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previousreports sibmitted under the Marine Monitoring ProgranThe report was commissioned
and supported byGovernment funding under the Australian Government Reef Program and
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1.1. Scope of report

The Australian Government Reef Progravtarine Monitoring Program (herein referred to as the
MMP) undertaken in the Great Barrier Reef (GBR) lagoon assesses therhoraffectiveness of the
AusNI t Ay YR vdzSSyatlyR D2@SNyyYSyiQa wSST 2F (SN
Government ReeProgrammeinitiative. The MMP was established in 2005 to help assess the long
term status and health of GBR ecosystems and is a critical compondma assessment of regional
water quality as land management practices are improved across GBR catchments. The program
forms an integral part of the Reef Plan Paddock to Reef Integrated Monitoring, Modelling and
Reporting Program supported through Reef Pl&his report details the sampling that has taken
place under the Marine Monitoring Program: Terrestrial disgeanto the Great Barrier Refdr the
2012/13 sampling year, led by James Cook University (JCU). The sampling in t20123) it
season was c¢ded out in conjunction with CSIRO atite eReefsprogram which allowed us to
sample with increased frequency over much larger spatial scales

The main objective of wet season monitoring under the Marine Monitoring Program (MMP) is to
describe water qualy (WQ) concentrations within wet season conditipebaracterise the spatial

and temporal variability associated with flood plumes amdduce maps of river plumemdmodels

that summarize landéourced contaminants transportUltimately the integration b all these
methods in asingle risk assessment frameworkould provide a baseline teevaluate the
susceptibility of GBR key ecosystems to the river plume/pollutants exposure i.e., to model the risk of
GBR ecosystem due to exposure to river pluared acue water quality conditions

1.2. Characteristics of the 2022013 Wet Season

The wet season 2013 was characterised by neutral (neither El Nifio nor La Nifia) to borderline El Nifio
climatic conditions and tropical cyclone activity for the 2d2wet season wasightly below the

typical cyclone season activity of Queensland. Two main flood periods were recorded in the river
hydrographs: around the J5of January and the 11of February under the influence of Tropical
Cyclone Oswald and around the 24th of Febyuand 18 of March. Maximum river plume aerial
extents were recorded between these dates.

1.3. In-SituWater Quality

Sampling of flood plumes was successfully conducted during thg-ZDivet seasonwith four
Natural Resource ManagemerfNRM areas sampledver the GBR: Cape York, Wet Tropics,
Burdekin and BurnetMary. A total of 201 sites were visited in the 2012 wet season with 63
sampled in the Cape York, 90 in the Wet Tropics, 36 in the Burdekin and 12 sites in the-Barygett
region (Tablel-1). Tre data from the Wet Tropics and Burdekin are described in this report, with
data collected in Cape York analysed and reportedstaadalonereport (Howley et al., 2016and

the BurnettMary data collected and reported to the Burnett Mary Regional Grai#pSilva et al.,
2015).

Sampling within water associated withe formation and transport of riveflood plumes included
the collection of water samplelssted in Tablel-2. Terminology for each parameter is listed in this
table and will be used for the neainder of the report. Some parameters listed in TabRwere not
reported on in thisreport, including phytoplanktondue to limited number of samplesand PSlII
herbicides, reported inletail inGallenet al.(2013).



Tablel-1: Summary of the sampling effort carried out in the 2d12wet season campaign by NRM,
presenting the number of field trips per River/transect, sites sampled and the sampling
period. Data in italicdyaintree¢ Mossman, Barm,Cape York, Burnett Marare not
described in this report

No. of Total No
NRM River/transect Field . Start Date End Date
Trips of Samples
Pascoe 1 9 01/12/2012 04/12/2012
Cape York  Stewart/Normanby 2 23 01/12/2012 01/02/2013
Daintree/Mossman 1 5 30/11/2012 02/02/2013
Barron 1 5 05/12/2012 03/02/2013
Wet Russell/Mulgrave 1 7 10/12/2012 03/02/2013
Tropics Tully 4 43 10/11/2012 16/04/2013
Northern Herbert 2 12 16/01/2013 25/03/2013
Southern Herbert 2 14 17/01/2013 25/03/2013
Burdekin Burdekin 1 36 13/03/2013 18/03/2013
Don 1 11 14/03/2013 16/03/2013
Burnet Mary 1 12 08/02/2013 09/02/2013
Mary

Tablel-2: List of all water quality parameters collected as part of the MMPsgason water quality

program
Condition Parameter Terminology Units of Measure
Physico-chemical Salinity Salinity PSU
Temperature Temperature Celsius degree
Dissolved Oxygen DO mg/L
Turbidity Total Suspended Sediment TSS mg/L
Light Attenuation Kd(PAR) m-1
Coloured Dissolved Organic Matter CDOM m-1
Nutrients Ammonia as N NH4 uM
Nitrate NO3 UM
Nitrite NO2 UM
Dissolved Inorganic Nitrogen DIN Y
Dissolved Inorganic Phosphate DIP pM
Productivity Chlorophyll-a Chta pg/L
Phytoplankton counts PP Cells/L
Pesticides photosystem Il inhibiting herbicide PSII herbicides  ng/L

Analysis of gatial variation across all WQ parameters, considering the factors of salinity, distance
and 5-day average flow was performed ohully and Herbert in the Wet Tropicand the Burdekin

region Tablel-3LINBaSy da GKS 2dzildzia 27F (K Sfadtord$or rNafsd v Q&
sampled more than 20 times in the 262013 wet season. Highlighted cells identify variables which
are positively or negatively correlated with each other. Salinity in the TullyHanioert is correlated

with most of the forms of nitrogen and phosphorous, excluding the dissolved forms. River discharge
correlates with DIN and Si for the Tully River s and with TP for the Herbert. Distance did not
presented any significant correlation, indicating that linear dilution processes are not occurring in
these regions. Dissolved nutrients are rsttongly correlated with any factor, indicating &b both

coastal hydrodynamidpiological processeand dilution are influencing the transport and uptake of
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the WQ parameters in these regioridote that these processes are examined over the whole of the
wet season and individual events over single dates show atgreorrelation with distance and
salinity.

The water qualitysamples form the Burdekin River exhiliitte correlation with the three factors.
This may relate more to the low flow conditions for central GBR for 2012/2013, with flow being
confounded by ther conditiors such as tidal factors, wind resuspension and wind direction

Table1-3:{ LJS I NJMahkyofielation coefficientsor the parameters fothe Wet Tropics,
Burdekin. A highlighted valuegre significantat p < 0.0land represent a correlation
>0.6 or <.06. Parameters listed ithe table are surface salinity (Sal.jday average
discharge (Disch.), distance between the river mouth and the sampling site (Dist.), TSS,
chlorophylta, TN, TDN, DIN,P, TDP, DIP, PN, &1 Si.

Wet Tropics

Sal. Disch. Dist. TSS chta TN TDN DIN TP TDP DIP PN PP Si
Sal. 1 -0.58 0.11 -0.30 -0.15 -041 -057 -046 -059 -061 -040 0.29 -0.33 -0.67
Disch. -058 1 0.11 0.15 018 -003 025 048 028 028 027 -039 0.10 0.68
Dist. 0.11 0.11 1 -0.25 -0.08 -039 -0.15 -0.11 -0.27 -0.19 -0.27 -0.20 -0.25 -0.32
TSS -0.30 0.15 -0.25 1 052 031 020 -002 020 016 -008 0.12 015 0.27
chla -0.15 0.18 -0.08 0.52 1 029 018 0.06 0.13 -0.02 -0.07v 023 018 0.21
TN -0.41  -0.03 -0.39 031 029 1 079 011 065 054 036 018 044 0.20
TDN -0.57 0.25 -0.15 0.20 0.18 0.79 1 029 060 057 043 -033 033 031
DIN -0.46 0.48 -0.11 -0.02 0.06 0.11 0.29 1 0.21 0.26 0.37 -0.20 0.13 0.56
TP -0.59 0.28 -0.27 020 013 065 060 021 1 082 049 -015 075 041
TDP -0.61 0.28 -0.19 0.16 -0.02 054 057 026 0.82 1 0.57 -0.26 0.30 047
DIP -0.40 0.27 -0.27 -0.08 -0.07 036 043 037 049 057 1 -0.21 0.16 0.55
PN 0.29 -0.39 -0.20 0.12 023 018 -033 -020 -0.15 -0.26 -021 1 0.06 -0.20
PP -0.33 0.10 -0.25 0415 018 044 033 013 075 030 016 006 1 0.18
Si -0.67 0.68 -0.32 027 021 020 031 056 041 047 055 -020 018 1
Burdekin

Sal. Disch. Dist. TSS chta TN TDN DIN TP TDP DIP PN PP Si
Sal. 1 0.19 0.29 0.02 002 015 -0.17 -012 -0.39 -0.27 -0.09 0.28 -0.08 -0.07
Disch. 019 1 060 024 033 009 -027 004 -027 -018 -010 0.28 -0.09 -0.44
Dist. 0.29 0.60 1 -0.12 007 016 0.04 -0.04 -0.16 -005 -0.06 0.19 -017 -0.49
TSS 0.02 0.24 -0.12 1 050 029 016 000 007 0.04 009 025 013 0.30
chla 0.02 0.33 0.07 050 1 -0.04 002 019 -003 -0.11 0.07 -0.12 0.13 0.23
TN 0.15 0.09 0.16 029 -004 1 044 -032 0.17 0.04 -0.09 0.67 0.09 0.03
TDN -0.17 -0.27 0.04 0.16 0.02 0.44 1 -0.22 0.58 0.48 0.18 -0.25 0.08 0.14
DIN -0.12 0.04 -0.04 0.00 019 -032 -022 1 021 -0.01 -0.17 -0.13 0.25 0.23
TP -0.39 -0.27 -0.16 0.07 -0.03 017 058 021 1 062 012 -0.19 039 0.36
TDP -0.27 -0.18 -0.05 0.04 -0.11 0.04 0.48 -0.01 0.62 1 0.29 -0.36 -0.40 0.12
DIP -0.09 -0.10 -0.06 0.09 0.07 -0.09 018 -017 0.12 029 1 -0.31 -0.15 -0.07
PN 0.28 0.28 0.19 025 -0.12 0.67 -025 -013 -019 -036 -031 1 0.13 -0.05
PP -0.08 -0.09 -0.17 013 013 009 008 025 039 -040 -015 013 1 0.43
Si -0.07 -0.44 -049 030 023 003 014 023 036 012 -0.07 -0.05 043 1

The temporal variation of the wet season WQ components (data set-2008) was best modelled

by using all predictors (i.e., salinity, river discharge and distance) as random effects. Exceptions
occurred for chlorophylh and PN that had no inclusion of the predictor distance, which is presented
as a straight line parallel toaxis in the partiakffect plots (Figre. 4-8a). Moreover, no temporal
variation was identified for CDOM (Figure 4.8a), chloroghyFigure. 4.8b) and Si (Figure 4.8c),
which presented an-squared < 0, suggesting that a straight line parallel to th&ig explained their
temporal behaviour better than the fitted models. All the other WQ components ebelibi
significant temporal trendsFor DIN and DIP, one can see a clear reduction in values after 2012,
which was preceded by an increase in concentrations in 22000 wetseason, corresponding to
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the ExTropical Cyclone Yasi passage in Jasbabyuary, 2011. Patterns in light attenuation were
similar highlighting that the turbid waters in 2012 wet season were partly driven by green
(secondary) waters. As a general trertide majority of the parameters show a reduction in values
towards the end of the analysed period, with the exception of TSS, that increased from 2010/2011
onwards. These results suggest that the chronic increases in DIN and DIP are largely related to the
scale and extent of the wet season flow, however TSS increases, whilst driven by the sediment
inputs from catchments, can also be linked to other factors, such as the resuspension of the finer
sediment through the frequency and intensity of the wind.

1.4.Mapping of river plumes

Numerous studies have shown that nutrient enrichment, turbidity, sedimentation and pesticides all
affect the resilience of the GBR ecosystems, degrading coral reefs and seagrass beds at local and
regional scalesThe main objective ahe remote sensing component of the wet season monitoring
under the Marine Monitoring Program (MMP) is to produce maps of river plumes, models that
summarize laneésourced contaminants transport, describ®Q concentrations within wet season
conditions, ando integrate all these methods in single risk assessment framework to evaluate the
susceptibility of GBR key ecosystems to the river plume/pollutants exposure i.e., to model the risk of
GBR ecosystem due to exposure to river plumes.

Different RS products and dataset (with spatial resolution of 1 km x 1 km or 500 m x 500 m) were
developed through the previous and this MMP reporting periods at different geographical and
temporal scale¢Tablel-4).

Tablel-4: Characteristics of Remote sensed products developed partly thrigidgR funding
described against management outcomes.

Product Management outcome Spatial and temporal
resolution

River plume maps Illustrate the movement of riverine waters, but do not - Whole-GBR; NRM, river
provide information on the composition of the water - Daily, weekly and seasonal or

and WQ constituents multi -seasonal (frequency of
occurrence)
Plume water type Plume water types are associated with different levels - Whole-GBR; NRM, river
maps and combination of pollutants and, in combination - Daily, weekly and seasonal or

with in-situ WQ information, provide a broad scale multi-seasonal (frequency of
approach to reporting contaminant concentrations in occurrence)
the GBR marine environment.

