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EXECUTIVE SUMMARY 
 
There is generally a paucity of water quality data at stream gauge locations on Cape York 
Peninsula in northern Queensland, with the exception of several recent advancements, and 
even less monitoring information from river mouth estuaries at the ‘end-of-river’ draining 
into the Great Barrier Reef (GBR) Lagoon. At the same time, many of Cape York’s catchments 
are experiencing continued and accelerated development pressure that could degrade river 
water quality and impact the health of the relatively intact reefs of the northern GBR. It is 
not too late in 2015 to establish baseline water quality conditions from high quality datasets 
for Cape York Rivers before additional development occurs. 
 
Improved empirical monitoring at ‘Super Gauges’, following international field standards for 
fluvial monitoring and utilising continuous water quality surrogates, is needed at end-of-river 
locations to detect positive or negative changes to water quality over multiple time scales 
(event, annual, decadal). This is necessary to determine the effectiveness of private and 
government investment in improved land management practises and soil conservation to 
reduce actual loads of suspended sediment by 20% and nutrients by 50%, while threats from 
future land use development and climate change are increasing. Theoretical sediment and 
nutrient budget models cannot replace accurate, long-term empirical data collection at end-
of-river locations. Super Gauges integrate a suite of standard well-established field protocols 
and new continuous surrogate technologies for accurately gauging river water, sediment and 
nutrient loads and changes over time. Super gauges can dramatically reduce the field 
measurement uncertainty and stochastic uncertainty for load measurement.  
 
This report analyses existing water quality data (1969-2015) and programs on the Annan 
River in northern Queensland to highlight available historic data and future monitoring 
needed to detect changes associated with the above water quality objectives for the GBR. 
Data from two existing and one new gauging location are analysed in detail. These historic 
data on the Annan River have been collected from opportunistic collaborative efforts 
between local volunteers, the Cape York Marine Advisory Group (CYMAG), South Cape York 
Catchments (SCYC), Queensland State agency scientists and hydrographers, university 
scientists, the Cook Shire Council, and the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO). Recently, CSIRO has assisted with the installation of a pilot Super 
Gauge near the mouth of the Annan River to more accurately define continuous water 
quality variability during floods and baseflow, and to demonstrate the need for improved 
investment into the Super Gauge approach for improved load monitoring accuracy.  
 
The Annan River catchment drains from the wet tropics bioregion in northern Queensland 
and traverses wet-dry savanna woodlands before discharging into the Pacific Ocean and GBR 
Lagoon near Cooktown. The catchment has experienced a range of land use impacts that 
have degraded water quality since European settlement in 1873. Tin mining has been the 
largest land use impact, but other land uses have also contributed to degradation including: 
road and track building, tree clearing and logging, cattle grazing, gully erosion, fire regime 
changes, residential development, aquaculture, tourism, water diversions, sewage drainage, 
and groundwater extraction. It is estimated that sediment and nutrient yields in the Annan 
catchment have at least doubled since European settlement, and were likely much higher 
during initial settlement from mining.  
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The sample size of water quality data at current/historic Annan River gauges has increased 
over recent years from collaborative efforts. These data are useful to set water quality 
guidelines for base flow ambient conditions, but less so for flood conditions. The existing 
data in mass are still not sufficient in quantity or quality to accurately calculate sediment or 
nutrient loads at the event or annual scale over the period of record (1969-2015), or detect 
actual changes over this time. Currently at best, the pollutant concentration data from 
several flood events over several years can be used in regression rating curves for specific 
years to predict average sediment concentrations from continuous water discharge data. 
However, this approach ignores the event and seasonal non-linear hysteresis between 
concentration and water discharge, in addition to assuming that catchment conditions and 
pollutant supply are constant over events, multiple seasons or many years. Moreover, the 
historic data is comprised primarily of episodic grab samples collected from river banks, 
which are non-isokinetic, do not represent average cross-section concentrations during flood 
(>20 % underestimate), and are further biased (~ 15% underestimate) from laboratory sub-
sampling during the total suspended solids (TSS) laboratory protocol. At present, these types 
of data are the only empirical data available to underpin and tune existing theoretical 
catchment models, which are being relied upon for estimating pollutant loads discharged to 
the GBR. 
 
The newly piloted Super Gauge approach using continuous water quality monitoring 
(CWQM) in the lower Annan River provided many monitoring insights into the value of 
continuous surrogate technologies and standard field protocols for accurately gauging river 
water, sediment and nutrient loads. Solid correlations between continuous turbidity data 
and isokinetic grab samples of suspended sediment concentration (SSC) allowed for solid 
predictions of SSC during flood events.  Decent correlations were also developed between 
turbidity and total and particulate nitrogen and phosphorus concentrations. Improved 
correlations could be made if nitrate and phosphate analysers were installed for continuous 
in situ measurement of dissolved fractions. Automated pump samplers would reduce the 
field costs of personnel chasing floods at all hours to obtain grab samples, as well as 
increasing sample size during key individual events. However, measured variability in SSC 
across a cross-section during flood demonstrated that additional isokinetic width- and 
depth-integrated sampling of average SSC and nutrient concentrations will be needed to 
correct any non-isokinetic point data collected by hand or pump. Furthermore, installing an 
acoustic doppler velocity meter (ADVM) to measure a ‘velocity index’ area for bidirectional 
tidal discharge measurements is critical for overcoming the lack of water discharge data in 
the Annan River estuary.  
 
