season and to compare 
seasonal trends with longer-term or reference trends in water composition. 

2.6.1  Characterising composition of Reef water types 

The colour class category and water type corresponding to the location and week of acquisition of 
each water quality sample were extracted (see method in Appendix B); therefore, the water quality 
parameters measured during this (2019ï20) and previous (2002ï03 to 2018ï19) wet seasons could 
be associated with a wet season water type (and colour class) category, i.e. to primary (colour 
classes 1 to 4), secondary (colour class 5) or tertiary (colour class 6) water types (Appendix B and 
following Section for description of the wet season water types and colour classes). The transport 
and transformation of water quality parameters as well as the pollutant concentrations relative to the 
Reef-wide wet season GVs derived from Deôath and Fabricius (2008) (Appendix B Table B-3) were 
investigated by plotting mean long-term and boxplots of water quality concentration and Secchi disk 
depth against their water type and colour class categories.  

To minimise data loss to due to the dense cloud cover in the Reef, match ups between field water 
quality data and MODIS colour class/water types categories were made using the weekly wet season 
water type composites (see Section 2.6.2). The long-term water quality concentrations were 
calculated using all surface data (<0.2 m) collected between December and April by JCU (since 
2004), and since the 2016-17 reporting, included the AIMS (since 2016ï17) and the CYWMP data 
(since 2016ï17). The mean TSS, Chl-a, PP and PN concentrations were assessed against wet 
season GVs as a relative measure to assign potential risk grading for each water type (exposure 
maps, see Section 2.6.2).  
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Long-term water quality values are now reviewed and updated every 4 years (and/or in the case of 
extremely wet year or specific event patterns) to ensure the water type characterisation remains 
appropriate, and to improve its accuracy as more field data are collected every wet seasons. The 
last update was in 2019 (Gruber et al., 2020), using field data collected from 2003-04 to 2018-19. 
Wet season water type (and colour class) categories for all these sites and sampling weeks were 
extracted from the archive of weekly wet season water type composite (2002ï03 to 2018ï19). Long-
term mean DIN, PP and PN concentrations were calculated as DIN = nitrite + nitrate + ammonia, PP 
= Total Phosphorus ï Total Dissolved Phosphorus and PN = Total Nitrogen -DIN, respectively. Note 
that PN/PP definitions changed in 2018-19 to be direct measurements as defined in the QA/QC 
report. 

2.6.2 Wet season water type, frequency and exposure maps 

Several summary maps were produced including weekly panel maps of environmental and marine 
wet season conditions, frequency maps of occurrence of wet season water types and exposure 
maps. The area (km2) and percentage (%) of coral reefs and seagrass meadows affected by different 
relative categories of exposure (or potential risk) was tabled. Details are in Appendix B.   

¶ Wet season water type maps were produced using daily MODIS-Aqua (hereafter, MODIS) 
quasi true colour (hereafter true colour) imagery (see Appendix B) reclassified to six distinct colour 
classes defined by their colour properties (Álvarez-Romero et al., 2013). These colour classes are 
typical of broad colour gradients existing across coastal waters, including river plumes during the 
wet season (Figure 2-2). To complement this dataset, MODIS-Terra true colour images are also 
occasionally downloaded from the National Aeronautics and Space Administration (NASA)ôs 
EOSDIS worldview website (https://worldview.earthdata.nasa.gov/) and processed to daily water 
type maps. MODIS-Terra are only used when MODIS data are too cloudy or unavailable, and when 
satellite information are required in near-real-time (rapid response mapping of flood events. Only 
MODIS-Aqua data were used in 2019ï20.  

 

 

Figure 2-2: Triangular colour plot showing the characteristic colour signatures of the wet season water types in the Red-Green-Blue 
(RGB or true colour) space. Álvarez-Romero et al. (2013) developed a method to map these characteristic coastal water masses in 
the Reef using a supervised classification of MODIS true colour data (modified from Devlin et al., 2015).  

 

Available MODIS data are biased toward clear, non-cloudy days, and may underrepresent water 
quality conditions in regions of higher rainfall and cloudiness like the Wet Tropics and Cape York. 

Colour classes are characterised by different colour and concentrations of optically active 
components (e.g. TSS, CDOM, and Chl-a), which influence light attenuation (Petus et al., 2018), as 
well as different pollutant concentrations (Devlin et al., 2015; Petus et al., 2019). These 
characteristics vary the impact on the underlying ecological systems.  
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Wet season colour classes were further grouped into three wet season water types described in 
Table 2-2. 

 

Table 2-2: Description of the wet season water types and groupings of colour classes. 

Colour 
Class 

Wet Season 
Water Type 

Description 

1 to 4 Primary Brownish to brownish-green turbid waters typical of inshore regions of the Reef 
that receive land-based discharge and have high concentrations of resuspended 
sediments during the wet season. 

These water bodies in flood waters typically contain high nutrient and 
phytoplankton concentrations but are also enriched in sediment and dissolved 
organic matter resulting in reduced light levels 

5 Secondary Greenish to greenish-blue turbid water typical of coastal waters rich in algae 
(Chl-a) and containing dissolved organic matter and fine sediment. This water 
body is found in open coastal waters of the Reef as well as in the mid-water 
plumes where relatively high nutrient availability and increased light levels due 
to sedimentation favour coastal productivity (Bainbridge et al., 2012). 

6 Tertiary Greenish-blue waters correspond to waters with slightly above ambient water 
quality concentrations. This water body is typical of areas towards the open sea 
or offshore regions of river flood plumes, and the ecological relevance of these 
conditions is likely to be minimal although not well researched. 

 

¶ Weekly wet season water type composites were created to minimise the image area 
contaminated by dense cloud cover and intense sun glint (Álvarez-Romero et al., 2013). The 
minimum colour-class value of each cell/week were used to map the colour class with the maximum 
turbidity per pixel for each week of the wet season (i.e., assuming the colour classes represented a 
gradient in turbidity i.e., CC1 > CC2 > CC3 > CC4 > CC5 > CC6). All weekly composites were 
automatically cleaned and extra cleaning steps were applied to weeks 1, 18, 20 and 21 to remove 
large misclassified areas offshore (see Appendix B3). MODIS-Aqua images of the 2 and 3 December 
2019 and of the 4, 14, 17, 20, 25 April 2020 were corrupted by sun glint and/or very low quality 
images and were removed from the 2019ï20 satellite database. Weekly composites for weeks 1, 
18, 20 and 21 were reprocessed without those images (see Appendix B3).    

Panels summarising weekly environmental (wind, rainfall and river discharge) and marine (wet 
season colour classes) conditions were produced for each focus region to illustrate the link between 
environmental drivers and marine conditions across the wet season.  

¶ Frequency maps were produced to predict the areas affected by the primary and secondary 
water types combined (previously a combination of all water types, this has been modified to 
recognise that the ecological relevance of the water quality concentrations in the tertiary water type 
is not well understood but expected to be relatively minor) and the three wet season water types 
(primary, secondary and tertiary water types) individually (i.e., of the brownish, greenish and 
greenish-blue waters, respectively).  

Average frequency maps were produced for several periods intending to represent the most relevant 
reference periods for comparison of the results for the current year: (i) for this reporting wet season 
(2019ï20), (ii) over the long-term (2002ï03 to 2017ï18: 16 wet seasons), and (iii) over a 
documented recovery period for coral reefs (2012ï2017; Thompson et al., 2019) intended to 
represent a favourable exposure scenario. Composite frequency maps were also produced to 
represent typical wet year and dry year conditions, taking into account the wettest and driest years 
for each NRM region. This is explained further in Appendix B. Except for the coral recovery period, 
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reference maps (long-term, Wet and Dry frequency maps) are now updated every 4 years (and/or in 
the case of extremely wet year or specific event patterns) to ensure they remains appropriate and to 
improve their accuracy as more satellite data are available. The last update was in the 2018-19 
reporting (Gruber et al., 2020).  

The presence and spatial extent of each wet season water type is the result of the complex physico-
chemical transformations occurring within river plumes, but also of resuspension, transport and other 
hydrodynamic processes. As a result, the extent of the secondary and tertiary water type frequencies 
is rarely attributed to an individual river and is usually merged into one heterogeneous area.  

Exposure maps were produced for the whole of the Reef, for all focus regions and over the same 
time frames as those reported for the frequency maps (above) The maps were produced using an 
exposure assessment framework developed through a collaborative effort between the MMP 
monitoring providers (JCU water quality and seagrass teams and the AIMS coral monitoring team) 
and modified from Petus et al. (2016). Except for the coral recovery period, reference maps (long-
term, Wet and Dry frequency maps) are now updated every 4 years (and/or in the case of extremely 
wet year or specific event patterns) to ensure they remain valid as representative periods and to 
improve their accuracy as more satellite data are available. The last update was in the 2018-19 
reporting (Gruber et al., 2020).  