Load maps of The load mapping exercise, allows us to furthel - Whole-GBR; NRM, river

land-sourced understand the movements ofpollutants which are - seasonal or multiseasonal

pollutants  (TSS carried within the river plume waters.

and DIN)

Potential river Preliminary product aiming to evaluate the ecological - Whole-GBR; NRM, river

plume risk maps risk of GBR ecosystems from river plume exposure - Daily, weekly and seasonal or
multi -seasonal (frequency of
occurrence)

Exposure Assess the exposure of key GBR ecosystems to plur Whole-GBR; NRM; ecosystem

Assessment of the exposure and potential risk from the river plume

coral reefs and exposure.

seagrass beds Expressed simply as the area (k&) and percentage
(%) of coral reefs and seagrass meadows exposed
Assume that historical reef and coral shapefiles can b




used to assess the coral and seagrass location (stak
over the years)

Three different water types (Primary, Secondary, tertiary) are characteristic of the WQ gradient
across the GBR river plumes and have been described from the inshore to the offshore boundaries
of river plumes. Each plume water type is associated with edmaural pollutant concentrations

and different concentrations of larsourced pollutants and light levels. Concentrations of TSS,
CDOM and light levels in flood plumes generally decrease across plume water types i.e., from
Primary to Tertiary water typed.inear decrease of DIN and PSII herbicides concentrations from
Primary to Tertiary water types have also been reported in the literature. Both the amount
(concentration or load) and duration of exposure to a contaminant oftedetermine the severity

of an ecosystem response to the contaminant exposure (GRMPA, 2010). As a first approximation, it
is assumed in this report and Petus et al. 2014b that the magnitude of risk for the GBR seagrass beds
and coral reefs from river plume exposure (i.e., from laodrced pollutants in river plumes) will
increase from the Tertiary waters to the Primary core of river plumes and with the frequency of
exposure.

! ySg &l GSttAGS LINPRdAzOG Ol tf SR WLRGOGSY héeW® NR DTSN
characteristicoof the GBRplume water types, the simplified framework published in Petus et al.,
2014b and the risk matrix below.

This risk matrix assumes that potential risk level for GBR ecosystems can be ranked in four
gualitative categories!I( Il, I, 1Y determined by the combination of the magnitude (mapped
through the Primary, Secondary, Tertiary water type classes) and the likelihood (mapped through
the frequency of occurrence of Primary, Secondary, Tertiary water type classes) of the river plume
risk. This assumptionis based on the ecological risk increasing with increased pollutant
concentrations (magnitude) and increased exposure (frequency).

¢tKA&d CNIVYSg2N] Aa aidAatft GKS2NBOIAOIE FyR (G4KS SN
maps h&@Sy Qi 0SSy @&Si gt ARFGSR F3FAyadl SO02t 23A0!
consequences of the risk, i.e., the risk rankihgo( I\) given a combination of magnitude and

likelihood is, at this stage, theoreticéiPetus et al., in reviewRecent wok on the correlations

between frequency of true colour and seagrass dedetus et al., 201¢has showrthat a decline

in seagrass meadow area and biomass is positively linked to high occurrence of turbid water masses
mapped through MOH imagery.

Tablel-5: Risk matrix in function of the magnitude and the likelihood of the river plume risk. Risk
categories (I, II, lll, IV) V

Magnitude Tertiary Secondary Primary
Likelihood

rare
infrequent
occasional
frequent
very frequent

The river plume maps suggest that river plumes are constrained close to the coast by the Coriolis
Effect and the prevailing wind regime, limiting impacts on the more offshore ecosystems like coral



reefs, while onshore ecosystems like seagrass beds are angeeatest risk from river plumes and
associated pollutants. Howeveunder offshore wind conditions, river plumes can be deflected
seaward andi NJ- NX®dcasionally reach the mid and outshelf of the GBR reef. Mid and outer
shelf of the GBR reef arevertheless more likely to be affected by the Tertiary water type (i.e., less
concentrated in laneéourced pollutants) than the Primary turbid core (i.e., more concentrated in
land-sourced pollutants) of the river plumes.

As a result, a general inshote offshore spatial pattern is present in the potential risk maps from
201213 wet season, with inshore areas and ecosystems within 10 to 30 km of the coast, including
the coastal (surveyed seagrassyperiencinghighestpotential risk(Risk categorieslland IV)rom

river plume exposureCfshore areas and ecosystems, including the offshore seagrass and coral
reefs, are estimated at lower risk from river plume water.

Differences also exist between NRMs and, for example, coastal waters of the Burdddirafe

more often exposed to Primary waters (i.e., sediment dominated wateniythan coastal waters of

the Wet Tropic NRM. Conversely, marine areas occasionally to frequently exposed to Secondary and
Tertiary water types are more extended in the Wet fimoNRM than in the Burdekin NRM. These
results are in agreement with current knowledge as high TSS concentrations have been mainly linked
to grazing activities in the Dry Tropics and particularly the Burdekin NRM; while occurrence of
coastal waters with levated concentrations of dissolved inorganic nitrogen (DIN) has been linked to
fertilised agriculture (predominantly sugarcane) in the Wet Tropics region.

From the 201213 plume frequency maps and potential risk map, it was estimated Higtifel-1):

U The total GBR area exposed to river plume waters was 15385Re&km#4% of the GBR, with
63027 kni (18% of the GBR) very frequently to frequently exposed to riven@lu

U NRM areas exposed ranged from 2050°km BurnettMary to 18522 krhin the Fitzroy
NRM.

U Twelve percent (Mackayhitsundays NRM) to 100% (Burnétary NRMs) of the coral
reefs were exposed to river plumes. Coral reef areas exposddetdighestpotential risk
(categories Il and IWere greater in Fitzroy > Mackayhitsundays > Cape York;

U Ninety four percent (Cape York NRM) to 100% (Burdekin, Fitzroy and BuMamgtiNRMSs) of
the monitored seagrass beds were exposed to river plumes. Seagrdssekposed tdhe
highest potential risk (categories Il and Wére greater in the Cape York and Burdekin.

U Sixty four percent (Burdekin NRM) to 100% (Wet Tropics, Madkdisundays and Fitzroy
NRMs) of the modelled deep seagrass beds were exposeddo piumes. Deep seagrass
bedsexposed to potential risk categories Il and Ill were greatehe Cape York > Burnett
Mary > Fitzroy.

U Finally, when the modelled and deep seagrass beds were combined, total seagrass beds the
most at risk(potential risk catgories Il and I\Myere located in the Cape York > Burdekin >
Fitzroy NRMs.

A multiannual potential risk map was calculatey averaging the inteannual risk maps produced.
Recalculating individual wet season risk maps to a-teng (7-year) map is useful to describe
where potential risk conditions from river plume are, on average. From this-anuitial composite
map, it was estimated that:

U Coral reef areas exposed motential risk categories Il and Were greater in Mackay
Whitsunday > Fitzroy > Wet Tropics > Burdekin > Buiviatly NRMs.

U Total seagrass areas exposedptuiential risk categories Il and ére greaterin Fitzroy >
Burdekin > MackayVhitsunday > Wet Tropics > Burnéttary NRMs.



0 In the Mackay Whitsunday Region, 60% of the total seagrass areas were in the highest
relative risk categories compared to less than 10% for all other regions.

These result are milar to the result obtained by Brodie et al., 2013 who assessed the risk of
pollutants to GBR ecosystems using a comprehensive combination of qualitative and semi
guantitative WQ information about the influence of individual catchments in the 6 natwsalree
management (NRM) regions on coral reefs and seagrass ecosystems.

This illustrates the potential of using the Primary, Secondary, Tertiary plume water type classification
scheme to simply estimate combined WQ stressors in plume waters and thus sirogé} the risk
of cumulative effects of pollutants in river plumes at different spatial and temporal scales.



Figurel-1: Potential exposur®f seagrass beds and coral reefs to the highest potential risk categdliesd 1V) from river plume exposure during the

2012-13 wet season
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1.5. Future RSdevelopments

i

i

Recent progresses have been made to develop accurate regional algorithms for the GBR
region (Brando et al., 2008Brando et al., 201QaBrando et al., 2010bSchroeder et al.,
2007) that provide better retrieval in optically complex coastal waters.

0 Using these algorithms to maghlorophylta concentrations in near future will be
instrumental in more accurate mapping of river plume waters using the {2vel
method.

o0 MODIS images chiliated into accurate water quality metrics would allow producing
produce compliance maps to ecological threshold

Further comparisons between RiSrived products and in situ WQ data acquired over the
next MMP monitoring years will be undertaken.
Progressoward validated river plume risk maps:

0 Must be accompanied by sound knowledge of the regional ecosystems and of the
water quality concentrations across plume water types relative to natural levels and
to ecologicallyrelevant thresholds.

o0 Ecological conspiences of the risk will primarily be a function of the
presence/absence of GBR ecosystems exposed. However, community characteristics
such as the sensitivity and resilience of particular seagrass or coral communities are
additional parameters that must beonsidered when defining the ecological
consequences of the risk.

0 The consequence of the exposure of species to a range of WQ conditions is
complicatedby the influence of multiple stressors and additional external influences
including weather and climate conditions.

0 All this information should be used in future to develop ecosysspacific risk
matrix combining the magnitude (mapped through the PrijpéBecondary, Tertiary
water type classes), likelihood (mapped through the frequency of occurrence) of the
river plume risk and the sensitivity of the studied ecosystem.

o Finally, the GBR areas classified following the risk framework of Petus et al. (2014b)
should be compared to ecosystem health data and the validity of the risk framework
assessed by examining spatial patterns, including the distribution of monitored cases
of ecosystem health decline per designated risk gRtus et al., in prep.)

Further developments of our RS methods to map loads of pollutants (TSS, DIN and
pesticides) include:

0 The increase of the spatial resolution of WQ data used to calculate the spatially
distributed DIN and TSS maps anetue the model with the annual loads fronhe
Source Catchments modelling for all of the 35 GBR catchments.

0 The production annual load maps of Photosystem Il inhibiting herbicides (PSlII
herbicides). The approach for modelling exposure to DIN (i.e., assuming conservative
mixing) will be used for S However, further investigation will be necessary to
adjust the dispersal relationships i.e., relationship between PSII concentrations and
color classegAlvarezRomero et al., 20030 calculate the annual cost surface for
PSIl.
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2.1. Marine Monitoring Program

The Marine Monitoring Program (herein referred to as the MMP) undertaken in the Great Barrier
Reef (GBR) lagoon assesses the -tenm effectiveness of the Australian and Queensland
D2OSNYYSyiQa wSSFO@AABNI tvidzar f ai®ST N yo FyR (KS
Programmeinitiative. The MMP was established in 2005 to help assess thetdomgstatus and

health of GBR ecosystems and is a critical component in the assessment of regional water quality as
land management practices are improved across GBR catchments. The program forms an integral
part of the Reef Plan Paddock to Reef Integrated Monitoring, Modelling and Reporting Program (P2R
program) supported through Reef Plan afdstralian Government Re@rogrammeinitiatives. The

Wet Seasommonitoring programis part ofthe water qualitymonitoring program undethe MMP,

which includes baselin@ambient and event samplindohnson etl., 2011 Martin et al., 2014 This
monitoring is run in partnership with the other MM8tograms including water qualitfBentley et

al., 2012 Brando et al., 2008Brando et al.,, @10g Johnson et al., 201XKennedy et al., 2012
Schaffelke et al., 20)2coral monitoring and seagrass monitorifMcKenzie et al., 201McKenzie

et al., 2012 Thompson et al., 2033

Water quality in the GBR is influenced by an array of factors incluiffgse sourcdand-based

runoff, point source pollution, and extreme weather conditions. Monitorthg impacts ofland

based runofinto the GBR is undertaken within tieet seasormonitoringprogram undethe MMP,

which targets sampling of thevet season anchigh flow eventsto characterise the input of
terrestrially sourced pollutantslelivered throudp river discharge to the GB@®evlin et al., 2012
Devlin et al., 2013Johnson et al., 2031

This program, througin-situ water quality sampling and remote sensed dadantifies and maps

the risk and exposure of GBR ecosystems to anthropogenic wagdityginfluences (e.g., nutrients,
sediments and pesticides). River flood plumes are important pathway for terrestrial materials
entering the sea, and a dominant soaraf coastal pollutants. Spatial and temporal mapghefriver

plume extent, frequency of occurrence and duratiorof exposure provides informatiom the
development ofriver plume risk modelsThese modelsdentify plume-affected areas that may
experience acute or chronic exposure to contaminants delivered by river discharge. Knowledge of
the areas and ecosystems that are most likely to be impacted by changing water quality helps focus
our understanding on what type of ecological impacts are occurring and to better inform marine,
coastal and catchment management.

Due tothe large size of th6&BR Marine Park (350,000 Rnthe shortterm nature and variability of
runoff events (hours to weeks) and the often difficult weather conditions associated with floods, it is
difficult and expensive to launch and coordinate comprehensive runoff plumesrwatiality
sampling campaigns across a large section of the (GB®Rin et al., 2001l Wet season wateguality

data is measured through a combinationipfsitu water quality measurements taken at peakd

post flow conditions in targeted catchments throughout the wet season. River plume extent,
frequency and duration aralsomeasuredand mappedhrough the use of remote sensing products
and more recently, the development of hydrodynamic models

TheGBR is the most extensive reef system in the world and comprises over 2800 éonal reefs.

It also comprises over 43000 kof seagrass meadowEifor! Reference source not four)d.Thirty

major rivers drain into the GBR, all of which vary considerably in length, catchment area, and flow
frequency and intensity. Rivers discharging into the GBR lagoon are the maipalsed! source of
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pollutants (i.e., sediments, nutrients anplesticides) of the GBR. The actual distribution and
movement of the individual pollutants varies considerably between the Wet (north of Towpsville
and Dry Tropic river®evlin et al., 20L1,1Devlin et al., 2013

In the @R, river plumes are driven by high river flow conditions, which occur during the monsoonal
season and are typically associated with the passage of cyclones or low pressure systems, i.e., from
about December to Apri(Devlin and Brodie, 2006 Wet Tropic catchments, located between
Townsville and Cooktown, have frequent storm and runoff events in generally short, steep
catchments that have more direct and frequent linkages to coastal environments. In the Dry Tropic
catchmerts, the major flow events may occur at intervals of years, with long lag times for the
transport of material through these large catchme(Bsodie et al., 2000
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B Coral reefs

I seagrass_beds
Cape York
Wet Tropics

I Burdekin

I Mackay-Whitsunday

Il Fitzroy

Il Burnett-Mary
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Figure2-1: The GreaBarrier Reef Marine Park (light grey, Queensland, Australia), major marine
ecosystems (coral reefs and seagrass beds), Natural Resource Management regions (red
colour scale) and marine portions (delineated by dark grey liens) of the NRM regions
and major ivers: Normanby (N), Barron (Ba), Johnstone (J), Tully (T), Herbert (H),
Burdekin (Bu), Pioneer (P), Fitzroy (F), modified from Petus et iadyi@w.

