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Abbreviations and acronyms

AIMS = Australian Institute of Marine Science
Authority = Great Barrier Reef Marine Park Authority
BOM = Bureau of Meteorology

CDOM = colour dissolved organic matter

Chl-a = chlorophyll a

CTD = Conductivity Temperature Depth profiler
CYWMP = Cape York Water Monitoring Partnership
DIN = dissolved inorganic nitrogen

DOC = dissolved organic carbon

DON = dissolved organic nitrogen

DOP = dissolved organic phosphorus

ENSO = ElI Nino 7 Southern Oscillation cycle

FU = Forel-Ule (toolbox and colour scale)

JCU = James Cook University

Kp = light attenuation coefficient

LOD = limit of detection

MMP = Marine Monitoring Program

Marine Park = Great Barrier Reef Marine Park
MODIS = Moderate Resolution Imaging Spectroradiometer
NHs; = ammonia

NOy = nitrogen oxides

NRM = natural resource management

PN = particulate nitrogen

PO, = phosphate (dissolved inorganic phosphorus)
PP = particulate phosphorus

QA/QC = Quality assurance/quality control

Reef = Great Barrier Reef

Reef 2050 WQIP = Reef 2050 Water Quality Improvement Plan
Reef Plan = Reef Water Quality Protection Plan
Reef 2050 Plan = Reef 2050 Long-Term Sustainability Plan
TSS = total suspended solids

WS colour scale = wet season colour scale

WQ Index = Water Quality Index
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Units

km?3 = cubic kilometres

kt = kilotonnes

m = metre

mg L = milligram per litre
ML = million litres

t = tonnes

ug L™ = micrograms per litre
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Execusummary

The inshore water quality aspect of the Marine Monitoring Program reports on the annual condition
and trend in water quality of the Great Barrier Reef (the Reef) with reference to previous data from
2005 to 2017. The program design includes the collection of water samples along transects in the
Cape York, Wet Tropics, Burdekin and Mackay-Whitsunday focus areas year-round, with higher
frequency sampling during the wet season to better characterise this period of episodic river
discharge. Satellite imagery and modelling simulations are linked with in-situ monitoring data to
estimate the exposure of inshore areas to end-of-catchment loads from rivers.

Trends in key 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 (GVs). Trends were not assessed for the Cape
York region due to insufficient long-term monitoring data.

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

9 declined in parts of the Wet Tropics region but remains good in general
9 remained stable in the Burdekin region and is currently considered good
1 declined in the Mackay-Whitsunday region over time and is currently considered moderate .

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

9 generally poor this year in the Wet Tropics and Burdekin regions, which was likely related
to river discharge above or close to the long-term median in these regions

1 moderate in the Mackay-Whitsunday region having improved from a very poor condition in
201611 7, which was | i kel y -thanlazetagedvet seasort fhllowing
| ast vy e athdh-average tvdt eason.

Differences in scoring between versions of the Index are expected as they are designed to
communicate different sources of variability in water quality.

Figure i: Water Quality Index scores from 2006 to 2018 for the Wet Tropics, Burdekin and Mackay-Whitsunday regions.
The Index is calculated to show the 6 | et negr trerd in water quality since the start of monitoring (circles) based on the
initial program design. An updated 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 can be found in Appendix D.

year 6
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Changes in some water quality variables have been detected in most regions, including water clarity
and concentrations of nutrients. The most notable overall trends in water quality were:

9 increasing concentrations of particulate phosphorus, dissolved organic carbon and
particulate organic carbon

9 mean concentrations of chlorophyll a, total suspended solids and nitrogen oxides close to
guideline values (GVs)

9 declining Secchi depth (i.e. water clarity is worsening) across the inshore Reef, which is
not meeting water quality GVs.

The causes of changes in nutrient concentrations are likely related to changes in nutrient inputs to
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 act in concert to drive water quality.

Drivers and pressures

Environmental conditions over the 20171 18 summer were relatively benign. No cyclones crossed
the coast in 20177 18; however, cyclone Iris tracked off the coast between Cairns and Rockhampton
from mid-March to early April 2018, resulting in extensive flooding of the Herbert River (and the
township of Ingham) and the Burdekin River flowed over the dam.

Rainfall was above-average in the Wet Tropics catchments; however, the total wet season rainfall
for the Reef catchments in 20177 18 continued to be just below the long-term wet season averages.
Total river discharges this year (and since 2013i 14) have been around or below the long-term
median. This year, the regions had annual discharges close to their long-term medians, with the
exception of the Burnett-Mary region, which was between two and three times higher than the long-
term median, and the Mackay-Whitsunday region, which had below median discharge.

End-of-catchment sediment and nutrient loads showed distinct variations between the focus areas,
with the Tully-Murray-Herbert basins dominating the dissolved inorganic nitrogen exports, followed
by the Russell-Mulgrave-Johnstone and Burdekin-Haughton basins. Loads of total suspended solids
and particulate nitrogen were dominated by the Burdekin-Haughton basins.

Model simulations showed that sites in enclosed coastal waters had many days of exposure to river
discharge, especially for the Normanby, Russell-Mulgrave, Tully, and Burdekin Rivers. Sites in open
coastal and mid-shelf waters were also exposed to river plumes, especially in the Wet Tropics. In
Cape York (Normanby River), plume exposure reached offshore waters for short periods. Dispersion
modelling of dissolved inorganic nitrogen and total suspended solids loads showed dispersion similar
to previous years with river discharge near the long-term median. Comparison with modelling of pre-
European conditions identified the Wet Tropics as the dominant area of anthropogenic influence for
dissolved inorganic nitrogen, and the Burdekin region as the dominant area of anthropogenic
influence for total suspended solids in the present day.

Satellite imagery showed a high frequency of the primary water type in the coastal areas, with mid-
shelf to offshore areas most frequently exposed to the tertiary water type. 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.

Exposure maps from satellite imagery show that all the tertiary water type concentrations were under
the wet season GVs. Total suspended solid concentrations were above the wet season GVs in the
secondary water type; total suspended solids, chlorophyll a, particulate phosphorus and particulate
nitrogen concentrations were above the wet season GVs in the primary water type. In 201771 18,
approximately 20% of the total area of the Reef was exposed to a potential risk, which was much
lower than the long-term average area.
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This included:

1 25% of the total area of the Cape York region

1 37% of the total area of the Wet Tropics region

1 16% of the total area of the Burdekin region

1 24% of the total area of the Mackay-Whitsunday region.

Case studies

Annual case studies are conducted every year. Case study one investigated the variability in time-
series of chlorophyll and turbidity from the Marine Monitoring Program logger network. Long-term
monitoring data was decomposed using signal analysis. A detectable amount of variability in
chlorophyll and turbidity occurred over short time periods (every ~12 and ~6 hours), and was likely
the result of tidal influence on the inshore region. This method can be extended to identify sources
of variability in many types of time-series data from monitoring programs.

Case study two assessed continuity between satellite-derived water colour monitoring products. It
found that it is feasible to transition the methods from historical MODIS to the new Sentinel-3
satellites and from the wet season colour scale to the historical Forel-Ule colour scale using a freely
available toolbox that includes a smartphone application for the future and continuous mapping of
Reef waters.
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1.l ntroducti on

1.1 The Great Barrier Reef

The Great Barrier Reef (the Reef) is the most extensive reef system in the world, comprising over
2900 km? of coral reefs (Figure 1-1). It also includes large areas of seagrass meadows, estimated
to be over 43,000 km? or ~12.5% of the total area of the Great Barrier Reef Marine Park (the Marine
Park). The Reef catchment is divided into six natural resource management (NRM) regions (Figure
1-1), each with differing land use, biophysical and socio-economic characteristics.
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1.2 Water quality monitoring in the Marine Monitoring Program

The management of water quality remains a priority for the Great Barrier Reef Marine Park Authority
(the Authority) because good water quality aids the resilience of coastal and inshore ecosystems of
the Reef (Great Barrier Reef Marine Park Authority, 2014a, b).