A Super Gauge approach is recommended for not just the lower Annan River, but also at 26 
priority end-of-river locations draining to the GBR, especially 10 additional river catchments 
on Cape York. The following components and protocols are recommended for developing a 
‘Super Gage’ approach following international standards: 
 

 Improving infrastructure platforms for deploying continuous water quality 
equipment (pylons, bridges, booms, buoys).  

 Standard water stage and water discharge measurements, improved discharge 
measurements using an Acoustic Doppler Current Profiler (ADCP), and development 
of a continuous ‘velocity index’ using an Acoustic Doppler Velocity Meter (ADVM) to 
develop water discharge rating curve(s) in tidal estuaries. 
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 Improving water discharge and pollutant load measurements during overbank 
discharge events for large floodplain rivers.  

 Implementing standard field protocols for fluvial sediment measurement.   

 Periodic sampling of cross-section average concentrations by width-depth integrated 
sampling during flood flow using an isokinetic sampler (from bridge or boat), suitable 
for both sediment and nutrients. 

 Use of the Suspended Sediment Concentration (SSC) laboratory (and field) protocol 
appropriate for fluvial samples rather than the Total Suspended Solid (TSS) protocol 
to reduce sampling and laboratory analysis bias.  

 Full particle size analysis of all integrated SSC samples (or 63 µm and 10 µm splits)  

 Collection of frequent non-isokinetic water samples (SSC, nutrients) across flood 
events using a refrigerated automated pump sampler (intake away from bank) 
triggered by continuous turbidity thresholds. 

 Daily sampling during flood at a single-vertical station [e.g., box method from bridge] 
near the pump sample intake and continuous water quality probe, in order to collect 
isokinetic point and depth-integrated water quality samples. 

 Correction of non-isokinetic point data (pump sampler) by correlation with isokinetic 
point data, single-vertical data, and width-depth integrated average concentrations. 

 Measurement of continuous turbidity (or other sediment surrogate) to correlate to 
suspended sediment concentration and suspended nutrient concentration, to avoid 
hysteresis effects with water discharge (i.e., continuous water quality monitoring, 
CWQM). 

 Measurement of continuous surrogate parameters for nutrients, chlorophyll, blue-
green algae, and DOM, as well as standard temperature, pH, EC, dissolved oxygen.  

 Development of flood event-scale pollutant rating curves between point data and 
continuous surrogate data to avoid hysteresis issues with water discharge and 
seasonal effects. 

 Calculation of pollutant loads at 10-minute intervals and the flood event-scale using 
specific event rating curves of pollutants (with sediment by size fraction).  

 Analysis of water quality data over time using high-accuracy event-scale load data, 
shifts in rating curve behaviour for individual types of storm events, shifts in 
continuous ‘time and discharge weighted’ event mean concentrations (EMC), and 
shifts in event-scale loads plotted against event-scale water discharge (ML). 

 Building empirical databases of event loads and actual catchment condition metrics 
to define catchment responses to changing input variables.   

 
From improved ‘Super Gauges’, more robust and continuous datasets of pollutant 
concentrations and loads can be developed from which to set better baseline conditions and 
detect changes over time. For example, event scale rating curves of SSC-vs-NTU can be 
developed, along with corrections for average width-depth concentrations, to improve 
calculations of event-scale SSC loads. These accurate event loads from continuous data can 
be used along with event water discharge to calculate the ‘time and discharge weighted’ 
event mean concentrations (EMC). Over time and within several years, event-scale loads can 
be plotted against event-scale water discharge (ML). From these plots, any reduction in 
actual loads over time will become evident in a downward shift in these load rating curves, 
and thus reduction in EMC for a given event size, proving or disproving any claims in actual 
load reduction toward 20-50% reduction targets. 
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Non-point source (NPS) sediment and nutrient pollution are the most widespread and 
damaging pollutants to waterways across the planet, including those draining to the Great 
Barrier Reef during the historical period. There is a strong conservative business case to 
invest a fraction (<1.6%) of the total funding allocated to all direct and indirect GBR related 
programs to improve high accuracy continuous monitoring at 26 priority end-of-river Super 
Gauge sites along the GBR. This will ensure that pollution reduction investments are actually 
effective over the long-term.  
 
An absolute minimum of $75 million/year is invested into direct GBR Reef Plan programs by 
the Australian and Queensland Governments to reduce land use impacts on water quality. 
Even more is spent through many indirect (separate) programs associated with monitoring 
and implementation of pollution reduction. While much is being learned about effective 
measures to reduce pollution through research at the paddock or gully scale, the cumulative 
effectiveness of many of these measures remains unknown and not accurately measured at 
the catchment scale to detect real changes over time in loads delivered to the GBR. 
Modelling potential change is not a substitute for measuring actual change.   
 