The GBR catchment has been divided into six large areas defined as Natural Resource Management
(NRM)regions Figure2-1), each defined by a set of land use/cover, biophysical and -®acinomic
characteristics. The Cape York region is largely undeveloped and ideredsio have the least

impact on GBR ecosystems from existiagd-based activities. In contrast, the Wet Tropics,
Burdekin, MackayVhitsunday, Fitzroy and the BurndWary regions are characterised by more
extensive agricultural land uses including swgae, grazing, bananas and other horticulture,
cropping, mining and urban development, and contribute to discharggediments, nutrients and
pesticidedo the GBR during the wet season.
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Occurrence of coastal waters with elevated concentrations of disgahorganic nitrogen (DIN) has
been linked to fertilised agriculture (predominantly sugarcane) in the Wet Tropics region, while high
TSS concentrations are mainly linked to grazing activities in the Dry Tropics and in particular the
Burdekin catchment(Brodie et al., 2008Brodie et al., 2014Brodie et al., 201.2Brodie and
Waterhouse, 2012Joo et al., 201;2Kroon, 2012 Maughan and Brodie, 200®Vaterhouse et al.,

2012.

2.2.Sampling design

The three main facets of the marine flood plume monitoring proge insitu data, collected in

the field through the wet season, remdyesensed data, and integration bbth in-situ and remote
sensed data. Data from the flood monitoring feeds into the validation of existing models and the
development of regionally based remotensing algorithmgBrando et al., 2008Brando et al.,
2010h Brando et al., 2000 Water quality collected in flood plume waters is targeted at measuring
the conditions during first flush and high flow event situations to identify the duration and extent of
altered water quality conitions (Table2-1). Data collectedunder the MMPis also being tested for

the improvement of the P2R water quality metric amagoing P2R program reporting.

Table2-1: Description of outputs related to the aims of the MMP wet season monitoring program.

Aim Description

Assessment of the transport Delivered through water quality monitoring in flood plumes.
and processing of nutrients, Measurement of water quality parameters presented against salinity
suspended sediment and gradients for each catchment and each event to describe the moveme
pesticides and transport of water quality parameters.

Estimation of the extent and Delivered through spatial mapping of plume extent and frequency

exposure of floodplumes to Information acquired from remote sensing products including true

reefs and seagrass bed: colour processing of plume waters andhe application of water quality

related to prevailing weather algorithms (chlorophyll-a, CDOM and TSS). Catchment runoff ever

and catchment conditions involve space scales ranging from hundreds of metres to kilometres an
time scales from hours to weeks, thus the use of remote sensir
products at appropriate time and space scales is useful as a ki
indicators of cause and effect.

Incorporation and synthesis Synthesk and reporting of flood plume water quality data and exposure
of monitoring data into GBR mapping into the MMP. Further work on the integration and reporting
wide understanding  of of water quality data collected under this subprogram and the long

anthropogenic water quality term water quality sub-program is currently being investigated by JCU
conditions, water models, CSIRO and AIMS researchers througAustralian Government Reef
the MMP and Paddock to programme R&D funding (see
Reef reporting. http://www.rrrc.org.au/reefrescue/index.html ).

The priority catchments targeted for intensive sampling were chosen based on risk as reported in
(Brodie et al., 2014 The Tully River catchment is also the ideal location to assess theelong
effectiveness of Reef Plan as data cancb#ected every year as it is the wettest catchment in
Australia. Repeated sampling in the Tully also adds value to thedomgdata set collected in this
region from 1994 to 201@evlin and Schaffelke, 2009he wet season in 20413, as with 20141,
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started with onset of early flows in the Wet Tropics during October aodehhber, and extended

into April 2012. It was characterised by many smaller episodic flows but no flangeassociated

with a cyclonic period. Heavy and consistent rain also continued in the Wet Tropics region later in
the wet season, peaking in late MaccSamples were taken from sites from the Cape Yogiore
down to the Fitzroy Riveilhis report summarises the data collected in the 20B32vet season and
presented as part of a longe term data set collected under the MMP bet@86hand 2013.
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3.1.Wet Season conditions

A neutral activity, with respect to the El N#Bouthern Oscillation (ENSO) since-20d2, promoted

below average rainfall levelshroughout the 20122013 wet season for the GBR region
(http://www.bom.gov.au/climate/ensd. In this period, only two cyclones associated with low
pressure system were observed in thegion: Extropical cyclone Oswald, that crossed Cape York
Peninsula on 21 January 2013 and modednthe Queensland coast, bringing strong to gale force
winds, heavy rain, damaging waves and floods, anttdpxcal cyclone Zane, that entered into the
Marine Park from the Coral Sea and moved over Cape York Peninsula, affecting areas from Cape
Grenville to Cooktown at the beginning of May 2013 (GBRMPA, Environmental Conditions
2012/2013, http://www.gbrmpa.gov.au/outlookfor-the-reef/climate-change/marinepark
management/currentconditionson-the-greatbarrier-reef).

Southeast Queensland andapts of the Central Coast received above average levelz4(®0mm
higher than the monthly average) mainly due to the influence otregical cyclone Oswald,
whereas the other areas through GBR experienced low rainfalls in the ZIIP wetseason Ex
tropical cyclone Oswald caused minor to major floods, and flood plumes, in all major river systems
from south of Mackay to the Queenslagidew South Wales border (GBRMPA, Environmental
Conditions 2012/2013, http://www.gbrmpa.gov.au/outlookfor-the-reef/climate-change/marine
park-management/currericonditionson-the-greatbarrier-reef).

160,000,000

140,000,000

120,000,000

100,000,000

80,000,000

60,000,000

40,000,000

20,000,000

Total GBR river discharge (ML/year)

Figure3-1: Longterm total hydrological year discharge (c.a., @db Sep30) for the main GBR
Rivers (Source: DNRKttp://water monitoring.dnrm.gld.gov.au/host.htin

Even though the 2022013 wet season was not characterized by intense rainfall such as that which
occurred in 201011, it still had the 8 largest discharge (approximately 4.3%Ifegalitres) for

the last 13 years. This was 7% lower than 22@12 discharges and 40% lower than 2@0101
discharges Kigure 3-1). Flow data (measured as total araiuflow since 2000) shows that river
discharge into the GBR has been consistently higher imtbst recent 6 yearsKigure3-1). This
increase in flow has been a keyiver in measurements of ecosystem decline, including seagrass
condition(McKenzie et al., 2032nd coral health metrics (Thompson et al., 2012). The large volume
of freshwater discharge is the main factinfluencing in the extent of plume area (see Alvarez
Romero et al, 2013).
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Table 3-1: Long termriver discharge (ML) statistics of GBR rivers for the ZIAB hydrological year (c.a., Gctto Sep30), compared against the previous three
hydrological years, and lortgrm (LT) medians, means and standard deviations (SD). Colours indicate levelshetdougterm median: yellow for 1.5 to 2 times; orange
for 2 to 3 times, and red for greater than 3 times. Long term statistics were calculated based on a hydrological yeentda&k@ogunt measurements from 1915 to 2000.
(Data source: DNRM)Discharge for Tully at Euramo station (113006A) for the dry season was estimated as 3.5941 times the Tully discharge at GwReaxastation
(113015A), based on a logrm discharge comparison for flows < 20,000 ML/das(= 0.802).

. . AnnualLTmedian  AnnualLTmean  AnnualLTSDriver Tgtal year Tptal year Tgtal year Tgtal year
Region River river discharge river discharge discharge discharge discharge discharge discharge
2009/2010 2010/2011 2011/2012 2012/2013
Pascoe 1,252,975 1,194,911 723,925 1,534,694 1,972,999 758,509 827,312
CapeYork Stewart 212,336 196,926 125,224 188,528 376,009 106,219 90,343
Normanby 2,945,850 5,964,886 1,148,416 1,822,135
Annan 276,538 279,594 162,344 407,257 550,403 331,370 196,988
Daintree 704,634 820,437 478,584 1,216,318 1,640,196 998,710 694,098
Barron 572,725 702,662 483,058 500,233 [S2A0SE 774,595 297,555
Mulgrave 728,917 795,475 380,792 773,158 1,568,750 1,083,093 567,079
Wet Tropics Russell 995,142 981,043 348,369 1,298,963 1,719,880 1,290,488 888,722
N Johnstone 1,758,717 1,821,250 670,503 1,826,418 3,541,632 2,023,900 1,478,171
SJohnstone 850,463 824,374 320,024 728,626 1,612,187 941,983 584,344
TuIIy1 2,944,018 2,989,001 1,157,654 2,984,477 6,202,306 2,854,247 2,775,345
Herbert 3,163,763 11,448,794 4,131,993 2,896,025
Burdekin Burdekin 5,312,986 7,490,799 8,285,066 7,946,435 15,568,159 3,417,924
Don 51,243 162,586 261,912 144,481
Proserpine 14,632 23,617 20,620 37,411
Mackay O'Connell 307,272 291,155 208,999 587,525 109,094
Whitsunday Pioneer 355,317 639,899 733,958 912,117
Plane 142,404 194,543 220,784 382,404
Fitzroy Fitzroy 2,899,842 4,690,607 5,564,305 7,993,273 8,532,130
Bumett-Mary Burnett_ 282,151 374,103 362,186 584,670
Mary River 696,590 1,257,673 1,353,771 1,926,194
Total 20,358,902 25,730,656 42,549,067 132,026,835 46,065,897 39,037,974
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In the 20122013 wet season, seven rivers, located in four regions had flows that were greater than
two times the longterm median. High flows were observédm the southern Burdekin
Burnett-Mary regiors, where the total flow for the hydrologicaégr (ca., from Oct,*1
exceeded the longerm median discharge by 2 and 3 times, respectively (
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Table3-1).

In the Cape York an@et Tropics regios, nane of the main rivers exceeded theng-term medianin
201213. The discharges from the southern rivers were much higher, witl2-28%low exceeding
longterm median by3.5 (Don),2.9 (Fitzroy), 2.9 (Burdekin) and 7.8 for the Mary Rividre
discharge fran the BurnettRiver was ove8 million megalitreswhich was 24 times greaténe long-
term median flow.The summary of the plume eventemputed aghe number of days in which flow
exceeded a longerm 75" and 95" percentile is shown ifTable3-2. Overall, all major rivers in the
GBR had daily flow rates that exceeded thé" fercentile for periods between 15 days and 2
months. The high frequency events that exceeded th8 p&rcentile were in the southern part of
the GBR, which was mainly associated with the passage &xtrepical cyclone Oswald

Table3-2: The 7% and 98" percentile flow (ML/day) for the major GBR rivers (based on flow
between the beginning of the station to 2040®-30 obtained from DNRM).

75th wile 95th %ile No days (201213) No days (201213)

River Station (ML/day) (ML/day) exceed_ 75th exceed_ 95th
percentile percentile

Pascoe 102102A 1,757 18,385 16 2
Stewart 104001A 219 3,245 15 2
Normanby  105107A 3,405 46,691 20 3

Annan 107003A 671 2,767 27 3
Daintree 108002A 1,938 8,924 23 3

Barron 110001D 1,036 6,090 8 2
Mulgrave 111007A 2,000 7,109 21 2

Russell 111101D 3,210 12,308 21 3

N Johnstone 112004A 5,329 16,694 24 2

S Johnstone 112101B 2,326 7,097 15 1

Tully 113006A 9,270 28,441 27 3

Herbert 116001F 16,470 60,888 7 1
Burdekin 120006B 6,747 115,249 14 1

Don 121003A 87 1,405 60 3
Proserpine  122005A 43 404 45 6

Fitzroy 130005A 3,644 64,988 30 7

Burnett 136007A 338 4,316 37 24

Mary 138014A 1,438 12,306 41 10

3.2. Extent of river plumeg; 2012/2013 wet season

Two main flood periods were recorded in the river hydrographs: (i) around theoR3anuary and

the 11" of February under the influence of Tropical Cyclone Oswald and (i) around the 24th of
February and 18of March. Although a relatively weak storm (cyclone of category 1; Source: BOM),
Oswald produced torrential rains over much of Queensland. Rainfalkgok in Tully where
approximately 1,000 mm of rain fell; with 632 mm falling over a 48 hour span. The Herbert River
rose rapidly after 200 mm of rain fell in the town of Ingham in just three hours (source: BOM).
lllustration of areas flooded along the Heurb River igpresented in AppendiR, Figure AL.

3.2.1. Wet Tropics NRM

24



A selection of MODIS true color images recorded during the 2 main flood events shemplumes
formed from the main GBR rivers (the Normanby River, the Barron and Johnstone rivers|iyhe Tu
and Herbert rivers, the Burdekin River, the Pioneer River, the Fitzroy and The BJamgtRiver)

These images arpresented in Appendix Acigure3-2 to Figure3-7 Error! Reference source not
found. present enlargements of some of these MODIS ta®urimage as well as corresponding
plume waters types (6 colour classes corresponding to Primary, Secondary, Tertiary plume waters
types) mapped by the TC method of AlvasBomero et al. (2013). These figures help describing the
movements and spatitemporal variability of the GBR River plumes during the 203 #vet season.

In the Wet Tropics, none of the main rivers exceeded the-teng median in 201213 and river
discharge rates for the Barron and Johnstone Rivers were relatively low (Appeidgure 3-2,
Figure3-3). Maximum peak discharge of 106,510 ML tiy the Johnstone and 34,788 ML ddpr

the Barron River were recorded the"24nd 25" of January 2013 respectively. Barron and Johnstone
river plumes mapped were not well developed and the turbid river plume waters were mainly
constrained close to the coast (Appendix B). However, on tffea2Sanuary, Barron river plume
waters were defleted offshore toward the inner coral reefs by the NW wineisr¢r! Reference
source not found). The 29' of June, the TC method failed to fully map the river plume waters
located north of the Barron estuary mouth due to atmospheric perturbations, but Primary plume
waters were observed close to the estuary mouth on both the true colour acld$ses river plume
maps
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Figure3-2: a) True colour and b) plume waters mapped thé& a6d 29" of January2013 in the Wet
Tropics NRM using the method of Alvafeamero et al. (2013). These maps show
Barron River plume waters deflected toward offshore by the NW winds. Wind direction
measued at 12:00 am is indicated with black arrows.