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 recently updated by the Australian and Queensland governments, and integrated as a
major component of the Reef 2050 Long-Term Sustainability Plan (Commonwealth of Australia,
2015)%, 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 Marine Monitoring Program (MMP) forms an integral part
of the Paddock to Reef Integrated Monitoring, Modelling and Reporting Program. The MMP
encompasses the following three components: inshore water quality, coral and seagrass. Ecological
components of the MMP (seagrass and coral health) publish separate annual reports detailing the
condition and trend of these ecosystems in relation to multiple stressors, including water quality data
presented in this report (e.g. McKenzie et al., 2017; Thompson et al., 2017). Inshore pesticide
monitoring is also discussed in a separate report (e.g. Grant et al. 2017).

Theoverarching objective of the i ns hoAssesswempoeal
and spatial trends in inshore marine water quality and link pollutant concentrations to end-of-
catchment loadsé The specific objectives of the program (Australian and Queensland governments,
2018b) are to:

1 monitor, assess and report the three-dimensional extent and duration of flood plumes and
link concentrations of suspended sediment and nutrients to end-of-catchment loads

1 monitor, assess and report trends in inshore concentrations of total suspended solids
(TSS), chlorophyll a (Chl-a) and nutrients against Water Quality Guidelines for the Great
Barrier Reef Marine Park (or other water quality guidelines if appropriate)

1 monitor, assess and report trends in turbidity and light attenuation for key Reef inshore
habitats against established thresholds and/or guidelines

1 monitor, assess and report the extent, frequency and intensity of potential for impact on
inshore seagrass meadows and coral reefs from flood plumes and link to end-of-
catchment loads.

Our capacity to comprehensively report on the link between concentrations of water quality
parameters and end-of-catchment loads (objective 1) and the ability to make conclusions regarding
the intensity of potential impacts of flood plumes on reef ecosystems (objective 4) is currently
constrained by the spatial and temporal extent of water quality condition and trend data, and the
ability to differentiate water quality influences from confounding factors such as climate change, and
the impact of severe storms and disease. However, as predictive tools including the eReefs
hydrodynamic and biogeochemical model are further progressed for practical applications such as
these, the ability to report on these objectives will continue to improve.

The inshore water quality monitoring program has been delivered by the Australian Institute of
Marine Science (AIMS), James Cook University (JCU) and the Authority since 2005.

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

gual
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1.3 Structure of the report

The next Sectonpr esent s a summary of t he 3gdescops thernfattors me t h c
influencing marine water quality, referred to as drivers and pressures in the Driver-Pressure-State-
Impact-Response (DPSIR) framework (Figure 1-2).

This yearés resul ts conditon dne tremdafrwateranrthe Gigat Bafrier Réek
lagoon (i.e. the state of water quality) are presented in summary in Section 4, and described by
region in Section 5. More detailed data are included in Appendix E.
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= Catchment ruroff
Reef 2050 WQIand : .
Reef 2050 Logg Term (sediment, nutrient,

o pesticides)
Sy Pl Degradation of coastal
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Figure 1-2: DPSIR framework used to guide the structure of the MMP, derived from the Great Barrier Reef Strategic
Assessment (Great Barrier Reef Marine Park Authority, 2014a). The aspects highlighted in yellow are included in this
report.
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2Met hods summary

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, 2019). The QA/QC report covers the objectives and principles of analyses, step-by-step
sample analysis procedures, instrument performance, data management systems and quality control
measures.

2.1 Sampling design

The MMP inshore water quality monitoring is designed to quantify temporal and spatial variation in
inshore water quality conditions. The current design was implemented in February 2015 and includes
four focus areasd the Russell-Mulgrave, Tully, Burdekin, and Mackay-Whitsunday regions. The
focus areas were targeted for intensive sampling and were chosen as priority areas based on water
guality risk assessments (Brodie et al., 2013). Sites were selected along expected water quality
gradients related to exposure to terrestrial 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).

Most of the sampling sites that have been routinely monitored from 2005 to 2014 are included in the
current sampling design, allowing for the continuation of the long-term time-series. Sites are now
sampled more frequently (typically between five and 10 times annually) compared to only three times
annually in the previous design (Kuhnert et al., 2015). The Tully focus area adds value to the long-
term dataset collected in this area from 1994 to 2012 (Devlin and Schaffelke, 2009), and the Cairns
Transect in the Barron-Daintree sub-r e gi on of t he Wet Tropics icad
water quality datasets (beginning in 1989).

In January 2017, monitoring began in the Cape York region at four transects from the Pascoe,
Normanby-Kennedy, Annan-Endeavour and Stewart Rivers. These transects are monitored by the
Cape York Water Monitoring Partnership (CYWMP) coordinated by Howley Environmental
Consulting.

The map in Figure 2-1 shows the geographical locations of the current sampling sites. Appendix C
describes all stations included in the MMP, distinguishing between the routine and event-based
sampling sites.
The list of parameters sampled in the program is provided in Table 2-1 and includes:

i continuous measurement of salinity and temperature at eight stations

9 continuous measurement of chlorophyll and turbidity at 15 stations

9 60 routinely-sampled stations with more frequent sampling during the wet season (86 sites
in total)

1 27 event-based stations sampled during flood conditions.

one



Marine Monitoring Program Annual Report for inshore water quality monitoring 20171 18

1000km

Legend

@ Cape York transects
@ Cairns transect

@ Water sampling sites
@® Loggers/moorings

~ Townsville (.

! s 4, 7

S Ny
y

Bowen

~ BURDEKIN ~ Prosemine

Rockhampton 4 : o,

-

A : § Gladstng 01
N | FITZROY G

0 50 100 200
IS T

Kilometres 3 f\\

Figure 2-1: Sampling locations of the water quality monitoring sampled from 2015 onwards. Note that the Cape York
transect was added in 2017. NRM region boundaries are represented by coloured catchment areas with grey lines
extending these boundaries into the Reef.
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Table 2-1: List of parameters measured during the routine 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

Salinity Salinity
Temperature Temperature Celsius degree
Light attenuation coefficient* Kb m-1

Physico-chemical -
Total suspended solids TSS mg L?
Coloured dissolved organic matter CDOM m-1
Turbidity Turb NTU
Ammonia NHs ug L1
Nitrite! NO2 pg L?
Nitrate? NOs pg L
Dissolved inorganic phosphorus PO, pg L?
Silica Si pg Lt

Nutrients Particulate nitrogen PN pg L2
Particulate phosphorus PP pg L
Total dissolved nitrogen TDN pg L
Total dissolved phosphorus TDP pg L
Particulate organic carbon POC pg Lt
Dissolved organic carbon DOC pg L

Biological Chlorophyll-a Chl-a pg L

1 note that NOx is the sum of NO2 and NO3

*Derived from vertical profiles of photosynthetically active radiation and not sampled at all sites

2.2 Water quality sampling

At each of the sampling locations (Figure 2-1, Appendix C), 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 (Kp). See the QA/QC
report for a detailed description of CTD data processing (Great Barrier Reef Marine Park Authority,
2019).