In this magnitude × likelihood framework, the ópotential riskô corresponds to an exposure to above 
Reef-wide wet season GV concentrations of land-sourced pollutants during the wet season and 
focuses on TSS, Chl-a, PP and PN concentrations. The ómagnitude of the exposureô corresponds to 
the mean long-term wet season concentration of pollutants (proportional exceedance of the Reef-
wide wet season GV) mapped through the primary, secondary and tertiary water types (section 
2.6.1). The ólikelihood of the exposureô is estimated by calculating the frequency of occurrence of 
each wet season water type mapped through the frequency maps (see above). The exposure for 
each of the water quality parameters defined is the proportional exceedance of the GV multiplied by 
the likelihood of exposure in each of the wet season water types.  

1. Calculation of the exposure scores: The long-term mean concentrations of water quality 
parameters (Reef-wide) measured across the wet season water types (section 2.6.1) are assessed 
against Reef-wide wet season GVs to calculate magnitude scores for TSS, Chl-a, PP and PN. The 
GVs are calculated based on annual GVs (Great Barrier Reef Marine Park Authority, 2010) that were 
seasonally adjusted as described in Deôath and Fabricius (2008) (see Appendix B Table B-3).  Mean 
long-term water quality concentrations include samples collected from the enclosed coastal zone, 
where high TSS, Chl-a, PN, and PP concentrations are likely to contribute to exceedances of the 
Reef-wide GVs (see Appendix B Table B-4). The only GV presently available for Secchi depth is an 
annual mean, and thus comparison with wet season Secchi depth data is not possible.  

2. Production of the exposure maps: these magnitude scores are used in combination with the 
seasonal, long-term, coral recovery, wet-year and dry-year frequency maps (above) to derive 
seasonal, long-term, coral recovery, wet-year and dry-year exposure maps, respectively. Exposure 
from each map produced is then grouped into potential risk categories (I to IV) based on a ñNatural 
Break (or Jenks)ò classification2 (Appendix B-3). The exposure classes were defined by applying the 
Jenks classification to the mean long-term (2003ï2018) exposure map, because this map presented 
the highest number of observations (16 wet seasons). Category I and areas not exposed were re-
grouped into a unique category corresponding to no or very low exposure to a potential risk.  

3. Exposure assessment: Exposure maps are overlaid with information on the spatial distribution 
of coral reefs and surveyed seagrass meadows to help identify areas and percentages of these 
ecosystems that may experience exposure to pollutants during the wet season. The area (km2) and 
percentage (%) of coral reefs and seagrass meadows affected by the different categories of 
exposure (I to IV) was calculated in the Reef and NRM regions. Exposure maps are presented in the 
context of the long-term reference period (average of 16 wet seasons), the representative coral 

                                                
2 Jenks is a statistical procedure, embedded in ArcGIS that analyses the distribution of values in the data and 

finds the most evident breaks in it (i.e., the steep or marked breaks; Jenks and Caspall 1971). 
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recovery period (2012ï2017), and typical wet-year and dry-year composites. Areas and percentages 
of exposure are presented in the context of the long-term reference period. 

The methods are described in further detail in Appendix B. The ópotential riskô is influenced by the 
available MODIS data on cloud-free days, with the likelihood of exposure likely to be underestimated 
in higher rainfall and cloudy regions like the Wet Tropics and Cape York. 

2.7 River discharge and catchment loads 

River flow is reported annually and can be derived from several sources. In many cases, river flow 
gauges that measure discharge (and constituent loads) are located well upstream of the river mouth 
and only capture a certain proportion of the catchment/basin area. Such disparities mean that river 
gauge data should not be directly compared across basins and NRM regions. For example, the 
Daintree and Barron Basins within the Wet Tropics region contain a similar area (2,100ï2,200 km2); 
however, the Daintree River at Bairds and the Bloomfield River at China Camp gauges collectively 
only measure 56% of the Daintree Basin whereas the Barron River at Myola gauge captures 89% of 
the Barron Basin. If gauge data are used to compare discharge between these basins, the gauge on 
the Barron Basin is covering a much larger proportion of the area compared to the gauges on the 
Daintree Basin. A scaling factor is used on these data so that discharge (and constituent loads) can 
be directly compared across basins and NRM regions.  

To account for these differences, the relevant discharge data for each basin were compiled, where 
available (Table 2-3; Department of Natural Resources and Mines [DNRM], 2020). The total annual 
discharge for each gauge was then up-scaled using the best information available. Note that the 
estimates were improved in the 2018-19 report (Gruber et al., 2020) with a thorough reanalysis of 
the available flow gauges to cover a greater basin area. The upscale area corrections (previous 
method) were compared to the Bureau of Meteorologyôs G2G model (covering basins from the 
Normanby to Mary: Bureau of Meteorology [BoM], 2017; Wells et al., 2018) over a common period 
(1 January 2007ï31 July 2018) and relevant adjustments to the upscale (correction) factor were 
made where required. Where a flow gauge did not exist in a basin (e.g. Jacky Jacky Creek, Lockhart 
River, Jeannie River, Proserpine River, Styx River, Shoalwater Creek and Boyne Riverðmarked 
with an asterisk), the gauge from the nearest neighbouring basin was used coupled with the 
correction factor informed by either area (northern Cape York basins) or the BoM G2G model. The 
calculation of the long-term medians for each basin has been anchored to cover the 30-year period 
from 1986ï87 to 2015ï16 water years. 

 

Table 2-3. The 35 basins of the Reef catchment, the gauges used to examine flow, and the corrections required to upscale flows to 
provide annual discharge estimates. 

NRM 
Region 

Basin 
AWRC 

No. 
Basin area 

(km2) 
Relevant gauges 

Percentage 
of Basin 

covered by 
key gauges 

Correction 
factor 

Cape York 

Jacky Jacky Creek 101 2,963  Jardine River at Monument* 0 1.2 

Olive Pascoe River 102 4,180  Pascoe River at Garraway Creek 31 3.0 

Lockhart River 103 2,883  
Pascoe River at Garraway 
Creek* 

0 1.9 

Stewart River 104 2,743  Stewart River at Telegraph Road 17 5.8 

Normanby River 105 24,399  

Normanby River at Kalpowar 
Crossing (from 2005/06; 
previous upscale using Battle 
Camp gauge) 

53 1.9 

Jeannie River 106 3,638  Endeavour River at Flaggy* 0 10.0 

Endeavour River 107 2,182  

Endeavour River at Flaggy + 
Annan at Beesbike (from 
1989/90 previous upscale from 
Endeavour at Flaggy) 

27 3.7 
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NRM 
Region 

Basin 
AWRC 

No. 
Basin area 

(km2) 
Relevant gauges 

Percentage 
of Basin 

covered by 
key gauges 

Correction 
factor 

Wet 
Tropics 

Daintree River 108 2,107  
Daintree River at Bairds + 
Bloomfield River at China Camp 

56 1.3** 

Mossman River 109 473  Mossman River at Mossman 22 3.2** 

Barron River 110 2,188  Barron River at Myola 89 1.2** 

Mulgrave-Russell 
River 

111 1,983  
Mulgrave River at Peets Bridge 
+ Russell River at Bucklands 

42 1.4** 

Johnstone River 112 2,325  
South Johnstone River at 
Upstream Central Mill + North 
Johnstone at Tung Oil 

57 1.5** 

Tully River 113 1,683  Tully River at Euramo 86 1.1** 

Murray River 114 1,107  Murray River at Upper Murray 14 2.2** 

Herbert River 116 9,844  Herbert River at Ingham 87 1.1 

Burdekin 

Black River 117 1,057  
Black River at Bruce Highway + 
Bluewater Creek at Bluewater 

32 2.2** 

Ross River 118 1,707  

Ross River at Aplins Weir + 
Alligator Creek at Allendale 
(from 2001/02 previous upscale 
from Alligator and Bohle) 

52 1.9 

Haughton River 119 4,051  
Haughton River at Powerline + 
Barratta at Northcote 

62 1.2** 

Burdekin River 120 130,120  Burdekin River at Clare 100 1.0 

Don River 121 3,736  

Don River at Reeves + Elliot 
River at Guthalungra + Euri 
Creek at Koonandah (from 
1998/99 previous Don + Elliot) 

46 2.2 

Mackay-
Whitsunday 

Proserpine River 122 2,494  
O'Connell River at Staffords 
Crossing* 

0 2.5** 

O'Connell River 124 2,387  

O'Connell River at Staffords 
Crossing + Andromache River at 
Jochheims + St Helens Creek at 
Calen 

29 1.7** 

Pioneer River 125 1,572  
Pioneer River at Dumbleton Weir 
T/W 

95 1.1 

Plane Creek 126 2,539  
Sandy Creek at Homebush + 
Carmila Creek at Carmila 

16 1.8** 

Fitzroy 

Styx River 127 3,013  Waterpark Creek at Byfield* 0 2.4** 

Shoalwater Creek 128 3,601  Waterpark Creek at Byfield* 0 2.0** 

Water Park Creek 129 1,836  Waterpark Creek at Byfield 12 1.5** 

Fitzroy River 130 142,552  Fitzroy River at The Gap 95 1.0 

Calliope River 132 2,241  Calliope River at Castlehope 57 1.7 

Boyne River 133 2,496  Calliope River at Castlehope* 0 0.43 

Burnett-
Mary 

Baffle Creek 134 4,085  Baffle Creek at Mimdale 34 1.7** 

Kolan River 135 2,901  
Kolan River at Springfield + Gin 
Gin Creek at Brushy Creek 

37 1.3** 

Burnett River 136 33,207  Burnett River at Figtree Creek 92 1.1 

Burrum River 137 3,362  
Gregory River at Leesons + 
Elliott River at Dr Mays Crossing 
+ Isis River at Bruce Highway 

40 2.5 

Mary  River 138 9,466  Mary River at Home Park 72 1.2** 

*Gauges used which are not in the basin area 
**informed using the BoM G2G model 
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Current annual and pre-development TSS, DIN and PN load estimates were calculated for all basins 
using a systematic approach.  The DIN loads for the basins of the Wet Tropics were calculated using 
the model developed in Lewis et al. (2014) which uses a combination of the annual nitrogen fertiliser 
applied in each basin coupled with basin discharge (calculated as per previous description). DIN 
loads for the remaining basins were calculated using an annual mean concentration which was 
multiplied by the corresponding basin discharge calculations.  The annual mean concentration for 
each basin was informed using a combination of available monitoring data and Source Catchments 
model outputs.  The pre-development DIN loads were calculated using a combination of the 
estimates from the Source Catchments model as well as available monitoring data from ópristineô 
locations. 