Highest river discharge rates for the Tully and Herbert rivers were measured on thaf 28nuary
(563816 ML dayfor the Herbert and 831701 ML dayor the Tully River(AppendixA, Figure3-3).
Maximum surface areal extents for both the Tully and Herbert River plumes were measured, in
response, the 25 of January 2013. The Herbert River plume surface areas decreased aftef"the 25
of January 2013, following the reduction of the Herbert river flow (AppeAHdiSurface areas of the
Herbert Primary plume waters decreased from about 366 #ra 25th of Jauary, to 78 krfy 64 knf

and 0.3 kri the 29, 30 and 31 of January 2013 (Herbert river discharge of 21354ML daythe

31th of January).

Color Classes Water type
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Figure3-3: a) True colour and b) plume waters mapped from the 25th to the 31rd of January 2013 in
the Wet Tropics NRM using the method of AlvaRexmero et al. (2013). This series of
maps illustrate high importance of river discharge rates modulations on the river
plumes areas. Wind direction measured at 15:00 am is indicated with black arrows (data
at 12:00 am are unavailable for the Ingham meteorological stations).

3.2.2. Burdekin NRM: Burdekin River

Extropical cyclone Oswald induced flooding in the Burdekin NRM. Hiheest Burdekin river
discharge was measured on the"26f January (343,366 ML diyAppendixA: Figure3-4, Figure

3-5) unfortunately the cloud cover on this day prevented any mapping of the Burdekin River plume.
Welldeveloped turbid river plumes were, however, observed on the MODIS TC images otlihe 27
and 29h of JanuaryKigure3-4). The river plume monitored the #of January was clearly deflected
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by the western winds toward the inner coral reefsyt atmospheric ad sunglint perturbations
prevented an exact delineation of the river plume external boundary. THE &t7January, the
Primary plumewaters extended more than 100 km offshore from the Burdekin River mouth- Well
developed Burdekin River plumes were alscs@bed from the 30 of January to the 0% of
February Figure3-5) and from the 7th to the 13th of March 2018ppendix A)Field sampling in the
Burdekin region wasndertaken between the 13and the 18 of March of 2013.

3.2.3. MackayWhitsundays NRM: Pioneer River
High flow periods were observed in the MackAitsundays and the tal hydrological year flow

(ca.from Oct, £'to Sep, 38) for 20122013 exceeded >2 faddhe longterm median
dischargg
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Table3-1). Maximum peak discharges of 60,197 ML dagd 106,788 ML dadywere recorded the

25" of January andhe 6™ of March 2013, respectively. Between the™38nd the 18 of March, the

turbid Primary plume waters mapped were mainly constrained close to the coast (App&aahct
Figure 3-6). However, areas of Secondary and, to a lesser extent, Tertiary water types, were
observed offshore of the Pioneer river mouth (up to 70 km for the Secondary waters and 130 km
offshore for the Tertiary waters on thé"df March 2013).
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Figure3-4: a) Truecolourand b) plume waters mapped on the"™@nd 29" of Jan 2013 in the
Burdekin NRM using the method of Alvafeamero et al. (2013). Burdekin River plume
waters are deflected offshore under strong western wiadsl reach the inner coral
reefs on the 28 of January. Wind direction measured at 12:00 am is indicated with
black arrows.
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Figure3-5: Truecolour(a and c¢) anglume watergb and d)mapped from the 30th of January to the
01th of February and from the"?to the 4" of February in the Burdekin NRM using the
method of AlvareRomero et al. (2013). Wind direction measured at 12:00 am is
indicated with black arrows.
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Figure3-6: a) Truecolourand b) plume waters mapped from the 7th of March to the 16th of March
2013 in the Mackay Whitsundays NRM using the method of AhRoezero et al.
(2013).. Wind direction measured at 12:00 am is iaghid with black arrows.

Furthermore, on true colour images tife 7th to 16th of March 2013 (Figure63, condary plume
waters located north of the Pioneer River mouth deflected toward the south from their northern,
Coriolisinduced, motion. This was pgaularly well illustrated the 16th of March 201Bigure3-7a)
when a tongue of Secondary waters, flowing toward the south as a counter current tootstal
Primary plume watersHigure 3-7b), seems to explain the large areas of Secondary water type
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mapped by the TC classification methddglre 36). The presence of a southern current located
offshore of the Pioneer river could be an explanation for this observed phenomenon.

16 March 2013

Figure3-7: MODIS true colour image of theth@f March 2013 showing waters from the Pioneer
River deflected toward the south from their northern Corigtiduced movement.

3.2.4. Regional differences

These snapshots of river plume dynasiio each NRM during the wet season 2all2 are in
agreement with theretical models(Geyer et al., 2004 previous physical oceanographic studies
(Wolanski and Jones, 198d/olanski and Van Senden, 198odelling studies and previous MMP
reports (Devlin et al., 2001 The movement of plumes highlightsat GBR river plumes are mainly
constrained close to the coast by the Coriolis effect and the [liegawind regime, but regional
differences in plume orientation and aerial extent are shaped by a combination of Halidratic
forces, including (i) the river discharge rates, (ii) the wind strength and orientation and (iii) the local
currents.
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Plume eposure on the more offshore ecosystems, like coral reefs, is often limited while onshore
ecosystems like coastal seagrass beds are under a greatest exposure from river plumes and
associated pollutants. However under offshore wind conditions, river plunaesbe deflected

seaward, like observed on the 27th and 29th of Jan 2013 in the Burdekin NRMgierg 34). River

plumes reach the mid and outeshelf of the GBRre& @S NJ a NI NBé I yR a2001 aA2y L f
season scale) as observed on thaet cdour images of the Barron River, dne 25" of January

(Figure 3-2). Mid and outershelf of the GBR reef are nevertheless mdhmnan likely to beonly

affected by the Tertiary water type (i.e., less concentrated in 4smarced pollutants) than the

Primary tubid core (i.e., more concentrated in lassdurced pollutants) of the river plumes.

Primary (highly turbid) coastal water surface areas are mainly maetlilby the river discharge
rates. More offshoreplume types $econdary and Tertiary river plumese also correlated to the
river discharge, but their shapes and orientations at®rgyly modulated by the windthe local
currentsand Secondary and Tertiary plume waters from different river plumes are often merged all
together.
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4.1 Sampling desigig 20122013

Sampling of wet season conditions at MMP sites were carried out within the Cape York, Daintree,
Barron, RusseMulgrave, Tully, Herbert, Burdekin aBdirnettMary marine regions. Water quality
samples collected ithe Daintree, Barron and RussMllgrave sites were collected on route to
Cape York andrhilst providinglongerterm data for the Wet Tropics, they will not be reported, @t

a regional leveldue to the low number of samplegdditionallyplume samples collected in Cape
York form part of a larger study and will be reported on separdtdywley et al., 2015)Burnett

Mary samples were taken as part ah integrated monitoring exercise with the Burnett Mary
Regional Group, and has been reporteseglhere(da Silva et al., 20)3Water qualityreporting will

focus on the samples collected in 262@13 in the Tully, Herbert and Burdekin rivéFable4-1).

Table4-1: Summary of the sampling effort carried out in the 2d12wet season campaign by NRM,
presenting the number of field trips, sites sampled and the sampling period for each
river visited within each NRMs.

No. of
. : No. of Stat Date z End Date
NRM River Eﬁg Sites 2013/2014  2013/2014
Daintree/Mossman 1 5 30/11/2012 02/02/2013
Barron 1 5 05/12/2012 03/02/2013
Wet Russell/Mulgrave 1 7 10/12/2012  03/02/2013
Tropics Tully 4 43 10/11/2012  16/04/2013
Northern Herbert 2 12 16/01/2013  25/03/2013
Southern Herbert 2 14 17/01/2013 25/03/2013
Burdekin Burdekin 1 25 13/03/2013 18/03/2013
Don 1 11 14/03/2013 16/03/2013

Sites within theWet Tropicsregion extendedfrom the south of Palm Islantb the north of the
Daintree River mouthHigure 4-1). Sampling dates covered the period between 30/11/2012 to
16/04/2013, where three major flood events were sampled: (a) on 23/01/2013 with a total daily
discharge of 291,901 ML; (b) on 24/03/2013 with a total daily discharge of 102,154 ML and (c) on
13/04/2012 with atotal daily discharge of 83,340 MIFigure 4-2). Flow rates in 20122013
presented the 8 highest total annual discharge within the last 13 ye&igyre4-3).

Sites within theBurdekinregion extended towards thsouthof Palm Island@t the Edgecumbe &y at
Bowen (Figure4-1). Two regions were visited within this area, the Burdekin River and the Don River,
just after the second highest peak discharge occurred in the 2013 wet season (0@3-2013,
173,312 MLFigure4-2). Burdekin rivefflow in 20122013 presentedhe 10" highest total annual
discharge within the last 13 yeatSigure4-3).
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Figure4-1: Location of the Marine Monitoring Sites sampled in the 2Q023 wet season under the
MMP terrestrial discharge program. Site locations for tilve regions sampled (Wet
Tropics, Burdekin are identified by colours (see legend).
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Figure4-2: Total daily discharge (megalitres/day) for the main NRM Wet Tropics and Burdekin rivers
for the 20122013 wet season (Source: DNRM,
http://watermonitoring.dnrm.gld.gov.au/host.htih Dots indicate the sampling dates
and colours stand for sites close to or under influence of a particular river.
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for the main NRM Wet Tropics and Burdekin rivers (Source: DNRM,
http://watermonitoring.dnrm.qgld.gov.au/host.htri
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4.2 Methodology ¢ Water Quality
4.2.1 Water samples; 20122013

Water Quality forthe 2012-13 wet seasonis discussed for the Wet Tropiesd Burdekin Water
samplingincdluded the collection oBurfacesamples(within the first 50 cmYor the analysis of TSS,
chla, CDOM DIN, DIP, PN, PBalinity, temperatureand Kd(PAR)For full details of field and
laboratory methods, refer to the MMP QA/QC manahon, 2013 2014). Depth profiling was
undertaken using a CTD from Seird Electronics (SBEPIlus) equipped with sensors for
temperature, salinity, depth, oxygen and light. The CTD profiler was kept at the water surface for 3
minutes for sensors stabilidan before starting downcast. CTDatd reported hereinrepresents
surface salinity and surface water temperature only, calculated as an average of readings between
0.3 m and 0.7 m below the water surface, after visual removal of outliers corresponding to the 3
minutes stabilization periadUnderwater light extinction coefficient (Kd, Hhwascalculated using

the LamberiBeerequationon the CTD light profile with a summary of tharameterscollected in

the program provided iTable4-2.

Table4-2: Summary of chemical and biological parameters sampled for the MMP flood plume

monitoring.

Type of data Parameter Comments Reported

Physico-chemical Depth (m) Taken continuously O
Salinity through the water &
4AT PAOAOOOA jo#Q column at each site. &
Turbidity (ntu) Sampled  with a §
Light Attenuation (PAR)* SeaBird profiler o)

Not at all sites

Water quality Dissolved nutrients (UM) Surface sampling only &
Particulate Nutrients (uM) o]
Chlorophyll-a (ug/L) 0
Phaeophytin (ug/L) o]
Total Suspended solids(mg/L) o]
Coloured Dissolved Organic Matter (443 0
m-1)
Pesticides (PSI herbicides) (ng/L)*

Biological Phytoplankton counts*

* not sampled at all sites
4.2.2 Data analysis spatial

Four strategies were adopted in order to analyse the sampled data. Fimstlying plots were
produced for each WQ parameter grouped sgmpling events for the main sampled rivers (i.e.,
rivers with more than @ samples: Tully, Herbert, and Burdekifhe WQ parameters sampled in the
Tully, Herbert and Burdekiarea were also plotted against two parameters: (a) the distance
between the sampling site and the nearest (or influential) river mouth, (dpys averag river
discharge calculated from the sampling dafhese plots aimed to investigate the temporal and
spatial variation of the sampled WQ parameters and describe the influence of river discharge. In
order to facilitate the identification of WQ patterns n@n-parametric fitting curvel¢essmodel, see
Crawley, 2007) was adjusted to the dakor the distance calculation, sites were assigned to the
nearest (or influential) river based on the slieeaton. ¢ K $-dagé average was arbitrarily selected

as a way to represent a potential delay between water passing the river gauge measurements
(average dist. ~36 km from river mouth, ranging frong 81 km) and the measurement at the
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sampling site (within Ig 270 km from the river mouth, average dist. ~&ih). Furthermore,a

correlation table was produced compariegchwater qualityparameter, groupedby river, against
the two supporting parameters (i.e., distance and discharge). Correlationsoakrglated using the
Spearman's rank correlation coeffictdmecausethe majority ofthe variablesdid not present normal
distribution (Table4-3).

Table4-3: Summary of statistical analysischniques exploring spatial variati@pplied to the WQ
parameters sampledithin the wet 20122013 wet season.

Statistical

Data set used and method Potential outcome
approach

2012-2013 WQ data grouped bysampling Scatter plots identifying superficial mixing
Mixing plots eventsagainst salinity. Lower salinity point profiles and WQ parameterreduction from a
taken by average NRM value < 5ppt potential freshwater value

. Patterns on the temporal and spatial variation
Scatter 201.2'201.3 A data_ grouped by River of WQ as resulted from river discharge anc
plots against distance and discharge

proximity to source (i.e., river mouth).

The Spearman's rank correlation was Find out correlated WQ parameters between
computed for all 20122013 WQ and also themselves and with river discharge and
distance and river discharge. distance

Correlation
table

4.2.3 Data analysig; Temporal

The temporal variation of WQ parameters sampled at selected transects were plotted on top of the
temporal variation of thetotal wet season river discharge. Wheamparing multannual data sets

for temporal variation it is important to consider that difearces can be imposed on temporal
trends due to interannual environmental changes and to differences in the sampling frequency rate
and/or in the size of the covered sampling ar&éaese issues of limitation are true for all data when
comparing acroskbngterm data, where the variability of the parameter can be influenced by many
factors.