Immediately following the CTD cast, discrete water samples were collected with Niskin bottles.
Samples collected at routine stations 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
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,
2019). 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:
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9 Turbidity is a measure of light scattering caused by fine suspended patrticles, such as
clay and silt, detritus, microbes and phytoplankton and zooplankton. Turbidity is affected
by a wide range of factors, including natural ones such as wind, waves and currents, as
well as anthropogenic ones such as dredging and increased land-based run-off.

9 Chl-a concentration is a measure of phytoplankton biomass in a water body and in coastal
waters this can reflect changes in river nutrient loads.

9 Dissolved inorganic nutrients (NH 3, NOx, PO4 and Si(OH).) measure the amount of
readily available nutrients for plankton growth in water samples. Inorganic nitrogen (NHs,
NOy) and phosphate (PO4) contain around 1% of the nutrient pools in the Reef. The
inorganic nutrient pools are affected by a complex range of production and uptake
processes including both natural (e.g. plankton uptake/production, upwelling and nitrogen
fixation) and anthropogenic (e.g. dredging, changed land use) processes.

9 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 um. 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). The PN and PP pools in this report contain both
inorganic and organic parts. The particulate matter pool is affected by primary production,
microbial and sunlight degradation, and by factors such as wind, waves and currents, as
well as sources such as dredging and land-based run-off.

9 Dissolved organic carbon (DOC) is, in this report, a measure of the organic material
passing a filter with a pore size of 0.45 um. This pool is mainly lifeless and has a complex
chemical composition. The DOC pool is affected by a complex range of production and
degradation pathway. The sources include sediment resuspension events, river runoff and
primary production. The main sinks are linked with microbial and sunlight degradation.

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 stations (Appendix C),
which were deployed 5 m 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 E (Figure E-1). Annual means and medians of turbidity
were also calculated for each site based on the DERM dvater yeard(1 October to 30 September) and
compared with the guideline value (GV) (Table E-4).

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 2-1Figure 2-1: Sampling locations of the water quality monitoring sampled
from 2015 onwards., Appendix C). See the QA/QC report (Great Barrier Reef Marine Park
Authority, 2019) for detailed descriptions of logger pre- and post-deployment procedures. Site-
specific time-series from these loggers can be found in Appendix E (Figure E-2).

2.4 Data analyses 1 ambient water quality

Generalised additive mixed effect models were fitted to key water quality variables for each focus
region and sub-region to identify long-term trends in inshore water quality (details in Appendix D-2).

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
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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:

1 water clarity (TSS concentrations, Secchi depth and turbidity measurements by FLNTUSB
instruments, where available)

Chl-a concentrations

PN concentrations

PP concentrations

NOy concentrations.

=A =4 =4 =

For each monitoring site, these indicators are compared to GVs, scored based on performance
relative to guidelines, and aggregated to give an overall site-specific score. Sites are then
aggregated within a region or sub-region to give a regional score (see Section 4).

The WQ Index is calculated using two different methods due to changes in the MMP design that
occurred in 2015, as well as concerns that the Index was not responsive to changes in environmental
pressures of each year. 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 20051 15 to 2015i
onwards 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 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:

9 annual water quality GVs are used for comparison with monitoring data

1 only AIMS monitoring data are used

9 a four-year running mean is applied to data to reduce the effect of sampling time on the
Index

9 the Index is an average of scores for 5 indicators.

2. Annual condition : This version is based on the post-2015 MMP sampling design and uses all
sites and sampling dates per year. Key aspects of this version are:

1 seasonal water quality GVs are used for comparison with 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)

9 both AIMS and JCU monitoring data are used

1 a running mean is not applied

1 the Index is a hierarchical combination of scores for 5 indicators.

Details of Index calculation can be found in Appendix D-3.

2.5 Data analyses i wet season water quality
The wet season water quality data were used for several purposes:

i to characterise water quality gradients during the wet season and during high flow
conditions

1 to investigate the transport and/or transformation of key pollutants when they are
discharged into the Reef lagoon

1 to identify where measured values were above the water quality GVs

9 to assess the exposure of coral reefs and seagrass ecosystems to land-sourced pollutants.

For the mapping, a simple data extraction was performed (see method in Appendix D-4); therefore,
the water quality parameters measured during the wet season could be associated with each wet
season water type (and colour class), i.e. to primary (colour classes 1 to 4), secondary (colour class
5) or tertiary (colour class 6) water types (Appendix D-4 and following Section for description of the
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wet season water types). The transport and/or transformation of water quality parameters as well as
the pollutant concentration relative to the GVs were investigated by plotting the mean water quality
concentrations (long-term and 20177 18) against their water type and colour class categories.

The mean water quality concentrations have been calculated for 20171 18 using all surface data (<
0.2 m) collected between November and April by JCU, AIMS and the CYWMP. During the previous
wet seasons, the mean water quality concentrations were calculated using the JCU dataset only,
assuming it was representative of high flow conditions.

2.6 Remote -sensing modelling T wet season water type and exposure maps

Several satellite-derived products were produced and are illustrated in Figure 2-2 (Devlin et al., 2015,
modified). These products included weekly panel maps of environmental and marine wet season
conditions, frequency maps of occurrence of wet season water types and exposure maps, as well
as tabling the area (km?) and percentage (%) of coral reefs and seagrass meadows potentially
affected by different categories of exposure (or potential risk). Details are included in Appendix D-5.

Wet season water type maps were produced using 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 (Alvarez-Romero et al., 2013) and typical of colour gradients
existing across coastal waters, including river plumes during the wet season (Figure 2-3). To
complement this dataset, MODIS-Terra true colour images are also occasionally downloaded from
the National Aeronautics and Space Administration (NASA)0s EOSDI S wor | dv
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). The MODIS-Terra data are not included in the processing of the weekly, frequency
and exposure composite maps.

Colour classes are assigned to plume waters that 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. These characteristics
vary the impact on the underlying ecological systems.

Wet season colour classes were further grouped into three wet season water types:

9 primaryd classes 1to 4
9 secondaryd class 5
i tertiaryd class 6.

The brownish to brownish-green turbid waters (colour classes 1 to 4 or primary water type) are typical
of inshore regions of the Reef that receive terrestrial discharge and have high concentrations of
resuspended sediments during the wet season (Figure 2-3). 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. The greenish to greenish-blue turbid
water (colour class 5 or secondary water type) is 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).
Finally, the greenish-blue waters (colour class 6 or tertiary water type) correspond to waters with
above ambient water quality concentrations. This water body is typical of areas towards the open
sea or offshore regions of river flood plumes.

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

Frequency maps were produced and predicted the areas affected by the three wet season water
types (primary, secondary and tertiary) combined or individually (i.e. of the brownish, greenish and
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greenish-blue waters, respectively). Frequency maps were produced over the seasonal (20171 18
wet season) and long-term (20027 03 to 20171 18 wet seasons) time frames (

Figure 2-2). 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. Results for 2011 (very wet),
2016 and 2017 (dry) years and 2018 were processed using true colour data from the Bureau of
Meteorology (BOM) and the slightly modified cloud mask (2017 case study), while all other years
were processed using previous methods.

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.

Wet Season Water Types
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Figure 2-2: Summary description of the wet season water quality products derived from remote sensing information in the

Wet season water type maps provide a
broad scale approach to menitoring plume
waters in the GBR marine environment.
These weekly maps are are classified into six
water types defined by their colour
properties, and associated with characteristic
combinations of optically active components
(TSS, CDOM, and chlorophyll-a) and differing
pollutant concentrations. Example maps
show turbid waters following heavy rainfall
in the Fitzroy River catchment {2016} and
Burdekin to Wet Tropics (2011).