The TSS and PN loads were similarly determined through a step-wise process. For the basins where 
the Great Barrier Reef Catchment Loads Monitoring Program captured >95% of the basin area (e.g. 
Burdekin, Pioneer and Fitzroy) the measured/reported TSS and PN loads were used.  If the 
measured data for the most recent year were unavailable, a mean of the long-term annual mean 
concentration from the previous monitoring data was coupled with the discharge to calculate a load.  
For other basins with monitoring data where the area monitored was <95%, a median of the long-
term annual mean concentration was coupled with the corresponding water year discharge to 
calculate a load (e.g. Normanby, Barron, Johnstone, Tully, Herbert, Black, Ross, Haughton, Don, 
OôConnell, Plane and Burnett). The annual mean concentrations from the Source Catchments data 
were also used to help inform the load estimates for these basins.  Finally, for the basins that have 
little to no monitoring data, the annual mean concentration from the Source Catchments data was 
applied and rounded to 1 significant figure. The pre-development TSS and PN loads were calculated 
using a combination of the annual mean concentrations from the Source Catchments model and 
available monitoring data from ópristineô locations and rounded to 1 significant figure. The 
corresponding discharge was used as calculated previously to produce a pre-development load for 
the water year. 

2.8 Zones of influence for river discharge 

Hydrodynamic models are a valuable tool for identifying, quantifying, and communicating the spatial 
impact of discharges from various rivers into the Reef lagoon. Hydrodynamic models can simulate 
the three-dimensional transport and fate of material delivered to the marine environment and can 
deliver benefits over traditional static observations of river plume distributions especially in relation 
to the scale and frequency at which they can operate. While remote sensing can track the visual 
extent of river plumes, it is generally difficult to quantify the contribution of individual rivers to the 
overall observed spatial impact. The impact of the rivers is often confounded by a number of factors 
including plumes from adjacent rivers that spatially overlap and mix, and inputs of low salinity tropical 
water advected from the north and low surface salinity due to rainfall, which is rapidly mixed. 
Numerical models provide a number of solutions to this problem. During flood events, discharges of 
freshwater are resolved by the modelôs salinity solution. Passive tracers overcome the problems of 
using salinity alone as a tracer, as they allow the freshwater from the individual rivers to be tagged 
and assessed. Passive tracers act as virtual markers and are conservatively advected and diffused 
in an identical fashion to physical variables such as temperature and salinity; however, they play no 
dynamic role in physical or biogeochemical processes. Importantly, simulation of the transport of 
unique tracers óreleasedô from different rivers enables the identification of marine regions influenced 
by individual catchments and provides insight into the mixing and retention of river water along 
various regions within the Reef lagoon. 

As part of the eReefs project (http://ereefs.org.au/ereefs), a regional implementation of a three-
dimensional, baroclinic hydrodynamic model was developed for the Reef lagoon. Outputs from the 
model include three-dimensional distributions of velocity, temperature, salinity, density, passive 
tracer concentrations, mixing coefficients, and sea level. Inputs required by the model include forcing 
due to wind, atmospheric pressure gradients, surface heat and rainfall fluxes and open-boundary 
conditions such as tides, low frequency ocean currents and riverine inputs. The model is described 

http://ereefs.org.au/ereefs
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in detail by Schiller et al. (2015). The MMP used outputs from the regional ~4 km horizontal spatial 
resolution model. 

Hindcast simulations were performed over the period 1 October until 1 May of the following year to 
capture all potential river discharge that occurred during that water year. River-tagged passive 
tracers were modelled as being released from each of the major gauged rivers discharging into the 
Reef lagoon. The influence of the Normanby, Annan, Endeavour, Baron, Russell-Mulgrave, Tully, 
Burdekin and OôConnell Rivers was examined. The discharge concentration of each riverôs unique 
tracer was set at 1.0 at the river mouth, while the starting tracer concentration in the Reef lagoon 
(time = 0 for each wet season) was set to 0. 

Cumulative exposure index 

A cumulative exposure index was defined that integrates the tracer concentration above a defined 
threshold. It is a cumulative measurement of the exposure concentration and duration of exposure 
to dissolved inputs from individual river sources. It is expressed as Concentration × Days 
(Conc.Days). For example, if a grid cell was exposed to concentrations of 5% river water for 2 days, 
this gives an exposure index of 0.1 (0.05 x 2). If a grid cell was exposed to concentrations of 50% 
river water for 10 days, this gives an exposure index of 5 (0.5 x 10). Whenever river water 
concentration is greater than 1%, the exposure index is calculated and added to all other exposures 
in that wet season (i.e., it is cumulative). This index provides a consistent approach to assessing 
relative differences in exposure of Reef shelf waters to inputs from various rivers.  

The mathematical formulation that expresses this concept is given below: 

Conc.DaysConc Ôz 

where,  

Conc

Conc(t) - Conc ȟ where Conc(t)Conc

πȟ        where Conc(t)Conc

  

and Concthreshold is defined here as 1% of the river concentration, Conc(t) represents the time-varying tracer concentration, and t is time 
in days from the beginning of the wet season (t0 = 1 October), and Tend of wet season = 1 May. Cumulative exposure is calculated for each 
grid point in the model domain. 

2.9 Load mapping 

In 2018-19 a revised approach was developed for estimating the dispersion of river-derived DIN, 
TSS and PN loads in to the Reef lagoon, improving the method developed in previous reports by 
using the eReefs marine models (Margvelashvili et al., 2018; Skerratt et al., 2019; Steven et al., 
2019) to estimate river dispersion (Gruber et al., 2020). 

The first step involved generation of tracer maps, which followed the same method as described 
above for the cumulative exposure index. By taking the cumulative sum of each river tracer 
concentration over the course of a water year (1 October to 30 September), the cumulative exposure 
of each map location to water from each river in that year was estimated.  

A preliminary GIS analysis was then used to generate the loading maps. In this step, the end-of-
catchment load for fine sediment, DIN or PN was dispersed for each river assuming a direct 
relationship between pollutant and tracer concentration (conservative mixing). Thus, surface load of 
fine sediment, DIN or PN per km2 was calculated as: 

ὛόὶὪȢὰέὥὨ
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The total Reef surface load was calculated by summing the surface load outputs for the 17 rivers for 
which tracer data were available: Normanby, Daintree, Barron, Russell-Mulgrave, Johnstone, Tully, 
Herbert, Haughton, Burdekin, Don, OôConnell, Pioneer, Fitzroy, Calliope, Boyne, Burnett, and Mary. 

The difference between the estimated wet season fine sediment, DIN, and PN loadings (tonnes km2) 
in the Reef lagoon for the 2019 water year (1 October 2018 to 30 September 2019) was calculated 
and compared to the pre-development loads derived from the Source Catchments model (which 
have a degree of uncertainty; refer to McCloskey et al., 2021). This can be interpreted as 
óanthropogenicô fine sediment, DIN or PN loadings, highlighting the areas of greatest change with 
current land use characteristics.  

A similar approach to the tracer maps can be taken to calculate the total effective ódoseô of TSS, DIN 
or PN received by each map location. The dose maps were produced by taking the cumulative sum 
of the concentrations of a constituent (e.g. DIN) predicted to occur at each location. As these outputs 
are preliminary, they are not presented in this report but can be provided on request.   
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3. Drivers and pressures influencing water quality in 2019ï20 

3.1 Coastal development including agriculture 

The Wet Tropics, Burdekin, and Mackay-Whitsunday regions are characterised by a variety of land 
uses including agricultural (sugarcane, grazing, cropping and other horticulture), mining, and urban 
development. Parts of the Cape York region are less developed than other Reef catchments. Land-
based activities in this region are assumed to have a reduced impact on marine ecosystems 
(Waterhouse et al., 2017a) despite a history of widespread grazing and mining impacts. Specifically:  

¶ Cape York 
-  The Pascoe River has an area of 2,088 km2 with a high proportion (84%) of 

nature/conservation land use with some (15%) closed grazing (QLUMP, 2015). 
However, locals advise that there is no longer any active grazing within the Pascoe 
catchment (Polglase pers. comm. November 2018). Feral cattle and pigs, fire, and 
road erosion are the main pressures affecting water quality. These impacts are 
considered to be minimal in this focus region relative to other Reef catchments (Cape 
York NRM and South Cape York Catchments, 2016). 