The annual river discharge for 5 GBR rivers is presented for the 4 transects considered in the WQ
temporal variation analysis, compared against their long term mean aniacharge&rror! Not a

valid bookmark seHlreference). All the rivers considered presented discharge abovedhgterm

mean in the 201€011 wet season (period of the TC Yasi). The Fitzroy Bxhibited annual
discharges above its mean annual value more often than the other rivers, followed by the Burdekin
River. The Russell, Mulgrave and Tully rivers exhibited relative unchanged discharge over the past 8
years with a peak in the 2012011 wetseason only.

Temporal trends on the WQ components collected under the Marine Monitoring Program, at surface
waters over the Great Barrier Reef, were investigated using Generalized Additive Mixed Models
(GAMM, Crawley, 20070 R languaggR Development Core Team, 201Bata sanpled from
December, 2005 to April, 2013 (inclusive) constrained to the Central and Southern GRB regions was
selected for this analysis because of their better temporal and spatial coverage. The following WQ
components were analysis by GAMM: light atteriaatcoefficient (Kd), coloured dissolved organic
matter (CDOM), total suspended solids (TSS), chloreghfthhia), particulate nitrogen (PN),
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dissolved inorganic nitrogen (DIN), particulate phosphorous (PP), dissolved inorganic phosphorous
(DIP) and sita (Si), which are the main WQ components driving corals and seagrass communities in
the Great Barrier Reef ecosystems.

The investigation of temporal patterns on the selected WQ components was performed in two
steps. Firstly, a multiple regression analygsng nonparametric smoothers in a Generalized
Additive Model (GAM, R Development Core Team, 2088s performed to choose a set of
predictors that best explain each WQ component. The predictors included (i) meadaysSriver
discharge, (ii) distance betweendhsampling site and the nearest river mouth, and (iii) surface
salinity. These components were used as predictors in the multiple regression analyses and in order
to select the most appropriated smooth terms (or predictors), the residual maximum likelihood
(REML) method was applied. This method uses a likelihood function calculated from a transformed
set of data, so that irrelevant predictors have no effect in the md&Development Core Team,
2015) This method is similar to a stepwise regression analysis but where one uses, in this case, cubi
spline to fit each predictor rather than a straight line. In order to investigate the predictors which
have more influence in the GAM analysis, the relative importance and{ysisnping, 2006jvas
performed on the data.

Secondly, the set of predictors selected from the multiple regression analysis was used in a
Generalized Additive Mixed Model (GAMM) in order to investigate temporal trends in each WQ
component. In these temporal trend models, time (i.e., Sample Date) was used as fixed effect, which
is the variable that influences the mean of the WQ component, dnaddther selected predictors

were used as random effects, i.e., what influences the variance of the WQ component.

Table4-4: Long term wet season river discharge (ML, megalitre) statistics of five GBRantées
last 8 years (c.a., Navto Apr30), compared against their losigrm (LT) median.
Colours indicate levels above the long term median: yellow for 1.5 to 2 times; orange
for 2 to 3 times, and red for greater than 3 times. Long term statistics wadoeilated
based on a hydrological year taking into account measurements from 1915 to 2000
(where data available). (Data source: DNRM).

River LT 2005 2006 2007 2008 2009 2010 2011: 2012
median 2006 2007 2008 2009 2010 2011 2012 2013

Rusel 632,309 817,392 912,129 858,993 966,983 878,223 1,293,058 815,652 409,489
Mulgrave 40,347 643,907 530,609 835,704 591,860 541,997 1315073 751,882 277,050
Tully 1,894,102 2,254,263 2,714,150 2,437,338 2,852,481 1,860,031 = 4,642,874 1445101 1,576,555

1,982,217

Burdekin 4,669,849 1,798,930 8,656,136 7,661,648 3,110,545

Fitzoy 1,880,471 547,415 870,801

32



4.3 Results
4.3.1 Data analysis spatial

Two transects in th@Vet Tropics regiomare included in this repor{Tully andHerber) and the
Burdekin in the Dry Tropi¢3able4-5). Overall, the mean values for each WQ parameters sampled
in the Wet Tropics were highest in the Southern Herbert transect followed by the sités iTully
transect. The lowest mean values were observed on average in the Northern Herbert transect. Total
suspended solids (TSS) ranged betwedrg 57 mg/L, with the highest value sampled at the Herbert
River mouth on 283-2013, corresponding to a-&ays average river discharge of 11,677 ML/d
(below 78" percentile, 16,470 ML/d, Table-5), suggesting potential high suspended solid load
from the Herbert catchment. Clal rangedbetween 020 ¢ 9.74 ug/L, andn 70% of the sampled
sites it was abovehe (annual) water quality guideline (i.e., 0.45 ug/L, GBRMPA)ZDIB® highest
chla value was observed at the King Reef (approx. 30 km form the Tully River maathi),tle
influence of secondaryphytoplankton enrichedvaters. The minimumvalues for IN ranged from
0.5¢ 1.1 yM and minimum DIP values ranged frah03 ¢ 0.06 uM. The maximum values for DIN
ranged from1.8 ¢ 12.6uM and maximum DIP values ranged fror3¢ 0.29uM. The higkstvalue

of DIN {2.6uM) was recorded alully River moutlon 26-01-2013at a salinity 08.5 and under a-b
days average discharge of 64,443 ML/d (higher than tH&@Scentile, 28,441 ML/d, Table®,
suggesting a strong continental contribution of DIN during flood conditidhs largest variation
between WQ paameters was for Si, which varied more tharfold between Southern Herbert
transect (43.97 £ 93.37 uM, mean * 1SD) andBbelekintransect .72+ 13.8uM).

A longtransectwas sampled inthe Burdekin regioncoveringthe Burdekin and Don Rivgmwith a
total of 36 sitessampledfrom the Edgecumbe Bay at Bowtmthe south of Palm Islan{Table4-5).
Overall, the mean values for each WQ parameters sampleathisntransectwere higher in the
Burdekinregion than in the Donregion Total suspended solid$S) ranged between 3.1012
mg/L. The highest TSS value was sampled at the Burdekin River plum&820d13, 10 days after
the second major flood event (peak discharge of 173,173 ML/d), at 14 km from the Burdekin River
mouth, under a salinity of 33, drunder a 5days average river discharge of 17,981 ML/d (belot¥ 95
percentile,115,249 ML/d, Table-2). Chia ranged between 0.2 1.08 ug/L, and 60% of the sampled
sites were above théannual) water quality guidelin@.e., 0.45 ug/L, GBRMP2009) The highest
chla vdue was observed on 183-2013near the Sinclairs Bay (35 km from the Don River mouth),
under influence of secondary waterShe minimumvalues for DIN ranged from 0@81.1 uM and
minimum DIP values ranged fron03 ¢ 0.06 uM. DINvaluesranged from1.07 ¢ 3.0 uM and DIP
values ranged fron0.03 ¢ 0.23 uM. The higkst value of DIN 3.0 uM) was recorded aCape
Clevelandn 14-03-2013at a salinity 0£22.8 and under a-Blays average discharge of 34,057 ML/d
(lower than the of percentie, 115,249ML/d, Table 22). As observed for the previous two NRMs,
the largest variation between WQ parameters was for Si, which varied 4.6 fold betweear&mn
(1.66 = 0 uM, mean = 1SD) and the Burdekaa(7.72 £ 13.81 uM).
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Table4-5: Summary ofransectsthat were completedand including in this repoduring the 202-
2013 wet seasorunder the MMP programMinimum (min), maximum (max), mean,
standard deviation (SD) and the number of samples are calculated over multiple sites
and multiple dates within each river plume water surface and are provided as a
guidance of the range of values within each sampliaggect.

Northern  Southern .
Parameters Stats. Tully Herbert Herbert Burdekin
Min. 25.70 28.20 28.40 27.33
Max. 30.75 30.47 30.79 28.52
4 AT DBPAOAOO Mean 28.08 29.17 29.39 27.89
SD 1.38 0.89 0.70 0.37
Count 46 12 14 22
Min. 9.56 29.44 3.12 21.55
Max. 35.37 35.64 35.73 34.04
Salinity Mean 30.56 33.50 30.54 32.60
SD 6.11 2.03 8.74 3.16
Count 46 12 14 25
Min. 0.04 0.12 0.18 0.03
Underwater Light Max. 1.26 0.90 0.92 0.78
Extinction Coefficient Mean 0.36 0.41 0.48 0.35
(/m) SD 0.27 0.29 0.29 0.18
Count 34 6 12 21
Min. | 0 0 0 0
. Max. 2.90 0.39 1.24 0.25
Coloured Dissolved
Organic Matter (/m) Mean 0.80 0.12 0.44 0.12
SD 0.96 0.12 0.32 0.06
Count 39 12 9 12
Min. 3.50 4.40 3.50 3.10
Total Suspended Max. 21.00 24.00 57.00 12.00
Solids (mg/L) Mean 7.84 9.74 15.66 7.83
SD 3.78 6.08 17.86 2.25
Count 31 12 9 25
Min. 0.23 0.29 0.49 0.20
Max. 9.74 2.90 3.00 1.08
Chlorophyll-a (ug/L) Mean 1.28 0.97 1.62 0.65
SD 1.46 0.77 0.86 0.28
Count 44 12 14 25
Min. 5.50 5.71 6.43 8.21
Max. 24.77 11.99 20.56 16.78
Total Nitrogen (UM)  Mean 13.01 9.83 12.02 10.74
SD 4.61 1.84 4.32 2.03
Count 46 12 14 25
Min. 0.13 0.10 0.10 0.16
Max. 0.65 0.36 1.10 0.42
Total F(’S,‘\)As)'phorus Mean 0.29 0.19 0.32 0.25
SD 0.14 0.08 0.28 0.06
Count 46 12 14 25
Min. 0.50 1.07 1.14 1.07
Dissolved Inorganic Max. 12.64 1.78 9.50 3.00
Nitrogen (M) Mean 2.59 1.40 3.29 1.52
SD 2.96 0.25 2.88 0.47
Count 46 12 14 25
Dissolved Inorganic ~ Min. | 0.06 0.03 0.06 0.03
Phosphorus (UM) Max. 0.29 0.13 0.29 0.23
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Northern  Southern .
Parameters Stats. Tully Herbert Herbert Burdekin
Mean 0.13 0.07 0.13 0.09

SD 0.06 0.04 0.06 0.04

Count 46 12 14 25

Min. 0.07 0.29 0.29 0.00

Particulate Nitrogen Max. 8.07 4.21 6.43 8.00
(M) Mean 1.75 1.30 2.34 2.15

SD 1.82 1.18 1.87 1.99

Count 46 12 14 25

Min. 0.00 0.00 0.00 0.00

Particul Max. 0.32 0.16 0.87 0.23
Phos%r;'gfuit‘(aw) Mean 0.08 0.04 0.15 0.06
SD 0.07 0.05 0.25 0.06

Count 46 12 14 25

Min. 1.66 1.66 3.33 1.66

Max. 184.57 111.41 290.99 56.53

Silica (uM) Mean 27.59 13.86 43.97 7.72

SD 37.70 31.22 93.37 13.81

Count 42 12 9 25

It is difficult to compare and contrast data across one sampling period in wet season conditions due
to the high variability of the water quality data response to river flow and prevailing weather
conditions The concentrations of water qualifyarametersin plumes are directly related to the
degree of mixing between the fresh and salt watéthe changes in concentration result only from

the dilution associated with mixing, the constituents are said to behave conservat®dadyof the

most useful techniques available for interpreting mixing processes is to examine whether data is
consistent with conservative behaviour. This is undertaken by wgsktia linearity of the relationship
between the concentration of the water quality parameter and an index of conservative mixing. In
applying this technique, salinity is usually used as an index of conservative mixing (Devlin et al.,
2001). Salinity nixing plots for Burdekin, Tully, Herbert are presented from data collected in the
2012-2013 wet season for DIN (Figutela), DIP, (Figuré-4b), Kd(PAR]Figured-4c), TSS (Figude

4d), chla (Figuret-4e) and CDOM (Figude4f).

No clear patterrwasobserved foithe WQ parameters in th8urdekin siteggainstsalinity. The lack

of pattern might be due to dow density of data points at low salinitieBigure4-5), even though

the sites were sampled just after the second largest river discharge in the séds®rother two
rivers, Tully and Herbert, exhibited some typical mixing plots with reduction of WQ parameters as
moving away from the source (i.e., riverouth). Clearer patterns were always observed for WQ
parameters when sites were sampled after some peak discharge. Examples dpéNthed DIP
concentrationsthat generally follow a conservative mixing process, diluting in a linear pattern in
relation tothe salinity concentrationsHigs. 44a,4-4b). Source and end concentrations are variable
between catchment and as a result, there are different slopes to the lines in relation to catchment
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The WQ parametersampledin the Tully (Figure %), are plotted againsttwo parameters: (a) the
distance between the sampling site and the nearest (or influential) river mouth-day® average
river discharge calculated from the sampling date. These jbiigisiightedthe variable river inputs
from several Wet Tapics Riversand events which can influence the shape of the modeFor
example,Kd(PARand TSSn the Tullyexhibited a decreasing concentrations in responseh®e
distance plotswith CDOMalso havingthe converse relationship with dischargimcreasing to a
maximum value at maximum flgwbut with high scatter in response to distandeDOM is avell-
recognisedproxy for freshwater influence and generally exhibits strong linear patterns with
discharge TSS in the Tully sites is elevated at maxinflow, but high TSS values are also associated
with low flow conditions, close to the shqgrsuggesting strong tidal influence, and/or first flush
conditions.Chta in the Tully transectemained constant across distanceiqure4-5), with some
elevated peaks at 15 to 30km offshore

DIN presens a cleardilution pattern in the Tully with elevated concentrationglose to the river
mouth, that is reduced moving awdsom the mouth. A clear trend is also observedjainstriver
discharge, as the greater the discharge the higher the DIN concentration. Such pattern was not
observed for DIP, although in general DIP decreases away from the Thagninimumvalues for

DIN ranged from 0.5 1.1 pM and minimum DIP values ranged fré®3¢ 0.10puM. The maximum
values for DIN ranged frorh.6 ¢ 12.6 uM and maximum DIP values ranged fr@i3 ¢ 0.29 uM.