Colour class frequency maps illustrate the
extent and movement of the different water
types over the wet season. The colour class
frequency is calculated as the number of
weeks within a wet season (Dec - April) that
a pixel was exposed to a given colour class
divided by the number of observations at
that pixel. The maps above report the
frequency of primary plus secondary wet
season water types (colour classes 1-5) in
2016, and the mean frequency of colour
classes 1-5 in the GBR from 2006 to 2013.

Surface load maps allow further
understanding of the movements of
pollutants within plume waters. They are
useful for comparing the intensity of
exposure to pollutant loads from year to
year and for comparison with alternate
scenarios (such as pre- development loads).
These maps combine field data with water
type maps and end-of-catchment pollutant
loads, The maps above report the surface
DIN mass distribution in 2016 compared to
the average for 2003-2016.

Spatial risk (exposure) maps are a preliminary
product aiming to evaluate the ecological
risk to GBR ecosystems from exposure to wet
season water types. These maps display
qualitative categories of risk associated with
different combinations of water type
frequency and mean colour class value. The
water type frequency Is used to account for
the intensity that water types inundate a
particular area, and mean colour class
accounts for the severity of the inundation as
related to pollutant concentrations.

MMP illustrated using the 2016 map outputs as examples. Modified from Devlin et al. (2015).
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Figure 2-3: Triangular colour plot showing the characteristic colour signatures of the wet season water types in the Red-
Green-Blue (RGB or true colour) space. Alvarez-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). A comparison of the colour classes and approximate RGB colour of the Forel-Ule scale are also presented in
Appendix D-4 (Figure D-1).

Exposure maps were produced for the whole of the Reef and for all focus regions over the seasonal
(20171 18 wet season) and long-term (20021 03 to 20177 18 wet seasons) time frames. They were
produced using the exposure assessment framework as presented in 20157 16, 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).

In this magnitude x likelihood framework, the pobentialr i sk & corr espondsboteo an
guideline concentrations of land-sourced pollutants during the wet season and focuses on TSS, Chl-

a, PP and PN concentrations. The dnagnitude of the e x p o scorregpdnds to the mean wet season
concentration of pollutants (proportional exceedance of the GV) mapped through the primary,
secondary and tertiary water types. The 6 1 i kel i hood dsfestimated by eatcplatirg the e 6
frequency of occurrence of each wet season water type. 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. Seasonal overall exposure scores are categorised into four
equally-distributed potential risk categories, and the area (km?) and percentage (%) of coral reefs
and seagrass meadows affected by the different categories of exposure (I to IV) calculated as a
relative measure between regions and years.

The methods are described in further detail in Appendix D-5.

2.7 River discharge

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 (21001 2200 km?);
however, the Daintree River at Bairds gauge only measures 43% 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 around double the area
compared to the gauge 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 2-2; Department of Natural Resources and Mines [DNRM], 2017). The total annual
discharge for each gauge was then up-scaled using the difference between the gauged area and
the total basin area to estimate flow for each basin. The key assumption for this calculation is that
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rainfall was spread relatively evenly over the entire basin for each year. This assumption was tested
further by comparing our mean annual basin discharge with those produced by the Source
Catchments model (Waters et al., 2014) over the common period. The data showed reasonable
agreement (generally within 10%) for most basins, although adjustments to the correction factor
were made for some basins to account for areas of the basin that were gauged in wetter or drier
parts of the basin. 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 Riverd marked
with an asterisk), the gauge from the nearest neighbouring basin was used coupled with the relevant
area adjustment.
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Table 2-2. 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.

Percentage
NRM region Basin A\l/\j\/RC Basin azrea Relevant gauges of Basin Correction
o. (km?) covered by factor
key gauges
Jacky Jacky Creek 101 2963 Pascoe Ri&’fgeakt*ea"away 0 2.4
Olive Pascoe River 102 4180 Pascoe River at Garraway Creek 31 3.0
Lockhart River 103 2883 Pascoe River at Garraway 0 1.9
Creek*
Cape York Stewart River 104 2743 Stewart River at Telegraph Road 17 5.8
Normanby River 105 24,399 Norma”byc'fé‘g‘?;i:é Kalpowar 53 1.9
Jeannie River 106 3638 Endeavour River at Flaggy* 0 10.0
Endeavour River 107 2182 Endeavour River at Flaggy 15 6.5
Daintree River 108 2107 Daintree River at Bairds 43 2.3
Mossman River 109 473 Mossman River at Mossman 22 4.5
Barron River 110 2188 Barron River at Myola 89 1.1
wiormeRisel e MgEefwapestie o2
Wet
Tropics South Johnstone River at
Johnstone River 112 2325 Upstream Central Mill + North 57 1.8
Johnstone at Tung Oil
Tully River 113 1683 Tully River at Euramo 86 1.2
Murray River 114 1107 Murray River at Upper Murray 14 7.1
Herbert River 116 9844 Herbert River at Ingham 87 1.1
Black River 117 1057 Black River at Bruce Highway 24 4.1
Ross River 118 1707 Haughton River at Powerline* 0 0.8
Burdekin Haughton River 119 4051 Haughton River at Powerline 44 2.3
Burdekin River 120 130,120 Burdekin River at Clare 100 1.0
Don River 121 3736 Don River at Reeves 27 3.7
Proserpine River 122 2494 O'Connellcl;\’oi\slg:'nzt*Staffords 0 7.8
Mackay O'Connell River 124 2387 O'C"””e"cr‘:i)"sesri:é Staffords 14 7.0
Whitsunday
Pioneer River 125 1572 Pioneer River grtlvl?/umbleton Weir o5 11
Plane Creek 126 2539 Sandy Creek at Homebush 13 7.8
Styx River 127 3013 Waterpark Creek at Byfield* 0 2.9
Shoalwater Creek 128 3601 Waterpark Creek at Byfield* 0 3.3
Fitzroy Water Park Creek 129 1836 Waterpark Creek at Byfield 12 8.7
Fitzroy River 130 142,552 Fitzroy River at The Gap 95 1.0
Calliope River 132 2241 Calliope River at Castlehope 57 1.7
Boyne River 133 2496 Calliope River at Castlehope* 0 0.43
Baffle Creek 134 4085 Baffle Creek at Mimdale 34 2.9
Kolan River 135 2901 Kolan River at Springfield 19 2.0
Blgﬂrgf;/t ) Burnett River 136 33,207 Burnett River at Figtree Creek 92 1.1
Burrum River 137 3362 Gregory River at Leesons 19 53
Mary River 138 9466 Mary River at Home Park 72 1.4

* Gauges used that are not in the basin area
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2.8 Load mapping

An ocean colour-based model has been used to estimate the dispersion of dissolved inorganic
nittogen (DIN NH + N G+ N Q) and TSS delivered by river discharge to the Reef waters (da
Silva et al., in prep. reproduced in Waterhouse et al., 2017b). This model, built on a method by
Alvarez-Romero et al. (2013), combines in situ data, MODIS satellite imagery and modelled annual
end-of-catchment DIN and TSS loads from the Reef catchments. In the ocean colour model,
monitored and modelled end-of-catchment loads provide the amount of DIN or TSS delivered to the
Reef, in-situ data provides the DIN or TSS mass in river plumes and satellite imagery provides the
direction and intensity of the DIN or TSS mass dispersed over the Reef lagoon. The eReefs
hydrodynamic model also provides an estimate of the boundary of the plume extent during the wet
season. This model produces annual maps of average DIN and TSS concentrations in reef waters.