The costs of a Super Gauge can vary depending on exact data objectives, equipment needs, 
site-specific existing infrastructure, proximity to personnel duty stations and laboratory 
centres, and economies of scale maintaining multiple gauges. Using an upper-end cost 
estimate of $47,000/year to maintain equipment and process samples from a Super Gauge 
at an ‘end-of-system’ gauge, it would cost ~ $1.22 million dollars/year to operate a network 
of accurate Super Gauges at the 26 priority end-of-river locations draining into the Great 
Barrier Reef, with $2.5 million in up-front costs. Ten (10) of these existing gauges in the 
central and southern GBR catchments already have significant infrastructure and monitoring 
investment, which would reduce these costs along with existing economies of scale and 
available equipment. This $1.22 million dollar/year Super Gauge program would represent < 
1.6% of the total investment in the Reef Plan per year, and would provide long-term data to 
accurately determine if water quality delivered to the Great Barrier Reef is actually 
improving. 
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1 INTRODUCTION 

 

How quickly is Australia being washed Away? 
 

We simply cannot answer what is nationally a truly important question; ‘How quickly is 
Australia being washed away?’ Sediment monitoring [in Australia] is limited to so few 

locations that it is of very little scientific value. New Zealand, Canada and the USA have much 
more methodically acquired and vastly superior sets of data on river discharge and sediment 

yields following many decades of systematic sampling by government agencies. In the 
absence of actual data, [Australian] bureaucrats have resorted to the quick and cheap, and 
we certainly got in value what we paid for! They funded scientists to ‘model’ runoff and soil 

losses associated with the sort of flooding we have seen in recent months [2011] across 
Queensland. But these models, despite the best efforts of the scientists involved, are virtually 

useless because there is insufficient real data to accurately ‘tune’ them. It is time the 
appropriate ministers and their chief bureaucrats for each of the state water authorities met 
with their federal counterparts to institute a truly national network of basic data collection 

[for sediment load monitoring]. 
 

Professor Gerald Nanson, 2011, University of Wollongong, renowned fluvial geomorphologist 
 
 

1.1 Background on Pollutant Load Monitoring to the Great Barrier Reef 

Reducing the river output of sediments, nutrients, and pesticides to the Great Barrier Reef 
(GBR) lagoon from catchment land use disturbance is required to restore and protect the 
reef through the Reef Water Quality Protection Plan (Brodie et al., 2009). Load reduction 
targets of 20% for suspended sediment and 50% for nutrients have been established by the 
Reef Plan, and applied to Cape York Peninsula with some modifications (e.g., Moss and 
Howley 2016; Howley et al. 2016). Exactly how and where these load reductions are 
measured remains in question.  
 
The Great Barrier Reef Catchment Load Monitoring Program (GBRCLMP) monitors sediment 
and nutrients at 10 ‘end-of-river’ monitoring sites out of 38 major GBR reef drainage basins, 
(Appendix, Table 6). Fourteen (14) of the 38 basins have at least one monitoring site for 
water quality (QAO 2015). Many of the unmonitored catchments are located on Cape York 
Peninsula. Over the last several decades, the State of Queensland has reduced its overall 
water gauge network, including gauges in the 38 major basins draining to the GBR. It also 
has not dramatically improved water quality monitoring at some of the key end-of-river sites 
along the GBR to address the empirical data deficiencies, particularly on Cape York.  Most 
water quality monitoring sites rely on episodic manual grab sampling (near daily during 
floods) of water quality (TSS, nutrients, pesticides) from the river banks. However, some 
sites have more automated collection techniques (Appendix, Table 6). More recently, 
improved continuous water quality monitoring (CWQM) using surrogate technologies has 
been initiated at several priority east coast rivers by QDNR, CSIRO and the eReefs program 
(e.g., Steven et al. 2014), who recommended the expansion of the CWQM network along the 
GBR.  
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There is generally a paucity of water quality data at stream gauge locations on Cape York 
Peninsula in northern Queensland, with the exception of several recent advancements at a 
few sites, and even less monitoring information from river mouth estuaries draining into the 
GBR Lagoon. At the same time, many of Cape York’s catchments are experiencing continued 
and accelerated land use development pressure that could degrade river water quality 
(Howley et al. 2012; 2013; Shellberg and Brooks 2013; Brooks et al. 2013) and impact the 
health of the relatively intact reefs and marine ecosystem of the northern GBR (Halpern et 
al. 2008). 
 
Instead of focusing on robust empirical monitoring at end-of-river locations, state and 
federal agencies have invested heavily into modelling sediment and pollutant runoff, with 
sub-model components consisting of ‘black-box’ equations with numerous un-validated or 
inaccurate assumptions. The overall model outputs are calibrated to gauging data and 
remote sensing vegetation cover estimates (Carroll et al. 2012; McCloskey et al. 2014). Some 
standard and significant sediment budget sources and sinks are omitted, such as roads, 
fence lines and tracks, large alluvial gullies on floodplains, and in-channel deposition (Brooks 
et al. 2013). In contrast, the models have overestimated hillslope erosion by up to an order 
of magnitude (Brooks et al. 2014). Empirical field data and gauge load data have become a 
tool to calibrate theoretical models, rather than high quality empirical gauge data at nested 
scales being the priority for detecting long-term actual changes to catchment conditions. The 
cart has come before the horse (QAO 2015).  
 