-  The Stewart River catchment has an area of 2770 km2 and is mostly 
nature/conservation land use (94%) with approximately 2% grazing (QLUMP, 2015). 
Current and historic cattle grazing and road erosion are current pressures affecting 
sediment loads within the catchment.  

-  The Normanby Basin is 24,550 km2 and has a high proportion of nature/conservation 
land use (46%) and grazing (52%) (QLUMP, 2015). Additional lands have shifted from 
grazing to conservation since 2015, resulting in ~53% conservation land use and 
~47% grazing. Horticulture accounts for only 1% of land use but has been expanding 
in the Laura and West Normanby sub-catchments. Current and historic cattle grazing, 
post-European initiation and acceleration of gully erosion, agricultural land clearing, 
and road construction are the primary pressures affecting water quality across the 
Normanby catchment (Brooks et al., 2013; Shellberg and Brooks, 2013; Cape York 
NRM and South Cape York Catchments, 2016; Spencer et al., 2016). Horticulture in 
the Laura sub-catchment has also increased nutrient concentrations in the Laura 
River (Howley, 2020).  

-  The Endeavour and Annan River Basin is 2186 km2 and has a high proportion of 
nature/conservation land use (52% as of 2015) and closed grazing (40%) 
(Queensland Land Use Mapping Program [QLUMP], 2015). Additional grazing land 
has been converted to conservation land use since 2015 and approximately 80% of 
the Annan catchment is now under conservation or Aboriginal freehold. Sources of 
pollution in the Endeavour catchment include urban run-off from the township of 
Cooktown, cattle grazing, horticulture, and road erosion. Historic mining disturbances, 
cattle grazing impacts (current and historic), and road erosion are the primary sources 
of pollution to the Annan River (Shellberg et al., 2016a). 

¶ Wet Tropics 

-  The Barron Daintree focus region is primarily influenced by discharge from the 
Daintree, Mossman, and Barron catchments and (to a lesser extent) by other Wet 
Tropics rivers south of the focus region (Brodie et al., 2013; Waterhouse et al., 
2017a). The Daintree catchment is 2,107 km2 and has a high proportion of protected 
areas (56% natural/minimal use lands and 32% forestry). The remaining area consists 
of 7% grazing and, to a lesser extent, sugarcane and urban areas. The Mossman 
catchment is 479 km2 and consists of 76% natural/minimal use lands, 10% 
sugarcane, and smaller areas of grazing and urban land uses. The Barron catchment 
has an area of 2189 km2 and consists of 29% natural/minimal use lands, 31% grazing, 
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18% forestry, 11% cropping (including bananas and sugarcane), and smaller areas 
of dairy and urban land uses (Terrain NRM, 2015). The Barron River is the most 
hydrologically modified river in the Wet Tropics region and is heavily regulated by 
water supply infrastructure. 

-  The Russell-Mulgrave Basins contain a high proportion of upland National Park and 
forest (72%), with 13% of the area used for sugarcane production on the coastal 
floodplain (Terrain NRM, 2015). The Johnstone Basin is 2,326 km2 and has a 
relatively high proportion of natural/minimal use lands (55%). The remaining area has 
16% grazing, 12% sugarcane, and smaller areas of dairy (in the upper catchment), 
bananas and other crops, and urban land uses (Terrain NRM, 2015). 

-  The Tully River Basin is 1,685 km2 and has a high proportion of natural/minimal use 
lands (75%). The remaining area is comprised of 12% sugarcane, 4% bananas, 5% 
grazing, and smaller areas of forestry, other crops and urban land uses. The Murray 
River Basin has an area of 1115 km2 and has a high proportion of natural/minimal 
use lands (64%). The remaining area is comprised of 14% sugarcane, 10% forestry, 
6% grazing and smaller areas of bananas, other crops and urban land uses. The 
Herbert River Basin is 9,842 km2 and consists of 27% natural/minimal use lands, 56% 
grazing, 8% sugarcane, and smaller areas of forestry. 

¶ The Burdekin region is one of the two large dry tropical catchment regions adjacent to the 
Reef, with cattle grazing as the primary land use on over 95% of the catchment area (NQ 
Dry Tropics, 2016). There is also intensive irrigated sugarcane on the floodplains of the 
Burdekin and Haughton Rivers. Fluctuations in climate and cattle numbers greatly affect the 
state and nature of vegetation cover and, therefore, the susceptibility of soils to erosion and 
off-site transport of suspended sediments and associated nutrients. 

¶ The Mackay-Whitsunday region has a wet or mixed wet and dry tropical climate with the 
catchment land use dominated by agriculture broadly divided into grazing in the upper 
catchments (43%), sugarcane cultivation on the coastal plains (19%) and dispersed areas 
of nature conservation (19%) (Folkers et al., 2014). In addition, there are expanding urban 
areas along the coast. 

3.2 Climate and cyclone activity 

Climate is a major driver of the condition of water quality and ecosystems and can vary substantially 
between years. It is heavily driven by the El Niño Southern Oscillation (ENSO) cycle. Climate models 
predict continued warming; increasing intensity of extreme rainfall events; fewer but more intense 
tropical cyclones; and more frequent and extreme La Niña and El Niño events (Schaffelke et al., 
2017).  

During the 2019ï20 wet season, there was very limited cyclone activity in the Reef. In March 2020, 
cyclone Gretel remained off the coast as a weak system and had limited impact (Figure 3-1).  
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Figure 3-1: Trajectories of tropical cyclones affecting the Reef in 2019ï20 and in previous years (2010 to 2019).  
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3.2.1 Rainfall for the Reef, NRM regions and basins 

Queensland rainfall is highly variable on seasonal, inter-annual, and decadal timescales. Wet 
season rainfall in 2019ï20 for all of the basins was below the long-term average of wet 
seasons from 1961ï1990 (Figure 3-2 and Figure 3-3). In all focus regions, 2019ï20 was drier 
than 2018ï19. In particular, all of the Wet Tropics basins had well-below-average rainfall 
(Figure 3-2 and Figure 3-3). The basins south of the Styx also had below average rainfall, 
similar to 2018-19. 

 

 

Figure 3-2: Average daily wet season rainfall (mm d-1) in the Reef catchment: (left) long-term daily average (1961ï1990; time 
period produced by BoM), (centre) 2019ï20 and (right) the difference between the long-term average and 2019ï20 rainfall.  
Source data: Bureau of Meteorology (2020). 
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Figure 3-3: Difference between daily average wet season rainfall (December 2019ïApril 2020) and the long-term wet season 
rainfall average (from 1961ï1990). Red and blue bars (none shown in this period) denote basins with rainfall below and above 
the long-term average, respectively. Note that the basins are ordered from north to south (left to right). Source data: Bureau 
of Meteorology (2020). 

 

3.2.2 Freshwater discharge for the Reef, NRM regions and basins 

Freshwater discharge volumes into the Reef lagoon are closely related to rainfall during the 
wet season and have a significant influence on coastal water quality. The total annual 
freshwater discharge for all of the Reef basins relative to long-term medians (based on water 
year, calculated using the methods described in Section 2.7) is shown in Figure 3-4.  
Discharge at the regional level is shown in Figure 3-5.  

In 2019ï20, the Reef catchment area had well below average discharge (1.7 times below the 
long-term median) which was the lowest since the 2015ï16 season. The Wet Tropics NRM 
region recorded the lowest water year discharge since the start of the MMP in 2005, while the 
Cape York and Burdekin NRM regions had their lowest discharge since the 2015ï16 season. 
Below average discharge also occurred in the Mackay-Whitsunday and Burnett-Mary NRM 
regions and discharge in the Fitzroy NRM region was the closest to the long-term median. The 
only three basins that recorded discharge 1.5 to 2.0 times higher than the long-term median 
were the Styx, Shoalwater Creek and Water Park Creek basins within the Fitzroy NRM region. 

Annual discharge for each of the 35 Reef basins in 2019ï20 is shown in Table 3-1 and 
compared to long-term median annual flows.  
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Figure 3-4: Long-term total discharge in ML (water year: 1 October to 30 September) for the 35 main Reef basins. Source: 
DNRM, http://watermonitoring.dnrm.qld.gov.au/host.htm. 

 

 

 

Figure 3-5: Corrected annual water year (1 October to 30 September) discharge from each NRM region (using the correction 
factors in Table 2-3) for 2003ï04 to 2019ï20 in (ML per year). Data derived from DNRM (2020). 