The model is described in detail in Appendix D-6.

The difference between the estimated wet season DIN and TSS concentrations in the Reef lagoon

for the 2018 water year (1 October 2017 to 30 September 2018) was calculated and compared to

the pre-developmentl oads. Thi s can be interpreted as O6ant hi
highlighting the areas of greatest change with current land use characteristics.

The contribution of DIN and TSS load from rivers to the waters of each NRM region was determined
by the load exported from each river that reaches a particular NRM region, divided by the total load
of DIN or TSS in that region. If a river presents a load contribution of 100% to a particular NRM
region, this means that no other river included in the model contributes load to that NRM region. Two
periods were considered, pre-development and current (20177 18) water years.

2.9 Zones of influence for river  discharge

Hydrodynamic models provide a tool for identifying, quantifying and communicating the spatial
impact of discharges from various rivers into the Reef lagoon. The cumulative exposure was
estimated for the entire water year (October 2017 to September 2018) for the Normanby, Barron,
Russell-Mulgrave, Tully and Burdekin Rivers.

The eReefs (http://ereefs.org.au/ereefs) hydrodynamic model output was used for the year, which
incorporates measured wind, pressure, and tide to provide improved estimates of river plume
movement in coastal waters. Simulated river-tagged passive tracers were released from each of the

major gauged rivers discharging into the Reef. The discharge concentratior
tracer was set at 1.0 at the river mouth, whereas the starting tracer concentration in the Reef lagoon

was set at O.

Details of the methods used for the eReefs tracer study are presented in Appendix D-7.
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3.Drivers and pressures influen

3.1 Coastal development including a griculture

The Wet Tropics, Burdekin, Mackay Whitsunday, Fitzroy and Burnett-Mary regions are characterised
by a variety of land uses including agricultural (sugarcane, grazing, cropping and other horticulture),
mining and urban development. The Cape York region is less developed than these Reef
catchments; therefore, land-based activities in this region are considered to have a relatively small
impact on marine ecosystems (Waterhouse et al., 2017b). However, even in the Cape York region,
grazing land use, roads, mining and other vegetation clearing have significantly increased sediment
erosion (Brooks et al., 2013). Specifically:

1 Cape York

0 The Endeavour and Annan River Basin has an area of 2186 km? and a relatively 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 (e.g. sediment, nutrients and toxicants) in the Endeavour catchment include
urban run-off from the township of Cooktown located at the mouth of the Endeavour
River, cattle grazing, horticulture and road erosion upstream. Historical mining
disturbances, cattle grazing impacts (current and past) and road erosion are the
primary sources of pollution to the Annan River (Shellberg et al., 2015).

0 The Normanby Basin has an area of 24,550 km? and a relatively 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 approximately
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 former cattle grazing, large-scale land clearing for agricultural
development, and road construction and maintenance are the primary pressures
affecting water quality (sediment and associated nutrient loads) across the Normanby
Catchment (Cape York NRM and South Cape York Catchments, 2016). Horticulture
in the Laura sub-catchment has also increased nutrient concentrations in the Laura
River (Howley, 2010).

o The Pascoe River has an area of 2088 km? with a high proportion of
nature/conservation land use (84%) with some closed grazing (15%) according to
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 (previous years but not the current year) and road erosion are the main
pressures affecting water quality. These impacts are considered to be minimal in this
sub-region relative to other Reef catchments and marine waters are considered to be
of high Environmental Value (Cape York NRM and South Cape York Catchments,
2016).

I Wet Tropics

o The Barron Daintree sub-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 sub-region (Brodie et al., 2013; Waterhouse et al., 2017b).
The Daintree catchment has an area of 2107 km? 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 has an area of 479 km? and consists of 76% natural/minimal
use lands, 10% sugarcane and smaller areas of grazing and urban land uses. The
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Barron catchment has an area of 2189 km? and consists of 29% natural/minimal use
lands, 31% grazing, 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.

0 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 has an area of 2326 km? 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).

0 The Tully River Basin has an area of 1685 km? 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 km? 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 has an area of 9842 km? and consists of 27%
natural/minimal use lands, 56% grazing, 8% sugarcane and smaller areas of forestry.

9 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.

1 The climate in the Mackay-Whitsunday region is wet or mixed wet and dry tropical with the
catchment land use dominated by agriculture broadly divided into grazing in the upper
catchments and sugarcane cultivation on the coastal plains (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 Nino i Southern Oscillation (ENSO) cycle. Climate
models predict continued warming; increasing intensity of extreme rainfall events, resulting in
freshwater floods; fewer but more intense tropical cyclones; and more frequent and extreme La Nifia
and El Nifo events (Schaffelke et al., 2017).

No cyclones crossed the coast in 20171 18 but cyclone Iris tracked off the coast between Cairns and
Rockhampton from mid-March to early April 2018 (Figure 3-1), resulting in extensive flooding in the
Herbert River (and the township of Ingham) and the Burdekin River flowed over the dam.

In the 11 years since the MMP began, 10 cyclones have been Category 3 or above and have affected
the health of the Reef.

3.2.1Wet season r ainfall for the Reef, NRM regions and basins

Queensland rainfall, and resulting river flows into the Reef, is highly seasonal and highly variable
from year to year and on decadal timescales. Wet season rainfall for the Cape and Mackay-
Whitsunday catchments continued to be below the long-term averages in 20171 18 (Figure 3-2 and
Figure 3-3). The Wet Tropics catchments had above average rainfall, largely associated with a strong
convergence weather system (early March) and cyclone lIris (end of March/early April) (Figure 3-2
and Figure 3-3). Wet season rainfall in the Burdekin, Fitzroy and Burnett-Mary regions was less than
the long-term average but not substantially so. Rainfall events prior to the wet season are important,
with reasonably large rainfall events occurring in mid-October 2017 in the Baffle, Kolan, Burnett,
Burrum, and Mary catchments.
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Figure 3-1: Trajectories of tropical cyclones affecting the Reef in 20171 18 and in previous years (2007 to 2017).
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Figure 3-2: Average daily wet season rainfall (mm/day) in the Reef catchment: (left) long-term annual average (19611 90;
time period produced by BOM), (centre) 2017i 18 and (right) the difference between the long-term annual average and
20171 18 rainfall patterns.
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Figure 3-3: Difference between annual average wet season rainfall (December 2017 April 2018) and the long-term wet
season rainfall average (19611 90). Red and blue bars denote catchments with rainfall below and above the long-term
average, respectively. Note that the catchments are ordered from north to south (left to right).

3.2.2Annual f reshwater discharge for the Reef, NRM regions and basins

The trends in freshwater discharge have a significant influence on water quality. The total annual
freshwater discharge for all of the Reef catchments relative to long-term medians (based on
hydrological year, calculated using the methods described in Section 2.7) is shown in Figure 3-4
(supported by Appendix E, Table E-1). Discharge at the regional level is shown in Figure 3-5.

In 20171 18, most regions had annual discharges close to the long-term median, with the exception
of the Burnett-Mary region (two and three times the long-term median) and the Mackay-Whitsunday
region (below the long-term median) river discharge. The 2013 water year (October 2012 to
September 2013) was the last in a sequence of years with total river discharge above the long-term
median (2007 to 2013). Total river discharge from the 2013i 14 to 20171 18 water years was around
or below the long-term median. As noted above, the high discharge in the Burnett-Mary region was
associated with heavy rainfall events in October 2017. The annual discharges in the Cape York, Wet
Tropics and Burdekin regions were amongst the highest discharge recorded in these locations over
the past 3 to 5 years.