Agency program ‘report cards’ have claimed that theoretical modelling scenarios based on 
adjusting vegetation cover factors from remote sensing data and coarse surveys of 
management practice adoption demonstrate actual reductions in loads (Qld Gov 2014a; 
2014b). In reality, few empirical data exist to substantiate these load reduction claims. The 
opposite may be true in some circumstances with both government funded programs and 
new development in Cape York increasing erosion in some areas (Shellberg and Brooks 
2013). These past reef report cards have falsely given the impression that modelling 
scenarios represent reality on the ground (QAO 2015). 
 
A recent detailed audit of the Reef Water Quality Protection Plan by the Queensland Audit 
Office (QAO 2015) concluded the following in relation to monitoring long-term water quality:   

  Agencies have not established with sufficient confidence that the quality of the water 
entering the reef from catchments is actually improving.  

 There are simply too few monitoring sites across the reef catchments to achieve 
[confirmation of load reduction] and there is a tendency to report modelled rather 
than actual results, primarily due to significant fluctuations that can be caused by 
extreme weather events.  

 Land management practice programs are not achieving the changes needed to realise 
the Reef Plan goal within the established timelines and the extent and sustainability 
of change is not being comprehensively monitored at the farm scale. 

 There is a high level of uncertainty in the modelled outcomes [of halting and reversing 
the decline in water quality] because of the number of assumptions and data 
limitations in such a complex model.  

 Most monitoring programs collect a significant amount of water quality data before 
they try to develop predictive computer models. The [current] program did not allow 
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for the lead times required to collect this data. Instead, it took an approach of 
modelling based on limited empirical data.  

 It is recommended that catchment monitoring is expanded to aid in determining the 
effectiveness of practice management change and to enhance the confidence in 
modelled outcomes. 
 

1.2 Current Load Estimation at Existing Gauge Monitoring Sites 

Pollutant loads (mass/time) in rivers are calculated as the product of water discharge rate 
(volume/time) and average pollutant concentration (mass/volume). In general field practice, 
water discharge is estimated from relationships (rating curves) with continuous stage height 
data (Rantz 1982; ISO 4373:2008; ISO 748:2007). Pollutant concentration over time can be 
estimated through integration, interpolation or averaging of point data assisted by 
relationships with continuous stage (or discharge) data, or preferably with other continuous 
surrogate technology (e.g., turbidity). The uncertainty of load estimates comes from several 
sources (Figure 1; Tennakoon et al. 2011).  
 

 
Figure 1   Sources of load estimate uncertainty (after Tennakoon et al. 2011).  

 
Improved statistical analysis techniques (knowledge uncertainty) have been recently utilised 
to tease apart historical water quality data, variability, and trends at river gauges draining to 
the GBR (Thomson et al. 2012; Kuhnert et al. 2012) and better combine these data with 
modelling output (Kuhnert et al. 2013). The goal of this approach is to assess the potential 
for future monitoring to detect changes from historic data resulting from government 
investment in improved management. While these statistical techniques are well advanced 
and sophisticated, the data they analyse are impaired with large error margins inherent to 
the historical field data collection techniques and laboratory analytical methods (stochastic 
and measurement uncertainty).  
 
By default due to data availability, many load regression tools focus on relationships 
between total suspended sediment (TSS) and water discharge for load estimates, which 
assume a constant relationship between concentration and discharge. Dozens of methods 
can be used to calculate loads from point grab sample data of water quality and the choice 
of appropriate method depends on sample regime, data quantity and data quality (Helsel 
and Hirsch 2002; Tennakoon et al. 2011; Thompson et al. 2012). These methods can suffer 
from a lack of high frequency concentration data and stochastic uncertainty. Due to 
hysteresis and non-static relationships between suspended sediment concentrations and 
water discharge, the use of water discharge as a correlate for sediment concentration is very 
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problematic except under transport-limited conditions (i.e., Olive and Rieger 1985; Williams 
1989; Amos et al. 2004; Nistor and Church 2005; Shellberg et al. 2013). Without the future 
use of continuous surrogate technologies to improve stochastic uncertainty and develop 
pollutant rating curves on an event-scale (e.g., continuous turbidity for sediment rating 
curves; Lewis and Eads 2008), these hysteresis issues cannot be overcome to produce 
accurate load estimates.  
 
Improved empirical monitoring following international field standards and utilising 
continuous water quality surrogates is needed at end-of-river locations to detect positive or 
negative changes to water quality over multiple time scales (event, annual, decadal). 
Accurate load monitoring is needed to reduce stochastic and measurement uncertainty and 
determine the effectiveness of private and government investment in improved land 
management practises and land conservation. In the case of existing and historic gauging 
programs in the GBR catchments (and particularly Cape York), the sediment and pollutant 
load measurements at end-of-river locations suffer from major uncertainties due to:  
 

 A lack of field data collection and analysis methods following international standards 
for fluvial sediment and pollutant measurement (i.e., Edwards and Glysson 1998; Gray 
et al. 2000; ASTM 2002; Wong et al. 2003). 

 Using water discharge as a pollutant correlate, rather than continuous surrogate 
parameters (e.g., turbidity; Gippel 1995; Lewis and Eads 2008; Gray and Gartner 2009). 