The higlestvalue of DINY2.6uM) was recorded atTully River moutlon 26-01-2013at a salinity of

9.5 and under a Blays average discharge of 64,443 ML/d (higher than tH2f@Scentile, 28,441
ML/d), suggesting either atrong continental contribution of DIN during floambnditions or in
response to first flushThehighest concentrations of DIN was obsenmednoderate flowconditions,
suggesting this was an example of first flush, where a small amount of flow can transport very high
concentrations of pollutants into the nearshore marine environment. The site repteg the

Gaz £t & WADBSNI Y2dziKé Aa &AddzZ GSR I FGSNI SEGSyargsS ¢
Tully River can be discharged across, resulting in estuarine processes before fierfisssampling

site (Figure4-5). DINalso exhibits only a small increaagainst river dischargdioweverhigh values

are associated with the high dischargenditions (Figure4-5), but only one maximumdischarge
eventwere capture by the 202013 wet season samplingith most data representing flux or fall

of the river flow

The WQ parameters sampled in the Herbert (Figu@ were plotted against two parameters: (a)

the distance between the sampling site and the nearest (or influential) river mouth,-@ay$

average river discharge calculated from the sampling date. These plots highlighted the variable river
inputs fromthe Herbert Riveron several eventssmaller coastal rivers and Hinchinbrook Channel, all

which carinfluence the shape of the modd{d(PAR) y G KS | SNBPSNI wA@BSNI SEKAOG
for the distance plots, with the initial reduction iKd(PAR)following similar reductions in
chlorophylta and CDOM across distance. Highest TSS in the Herbert sites is against the maximum

flow conditions Chta in the Herbert transect reduces fromitial high values between 0.3g/L and

3.0pg/L in the first 10km, witlsome reduction across distance, but increasing or stabilising at 35km
distance 6), with some elevated peaks at kfhto 30km offshore! £ £ 2F (G KS | SN SNI L.
and Kd(PAR})epresent two sources of river inputs, (north and south transects witferént river

inputs) and are also influenced by the movement of water around and through the Hinchinbrook
channeland are variable due to the mixing thfe fresh-end sourcesnd the tidal dynamics around
Hinchinbrook Island
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DINand DIP dmot presenteda clear dilution pattern in the Herbert, witblevated concentrations
acrosshe whole ofdistanceplots, with highestconcentrations measuredetween 50kmto 100km
distancesfrom the Herbert mouth These distance plots are taken from the point of therbéet

River, and the high DIN concentration was taken just north of the Hinchinbrook Channel, where the
influenceof the Hinchinbrook channel is significant.
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Figure4-5: Variation of selected WQ parametegampledin the Tullyregionfor Kd(PAR)CDOM,
TSS, andhla, dissolved and particulate nutrientall water qualityparametersare
plotted against (a) distance between the sampling site and nearest/influential river
mouth (distance), (b)-Blay average river discharge calculated from the sampling date
(discharge). Red solid line stands for a4panametric fitting curvelpessmodel, see
Crawley, 2007) and red dashed lines stand for.2 SE
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Figured-6: Variation of selected WQ parameters sampled in the Herbert regiodd@?PAR)CDOM,
TSS, andhla, dissolved and particulate nutrients. All water quatisrametersare
plotted against (a) distace between the sampling site and nearest/influential river
mouth (distance), (b)-Blay average river discharge calculated from the sampling date
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Crawley, 2007) and redbhshed lines stand for 2 SE
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The WQ panmeters sampled irthe Burdekinregionwere plotted againstwo parameters: (a) the
distance between the sampling site and the nearest (or influential) river mouth-day® average
river discharge daulated fran the sampling datgFigure 46). CDOM andChta both look to be
influencingKd(PARvith a significant decreasacrossdistance aligning withhe initial decrease in
the Kd(PARYalues.Kd(PARYyalues decrease initiallyom a maximum of 0.8 to minimum of 0.05.
There is a secondapeak after 10(km, coincident with the Cape Cleveland, a region with common
high turbid waters due taesuspensionand the influence of the finer sediment transpoSS
concentrations show a&light decrease across distance, with high scatter aroundall points,
particularly those taken within 28@m. The TSS concentrations aesluced inthe lower salinity,
nearshore sites imomparison to other Burdekin events (Devlin et al., 2001; Detlal., 2012) due
to the sampling perioanly beingat the end (flux) of the second flow everdad not representative
of a large Burdekin peak flow event

Nutrients in general do not presentdilution pattern, with DIN andDIPbeing relatively unchangk
acrossstart and enddistances from the river mouthand discharggFigure 46). These patterns
suggest that due to the low discharge regime the samples were taken, nutrients were more driven
by local process than external input. PP shows a pattern simoil®IP, being relatively unchanged
across distance$2Ns morevariable fiowingincreasingconcentratiors away from the river mouth
suggestinghiologicalmediated processes may be influencing the transport and formation of the PN
through flood influencd waters. Once again, these models show wider error bars due to the
reduced number of data points, so caution must be taken on their interpretation.
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Figured-7: Variation of selected WQ parameters sampled in the Burdekin regidfdi¢tAR)YCDOM,
TSS, andhla, dissolved and particulate nutrients. All water quatisrametersare
plotted against (a) distance between the sampling site and nearest/influent&l riv
mouth (distance), (b)-Blay average river discharge calculated from the sampling date
(discharge). Red solid line stands for apanametric fitting curvelpessmodel, see
Crawley, 2007) and red dashed lines stand for.2 SE

{ LISFNXYI yQ& NEogfliciendiBleNiNds frelv Gignificant high correlations (>0.61) for the

WQ parameters sampled in the Wet Tropics (T&8, differently from what was observed for the

Tully and Herbert transects when analysed individu@igly Si and TDP exhibitednse correlation

with salinity and river discharge. Other significant correlations presented were between different
nutrients (e.g., TN and TP, r = 0.65) and forms of the same nutrient (e.g., TDN and TN, r = 0.79).
When data is analysed for individual rivémghe Wet Tropics, some more significant correlations are
identified Table 470 = O2 YLJ NBR (2 (K2asS 200l AySR 6KSy I ff
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other rivers due to their reduced number of data points. Salinity is correlated with most of the forms

of nitrogen and phosphorous, excluding the dissolved forms. River discharge correlates with DIN and

Si for the Tully River samples and with TiPtlie Herbert. Distance did not presented any significant
correlation, indicating that linear dilution processes are not occurring in these regions, which can be
resulted from the mixing of river plumes from close rivers and or the hydrodynamic compbéxity

these areas. Dissolved nutrients are not correlated with any factor, indicating that both coastal
hydrodynamic and biological processes are influencing the transport and uptake of the WQ
parameters in these regions.

Table4-6:{ LJS I NJMahkyofielation coefficientsor the parameterdrom the Wet Tropics region.
All highlighted valuegre significanat p < 0.0Jand represent a correlation >0.6 of <
.06. Parameter on the table are surface salinity (S&tday average discharge (Disch.),
distance between the river mouth and the sampling site (DistS,dffsa TN TDN,DIN
TP,TDRDIR PN PPandSi

Sal. Disch. Dist. TSS chla TN TDN DIN TP TDP DIP PN PP Si

Sal. 1 -058 0.11 -0.30 -0.15 -0.41 -0.57 -0.46 -0.59 -0.61 -0.40 0.29 -0.33 -0.67
Disch. -0.58 1 0.11 0.15 0.18 -003 025 048 028 028 027 -039 0.10 0.68
Dist. 0.11 0.11 1 -0.25 -0.08 -039 -0.15 -0.11 -0.27 -0.19 -0.27 -0.20 -0.25 -0.32
TSS -030 015 -025 1 052 031 020 -002 020 0.16 -008 0.12 0.15 0.27
ch-a -0.15 0.18 -0.08 052 1 029 0.18 0.06 0.13 -0.02 -0.07 0.23 0.18 0.21
TN -041 -003 -0.39 031 029 1 079 011 065 054 036 018 044 0.20
TDN -0.57 025 -0.15 020 0.18 0.79 1 029 060 057 043 -0.33 033 031
DIN -046 048 -0.11 -0.02 006 011 029 1 021 026 037 -0.20 0.13 0.56
TP -0.59 028 -0.27 020 0.13 065 060 021 1 0.82 049 -0.15 075 041
TDP -061 028 -0.19 0.16 -0.02 054 057 026 082 1 057 -0.26 0.30 047
DIP -040 0.27 -0.27 -0.08 -0.07 036 043 037 049 057 1 -0.21 0.16 0.55
PN 029 -039 -020 012 0.23 0.18 -0.33 -0.20 -0.15 -0.26 -0.21 1 0.06 -0.20
PP -0.33 010 -025 015 0.18 044 033 013 075 030 016 006 1 0.18
Si -0.67 068 -032 027 021 020 031 056 041 047 055 -020 o018 1

Table4-7: { LIS I NMhkygofeiation coefficientfor the paameters from Tully and Herberivers
sampled more than 20 times in the Wet Ticpin the 2012013 wet seasorAll
highlighted valuesre significat at p < 0.0Jand represent a correlation >0.6 0+.66.
Parameters listed in the table are surface salinity (Satlpysaverage discharge
(Disch.), distance between the river mouth and the samplinglxge), TSShla TN,
TDN, DINTP, TDP, DIP, PN, PP and Si.

Tully [46]

Sal. Disch. Dist. TSS chl-a TN TDN DIN TP TDP DIP PN PP Si
Sal. 1 -0.70 0.28 -0.21 0.14 -0.38 -0.60 -0.54 -0.63 -0.69 -0.65 0.27 -0.28 -0.84
Disch. -0.70 1 -0.04 -0.14 -0.18 -0.13 0.13 0.70 032 049 046 -031 0.07 0.79
Dist. 028 -0.04 1 -0.46 0.08 -0.44 -043 -0.35 -0.33 -0.20 -0.39 -0.11 -0.30 -0.42
TSS -021 -0.14 -046 1 -0.01 029 024 -019 003 0.01 016 0.21 -0.01 0.02
chl-a 014 -0.18 0.08 -0.01 1 0.16 -0.02 -0.27 -0.10 -0.23 -043 0.30 0.11 -0.39
TN -0.38 -0.13 -044 029 016 1 081 0.11 056 039 030 024 042 0.27
TDN -0.60 0.13 -0.43 024 -002 081 1 028 0.73 0.71 059 -0.28 0.34 0.6
DIN -0.54 0.70 -0.35 -0.19 -0.27 0.11 028 1 026 0.34 038 -019 0.15 0.68
TP -0.63 0.32 -0.33 0.03 -0.10 056 0.73 026 1 0.77 0.71 -0.33 0.66 0.65
TDP  -0.69 0.49 -0.20 0.01 -0.23 039 0.71 034 077 1 0.81 -050 0.09 0.74
DIP -0.65 0.46 -0.39 0.16 -043 030 059 038 071 081 1 -0.42 0.18 0.1
PN 0.27 -031 -0.11 021 030 024 -028 -0.19 -0.33 -050 -042 1 0.04 -0.38
PP -0.28 0.07 -0.30 -0.01 0.11 042 034 015 066 0.09 018 0.04 1 0.21
Si -0.84 0.79 -042 0.02 -039 027 056 068 065 074 081 -038 021 1
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Herbert [26]

Sal. Disch. Distt. TSS chl-a TN TDN DIN TP TDP DIP PN PP Si

Sal. 1 -0.56 -0.01 -0.63 -0.44 -0.70 -0.73 -0.13 -0.68 -0.66 0.08 0.22 -049 -0.34
Disch. -0.56 1 031 047 008 027 055 023 069 048 0.08 -055 0.53 -0.09
Dist. -0.01 0.31 1 0.04 -031 -0.08 0.15 -0.37 0.02 0.07 -0.31 -032 -0.03 -0.21
TSS -0.63 0.47 004 1 075 068 060 010 063 0.71 -0.09 -0.15 0.37 0.59
chl-a -0.44 0.08 -031 075 1 054 021 023 040 040 034 029 025 071
TN -0.70 0.27 -0.08 068 054 1 0.79 027 043 058 025 -0.03 0.13 0.67
TDN  -0.73 0.55 0.15 060 021 079 1 034 055 067 0.03 -055 030 0.14
DIN -0.13 0.23 -0.37 010 023 027 034 1 034 027 068 -017 0.27 0.20
TP -0.68 0.69 002 063 040 043 055 034 1 084 0.11 -0.34 0.79 0.30
TDP  -0.66 0.48 0.07 071 040 058 067 027 084 1 0.06 -040 040 0.36
DIP 0.08 0.08 -0.31 -009 034 025 003 068 011 006 1 0.15 -0.02 041
PN 0.22 -0.55 -0.32 -0.15 0.29 -0.03 -055 -0.17 -0.34 -040 015 1 -0.17 0.43
PP -0.49 0.53 -0.03 037 025 013 030 0.27 079 040 -002 -017 1 0.24
Si -0.34 -0.09 -021 059 071 067 014 020 030 036 041 043 024 1

{LISENXYIFYyQa NIyl O2NNBfliGA2y O2SFFAOASY(H ARS
(>0.61) for the WQ parameters sampled in the Burdekin NRM (BaBleThese correlations were
observed for the pairs TP TDP and PN chla. Discharge, distance and salinity were not highly
correlated, influenced by the low flow conditions associated with the timing of the sampling in the
Burdekin transect.