Annual discharge for the 35 Reef catchment basins in 20177 18 is shown in Table 3-1 and compared
to long-term median annual flow for that basin.
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Figure 3-4: Long-term total discharge in ML (hydrological year: 1 October to 30 September) for the 35 main Reef rivers.
Source: DNRM, http://watermonitoring.dnrm.qld.gov.au/host.htm.
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Figure 3-5: Corrected annual water year (1 October to 30 September) discharge from each NRM region (using the

correction factors in Table 2-2) for 20021 03 to 20171 18 in (ML per year. Data derived from DNRM (2018).
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Table 3-1: Annual water year discharge (GL) of the main Reef rivers (1 October 2017 to 30 September 2018, inclusive) and long-term (LT) median discharge (19861 87 to 20171 18). 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. (i = data not available).

Basin LT median 2010 11 2011 12 201% 13 2013 14 2014 15 2015 16 2016 17 2017 18
Jacky Jacky Creek 2192 4735 1820 1987 3791 1498 631 2383 2740
Olive Pascoe River 2740 5919 2276 2484 4739 3932 788 2979 3425

Lockhart River 1735 3749 1441 1573 3001 1186 499 1887 2169
Stewart River 630 R 616 523 1312 299 312 685 826
Normanby River 4097 11,333 2182 3462 5060 2915 3407 3781 4333
Jeannie River 1508 2825 1048 695 1870 1434 1581 1747 1721
Endeavour River 980 1836 681 452 1215 932 1028 1136 1119
Daintree River 1723 3936 2397 1e6s [ 1905 1623 1932 1312
Mossman River 1207 2015 1526 1147 1919 874 1245 1143 1504
Barron River 527 [ 852 328 664 380 183 288 868
Mulgrav®ussell River 4458 7893 5697 3530 5421 3146 3254 3016 5760
Johnstone River 4744 9277 5339 3720 5404 3045 3416 4018 5940
Tully River 3536 7443 3425 3342 4322 2660 2943 3099 4237
Murray River 1228 2062 1006 1531 366 974 948 1683
Herbert River 3556 4545 3190 4282 1095 1896 2248 6386
Black River 229 188 419 18 130 65 457
Ross River 355 277 1177 3 24 12 343
Haughton River 553 517 574 121 268 338 827
Burdekin River 4407 3425 1459 881 1807 4165 5542
Don River 342 578 324 171 102 921 135
Proserpine River 888 2171 852 720 157 317 1684 543
O'Connell River 797 1949 764 647 141 284 1511 488
Pioneer River 777 1568 1163 635 2029 597 1389 250
Plane Creek 1053 1949 738 241 833 2613 274
Styx River 205 544 376 344 508 264
Shoalwater Creek 233 619 428 391 578 300
Water Park Creek 616 1632 1128 1032 1524 791
Fitzroy River 2852 1579 2682 3589 6170 955
Calliope River 153 284 149 406 141
Boyne River 39 72 38 103 36
Baffle Creek 465 276 710 257 829
Kolan River 56 45 111 146
Burnett River 286 643 218 381
Burrum River 72 114 118 91 62 150
Mary River 1145 595 1652 481 583 1903
Sum of basins 50,443 81,674 72,445 62,285 38,225 35,249 55,825 60,906

Notes for the river discharge data : Values were obtained from DNRM (http://watermonitoring.dnrm.gld.gov.au/host.htm) and up-scaled using the methodology presented in Appendix D.
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4 Model | 1 ng anndarmanpep iwagt e r

This Section presents results of monitoring inshore Reef water quality during the 20177 18
dvater year&(October 20171 September 2018); monitoring results from the duration of the MMP
(since 2005) are used to provide context for interpreting recent monitoring. It integrates the
results of the AIMS and JCU (including the CYWMP) inshore water quality monitoring.

4.1 Satellite monitoring of wet season water type s

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

4.1.1Areas affected

The 20177 18 water type frequency maps and the long-term water type frequency map showed
similar trends for most of the Reef. The frequencies of occurrence of combined wet season
water types measured across the Tully-offshore, Herbert-offshore and Pioneer-offshore
transects in 20171 18 were similar to the long-term frequencies and lower than the 20107 11
frequencies (wettest wet season monitored) (inset Figure 4-1).

The extent and frequency of the occurrence of each of the three wet season water types was
variable across regions, cross-shelf and wet seasons, reflecting the constituent concentrations
and intensity of the river discharge and/or resuspension events (Figure 4-2). The maps
illustrate a well-documented inshore to offshore spatial pattern (e.g. Devlin et al., 2013, 2015),
with coastal areas experiencing the highest frequency of occurrence of primary water types
and offshore areas less frequently exposed to primary waters and, when exposed, more
frequently reached by the tertiary water type (Figure 4-2).

The total area of the Reef affected by wet season water types was similar to the long-term
area affected and lower than the 2011 area (includes waters of Hervey Bay, south of the
Marine Park boundary, Reef+HB); Table 4-1). However, the primary waters in 2017i 18
covered much less area than in 2011 or in the long-term. Similarly, secondary waters covered
less area than in 2011 or in the long-term. Tertiary waters covered more area than in the long-
term, but still less than in 2011.

Table 4-1: Areas (km?) and percentages (%) of the Reef lagoon (and Hervey Bay waters) affected by the wet
season water types during the 20177 18, 20107 11 and long-term wet season (the Reef+HB).

l’;’;‘éer 20171 18 20101 11 Long-term

T P Y P T P
Combined 266,076 70% 320,089 84% 258,483 68%
Primary 21,886 6% 50,871 13% 48,335 13%
Secondary 92,144 24% 137,486 36% 108,924 29%
Tertiary 245,634 64% 298,403 78% 223,204 59%
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Figure 4-1: Map showing the frequency of wet season water types (primary, secondary and tertiary water types combined) in the a) long-term (2002i 03 to 20177 18: 333 weeks),
b) 201071 11 wet season (22 weeks) and c¢) 20171 18 wet season (22 weeks), where the highest frequency is shown in orange and the lowest frequency is shown in blue. Plots on
the right show the frequency values recorded along three transects extending from the Tully, Herbert and Pioneer Rivers to the external boundaries of the Marine Park and
illustrate the differences in the spatial distribution and frequency of occurrence existing between dry and wet years. Wet seasons 2011, 2016, 2017 and 2018 have been produced
using MODIS true colour data processed by BOM. Other wet seasons were produced using MODIS true colour data processed by JCU.
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Figure 4-2: Map showing the frequency of primary, secondary and tertiary wet season water types in the 20177 18

wet season (22 weeks), where the highest frequency is shown in orange and the lowest frequency is shown in
blue.

27



Marine Monitoring Program Annual Report for inshore water quality monitoring 20171 18

4.1.2Composition of water types

A summary of water quality parameters in the six colour classes in 20171 18 is shown in Figure
4-3 and Figure 4-4 and detailed characteristics are provided in Appendix E.

Most of the key water quality parameters in both the long-term dataset (2003 to 2018) and in
the reporting year 20171 18 followed long-term and published trends, i.e. decreasing values of
constituents from the primary (colour classes 1 to 4) to the tertiary (colour class 6) water type
(and, inversely, increasing trends for Secchi depth).