 

  

http://watermonitoring.dnrm.qld.gov.au/host.htm
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Table 3-1: Annual water year discharge (ML) of the 35 main Reef basins (1 October 2016 to 30 September 2020, inclusive) 
and 30-year long-term (LT) median discharge (1986ï87 to 2015ï16). Colours indicate levels above the long-term median: 
yellow for 1.5 to 2 times, orange for 2 to 3 times and red greater than 3 times. 

 

Basin LT median 2016 - 2017 2017 - 2018 2018 - 2019 2019 - 2020 

Jacky Jacky Creek 2,047,129 1,701,199 2,689,450 3,124,009 1,920,007 

Olive Pascoe River 2,580,727 2,978,821 3,424,596 6,992,798 3,189,195 

Lockhart River 1,634,460 1,886,587 2,168,911 4,428,772 2,019,824 

Stewart River 674,618 685,263 826,499 3,109,052 584,988 

Normanby River 4,159,062 3,780,651 4,333,023 12,102,053 2,792,858 

Jeannie River 1,263,328 1,746,929 1,721,175 3,350,682 932,300 

Endeavour River 1,393,744 1,665,116 1,796,913 3,847,478 773,315 

Daintree River 1,512,054 1,590,225 1,439,220 4,752,327 901,248 

Mossman River 858,320 812,585 1,069,336 1,885,921 555,280 

Barron River 574,567 313,952 946,635 1,535,892 320,056 

Mulgrave-Russell 
River 

2,600,465 
1,759,178 3,359,834 3,550,093 

1,694,470 

Johnstone River 3,953,262 3,348,014 4,950,329 4,774,747 2,743,805 

Tully River 3,241,383 2,840,476 3,883,954 4,020,452 2,200,744 

Murray River 380,472 293,742 521,465 519,739 199,630 

Herbert River 3,556,376 2,248,436 6,385,655 5,707,209 1,472,338 

Black River 208,308 64,449 386,030 965,544 102,296 

Ross River 377,011 41,177 83,113 2,371,556 371,019 

Haughton River 419,051 283,551 598,668 2,363,209 251,321 

Burdekin River 4,406,780 4,165,129 5,542,306 17,451,417 2,203,056 

Don River 508,117 1,081,946 321,875 1,356,004 398,312 

Proserpine River 284,542 539,710 174,183 837,962 205,680 

O'Connell River 478,097 894,975 260,937 1,223,297 279,585 

Pioneer River 692,342 1,388,687 249,530 1,158,768 383,506 

Plane Creek 309,931 761,503 75,052 351,879 299,502 

Styx River 155,384 420,353 218,115 109,376 225,782 

Shoalwater Creek 129,487 350,294 181,763 91,147 188,152 

Water Park Creek 97,115 262,721 136,322 68,360 141,114 

Fitzroy River 2,852,307 6,170,044 954,533 1,339,964 2,533,631 

Calliope River 152,965 406,321 141,438 2,682 80,255 

Boyne River 38,691 102,775 35,775 678 20,300 

Baffle Creek 215,446 486,235 1,081,646 930 47,143 

Kolan River 52,455 190,476 325,578 4,958 5,304 

Burnett River 230,755 536,242 849,051 202,436 332,366 

Burrum River 79,112 387,027 715,449 63,972 70,928 

Mary River 981,183 499,295 1,630,741 658,014 472,580 

Sum of basins 43,099,046 46,684,083 53,479,101 94,323,378 30,911,889 
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4. Modelling and mapping marine water quality  

This Section presents results from satellite remote sensing of wet season water quality as well 
as outputs from eReefs model simulations of cumulative exposure to river discharge and 
estimated dispersal of nutrient and sediment loads.  

4.1 Satellite remote sensing of wet season water types  

To illustrate wet season influence on coastal water quality and identify potential risk to 
ecosystems, satellite-derived map products were produced for the Reef, including frequency 
maps predicting the areas affected by the combined primary and secondary water types 
combined (Figure 4-1) or the three wet season water types individually (Figure 4-2) from 
December 2019 to April 2020. 

4.1.1 Areas affected 

The extent and frequency of the occurrence of combined primary and secondary water types 
was variable across regions, cross-shelf and between years, reflecting the concentrations and 
intensity of the river discharge and resuspension events (Figure 4-1). The maps illustrate a 
well-documented inshore to offshore gradient (e.g. Devlin et al., 2013, 2015), with coastal 
areas experiencing the highest frequency of primary water types and mid-shelf and offshore 
areas less frequently exposed to primary waters (Figure 4-2).  

Frequency of occurrence: The frequencies of occurrence of the combined primary and 
secondary water types measured across the Tully, Burdekin and Pioneer transects in 2019ï
20 (Figure 4-1f) were below the frequencies extracted from the typical wet-year composite and 
above the frequencies extracted from the typical dry-year composite. In the Tully transect, the 
frequencies of occurrence were similar to (open coastal) or below (mid-shelf) the long-term 
average and the representative coral recovery period. In the Burdekin and Pioneer transects, 
the frequencies of occurrence were slightly above or similar to the long-term average and the 
representative coral recovery period in the open coastal waterbodies.  

Reef area exposed:  In 2019ï20: only 3% of the Reef was exposed to primary waters, 23% 
of the Reef was exposed to secondary waters and 70% of the Reef was exposed to tertiary 
waters.  

The area exposed to primary waters was similar to both the long-term and coral recovery 
percentages and only the inshore Reef waters were exposed (24% of the inshore waterbody 
area).   

However, the area exposed to secondary waters was unexpectedly large and similar to the 
statistics for a ówetô year (23% of the Reef). This result is related to anomalously large 
secondary areas measured in the mid-shelf waterbody: 41% of the mid-shelf waterbody area 
was exposed to secondary waters which is similar to the area of mid-shelf waterbody typically 
exposed during wet years (39% of the mid-shelf waterbody). These anomalous areas were 
measured more particularly in the Fitzroy and Burnett-Mary regions (see Regional sections 
and Appendix C-6, these regions are currently not fully assessed as part of the MMP) and in 
the Cape York region. Without considering these three regions, the mid-shelf area exposed to 
primary and secondary wet season water types combined was slightly under the long-term 
area (18% in 2019ï20 versus 20% in the long-term assessment of the Wet Tropics, Burdekin 
and Mackay-Whitsunday total mid-shelf areas). 
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Table 4-1: Areas (km2) (and percentages, %) of the Reef lagoon (total 348,839 km2) and division by waterbodies (WB: Ins = 
inshore, Mid = mid-shelf and Off = offshore) affected by the primary and secondary wet season water types combined, and 
the three wet season water types individually during the current wet season and for a range of reference periods

  
Area of Reef affected in km2 and % 

  

2019ï20 wet 
season 

Long-term average Average of coral 
recovery period: 

2012ï2017 

Typical Wet-year 
composite 

Typical Dry-year 
composite 

Water 
type 

WB 

km2 % 
Reef 
(% 

WB) 

km2 % Reef 
(% WB) 

km2 % Reef 
(% WB) 

km2 % Reef 
(% WB) 

km2 % Reef 
(% WB) 

C
o
m

b
in

e
d
 

p
ri
m

a
ry

 +
 

s
e
c
o
n
d
a
ry

 (
C

C
1
ï

5
) 

Reef 82,052 24% 60,768 17% 58,870 17% 87,660 25% 42,366 12% 

Ins 
39,625 11% 

(96%) 
39,906 11% 39,911 11% 

(97%) 
40,573 12% 

(98%) 
35,497 10% 

(86%) 

Mid 
33,941 10% 

(41%) 
18,045 5% 16,296 5% 

(22%) 
35,290 10% 

(43%) 
6,291 2% 

(8%) 

Off 
8,486 2% 

(4%) 
2,818 1% 2,664 1% 

(1%) 
11,797 3% 

(5%) 
577 0% 

P
ri
m

a
ry

 

Reef 9,926 3% 10,381 3% 10,140 3% 19,501 6% 7,127 2% 

Ins 
9,921 3% 

(24%) 
10,381 3% 

(25 %) 
10,136 3% 

(25%) 
17,099 5% 

(41%) 
7,127 2% 

(17%) 

Mid 
4 0% - 0% 4 0% 2,402 1% 

(3%) 
- 0% 

Off - 0% - 0% - 0% - 0% - 0% 

S
e
c
o
n
d
a
ry

 

Reef 79,668 23% 56,797 16% 55,074 16% 81,921 23% 39,742 11% 

Ins 
37,861 11% 

(92%) 
38,416 11% 

(93%) 
38,325 11% 

(93%) 
39,548 11% 

(96%) 
33,652 10% 

(82%) 

Mid 
33,466 * 10% 

(41%) 
15,647 4% 

(19%) 
14,387 4% 

(18%) 
31,592 9% 

(39%) 
5,513 2% 

(7%) 

Off 
8,342 2% 

(4%) 
2,734 1% 

(1%) 
2,363 1% 

(1%) 
10,782 3% 

(5%) 
577 0% 

T
e

rt
ia

ry
 

Reef 243,711 70% 165,460 47% 165,582 47% 195,072 56% 136,990 39% 

Ins 
22,660 6% 

(55%) 
26,506 8% 

(64%) 
25,711 7% 

(62%) 
27,233 8% 

(66%) 
25,591 7% 

(62%) 