 Relying on periodic grab samples of pollutants from river banks, rather than collecting 
high frequency data for each event using continuous surrogate technologies and pump 
grab samplers away from the bank and backwater zone (i.e., Lewis 1996; Lewis and 
Eads 2008; Steven et al. 2014).  

 The location of gauges too far upstream on mainstem rivers to adequately assess end-
of-river conditions (e.g., Annan River 25% of catchment area; Normanby River 53%). 

 Absence or discontinuation of gauges at key river sites near the end-of-river, especially 
on Cape York (e.g., McIvor, Starke, Jeanine Rivers).  

 Difficulty in measuring water discharge and pollutant loads during overbank discharge 
events across large floodplains (e.g., Hawdon et al. 2007; Wallace et al. 2012).  

 Difficulty in developing stage-discharge rating curves in tidally influenced estuaries 
without velocity index methods (e.g., Levesque and Oberg 2012; Steven et al. 2014). 
 

1.3 International Standards for Monitoring Fluvial Sediment and Other 
Pollutant Loads: Towards a Super Gauge Approach 

Water discharge measurements in the State of Queensland follow International Organization 
for Standardization (ISO) protocols for measurement of both water stage (ISO 4373:2008) 
and water discharge (ISO 748:2007 and ISO/TR 24578:2012) following a certified quality 
management system (ISO 9001:2008). However, fluvial sediment load measurements in the 
State of Queensland generally do not follow International Standards. Although the State of 
Queensland does have internal field protocols and equipment for fluvial sediment sampling 
(Wong et al. 2003), these protocols and equipment have generally not been utilised to a 
major extent during the last two decades, with a few excellent exceptions (e.g., Amos et al. 
2004; Joo 2007).  
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International Standards for the field and laboratory measurement of fluvial sediment loads 
have been well establish for over 80 years (FISP 1941; FISP 1963; Fishman 1993; Edwards 
and Glysson 1998; Gray et al. 2000; ASTM 2002; USGS 2003; Lewis and Eads 2008; ISO 
11329:2001; ISO 4363:2002; ISO 4365:2005; ISO/TR 9212:2015). These also now include the 
use of continuous water quality monitoring (CWQM) equipment following standard 
protocols (Wagner et al. 2006; Rasmussen et al. 2009; Stevens et al. 2014). For fluvial 
suspended sediment measurement and computation, these International Standards 
referenced above require the following:  
 

 Use of the Suspended Sediment Concentration (SSC) laboratory (and field) protocol 
rather than the Total Suspended Solid (TSS) protocol.  The APHA (1995) laboratory 
technique for total suspended solids (TSS) was developed for sewage wastewater 
analysis and is not an approved international standard to measure suspended 
sediment concentration (SSC) in fluvial environments (Gray et al. 2000; ASTM 2002). 
The use of TSS field and laboratory methods results in inherent bias. 

 Full particle size analysis of all integrated SSC samples (or 63 µm and 10 µm splits)  

 Periodic sampling of cross-section average concentration data using width-depth 
integration during base and flood flow using an isokinetic sampler (from bridge or 
boat), utilising either the equal discharge interval (EDI) or equal width interval (EWI) 
method.  

 Daily sampling during flood events at a single-vertical station [box method from 
bridge] to collect isokinetic point and depth-integrated SSC samples near a pump 
sample intake and/or continuous water quality probes.   

 Collection of frequent SSC samples across a flood event using a refrigerated 
automated pump sampler (intake away from bank) triggered by continuous turbidity 
thresholds.  

 Correction of point SSC and turbidity data by correlating non-isokinetic point data to 
single-vertical and width-depth integrated average SSC.  

 Measurement of continuous (10-minute) turbidity data as a surrogate and correlate 
for suspended sediment concentration (SSC), to avoid hysteresis effects with water 
discharge.  

 Calculation of suspended sediment loads at 10-minute intervals by size fraction using 
continuous average SSC data (from turbidity relationship and isokinetic corrections) 
and continuous discharge data (from stage relationships). 

 Development of event-scale suspended sediment rating curves between continuous 
turbidity and average SSC to calculate and analyse loads on a per-event basis.   
 

For gauging in tidally influenced estuaries, extra equipment is needed to accurately gauge 
bidirectional water discharge, such as a side viewing acoustic Doppler velocity meter (ADVM) 
to measure a ‘velocity index’ area to correlate to average water velocity and water discharge 
measurements, along with standard stage data to estimate cross-section area (Levesque and 
Oberg 2012; Steven et al. 2014).  
 
A similar protocol is recommended for nutrient data collection (total, particulate, organic 
and dissolved nitrogen and phosphorus), but with the addition of continuous nutrient 
surrogates (e.g., in situ nitrate analyser; Steven et al. 2014; Shoda et al. 2015) and extra 
specific equipment to handle nutrient sample collection and storage (polyethylene samplers 
and refrigerated pump samplers). Specifically designed isokinetic samplers made of internal 
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polyethylene are available for collecting width- and depth-integrated samples of nutrients 
and pesticides (Edwards and Glysson 1998; USGS 2003). Pesticides could also be addressed 
in a similar fashion. 
 