The mean concentration of water quality parameters measured across the wet season water
types and colour classes in 20171 18 were all below the long-term average concentrations,
especially PO, that was three times below the long-term average concentration for the primary
water type (Figure 4-3 and Figure 4-4). The following trends were found:

1 primary water type: the long-term and 2017118 mean TSS, Chl-a, PP and PN
concentrations were above the wet season GVs

9 secondary water type: the long-term mean TSS, Chl-a, PP and PN concentrations
were above the wet season GVs. The 20177 18 mean TSS concentration was above
the wet season GV; however, the 20177 18 mean Chl-a, PP and PN concentrations
were below their respective wet season GVs.

9 tertiary water type: the long-term mean TSS concentration was above the wet season
GV; however, the 20177 18 mean TSS concentration was below the wet season GV.
The long-term and 20177 18 mean Chl-a, PP and PN concentrations were below their
respective wet season GVs.

Except for the 20171 18 tertiary water type, the long-term and 20177 18 TSS concentrations
were above the wet season GVs (Great Barrier Reef Marine Park Authority, 2010) in each
respective wet season water type (Figure 4-3). It is however important to note the high
variability of TSS in these waters, as follows:

T[ TSSprimary = 131 i' 356 mg L-l
T[ TSSsecondary = 45 + 103 mg L_l
T[ TSSter[iary = 22 i 17 mg L_l |n 2017' 18

All tertiary waters in the 20171 18 wet season met the GVs. Only an annual mean Secchi depth
GV has been derived (10 m) and no seasonal GV is currently available (and hence is not
indicated on Figure 4-3 and Figure 4-4). The 20171 18 Secchi depth values (7.6 m) did not
meet the annual mean value, although the ecological significance of this is not clear.

While Devlin et al. (2012a) reported higher Chl-a concentration in the secondary water type
than in the primary water type, the 20177 18 wet season was characterised by higher mean
Chl-a concentrations in the primary water type (1 + 0.6 € g )lthan in the secondary water
type (0.6 +0 . 4 %, gimilar to observations in 20151 16 and 20167 17. Chl-a concentrations
were, higher in colour class 3 (1.3 +0.2 ¢ g Y)thanin colour classes 1 and 2 (0.8t00.9¢ g -
1) (Figure 4-4). Thus, the sub-classification into colour classes may better describe fine-scale
coastal processes in coastal waters and supports the findings of Devlin et al. (2013) that a
peak of Chl-a concentration is located in transition zones between the primary and secondary
water types This peak in Chl-a concentration is hypothesised to be driven by a reduction in
both TSS and light attenuation, and is measured by increased Secchi depth values, regular
nutrient inputs, and the increase in salinity because the growth rate of marine phytoplankton
can be inhibited by lower salinity (Carstensen et al., 2015).
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Figure 4-3: Mean water quality concentrations across the three wet season water types: comparison between the
mean multi-annual values (20027 03 to 20171 18; dark shaded), the 20177 18 values (light shaded) and wet season
GVs for the open coastal and mid-shelf waters (dotted red lines).
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Figure 4-4: Mean water quality concentrations and standard deviation across the six colour classes: comparison
between the mean multi-annual values (2002i 03 to 20171 18; circles with error bars) and the 20177 18 values (blue
rectangles). Blue dots indicate that the number of data was CB.
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Mean concentrations of water quality parameters across the three 20177 18 wet season water
types showed similar trends between the focus regions, with maximum concentrations
measured in the primary water type and minimum concentrations in the tertiary water types.
However, there were distinct differences in the concentrations of individual pollutants across
regions (Figure 3-5).

For example, the Burdekin region had the greatest TSS, Chl-a, POs, PP and PN
concentrations in the primary and secondary water types, whereas maximum mean CDOM
and DIN concentrations were measured in the primary water type of the Wet Tropics region.
Maximum Chl-a concentrations were measured in the primary water type of the Burdekin and
Wet Tropics regions. The Mackay-Whitsunday and Cape York regions showed the lowest
concentrations of water quality parameters of all regions. However, no water quality data were
collected in the primary water type in the Mackay-Whitsunday region and no CDOM were
collected in the primary water type in the Cape York region. In addition, the frequency of
sampling in flood events was higher in the Wet Tropics region (Russell-Mulgrave three events
and Tully 11 events) compared to the other focus areas (three to four in the Cape York
transects, two in the Burdekin and none in the Mackay-Whitsunday regions), which is likely to
influence the results. To provide context for these results, regional weekly mean
concentrations across colour classes were calculated and are presented in the weekly panels
in the regional reports of this section (Sections 4.4 to 4.7).
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Figure 4-5: Mean 20171 18 water quality concentrations across the three wet season water types: comparison
across the focus regions.
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4.1.3Potential exposure risk to Reef ecosystems

The area (km?) and percentage (%) of coral reefs and seagrass meadows potentially affected
by different categories of exposure (or potential risk) based on satellite-derived wet season
water types is presented.

The long-term and wet season mean concentrations of water quality parameters (Reef-wide)
measured across the wet season water types described above were assessed against the
water quality GV for the open coastal and mid-shelf waters (Great Barrier Reef Marine Park
Authority, 2010), and used in combination with the seasonal and long-term frequency maps to
derive wet season and long-term surface exposure maps, respectively. These assessments
incorporate data from all the surface samples collected between December and April by AIMS,
JCU and the CYWMP.

Exposure maps were produced (Section 4.1.3) and overlaid with information on the spatial
distribution of Reef ecosystems to help identify ecosystems that may experience acute or
chronic high exposure to pollutants during the wet season (exposure assessment, Table 4-2).

Figure 4-6 presents the exposure map of the 20171 18 wet season and Table 4-2 presents the
areas (km?) and percentage (%) of total area, coral reef and seagrass area, affected by
different exposure categories within the Reef. The maps, areas and percentage are presented
in the context of the long-term exposure (20037 18).

In 20177 18, approximately 20% of the total area of the Reef lagoon was exposed to a potential
risk, which was much lower than the long-term total area (Table 4-2i 62% exposed). The Reef
lagoon was mostly influenced by the lowest exposure categories (categories | and Il), in
agreement with the long-term trends, but smaller areas were exposed to exposure category |
(18% in 20177 18 versus 60% in the long-term). This characteristic was related to the relatively
low mean TSS, Chl-a, PP and PN concentrations measured in 20177 18 (Figure 4-4) where all
the concentrations were under the wet season GVs in the tertiary water type, only TSS was
above the wet season GVs in the secondary water type, and TSS, Chl-a, PP and PN were
above the wet season GVs in the primary water type. Only 0.5% of the Reef lagoon was in the
exposure category lll and there were no areas of the Reef in the exposure category 1V, but
these areas are typically low (long-term areas shown in Table 4-28 1% category Ill and 1%
category V). Regional reports are presented later in Section 5.

The incorporation of the full wet season dataset (including all AIMS, JCU and CYWMP data)
in the last two years of analysis, rather than only the results obtained by JCU during flood
events in previous years, may have partially contributed to the generally lower exposure
values, although the same approach was adopted in 20167 17 and did not result in any
comparable differences. It is recommended that the influence of the combination of datasets
is investigated further during the next period of reporting.

Coastal areas have the highest frequency of occurrence of primary waters, and thus coastal
ecosystems have the greatest potential to be affected by the highest exposure categories
(categories 1l and IV). Inversely, offshore areas are less frequently exposed to wet season
water types and, when exposed, are more likely reached by the tertiary water type. Thus,
offshore ecosystems are most affected by the lower exposure categories. Inshore ecosystems
are located in transitional zones that experience an alteration of water types and frequencies
depending on the wet season characteristics and resuspension events.