Mid 
82,075 24% 

(100%
) 

70,255 20% 
(86%) 

71,728 21% 
(87%) 

76,350 22% 
(93%) 

54,679 16% 
(67%) 

Off 
138,976 

* 
40% 

(62%) 
68,700 20% 

(31%) 
68,143 20% 

(31%) 
91,489 26% 

(41%) 
56,721 16% 

(25%) 
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Figure 4-1: Map showing the frequency of primary (CC1ï4) and secondary (CC5) water types combined in the a) long-term (16 wet seasons since 2003ï04) b) representative coral recovery period (2011ï
12 to 2016ï17, 6 wet seasons or 132 weeks), c) typical wet-year composite and d) typical dry-year wet season composites and e) 2019ï20 wet season (22 weeks). Except for the coral recovery period, 
reference maps (long-term, Wet and Dry frequency maps) are updated every 4 years (and/or in the case of extremely wet year or specific event patterns) to ensure they remain valid as a representative 
period and to improve their accuracy as more satellite data are available. Last update was in 2019. The highest frequency is shown in orange and the lowest frequency is shown in blue. f) Plots on the right 
show the frequency values recorded along three transects extending from the Tully, Burdekin and Pioneer Rivers to the external boundaries of the Marine Park and illustrate the differences in the spatial 
distribution and frequency of occurrence between the different representative periods. OC: open coastal, M: mid-shelf and O: Offshore marine water body boundaries.
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Figure 4-2: Map showing the frequency of primary, secondary and tertiary wet season water types in the 2019ï20 wet 
season (22 weeks). The highest frequency is shown in orange and the lowest frequency is shown in blue. These maps are 
used in the exposure assessment to represent the spatial likelihood of exposure of each of the wet season water types in 
2019ï20.  

 

The extended area of secondary waters is hypothesised to be driven by a combination of 
environmental and image quality factors; but is yet to be fully qualified. There were several 
MODIS true colour images contaminated by sun glint this wet season, and bad quality images 
(stripe noise) more particularly in the Cape York and the southern Reef regions (Figure 4-3a). 
While the most corrupted images where removed from this year satellite database (section 
2.6.2), residual noise was still present on some images. Furthermore, it is difficult to separate 
direct riverine plume influence from sediment resuspension in some satellite images (see for 
example, Figure 4-3c-e). Sometimes turbid inshore secondary and tertiary waters (riverine 
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inputs and/or wind resuspension) mix with mid-shelf secondary and tertiary waters 
(resuspension and/or upwelling productivity and/or bottom influence) and this creates large 
secondary or tertiary areas that cannot be separated. This is particularly common in the Cape 
York, Fitzroy and Burnett-Mary regions where coral reefs are closer to the coast and is 
expected to be less pronounced in the wettest wet seasons where this phenomenon is masked 
by the dominant riverine colour signature. Extra cleaning steps were applied to improve the 
satellite outputs (Section 2.6.2), but the factors described above are still likely to have 
influenced the anomalously large secondary areas measured in the Cape York, Fitzroy and 
Burnett-Mary regions.  

Nevertheless, the extent of the secondary waters also often aligned with discharge events 
(see Regional Reporting in Sections 4.3 to 4.8) and it is likely that the higher frequency of 
secondary waters (in comparison to the long-term and/or dry season patterns) observed 
inshore in the Wet Tropics, Burdekin and Mackay-Whitsunday is partially real. It could be 
related to the characteristics of the 2019ï20 wet season, with discharge periods relatively 
small but discrete, and with potentially less cloud cover, more coverage of data but also less 
turbidity and more light for algal growth seen in secondary waters. Some MODIS images 
showed influence from Torres Strait waters during the monsoon season, which may also 
explain the presence of secondary waters in the northern tip of Cape York on some weekly 
composites (Figure 4-3 and Figure 4-16: weeks 12-13). 

Similarly the Reef area exposed to tertiary waters was unexpectedly large (70% of the Reef) 
and covered a larger area than all reference periods, including the ówetô years (56% of the 
Reef). This result is related to anomalously large tertiary areas measured in the offshore Reef: 
40% of the offshore waterbody area was exposed to tertiary waters which is greater than the 
offshore area typically exposed during wet years (26% of the mid-shelf waterbody)  (extent 
illustrated in Figure 4-2). This result is not fully understood but could be an indication of other 
factors such as temperature or outer shelf nutrient upwelling (see for example, Figure 4-3d). 
This will be further investigated as we switch to Sentinel-3 satellite images and Forel Ule colour 
scale in the future (e.g., Petus et al., 2019). Tertiary waters are associated with low land-
sourced contaminant concentrations and a low magnitude score in the Reef exposure 
assessment (Figure 4-4 and Figure 4-6). While tertiary areas were larger than usual, this did 
not result in increasing the potential risk offshore: 99% of the offshore areas were classified 
as no/very low potential risk in the 2020-21 risk assessment (Figure 4-6).    

Furthermore, the 2019ï20 wet season was a period of unusually intense bushfires in many 
parts of Australia, and more particularly in New South Wales and Victoria. Those large fires 
have impacted on the quality and colour of the atmosphere and large smoke clouds were 
visible on some MODIS satellite images off New South Wales and Victoria. It is likely that this 
may have had an impact on the global Reef atmospheric quality and thus on the colour 
classification of the MODIS images, more particularly in the southern Reef regions.  

It is difficult to separate those different signals in the satellite observations and the hypotheses 
above are not validated, but thought to be reasonable. Some of the exposure assessment 
results for this wet season should however be taken with caution due to the above 
uncertainties. The remote sensing methods were originally developed for mapping turbid 
riverine plumes in the Wet Tropics, Burdekin and Mackay-Whitsunday regions and the above 
observations reaffirm the need for further understanding of the remote sensing outputs in the 
Cape York, Fitzroy and Burnett-Mary regions, and more generally in the mid-shelf and offshore 
areas. This will be investigated in the next years and as the program switches to Sentinel-3 
satellite data and the Forel-Ule colour scale (21 colour classes instead of 6 currently used in 
the wet season colour scale). 
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Figure 4-3: a) Difference map illustrating anomalously large CC1ï5 extent in 2019ï20 (red stripes) against long-term 
trends. Triangles on the coast represent major towns. MODIS-Aqua true colour images show: b) the influence of sun glint, 
cïe) mixed riverine plume and sediment resuspension inshore and around reefs following higher riverine discharge and/or 
stronger wind in c) Cape York (see Figure 4-17: weeks 17ï18) and dïe) the southern Reef regions. The image in f) 
illustrates the intrusion of Torres Strait waters to the northern tip of Cape York.  

 

4.1.2 Composition of water types  

Boxplots of long-term water quality parameters in the wet season water types and six colour 
classes are shown in Figure 4-4 and Figure 4-5, respectively. Detailed summaries of water 
quality parameters for the long-term period (16 wet seasons) and reporting year are provided 
in Appendix C. Long-term water quality values are now reviewed and updated every 4 years 
(and/or in the case of extremely wet year or specific event patterns) to ensure the water type 
characterisation remain valid as a representative period, and to improve its accuracy as more 
field data are collected every wet seasons. The last update was in the 2018-19 reporting year 
(Gruber et al., 2020), using field data collected from 2004 to 2019. Note also that the long-
term water quality concentrations are presented rather than the seasonal mean concentrations 
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in each colour class that were reported before 2018-19 which were considered to be potentially 
biased by the wet season sampling effort. The latter figures are still presented in Appendix C 
for consistency. 

Boxplots of water quality concentrations for every water type followed published patterns (e.g., 
Devlin et al., 2015; Petus et al., 2019) with TSS, Chl-a, CDOM, DIN, DIP, PP and PN 
decreasing from the primary water type (colour classes 1ï4) to the tertiary water type (colour 
class 6). High TSS, Chl-a and CDOM concentrations are at levels expected to decrease light 
availability (e.g. Petus et al., 2018) and the Secchi depth was logically lowest in the primary 
water types and increased from the primary to the tertiary water types (Figure 4-4).The primary 
water type had the larger interquartile range for all parameters, illustrating a greater variability 
in water quality concentrations measured in the most turbid water type.  

While Devlin et al. (2012) reported higher Chl-a concentrations in secondary than in primary 
water types, the long-term wet season was characterised by higher mean Chl-a concentrations 
in the primary water type (1.61 ± 2.37ɛg L-1) than in the secondary water type (0.80 ± 0.84 ɛg 
L-1). However, when distinguishing individual colour classes (Figure 4-5c) Chl-a 
concentrations were higher in colour class 3 (2.28 ± 2.98 ɛg L-1) than in colour classes 1 (2.20 
± 3.41 ɛg L-1) and 2 (1.48 ± 1.12 ɛg L-1). Thus, the sub-classification into colour classes may 
better describe fine-scale coastal processes and supports the findings of Devlin et al. (2013) 
that Chl-a concentrations peak in transition zones between the primary and secondary water 
types. This peak is hypothesised to be driven by factors that control phytoplankton production 
including light attenuation, nutrient inputs, and salinity (Carstensen et al., 2015). Mean long-
term water quality concentrations decreased exponentially across the six colour classes and, 
except for DIN and DIP, mean long-term concentrations were two (PN and CDOM) to three 
(TSS and PP) times higher in CC1 than in CC2 or CC3 (Figure 4-5 and see Appendix C-4 for 
the concentration values).The number of samples collected in CC1 (n=117) and CC2 (n= 104) 
was however limited in comparison to, for example CC5 (n=926, Appendix C-4). It would be 
interesting to collect extra samples inshore in the future to further characterise concentrations 
in the more turbid regions of flood plumes.  