Overall, the field collection and laboratory analysis of fluvial water quality data in rivers 
needs to follow International Standards (e.g., Edwards and Glysson 1998; Fishman 1993; 
USGS 2003). These field standards lead toward the development of a ‘Super Gauge’ 
monitoring system, and are a prerequisite before additional technologies are added in the 
field, laboratory, or office. Super Gauges integrate a suite of new continuous surrogate 
technologies and standard well-established field protocols for gauging river water, sediment 
and nutrient loads. Numerous examples exist around the globe and in Australia that can be 
used as prototypes of the Super Gauge approach (Gippel 1995; Grayson et al. 1996; Lewis 
1996; Armstrong and Mackenzie 2002; Wright and Schoellhamer 2005; McJannet et al. 2005; 
Lewis and Eads 2008; Gray and Gartner 2009; Evenson et al. 2012; Steven et al. 2014; Shoda 
et al. 2015). In Queensland, an important example of a Super Gauge site is located on the 
Logan‐Albert River, which has been a testbed for continuous water quality monitoring since 
2008 by CSIRO and eReefs (Steven et al. 2014). 
 
  

1.4 Purpose of this Report 

The multiple objectives of this report are to  

1. Briefly review the European development history of the Annan River catchment to 
provide a background for historic and current water quality conditions.  

2. Review in detail the historic and recent water quality data (sediment and nutrients) 
collected from multiple monitoring sites in the Annan River catchment.  

3. Provide recommendations for improved field methods for monitoring sediment and 
nutrient loads at the end-of-river and other gauges in the Annan catchment, building 
on recent trials of continuous monitoring methods in the Annan estuary. 

4. Briefly compare the current methods of gauging river sediment and nutrient loads 
delivered to the GBR lagoon with international standards for gauging and provide 
recommendations for improved load monitoring for the next century, particularly for 
eastern Cape York catchments. 

5. Provide some equipment and maintenance cost estimates for the recommended 
‘Super Gauge’ approach to improved load monitoring. 

6. Provide a business case for why accurate gauging is essential for long-term 
monitoring of pollutant load reductions delivered to the GBR.    
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2 ANNAN RIVER CATCHMENT: HISTORY OF HUMAN DISTURBANCE 

2.1 Catchment Characteristics 

The Annan River catchment (983 km2) is located just south of Cooktown in southeast Cape 
York Peninsula (Figure 2). It drains Mt Finnigan (1148m) rainforests on the northern end of 
the wet tropics, then flows over 70 km through hilly savannah woodlands towards Cooktown 
and the Pacific Ocean. The river flows predominantly north from the rainforest, and is joined 
by Scrubby Creek from the west and Wallaby Creek from the east. Below the Annan River 
gorge, the river is joined by Oaky and Trevethan Creeks (combined 53% of catchment area) 
draining from predominantly savanna woodlands and rainforest patches. The Esk River (9% 
of catchment area) joins the Annan in its estuary, which is 16 km long.  
 
Average catchment rainfall is 1820 mm and the catchment has mean runoff coefficient of 
0.48 (Eyres and Balls 1999). Land use is currently dominated by primary and secondary 
growth forests, patchy historic and current mine sites, cattle grazing across most open 
savanna woodlands, some cleared pastures for grazing, rural residential development in the 
upper Annan catchment (Rossville), peri-urban development closer to Cooktown, and a 
historic prawn farm near the river mouth. During average flood events, the river sediment 
plume reaches coastal fringe and inshore reefs (< 10 km, Dawson and Colishaw Reefs), while 
during larger floods (> 4 yr ARI) plumes can reach larger reefs more than 20 km offshore 
(Egret and Osterland Reefs) (Figure 2).  
 

 
a)                                                                              b) 

Figure 2  Location of the Annan River catchment and Great Barrier Reef a) during the dry season showing the 
proximity to the GBR and b) during the cyclone Ita flood (2014) when flood plumes easily reach Dawson and 
Cowlishaw Reefs as well as Egret and Osterland Reefs and beyond.  
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2.2 Aboriginal History and European Mining Settlement 

The Annan River catchment has been home to the Kuku-Nyungkul (upper Annan) and Yuku 
Baja Muliku (lower Annan) Aboriginal people for thousands of years (Anderson 1983). They 
lived and still live in patrilineal clan estates divided across the upper Annan. Estates are 
focused around permanent streams and riparian zones where food resources were relatively 
abundant (Anderson 1983). Older, respected men (Elders) look after their family clan estates 
and maintain the ‘law’ of social and cultural regulations, especially around story places and 
important food areas. Some but not all of this changed after European settlement.  
 
In 1770, Captain James Cook landed in the Endeavour River in Cooktown, initiating the 
eventual wave of European settlement 100 years later. In 1873, gold was discovered on the 
Palmer River, and Cooktown became the port of entry to the goldfields (Ryle 2000). 
European settlement skyrocketed, with tens of thousands of Europeans and Chinese 
migrating to the area by 1874. Some travelled to the Palmer via Hann’s Oaky Creek, a main 
northern tributary of the Annan.  
 