In 201771 18, it was estimated that:

1 A total of 24% of coral reefs were exposed to a potential risk. However, no corals
were in the highest exposure category (IV) and only 0.1% of corals were in category
M.

1 A total of 95% of seagrass area was exposed to a potential risk. No seagrasses were
in the highest exposure category (1) and 13% were in category lIl.

31



Marine Monitoring Program

Annual Report for inshore water quality monitoring 20171 18

1 The coral and seagrass areas in the highest category of exposure in 20177 18 were
lower than the long-term areas (Table 4-2: 0.1% and 0.1% of reefs and 8% and 10%
of seagrasses exposed to category Il and IV, respectively) and were logical with the
characteristic of a relatively dry (close to long-term median) wet season in most
regions.

Table 4-2: Areas (km?) and percentages (%) of the Reef lagoon affected by different categories of exposure within
the Reef during the 20177 18 wet season (and long-term values in brackets). Surface areas south of the Marine
Park boundary (Hervey Bay) are not included.

Potential Risk category Total Total
Area Total Lowest Highest area area not
| I m Y, exposed | exposed
i 279,856
area | 348.839 63,685 3722 1577 nil 68,984
Surface (208,111) | (4878) (2599) (2369) | (217,957) | (130,882)
area 18% 1% 0.5% ne. 20% 80%
% 100%
(60%) (1%) (1%) (1%) (62%) (38%)
area | 24149 5617 42 28 nil 5687 18,461
Coral ' (22,900) | (109) (27) 32) | (23,067) | (1082)
reefs 23% 0.2% 0.1% nil 24% 76%
% 100%
(95%) (0.4%) (0.1%) (0.1%) (96%) (4%)
area 4640 3574 569 277 nil 4420 220
Surveyed (3,082) (669) (352) (469) (4572) (69)
seagrass 7% 12% 6% nil 95% 5%
% 100%
(66%) (14%) (8%) (10%) (99%) (1%)

4.2 Mapping the dispersal of DIN and sediment

An improved understanding of dispersal of the plume componentsd DIN and sedimentd has
been developed using a combination of modelling and in-situ monitoring. The process involves
dispersing modelled load over individual wet season river plumes, which is corrected for DIN
uptake, and then DIN or sediment dispersal from each river plume is summed to represent the
total DIN or sediment dispersed over the lagoon in that year. A detailed description of the
methodology and maps and their potential applications and limitations are presented in
Appendix D-6.

from rivers to the Reef
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Figure 4-6: Long-term (2003i 18) and 20171 18 maps of potential risk exposure produced using the proportional
exceedance of the guideline (magnitude score) multiplied by the likelihood of exposure in each of the wet season
water types: a) continuous exposure scores and b) categorised exposure scores: [>0i 3] = cat. I, [3i 6] = cat. Il,
[61 9] = cat lll and [>9] = cat IV.

4.2.1DIN dispersal in the 2018 water year

The preferential northward movement of the river plumes in the model can result in increased
model-predicted DIN concentration into distant water bodies. The river contributions (x-axis)
to the DIN loading to the six NRM regions in 20171 18 are shown in Figure 4-7. Overall, rivers
located within a marine NRM region were the main contributors to the presence of DIN in its
waters, although this varied between regions. For example:

9 The Burdekin had minimal (<1%) contribution to the Wet Tropics DIN loading

1 The Daintree, Mossman, Barron, and Russell-Mulgrave Wet Tropics Rivers
contributed to the Cape York region (8% total)

9 The Herbert River contributed around 30% to the Burdekin NRM region DIN loading
in2017i18and,t o a much | esser extent, t he
Rivers.
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Figure 4-7: River contributions (x-axis) to the DIN loading in the six NRM regions. The shading groups rivers in
the same NRM region: Cape York i dark green, Wet Tropics i light green, Burdekin i blue, Mackay-Whitsunday
T orange, Fitzroy i purple, Burnett-Mary 1 maroon. The left panels show data for the 20107 11 water year (1
October to 30 September) and right panels for the 20177 18 water year.
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Figure 4-8: River contributions to modelled DIN loading in the six NRM regions. The area of the pie charts is
scaled relative to the loading (mass) of DIN in each of the NRM regions. Pie charts are shaded according to the
river source catchment. Panels A and B show data for the 20171 18 water year (1 October to 30 September).

Panels C and D show data for the 20107 11 water year.
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These cross-regional influences are also evident in satellite imagery in the 20177 18 events.

Modelled DIN mass loads are also presented in Figure 4-8, which shows river contributions in
the six NRM regions shaded according to the river source catchment, and the relative
contribution to the total loading of DIN in each of the NRM regions (shown by scaling the size
of the pie charts). Data for the 20171 18 water year (1 October to 30 September) (Panel A) is
compared to pre-development loads (Panel B). The results highlight the large DIN loadings
from the Wet Tropics region (Panel A) and the large changes between current (Panel A) and
pre-development loadings (Panel B), including in the catchment-based contributions, which
are linked to land use change and land management practices.

The resulting map of the estimated wet season DIN concentration in the Reef lagoon for the
2018 water year (1 October to 30 September) (Figure 4-9 left panel) was compared to the pre-
development loads (Figure 4-9 centre panel) and the difference between them (Figure 4-9
right panel). The difference is interpreted asthe 6 ant hr opogeni c 6 Dvhidh
highlight the areas of greatest change with current land use and land management practices.
The Wet Tropics is the dominant area of anthropogenic influence in the 20177 18 wet season
and, to a lesser extent, the Burdekin region. Anthropogenic influence is also evident in the
Burnett-Mary region.

4.2.2Trends in annual DIN concentration in the Reef during 200  5i 18

The model-predicted DIN export to the Reef lagoon (based on its annual concentration in pg
L over 14 years), provides an estimate of the dispersion of river-derived DIN in Reef waters
and the resulting map highlights spatial and temporal variation in DIN concentration ().

The time series from 2005 to 2018 () shows distinct differences between years, driven by river
flow and pollutant loads, and region. The areas of influence in 20171 18 are comparable to
those years with river discharge close to or below the long-term median, e.g. 20131 14. The
greatest extent of the highest concentrations of model-predicted DIN concentration was
observed in 2011 (associated with tropical cyclone Yasi), with large areas of high DIN values
estimated in all areas except for Cape York.

The areas presenting higher DIN concentrations were relatively constant over the years, with
higher DIN values observed in the Wet Tropics and Mackay-Whitsunday NRM regions than in
the other regions. The greatest incidence of high DIN values occurred in the Wet Tropics
region in all years including 2018 and, within the Wet Tropics, the greatest areas of high values
were correlated with large river discharge events in 2006, 2007, 2009, 2011, 2014 and 2018.
High values were also observed in each region during different years. For example, high
values in the Mackay-Whitsunday region in 2008, each year in 2010 to 2013 and in 2017
(Figure 4-10).

Even though the Burdekin River is responsible, on average, for over 36% of the DIN load
accounted for in the model, it is also responsible for 60% of the total discharge. The
periodically large Burdekin River discharge results in large plumes and, consequently, dilutes
DIN concentrations.
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Figure 4-9: DIN concentration in the Reef lagoon, modelled for the (left panel) 2018 water year (1 October to 30
September), (centre panel) pre-development loads and (right panel) difference between the DIN concentration with
pre-development end-of-catchment DIN load estimates and the 2018 estimates.
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Figure 4-10: DIN over the Reef lagoon for the 2005 to 2018 water years (1 October to 30 September).
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