Mean long-term concentrations of water quality parameters showed similar patterns between 
focus regions (Figure 4-6), with maximum concentrations measured in the primary water type 
and minimum concentrations in the tertiary water type (Figure B-4 in Appendix B). However, 
there were distinct differences in the concentrations of individual pollutants across regions. 
Across years, the frequency of sampling in flood events as well as the location, timing, and 
number of samples historically collected in each region is a major influence on these results. 
Thus, the magnitude scores for the exposure maps (Section 4.1.3) are calculated using the 
mean long-term water quality concentrations across the whole of the Reef (Figure 4-6).   

Mean water quality concentrations for TSS, Chl-a, PP and PN were compared against Reef-
wide wet season GVs (Figure 4-6). Long-term mean Secchi depths (<7 m in all water types) 
did not meet the annual mean value (10 m), although the ecological significance of this is not 
clear.  The following patterns were identified for the three water types: 

¶ Primary: the long-term mean TSS, Chl-a, PP, and PN concentrations were above the 
Reef-wide wet season GVs (Figure 4-6). However, it is important to note that water 
quality parameters in primary waters are highly variable (Figure 4-4) 

¶ Secondary: the long-term mean TSS, Chl-a concentrations were above, and the PP 
and PN concentrations slightly above, the Reef-wide wet season GVs 

¶ Tertiary: the long-term mean TSS concentration was above the wet season GV. 
Concentrations of Chl-a, PP, and PN were below Reef-wide wet season GVs. 

Using this data, magnitude scores in the exposure mapping were finally calculated as the 
proportional exceedance of the GVs, and negative magnitude scores capped to zero (Figure 
4-6). Magnitude scores per se. have no ecological significance but are used in the risk 
framework as a relative measure to assign potential risk grading for each water type (refer 
Section 4.1.3). 
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Figure 4-4: Long term water quality (WQ) concentration and Secchi disk depth boxplots for each wet season water type (P 
= primary, S = secondary, T = tertiary). The mean is plotted as a cross and its numerical value is indicated. The interquartile 
range is delimited by the box and the median by the line inside the box. Whiskers indicate variability outside the upper and 
lower quartiles. Data beyond the whiskers range are considered outliers and are not plotted. Long-term WQ values are 
reviewed and updated every 4 years (and/or in the case of extremely wet year or specific event patterns) to ensure the 
water type characterisation remains valid as a representative period, and to improve its accuracy as more field data are 

collected every wet seasons. Last update was in 2019, using all field data available (from 2004 to 2019). 
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Figure 4-5: Long-term water quality (WQ) concentration and Secchi disk depth boxplots for each wet season colour 
class.The mean is plotted as a cross and its numerical value is indicated. The interquartile range is delimited by the box 
and the median by the line inside the box. Whiskers indicate variability outside the upper and lower quartiles. Data beyond 
the whiskers range are considered outliers and are not plotted. Long-term water quality values are reviewed and updated 
every 4 years (and/or in the case of extremely wet year or specific event patterns) to ensure the water type characterisation 
remains valid as a representative period, and to improve its accuracy as more field data are collected every wet seasons. 
Last update was in 2019, using all field data available (from 2004 to 2019). 

 



Marine Monitoring Program  Annual Report for inshore water quality monitoring 2019ï20 

36 

 

Figure 4-6:  (top) Mean long-term water quality concentrations and (bottom) magnitude score across the three wet season 
water types. Red lines show the Reef-wide wet season GVs (Appendix D Table D-3). Magnitude scores are calculated as the 
proportional exceedance of the guideline: άὥὫὲὭὸόὨὩ ὖέὰὰȢ  ὋὠȾὋὠ   and Poll. = TSS, Chl-

a, PP or PN. Negative Magnitude score are scored as zero. Mean long-term water quality concentrations and Magnitude score 
are re-calculated every 4 years as additional field data is collected (and/or in the case of extremely wet year or specific event 
patterns). Mean long-term water quality concentrations include samples collected from the enclosed coastal water type where 
high concentrations are likely to contribute to exceedances of the Reef-wide GVs, particularly for primary waters.  

 

4.1.3 Potential exposure risk to Reef ecosystems  

This section presents the area (km2) and percentage (%) of coral reefs and seagrass meadows 
affected by different categories of exposure (or potential risk) based on satellite-derived wet 
season water types.  

The exposure categories are not validated against ecological health data and at this stage 
represent relative potential risk categories for seagrass and coral reef ecosystems. The areas 
and percentages of ecological communities affected by the different categories of exposure 
were calculated as a relative measure between regions and the long-term average. 

Reef-wide: The area exposed to a potential risk in 2019ï20 was spatially limited relative to 
the scale of the Reef with 85% exposed to no or very low potential risk (Table 4-2 and Figure 
4-7). This result is similar to the long-term patterns (87% of the Reef). 15% of the Reef was 
exposed to combined potential risk categories IIïIV. However, only 1% of the Reef was in the 
highest exposure category (IV) and only 1% of the Reef was in category III (Table 4-2). These 
patterns were very similar to the long-term patterns (Table 4-2). Patterns were also similar 
across marine regions, with more than 80% of each regions classified as no / very low risk 
and less than 2% classified as category III or category IV, respectively (Figure 4-8b). 
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Table 4-2: Areas (km2) and percentages (%) of the Reef lagoon, coral reefs and surveyed seagrass affected by different risk 
categories of exposure during the 2019ï20 wet season and the long-term. The last three rows show the differences between 
% affected in 2019ï20 and the long-term average ( : increase, : decrease, and : no change, difference <5 %). 
Areas south of the Marine Park (Hervey Bay) are not included. 

Reef lagoon Total 

Potential Risk category 

Total area 
exposed II-IV 

No / very 
low 

Lowest             
Highest 

I II III IV 

Surface area 

area 348,839 
2020 296,548  43,510  4,809  3,972  52,291  

LT 304,664 35,767 4,853 3,555 44,175 

% 100% 
2020 85% 12% 1% 1% 15% 

LT 87% 10% 1% 1% 13% 

Coral reefs 

area 24,149 
2020 20,897  3,839  120  59  4,017  

LT 23,147 861 98 43 1,002 

% 100% 
2020 84% 15% <1% <1% 16% 

LT 96% 4% <1% <1% 4% 

Surveyed seagrass 

area 4,640 
2020 828  2,458  589  784  3,832  

LT 875 2,387 691 687 3,765 

% 100% 
2020 18% 53% 13% 17% 82% 

LT 19% 51% 15% 15% 81% 

Difference (2019 ï 
Long Term 
average) 

Surface area -2% 2% <1% < 1% 2% 

Coral Reef -12% 11% <1% < 1% 12% 

Surveyed seagrass -1% 2% -2% 2% 1% 

 

Reef waterbodies: Only the inshore Reef waters (including macro-tidal enclosed coastal, 
enclosed coastal, macro-tidal open coastal and open coastal waterbodies combined) were 
exposed to the highest categories of potential risk (III and IV, Figure 4 8a). Inshore Reef waters 
were however largely exposed to the lowest category of potential risk only (II: 67 %) and only 
12% and 10% of the inshore waters where exposed to the potential risk category III and IV. 
Approximately 77% (<3,600 km2) of the Reef seagrass occur in the inshore waters, but only 
4% (< 900 km2) of the Reef corals (Appendix C-6). The mid-shelf and offshore waterbodies 
were largely classified (80% of the mid-shelf and 99% of the offshore waters) as no / very low 
potential risk (Figure 4-8a).  