Large tin deposits were discovered in the upper Annan catchment in 1885 (Saint-Smith 1916; 
Anderson 1983; Ryle 2000). Mining was concentrated on alluvial terrace deposits derived 
originally from basalt, overlying bedrock granite. These deposits were mined with both sluice 
boxes and hydraulic water hoses, as the perched terrace deposits above the river bed were 
in a favourable location to hydraulically mine and wash sediment downslope for sorting and 
removal of tin ore. The residual tailings of gravel/sand/silt/clay material was flushed into 
local streams, especially the fine sediment (Figure 3; Figure 4; Figure 5). Eventually, hard-
rock reef (lode) mining also became common, but this was isolated to concentrated lode 
areas that were mined by larger companies in the 1900’s, after the more easily accessible 
terrace deposits had been mined by individuals.   
 

 
Figure 3   Historic tin mining using hydraulic water hoses in the upper Annan catchment (from the Cooktown 
History Centre).  
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Figure 4   Historic tin mining and sluicing sediment in the upper Annan catchment (from the Cooktown 
History Centre). 

 
Figure 5   Historic tin mining in the upper Annan catchment, nozzle from Collingwood Race, Annan River 
Company (from Saint-Smith 1916).  

 
Tin production peaked in 1888, when 800 miners were reported in the tin district, prices 
were high, and abundant rainfall provided enough water for hydraulic mining (Figure 6; 
Saint-Smith 1916). Drought and low prices restricted mining in later years. The bridge across 
the lower Annan River was built in 1888 to haul tin ore to port in Cooktown from the upper 
Annan (Ryle 2000). In the upper Annan, large areas of timber forest were cleared to access 
tin ore, to obtain wood for mine sites and water diversion as well as charcoal for drying, and 
later for raw wood export (logging). ‘Whole creeks were re-routed into dams and sluices, and 
stream waterholes were destroyed’ and ‘the water was made muddy for much of the time’ 
(Anderson 1983).  Many roads and tracks were built with resultant changes to the landscape. 
Cattle were brought into the area to provide beef to the miners, with subsequent changes to 
the grass-woodland communities and cleared forest areas.  
 
After 1885, the Kuku-Nyungkul clan estates partially fell apart, and were readjusted, as 
Europeans invaded the country, as described by Anderson (1983) and summarized below. 
Many significant ‘story places’ were physically destroyed by miners. Aboriginal people were 
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forced directly or indirectly off their own land, or required to assist in some mine activities in 
trade for goods or ‘wages work’. With new food resources in the area to benefit the miners, 
many Aboriginal camps moved near slaughter yards to obtain off-cuts, and also traded for 
flour, tobacco, tea and alcohol. While traditional foods were still available, the new social 
arrangements and access to new commodities changed the cultural structure of the Kuku-
Nyungkul. Eventually, many Kuku-Nyungkul were directly or indirectly forced into the 
European mining, farming, forestry, or domestic spheres, with overseeing ‘bosses’. However, 
some families were allowed to stay on their clan estates under new arrangements, with 
connections to country passed down to younger generations (Anderson 1983).  
 
After a slump, tin production increased again into the 1910’s and continued sporadically 
through the 1960’s. In 1914 there were 500 European men, women and children settled on 
the upper Annan (Anderson 1983). By the 1980’s and 2000’s, mining companies 
recommenced larger-scale mining of reef (lode) deposits of tin (mostly underground) in 
some of the same historic locations (e.g., Collingwood).  
 

 
Figure 6   Variation in tin production and price received in the Annan Catchment from 1885 to 1914 (Saint-
Smith 1916). Note that a peak occurred in the Annan catchment in the 1980’s and again between 2005 and 
2010 when tin mining re-commenced. 

 
The historic and contemporary mining in the Annan catchment has left a legacy of 
abandoned mines across the upper catchment, with at least 252 known abandoned mine 
sites in the area, and one large mine (Collingwood Bluestone tin mine) still in limbo (Figure 
7). This mining legacy has degraded the water quality of the Annan River and GBR Lagoon. In 
some areas of the upper Annan River, the sediment impacts to fish populations were severe 
enough to reduce the populations of species unable to tolerate high sediment loads (Hortle 
and Pearson 1990).  
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Figure 7   Registered abandoned mine sites in the Annan River catchment.  

 

2.3 Contemporary Mining History 

The Collingwood Bluestone tin mine is located in the Shiptons’ Flat region near the confluence 
of the Annan River and Leswall Creek. It originally opened in 1906 and mining recommenced 
in the 1980’s and again in 2005. The underground mine was Australia's main tin producer from 
2005 - 2008. Leswall Creek (Adams Gully) flows past the main area of operations into the 
Annan River. A large tailings dam from the underground mine drains directly into the Annan 
River. The mine ceased operating in 2008, but the tailings dam remains and continues to 
release water into the Annan River. 
 
The Kuku-Nyungkul Aboriginal traditional owners obtain drinking water from the Annan River 
approximately 1 km downstream from the mine to supply their ranger base and camps. The 
Cooktown water supply weir (at Mt Simon) is located approximately 13 km downstream of 
the mine. Concern over potential water quality impacts from the mine instigated a community 
monitoring project that collected samples from the Annan River both downstream and 
upstream from the mine and the tailings dam before and after mining commenced. Nutrient, 
turbidity (sediment) and metal samples were collected monthly and during flood events when 
the tailings dam overflowed (Howley et al. 2012). 
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Figure 8   High suspended sediment concentrations emerging from Leswall Creek into the Annan River after 
tin mining re-commenced in 2005 at Collingwood Bluestone Mine.   