Table4-8:{ LJS I NMhkydélation codicients for the parameters frorthe Burdekin region. I
highlighted valuegre significantat p < 0.0land represent a correlation >0.6 o+.66.
Parameter on the table are surface salinity (Salda® average discharge (Disch.),
distance between the river mouth and the sampling site (Di§Sfchla, TN TDN,
DIN TR TDRDIR PN PP and Si

Sal. Disch. Dist. TSS chl-a TN TDN DIN TP TDP DIP PN PP Si

Sal. 1 0.19 0.29 0.02 002 015 -017 -0.12 -039 -0.27 -0.09 0.28 -0.08 -0.07
Disch. 0.19 1 0.60 024 033 009 -027 0.04 -0.27 -0.18 -0.10 0.28 -0.09 -0.44
Dist. 0.29 0.60 1 -0.12 0.07 0.16 0.04 -0.04 -0.16 -0.05 -0.06 0.19 -0.17 -0.49
TSS 0.02 0.24 -0.12 1 050 0.29 016 000 0.07 0.04 0.09 025 0.13 0.30
chl-a 0.02 0.33 0.07 050 1 -0.04 0.02 0.19 -0.03 -0.11 0.07 -0.12 0.13 0.23
TN 0.15 0.09 0.16 029 -004 1 0.44 -032 017 0.04 -0.09 0.67 0.09 0.03
TDN -0.17 -027 0.04 0.16 002 044 1 -0.22 058 048 0.18 -0.25 0.08 0.14
DIN -0.12 0.04 -0.04 0.00 019 -032 -022 1 0.21 -0.01 -0.17 -0.13 0.25 0.23
TP -0.39 -0.27 -0.16 0.07 -0.03 0.17 058 021 1 062 012 -0.19 039 0.36
TDP  -0.27 -0.18 -0.05 0.04 -0.11 0.04 048 -0.01 062 1 0.29 -0.36 -0.40 0.12
DIP -0.09 -0.10 -0.06 0.09 0.07v -0.09 0.18 -0.17 012 029 1 -0.31 -0.15 -0.07
PN 0.28 0.28 019 025 -0.12 0.67 -0.25 -0.13 -0.19 -036 -0.31 1 0.13 -0.05
PP -0.08 -009 -0.17 013 0.13 009 008 025 039 -040 -015 013 1 0.43
Si -0.07 -044 -049 030 023 003 014 023 036 012 -007 -005 043 1

4.2.1 Data analysis temporal

Statisticalmeasures of themain WQ parameters that have been measuredhe most frequently
sampledtransect for the last 8 wet seasonsre presented inTable4-9. Minimum values were
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consistently measured at the Franklins transect and the maximum values were consistently
measured at the Burdekin toalm Island transect, for all WQ parameters with the exception of TSS
(430mg/L) and ckah (26.7 pg/L), which were measured in the Fitzroy. The maximum concentration
of DIN (26.3 pM) was measured in the Tully. These sirsfalestical measurements reflecthe
hydromorphological characteristics analdjacent land use activity, witthe high concentrations of

DIN consistently measured off the Tuligfluenced by the high rates of fertilised agriculture with
multi-annual discharge events delivering the DIN te tharine environment (Waterhouse et al.,
2014).

Table4-9: Mean, maximum and minimum WQ parameters concentrations measured at 4 of the
most often sampled transects (i.e., Franklins, Tully to Sisters, BartbeRialm Island,
and Fitzroy to Keppelgyer the last 8 wet seasons (2092013). WQ parameters
include TSShika TN, TP, DIN, DIP, PN, PP.

Minimum

Parameters | Frank. Tully Burden. Fitzroy | Total count

TSS 1.46 0.40 0.25 0.82 171

Chia 0.21 0.20 0.20 0.20 174

TN 6.43 0.93 1.93 5.50 168

TP 0.16 0.10 0.16 0.31 155

DIN 0.79 0.07 0.03 0.01 156

DIP 0.06 0.01 0.03 0.03 172

PN 0.07 0.07 0.00 0.07 166

PP 0.03 0.00 0.00 0.03 161

Mean Count| 23 370 175 92 165
Mean

TSS 4,95 719 25.92 28.98

Chta 0.77 0.98 0.96 2.41

TN 11.50 11.72 16.79 24.05

TP 0.45 0.67 1.20 1.60

DIN 2.28 248 3.74 3.42

DIP 0.21 0.31 0.36 0.96

PN 3.62 2.38 3.85 5.98

PP 0.16 0.17 0.56 0.49

Mean Count| 23 370 175 92
Maximum

TSS 15.00 38.00 348.00 430.00

Chta 1.60 9.74 13.78 26.70

TN 19.92 56.40 127.36 56.90

TP 0.77 2.68 10.25 5.65

DIN 5.57 26.34 23.20 13.99

DIP 0.58 0.71 3.07 3.16

PN 11.28 26.70 40.93 26.13

PP 0.39 1.94 8.71 5.23

Mean Count| 23 370 175 92

Highest concentrations of TSS, PN and PP were measured off both Burdekin and Fitzroy, reflecting
the large area of grazing land and the movement of fine sediment through the river plumes
(Bainbridge et al., 2014). High DIP measurements recorded for Bordekl Fitzroy indicate
desorption processes releasing DIP from high PP concentratiomso@}lla is more varied, with

the maximum values measured off the Dry Tropics, with the high mean values skewed by a small
number of high valuehlorophyHa colected off the Tully and Franklin Islands have lower maxima,
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but comparable mean values indicatirigat the range of concentrations are less skewed and
consistently elevated.

The { LIS | NXMank €bé&elation coefficientswere computed (Table4-10) for each river
representing the significance of the correlation between the water quglsyametersand the
adjacentriver discharge TheTully has several WQ parameters correlating significantly with river
discharge, including TSS, TP, DIN, DIP and PP. FoinBrafik, DIN and PN were significantly
correlated with discharge. The dissolved nutrients were not significant for the Burdekin, but TN, TP,
PN and PP all correlated strongly. The Fitzroy river discharge correlates with all the nitrogen species,
includingTN, DIN and PN

Table4-10:{ LJS I NJahkyofdelation coefficient§orm the four most frequent sampled transects
over the GRB wide in the last 8 wet seasons. Values stand for correlation coefficient
between the total wet season rivelischarge andhe WQ parametersanclude TSShk
a TN, TP, DIN, DIP, PN, ®iBhlightedvaluesare significat at p < 0.01

Franklins Tully Burdekin Fitzroy

TSS -0.56 -0.29 0.05 -0.07
chl  0.71 0.05 0.17 0.04
TN 0.10 0.00 0.38 0.40
TP 0.71 0.51 0.47 0.03
DIN 0.86 0.26 0.23 0.40
DIP 0.68 0.23 0.28 -0.07
PN -0.09 -0.01 041 0.41
PP 040 0.15 0.32 -0.07

The result of the GAMM analysis for each WQ component is presented as a set of 4 plots, vertically
distributed (Figure 48, Figure 49, Figure 410). The first three plots in each column are the partial
effect plots from the multipleregression analysis. These plots show the behaviour of the WQ
component against each predictor individuallg ( either (i) surface salinity, (d)stance oriii) river
discharge) when the other two predictors are kept constant. The last plot repiesee temporal
variation of each WQ component when the selected predictors (i.e., those that did not present as a
straight line in the partial plots) were used as random effects in the GAMM analysis

The temporal variation of thevet seasonWQ componentsdata set 20062013) was best modelled

by using all predictors (i.e., salinity, river discharge and distance) as random effects. Exceptions
occurred for chlorophyh and PN that had no inclusion of the predictor distance, which is presented
as a straightihe parallel to »axis in the partial effect plots (Fig-8). Moreover, no temporal
variation was identified fo€CDOM (Figure 4)8chlorophylta (Figure. 4 @and Si (Figure 4.10which
presented an 4squared < 0, suggesting that a straight line paraltethe xaxis explaiad their
temporal behaviour better than the fitted models. All the other WQ components exhibited
significant temporal trends although the fitted models explain less than 10% of the data variability,
except for DIP {sq. = 0.33 Figue 4.10. For DIN and DIP, one can see a clear reduction in values
after 2012, whth was preceded by an increas® concentrations in 2032011 wet season,
corresponding to the EXropical Cyclone Yasi passage in Jarbabyuary, 2011Patterns in light
attenuation were similar highlighting that theurbid waters in 201412 wet seasonwere partly
driven by green (secondary) waterds a general trend, the ajority of the parameters show a
reduction invalues towards the end of the analysed periadth the exception off SS, thaihcreased

from 2010/2011 onwardsThese results suggest that the chronic increases in DIN and DIP are largely
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related to the scale and extent of the wet season flow, however TSS increases, whilst driven by the
sediment inputs froncatchments, can also be linked to other factors, such as the resuspension of
the finer sediment through the frequency and intensity of the wind

The partial effect plots (Figure 4,8 igure 4.9, Figure 4.1€@rst 3 plots in each column) provide
useful ingghts on the behaviour of each WQ component against the predictors. Surface salinity was
a significant predictor for all the WQ components ([EaB.1]). As a general trendall the WQ
components reduce as salinity increases, stabilisiimg the mid salinityranges although the
stabilization point varies depending on the WQ gument (Figure 4.8 plots in the top row).
Different patterns are observed for chlorophwgll and DIP. Chlorophydl exhibits a peak of
concentation around salinity 15 (Figure 4,9nd PN increasesith salinity > 30 (Figure 4.10

In relation to distanceas would be expectednost of the WQ components reducesavater moves

far from the river mouth (Figure 4,®lots in the second row). The peak of reduction is also variable
dependirg on the WQ component, ranging from as close as 20 km from the river mouth (e.g., Kd,
Figure 4.8, up to 100 kmor more suchas for DIN (Figure 4.9However, caution must be taken
when looking at data > 100 km far from the coast due to the reduced eunwfbdata points, which
resultin wider error bars. For example, distance does not present a significant pattern for PP, PN,
DIP and Cka (Talte 4.17), although only chlorophy#h and PN were not included as predictor in the
following GAMM analysis as thewere excluded in the predictor selection in the GAM analysis
(Figure 4.9 as thefitted model is parallel to-axis

Most of the WQ components respond to river discharge, being the higher the dischargegtiex hi

the concentration (Figure 4,®lots in the third row), up to a maximum value where discharge is no
longer influential. An exception to this pattern is exhibited by Su(Eig.10, where the maximum
peakoccurs at relativel low discharges (> 50,000 MApain caution must be taken when lookiag

data sampled under high river discharge due to the reduced number of data points, which results in
wider error bars. For example, river discharge does not present a significant pattern for Kd and Chl
(Tabe 4.11), although both were included as prefticin the GAMM analysis.

The WQ componentthat were explainedwell by the selected predictors (i.e., among salinity, river
discharge and distance) were Si, CDOM and it4, variability explainedby greater than55%.
ChlorophyHa was the component witless variability explained (5%) by the predictors. Among the
predictors, salinity has on average the highest contribution to the genes@liared, so it is the most
influential parameter analysed for the WQ components, followed by discharge and distance.
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Table4-11: Statistical summary of the multiple regression analysis. Number of data points,
the general model-squared and its ywalue for each WQ component are shown
in the left site of the tableThe pvalue and the percentage of contribution to
the total r-squared for each predictor from the relative importance (number in
brackets) are in the right side of the table. WQ components are sorted by
general model4squared, and numbers in bold stand faredictors not included

in the GAMM analysis.

multiple regression model

p-value of each predictor (% ofg. contribution)

comvr\)/c?nent Data size r-sq. p-value Salinity Distance Discharge
Si 165 0.85 <0.01 <0.01(79.1) <0.01(7.7) <0.01(13.3)
CDOM 589 0.58 <0.01 < 0.01 (56.2) <0.01 (5.8) < 0.01 (38)
DIN 698 0.57 <0.01 <0.01(77.2) <0.01(1.5) <0.01(21.4)
TSS 740 0.47 <0.01 < 0.01 (53.3) <0.01 (3.7) <0.01 (43)
PP 719 039 <0.01 <0.01 (64.7) 0.17 (1.4) < 0.01 (33.8)
Kd 355 0.36 <0.01 <0.01(71.8) <0.01(23.7) 0.26 (4.5)
PN 701 0.30 <0.01 <0.01(71.9 1(0.7) <0.01 (27.5)
DIP 776 0.09 <0.01 <0.01(39.5)  0.12 (16.4) <0.01 (44.1)
Chta 868 0.05 <0.01 < 0.01 (94.4) 0.99 (1.7) 0.53 (3.9)
mean 623.4 0.4 (67.6) (7) (25.5)
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5.1. Introduction

Remote sensgimagey has become a useful and operational assessment tool in the monitoring of
river flood plumes (hereafter river plumes) in the GBR. CombinediwisituWQ sampling the use

of remote sensing (RS) is digtand practical way to estimate both the extent and frequency of river
plume exposure on GBR ecosystems. Ocean colour imagery provides sgoafgidnformation
regarding the movement and composition of river plumes. Thus, in the past five years, g&8yima
combined within situsampling of river plumes has provided an essential source of data related to
the movement and composition of river plumes in GBR waters (e.g., Bainbridge et al., 2012; Brodie
et al.; 2010; Devlin et al.; 2012a, b; Schroeder e28i12).

Our efforts to improve RS methods are continuing. As part of the last MMP ir120(Devlin et al.,
2013a),a number of important and innovative developments were undertaken to improve our
capacity to identify and monitor the exposure of GBRBsgstems to river plumes and anthropogenic
WQ influences, using RS data. These steps included:

1. The development of a semautomated qualitative method to delineate river plumes (full
extent) and river plume water types (Primary, Secondary, and Tertianyy tsio types of
Moderate Resolution Imaging Spectroradiometer (MODIS) imagery: (i) true color (TC) data
(AlvarezRomero et al., 2013; Devlin et al., 2013a). Maps produced from this method are
KSNBI FGSNJ NBFSNNBR a ac¢/ édphyBicalddatd andl WQ a h 5 L {
thresholds (Devlin et al., 2013Retus et al., 2014bMaps produced from this method are
KSNBI FGSNJ NBFSNNBR & aG[w YFIL&AED . 2K ¢/ |
movement and frequency of occurrence of river plumes in@&R during the wet season.

2. The development of an innovative satellite method to map the discharge and dispersal of
TSS and DIN in the coastal/marine environment (AlvR@nero, 2013)It incorporates TC
derived products and spatially distributed load ddb produce TSS and DIN load maps from
20071020130 al LJA LINPRdzOSR FTNRY G(GKAa YSGiK2R | NB NE

As part of this MMP report in 203123, our technical efforts focused on the improvement and
validation of the RS methods developed in 24Pito map GBR river plumes and river plume water
types (hereafter, plumes water types), as well as on the development of new methods to measure
the exposure of coastaharine ecosystems to river plumes and associated pollutants through the
production of rive plume exposure/risk mapgerafter potential risk maps)More particularly we
focused on:

U The improvement, automation and validation of the TC and L2 methods to delineate river
plumes (full extent) and plume water types (Primary, Secondary, Ter{@xy)Petus et al.,
2014b).Outputs from both MODIS TC and-d2rived products are compared in this report
to determine the best outputs to use as problasriented management tools.