Similar cross-shore patterns were observed across Reef marine regions (Figure 4-8c) and all 
regions were largely classified as no or very low potential risk. Mid-shelf waterbodies in the 
Cape York and Burnett-Mary regions had the greatest exposure to potential risk category II 
(34 % of the Cape York and the Burnett-Mary mid-shelf waters). The Mackay-Whitsunday 
region inshore waterbody had the smaller exposure to risk categories III and IV (9 % of the 
Mackay-Whitsunday inshore waters). In the other Reef regions, 20 to 30 % of the inshore 
waterbodies were exposed to risk categories III and IV. Differences across regions are further 
described in the Regional Reporting (Section 4.3 to 4.8). 
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Figure 4-7:  Map showing the reclassified surface exposure in the a) long-term, b) representative coral recovery period (2012ï2017, 132 weeks), c) typical wet-year and d) typical dry-year wet 
season composites and e) 2019ï20 wet seasons (22 weeks). Except for the coral recovery period, reference maps (long-term, Wet and Dry frequency maps) are updated every 4 years (and/or 
in the case of extremely wet year or specific event patterns) to ensure they remains valid as a representative period and to improve their accuracy as more satellite data are available. Last update 
was in 2019 (16 wet seasons). Relative potential risk categories range from I: no to low risk to IV: highest risk. f) Difference map showing areas with an increase in risk category in 2019ï20 (in 
red, ) against long-term trends (calculated as (e) 2020 minus (a) long-term). 
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Figure 4-8:  Percentage of the a) Reef waterbodies, b) Reef regions and c) regional Reef waterbodies and Reef  d) seagrass 
and e) coral habitats affected by different risk categories of exposure during the 2019ï20 wet season.  
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Reef habitats (coral reefs and seagrasses): In 2019ï20, it was estimated that: 

¶ 16% of coral reefs were exposed to combined potential risk categories IIïIV (Table 4-2). 
However, less than 1% were in the highest exposure categories IV and III and only inshore 
coral reef habitats were exposed (Figure 4-7e). The total inshore coral reef area affected 
by the highest exposure categories was 21% (7% to cat. IV and 14% to cat. III). Midshelf 
and offshore coral reefs were only exposed to the lowest risk category II or to no potential 
risk. 

¶ 82% of seagrasses were exposed to combined potential risk categories IIïIV. 17% were 
in the highest exposure category (IV) and 13% were in category III and only inshore 
seagrass habitats were exposed (Figure 4-7d). The total inshore seagrass area affected 
by the highest exposure categories was 38% (22% to cat. IV and 16% to cat. III). Mid-shelf 
and offshore seagrasses were only exposed to the lowest risk category II or to no potential 
risk. 

¶ The coral areas exposed to potential risk categories III and IV were similar to the long-
term patterns (< 1% of the coral reefs, Table 4-2). There was however an increase in area 
exposed to the lowest potential risk category (II: + 11%). Most of this increase was in the 
Cape York, Fitzroy and Burnett-Mary regions (see Regional results in Section 4.3 to 4.7) 
(II: + 11%). As discussed in Section 4.1.1, this is most likely linked to the data confidence 
issues in these regions (unexpectedly large secondary areas in the mid-shelf waters).  

¶ The seagrass areas exposed to combined potential risk categories IIïIV in 2019ï20 were 
similar to the long-term (+2%). 

4.2 Mapping the dispersal of river-derived DIN, fine sediment and PN 

An improved understanding of dispersal of river-derived DIN, fine sediment and PN has been 
developed using the eReefs marine models. The process involves dispersing modelled end-
of-catchment loads in individual river plumes, and then the dispersal from each river plume is 
summed to represent the total fine sediment, DIN, or PN dispersed in that year. For all 
pollutants, the óanthropogenicô influence was predicted by calculating the difference between 
a pre-development load scenario and the 2019ï20 loading. A time series from 2003 to 2020 
is also presented. In the years marked with asterisks, eReefs simulations were not available, 
so a multi-annual average tracer was used to disperse loads in these years. While the 
estimates have lower reliability relative to the years where tracer maps were available, they 
are still considered more robust than methods used in previous reports. 

4.2.1 River-derived DIN dispersal  

2020 water year 

The estimated wet season river-derived DIN loading in the Reef lagoon for the 2020 water 
year is shown in Figure 4-9 (left panel), with a relatively low area of influence. Only small 
differences were shown between the 2019ï20, pre-development and anthropogenic loading 
scenarios, with an area of limited anthropogenic DIN loading in the Wet Tropics region. 

There is lower confidence in the pre-development DIN load in the Normanby basin (Cape York 
region) and for this model, there is considered to be limited anthropogenic DIN. This is 
reflected in the difference map where there is very limited DIN influence in this area.  

Trends in annual river-derived DIN loading to the Reef 2003ï2020 

The model-predicted river-derived DIN loading provides an estimate of the dispersion of end-
of-catchment DIN loads in Reef waters and the resulting maps highlight spatial and temporal 
variation in DIN loading. The time series from 2003 to 2020 (Figure 4-10) showed distinct inter-
annual variability, driven by river flow and pollutant loads. The areas of influence in 2019ï20 
were comparable to other years with river discharge below the long-term median (e.g. 2014ï
15).  
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Figure 4-9: River-derived DIN loading (tonnes km-2, relative scale) in the Reef lagoon, modelled for the (left panel) 2020 water 
year (1 October to 30 September), (centre panel) pre-development loads, and (right panel) difference between the DIN loading 
for pre-development and 2019 estimates.  
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Figure 4-10: River-derived DIN loading (tonnes km-2, relative scale) over the Reef lagoon for the 2003 to 2020 water years (1 
October to 30 September). The years marked with asterisks are modelled using a multiannual average tracer. 

 

The greatest extent of model-predicted DIN loading was observed in 2011 (associated with 
cyclone Yasi), with large areas of dispersed DIN estimated in all regions except for Cape York  

The regions presenting higher DIN loading have remained relatively constant over the years, 
with higher loading typically observed in the Wet Tropics, Burdekin, and Mackay-Whitsunday 
NRM regions. The greatest incidence of high DIN loading occurred in the Wet Tropics region 
in all years (although this is less obvious in 2019ï20) and, within the Wet Tropics, the areas 
of greatest values were correlated with large river discharge events in 2009, 2011, 2018 and 
2019. High loading was also observed in each region during different years. For example, high 
values in the Burdekin region in 2005, each year between 2008 and 2012, 2018 and 2019 
(Figure 4-10). 
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4.2.2 River-derived TSS dispersal  

2020 water year 

The estimated wet season river-derived TSS loading for the 2019 water year is shown in 
Figure 4-11 (left panel), with a limited area of influence. Only small differences were shown 
between the 2019ï20, pre-development and anthropogenic loading scenarios, with an area of 
limited anthropogenic in the Burdekin region. 

 

Figure 4-11: TSS (kilotonnes km-2, relative scale) in the Reef lagoon, modelled for the (left panel) 2020 water year (1 October 
to 30 September), (centre panel) pre-development loads, and (right panel) difference between the TSS loading for pre-
development and 2020 estimates.  
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While there has clearly been increased erosion in the Normanby basin since the pre-
development scenario, there is still debate on the export/delivery of TSS to the Reef lagoon 
as sediment is deposited on the floodplain. Hence the model has treated the pre-development 
and current loads from the Normanby basin the same, as reflected in the difference map. This 
needs to be updated in future models as improved estimates are now available. 

Trends in annual river-derived TSS loading to the Reef 2003ï20 

The time-series from 2003 to 2020 (Figure 4-12) showed distinct inter-annual differences, 
driven by river flow and pollutant loads. The areas of influence in 2019ï20 were comparable 
to other years with below long-term median river discharge (e.g. 2006, 2014 and 2015).  

 

 

Figure 4-12: TSS loading (kilotonnes per km2, relative scale) over the Reef lagoon for the 2005 to 2020 water years (1 October 

to 30 September).  The years marked with asterisks are modelled using a multiannual average tracer. 



Marine Monitoring Program  Annual Report for inshore water quality monitoring 2019ï20 

45 

The greatest extent was observed in 2011 linked to heavy rain associated with cyclone Tasha 
and the subsequent influence of severe cyclone Yasi. The regions with the highest TSS 
loading were typically the Burdekin, and to a lesser extent, the Fitzroy. The greatest frequency 
of the high river-derived TSS loading occurred in the Burdekin region and was correlated with 
large river discharge events (e.g. in 2005, 2007ï2009, 2011ï2012, 2017 and 2019). High 
loading was also observed in each region in different years (Figure 4-12).  

4.2.3 River-derived PN dispersal  

2020 water year 

The estimated wet season river-derived PN loading for the 2019 water year is shown in Figure 
4-13 (left panel) and showed similar patterns to both the DIN and TSS loading maps, with 
limited influence of PN loading along most of the Reef coast.  

 

Figure 4-13: River-derived PN loading (tonnes km-2, relative scale) in the Reef lagoon, modelled for the (left panel) 2020 water 
year (1 October to 30 September), (centre panel) pre-development loads, and (right panel) difference between the PN loading 
for pre-development and 2020 estimates.  
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The óanthropogenicô influence map (Figure 4-13 right panel) was similar to the 2019ï20 output, 
suggesting limited anthropogenic influence in this period as expected given the relatively low 
end of catchment loads in 2019ï20.  The same issues exist for PN in the Normanby basin as 
described for DIN and TSS above, giving this result low certainty. 

 Trends in annual river-derived PN loading to the Reef 2003ï2020 

The times series from 2003 to 2020 for PN loading (Figure 4-14) also showed distinct inter-
annual differences, driven by river flow and pollutant loads. The greatest extent of the higher 
model-predicted PN loading was observed in 2008, 2009, 2011 (covering almost the entire 
Reef), 2013, 2017 and 2019. The areas with the highest PN loading in these years were 
typically in the Burdekin region.  

 

 

Figure 4-14: River-derived PN loading (tonnes km-2, relative scale) over the Reef lagoon for the 2003 to 2020 water years (1 
October to 30 September).  The years marked with asterisks are modelled using a multi-annual average tracer.   














































































































































































































































































































