U The improvement and automation of the production of pollutants load m@pSS, DIN,
pesticides; AlvareRomero, 2013). This load wois still in progress and no outputs are

12012 and 2013 load data were not yet available at the time of this report.
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presented in this report as we are currently incorporating all rivers into the pollutant loading
surface.

U The exploration of the potential of using MODi®&ges to produce potential risk maps from
river plume exposure for GBR reef and seagrass ecosystems;

5.2.Methods
5.2.1. GBR plumes water types

Three distinct plume water types have been describgidhin GBR river plumes (from the inshore to
the offshore boundary of river plumes). They are characterized by varying salinity levels, spectral
properties, colour, and WQ concentrations.

U The Primary water type presents very high turbidity, low saliffitto 10; Devlin et al., 2010),
and very high values of CDOM and Total Suspended Sediment (TSS). Turbidity levels limit
light penetration in Primary waters, inhibiting primary production and limiting-achl
concentration.

U The Secondary water type is chaextsed by intermediate salinity, elevated CDOM
concentrations, and reduced TSS due to sedimentation (Bainbridge et al., 2012). In this
water type (middle salinity range: 10 to 25; Devlin et al., 2010), the phytoplankton growth is
prompted by the increasetight (due to lower TSS) and high nutrient availability delivered
by the river plume.

U The Tertiary water type occupies the external region of the river plume. It exhibits no or low
TSS associated with the river plume, and abawdient concentrations ofhla and CDOM.

This water type can be described as being the transition between Secondary water and
marine ambient water, and present salinity lower than the marine waters (typically defined
o8 alfAyAde x opT So®3Ids tAYySGEZ wnnnoo

5.2.2. Mapping of the GBR Rivedymes, using MODIS images

Level of exposure of GBR ecosystems (including the coral reefs and seagrass meadows) to river
plumes and lanéourced contaminants is spatially and temporally dependent of the different land
uses in the GBR catchments, the locahsports of contaminants, and the distance of respective
ecosystems to the river mouths (Brodie et al., 2013). Understanding the exposure of the GBR
ecosystems and resulting changes in ecosystem health conditions is important to facilitate
management oftie GBR to respond to anthropogenic pressures under a changing climate. The main
objective of the RS component of the wet season monitoring under the MMP is to produce maps of
river plumes, models that summarize laadurced contaminants transport, describater quality
concentrations within wet season conditions, and to integrate all these methods to evaluate the
susceptibility of GBR key ecosystems to the river plume/pollutants exposure i.e. to model the risk of
GBR ecosystem due to exposure to river marfrigures-1).

5.2.3. Development ofRemote sensing products

MODIS images, offer daily and whole GBR scale pictures of GBR coastal environments and thus help
with identification and mapping of GBR river plum@svo families of supervised classification
methods based on MODIS data have been investigated though MMP funding to map marine areas
exposed to river plumes and the different plume water types: one based on MODIS true colour
images (hereafter TC methodndone using MODIS images calibrated into WQ proxies (i.e., MODIS

L2 data; hereafter L2 methodThe TC method is based on classification of spectrally enhanced
quasttrue colour MODIS images (Alvaf@amero et al., 2013). This method exploits the differss
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in colour between the turbid river plumes and the marine ambient water, and between respective
water type inside the river plumes (AlvarBomero et al., 2013). The second family of analysis or L2
method, uses threshold values applied to atmospherjcatirrected Leve? products derived from

satellite images to delineate river plume boundaries and surface water types inside river plumes
(e.g., Dzwonkowski and Yan, 2005; Petus et al., 2014b; Saldias et al., 2012; Schroeder et al. 2012).
Both methods (AlarezRomero et al., 2013, Devlin et al. 2013a, Petus et al., 2014b) present
advantages and disadvantages, described in Petus et al. (2014b) and in the discussion section of this
report in order to determine the best data to use as probleniented managerant tool.

Maps were produced at different spatial (wheBBR; NRM river) and temporal (daily weekly,
annual and multrannuat) scales and included:

U0 River plume (full extent) maps. The river plume maps illustrate the movement of riverine
waters, but do not provide information on the composition of the water and WQ
constituents.

U Plume water type (Primary, Secondary and Tertiary) maps produced from the TC and L2
methods Plume water types are associated with different levels and combination of
pollutants (see, e.g., discussion in Petus et al., 2014b) and, in combination wgita WQ
information, provide a broad scale approach to reporting contaminant concentrations in the
GBR marine environment.

U Load maps of landourced pollutants (TSS and DIN) derived from the TC method. The load
mapping exercise, allows us to further understand the movements of pollutants which are
carried within the river plume waters.
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Figureb-1: Remote sensing products designed in order to model the risk of GBR ecosystems due to
river plumes during the wet season.

524. wSY23 8 &Sy 4 pgiehtialdsk@niaggO i &Y &

As part of our efforts for this 20123 MMP report, we havessessed the potential of using annual
water type maps produced from both L2 and TC method to progudential risk maps for the GBR
ecosystems from river plume exposure (Petus et al., 20P4&kus et al., in prep.

Theories behind the production of River plume risk maps for the GBR ecosystems are described in
Petus et al. (2014b) and summariziedefly here Measuring the magnitude of the river plume risk

to coral reefs and seagrass beaxs bechallenging becausef the combination ofifferent stressors

in river plume waters. Devlin et al. (2012b) underscored the need to develop risk models that
incorporate the cumulative effects of pollutants. Elevated levels of turbidity, which limits light
penetration, and reducgéhe amount of light available for seagrass photosynthesis, are described as
the primary cause of seagrass loss (Mckenzie et al. 2012; Collier et al. 2012a, b). Coral biodiversity
Ffa2 RSOftAySa Fa | FdzyOldAzy 27T #hyadEablicud208) ( dzNDH A
and reef development ceases at depths where light is belo@86 of surface irradiance (Cooper et

al. 2007; Titlyanov and Latypov 1991). Furthermore, more than 90% of thestamded nutrients

enter the GBR lagoon during high flowripds (Brodie et al., 2012; Mitchell et al., 2005). A linear
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decrease of DIN concentrations across river plumes (from the coast to offshore i.e., from Primary to
Tertiary water types) have been described by Alvdremero et al. (2013). Photosystem Ilibiting
herbicides (PSII herbicides) at elevated concentrations have also been traced during the wet season
in river plumes from catchments to the GBR lagoon (Davis et al., 2008). It was demonstrated by
Kennedy et al. (2012) and Lewis et al. (2009) thatdbncentrations of PSII herbicides on the GBR
typically exhibit a linear decline across the salinity gradient (i.e., from Primary to Tertiary water

types).

As an approximation, Petus et al., (2014b) assumed that the magnitude of risk for the GBR seagrass
beds and coral reefs from river plume exposure will increase from the Tertiary waters to the Primary
core of river plumes. Classification of surface waters into Primary, Secondary, and Tertiary water
types can thus provide a mechanism to cluster cumwativVQ stressors into three (ecologically
relevant) broad categories of risk magnitude. At the raaithual scale, the changes in the frequency

of occurrence of these surface water types help understanding the likelihood of the different
categories of risk mgnitude. Producing annual maps of frequency of Primary, Secondary, and
Tertiary water types in the GBR lagoon summarise thus the combined likelihood and magnitude of
the river plume risk over a defined time period. In combination with ecosystem mapas) gecve as

the basis to assess potential ecological consequences imposed by different levels and frequency of
exposure to lanesourced contaminants in river plume (i.e., magnitude of risk).

Thus, in summary he risk of a particular ecosystem (e.g., e tGBR, seagrass meadows or coral
reefs) to be affected by a particular stressor (in this case-tamuiced pollutants associated with
river plumes) can be assessed by evaluating:

U The likelihood of the risk, i.e., how likely a particular stressor is fgpdéa This can be
estimated by calculating the frequency of occurrence of river plumes or specific plume water

type;

U The magnitude of the risk, i.e., in river plume risk analysis, the intensity quantified as
concentration, level or load of pollutadiischarge through the river plume; and

U The ecological consequences of the risk, i.e., the extent of the ecological impact for a
particular ecosystem given a combination of magnitude and likelihood of occurrence of the
stressor.

AYydzl £ & L2 (S yvere lprbducedNdvel §evelY WetBeasons (2007 to 2013) using annual
maps of frequency of occurrence of plume water types produced from both the TC and L2 methods
as well as a simplified risk matrikaple5-1).

Table5-1: Risk categories (I, Il, Ill, and IV) in function of the magnitude and the likelihood of the river
plume risk (modified from Petus et al., 2014b).
Magnitude Tertiary Secondary Primary
Likelihood
rare
infrequent
occasional

frequent

very frequent
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This risk matrix assumes that potential risk level for GBR ecosystems can be ranked in four
gualitative categories!I( Il, Ill, 1Y determined by the combination of the magnitude (i.e., the
estimated level of langourced pollutants in flood plume) and the likelihood (i.e. the frequency of
occurrence) of the river plume risk (modified from Castillo et al., 2012). Potential risk weaps

LINE RdzOSR Ay ! ND3IAA YR I n LAESt YlIe22NRGEe FAf 4GS
dzZaSR a Nxal VYILa KIFgSyQid oSSy &S8SiG SFrftARFGSR |3l
consequences of the risk, i.e., the risk rawgkin Table5-1 (I, II, I, 1Y given a combination of

magnitude and likelihood is, at this stage, theoretical.
5.2.5. Exposure of GBR ecosystems to river plumes

RS produis designed from both TC and L2 methods help to evaluate the level of exposure of the
coral reefs and seagrass meadows to river plumes anddancced contaminants during the wet
season (e.g., Petus et al., 2014b). These mapping outputs are used to ttefiagposure of GBR
ecosystems (coral reefs and seagrass meadows) to river plumes and anthropogenic WQ exposure.
The exposure of GBR marine ecosystems is expressed simply as the area (km2) and percentage (%)
of coral reefs and seagrass meadows exposeilvar plume and exposed to the different categories

(1, 11, M, V) of potential risk from river plume exposure. Areas of GBR waters within each marine
NRM region exposed to river plume and river plume risk are also reported in recognition of other
important habitats and populations that exist in these areas (Brodie et al., 26i@)re5-2 and
Figure5-3 present the marine boundaries used for the GBR Marine Park, each NRM region and the
seagrass and coral reefs ecosystems.

We assumed in this study that the shapefile ¢enused as a representation of the actual seagrass
distribution. Spatial distribution of the deepwater seagrass is a statistically ifemti@rdoability of
seagrass presence (using generalized additive models (GAMs) with binomial error and smoothed
terms n relative distance across and along the GBR) in GBRWHdhsweltc5m depth, based on
groundtruthing of each data pointFor details on approach, see Coles et al. (2009).

These mapping outputs are used to define the exposure of GBR ecosystems (coraldemfagrass
meadows) to river plumes and anthropogenic WQ exposure. The exposure of GBR marine
ecosystems is expressed simply as the ared)(lamd percentage (%) of coral reefs and seagrass
meadows exposed taver plume and exposed to the different categes ( to I\V) of potentialrisk

from river plume exposureAreas of GBR waters within each marine NRM region exposed to river
plume and river plume risk are also reported in recognition of other important habitats and
populations that exist in these aregBrodie et al., 2013Error! Reference source not foundnd

Erra! Reference source not foundoresent the marine boundaries used for the GBR Marine Park,
each NRM region and the seagrass and coral reefs ecosystems.
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Figure5-2: Marine

boundaries used for the GBR
Marine Park (a), each NRM
region and the coral reefs
ecosystems. Coral Reef and
NRM layers derived from:
GBRMPA, 2013, GBR feature
shapefiles and enlargements
around (b) the TulHerbert
Rivers and (c) the Burdekin
river.

Figure 5-3: Marine
boundaries used for the GBR
Marine Park(a), each NRM
region and the coral reefs
ecosystems. NRM layers
derived from: GBRMPA,
2013, GBR feature
shapefiles and seagrass
layers from DAFH-eb. 2013;
and enlargements around
(b) the TullyHerbert rivers
and (c) the Burdekin rivers.
Spatial distribution of the
surveyed seagrasses besl
an historical layecomposed
from all meadows examined
between 1984 and 2008
(see reports at:
http://www.seagrasswatch.

org/meg.htm).
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5.3.Results

5.3.1. Production maps (weekly composite maps of secondary water type)

Weekly compositenaps of econdary plume water typ&cusingon the TullyHerbert and Burdekin
regions are presented iRigure5-5 and Figure5-6, respectivelyldentifying the full extent of these
Secondary waters on weekly basis provides recurrent production maps (i.e., areas with maan chl
M ®o 5 n d'pDevtirdet &l., 2013), anitlentifies areas in which high phytoplankton biomass
production are likely to occur during the variable wet season conditiSesondarycompositemaps

for the whole GBR arpresented in Appendix B, FiguBl. TableB-1 in Appendix Bresents a
conversion chart between Julian days, dates and week numBdre.maximum surface aerial
extents of secondary wateywere recorded around weeks 9, 15 and 20 (i.e., between thé& 26t
January and 19th of Apiind followed maximum peaks of discharge measured in the -Hdipert
and Burdekin riversHigure5-4). Qurface aerial extentnapped were largest in end of January/early
February in the wet Tropics and in mitharch/early April in the Burdekin region. Some areas were
underestimated due to cloud cover; for example weeks 8 or 19 in the Wet Tropics and week 9 in the
Burdekin regionKigure5-5 and Figureb-6).
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Figureb-4: a) Secondary plume waters areas recorded for the GBR, theHerlhert and the

Burdekin subsets and b) cumulative weekly ridischarge measured for the Tully
Herbert and Burdekin rivers.
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Figureb-5: Secondary plume weekly composites of the Tdiiybert marine region
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Figure5-6: Secondary plume weekly composites of the Burdekin marine region
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