 
Mean wet season turbidity (sediment) levels in the Annan River increased from 6.1 NTU 
(maximum 13.3 NTU) before mining re-commenced to 48.1 NTU (maximum 141.3 NTU) during 
the years of operation.  Increased sediments were delivered to the Annan River via Leswall 
Creek primarily during the first year of operations (Figure 8; Figure 9). After 2007, turbidity 
levels during the wet season returned generally to pre-mining levels (Figure 9) (Howley et al. 
2012). However, metal and sediment pollution still occurs from the tailings during major flood 
events.  
 

 

Figure 9   Turbidity values at the Annan River below Leswall Creek and the Collingwood Bluestone tin mine.  

 
Elevated metals concentrations were recorded in the Annan River when the tailings dam 
overflowed into the Annan during the wet season (Howley et al. 2012). Total and dissolved 
copper concentrations exceeded the ANZECC Guidelines for the Protection of Aquatic 
Ecosystems. Metals concentrations 8 km downstream (above the Cooktown drinking water 
weir at Mt Simon) remained below the Guidelines.  Samples collected after the mine ceased 
operating (2008 – 2010) showed that the tailings dam continued to release arsenic, copper 
and antimony into the Annan River at concentrations above background levels upstream from 
the dam. Total and dissolved copper concentrations continued to exceed the ANZECC 
Guidelines. Copper sulfide was used to settle out sediments from water in the tailings dam 
and is likely to have contributed to the elevated copper concentrations. 
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Total nitrogen, ammonia and nitrogen oxide concentrations also increased above pre-mining 
concentrations downstream from the Collingwood mine during the peak period of operations. 
Large quantities of phosphorus and nitrogen based explosives were being used at the mine, 
possibly explaining the increase in nutrient levels at this time. 
 
 

2.4 Other Disturbances: Roads, Fences, Clearing, Grazing, Fire, Rural-
Residential 

Similar to other catchments in the wet tropics and southeast Cape York Peninsula, the Annan 
River catchment has been disturbed by the following suite of human activities:  
 

 Road building (paved and unpaved) 

 Station track and fence building (unpaved linear disturbances) 

 Power line and pipe line clearing 

 Tree clearing for ‘improved’ pasture and paddocks 

 Selective logging for timber, or clear felling 

 Mine site clearing, disturbance and pollutant runoff 

 Cattle grazing and overgrazing along river frontages 

 Gully erosion triggered by overgrazing, roads, tracks, fences 

 Altered fire regimes with common late-dry season uncontrolled wildfires 

 Weed invasion (e.g., grader grass, lantana, sickelpod, Singapore daisy)  

 Rural residential development and clearing 

 Peri-urban residential development and clearing 

 Septic tank leakage and sewage effluent 

 Prawn farming 

 Tourism and recreational disturbance (hunting, fishing, camping) 

 Water diversions for urban and rural development (i.e., Cooktown) 

 Groundwater extraction for rural and urban domestic and stock use.  
 

 
Figure 10   Fire frequency (# years burnt) from 2000-2014 in the Annan catchment showing concentrated fire 
activity in the Oaky, Trevethan, Esk, and Scrubby sub-catchments (from Northern Australia Fire Information 
(NAFI) website www.firenorth.org.au).  
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Figure 11   High suspended sediment concentrations in Oaky Creek from alluvial gullies, bank erosion, and 
frequent late-dry season wildfires.    
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3 UPPER ANNAN RIVER WATER QUALITY: BEESBIKE AND LITTLE ANNAN 
BRIDGE GAUGE DATA  

 

3.1 Introduction 

The current operational (1991-2015) stream gauge operated by QDNR in the Annan 
catchment is located at Beesbike (107003a) located above the Little Annan Bridge upstream 
of the Scrubby Creek confluence (Figure 12). This location represents 25% of the total Annan 
catchment area. The current contributions of water, sediment and nutrients from Scrubby 
Creek, Oaky Creek, Trevethan Creek, Saltwater Creek, and the Esk River downstream are 
empirically unquantified. The Beesbike gauge location was preceded by the Mount Simon 
gauge (107002a) from 1969-1991, which represented 38% of the total catchment area and 
was located below the confluence with Scrubby Creek, 5.5 km downstream of Beesbike, and 
4.5 km below the Annan River Falls and Little Annan River Bridge.  
 
This current catchment gauging scenario and lack of a full suite of gauge data further 
downstream makes it very difficult to make robust estimates of sediment and nutrient loads 
delivered to the Great Barrier Reef lagoon from the Annan catchment. A new monitoring 
location and stream gauge has been piloted in WY 2015 at the Big Annan Bridge (107010) in 
the Annan estuary downstream of most tributaries (see Section 5).  
 
This section will review and utilise the available water quantity and sediment water quality 
data collected at the Annan River gauge at Beesbike (107003a) to estimate sediment and 
nutrient loads. 

  
Figure 12  Gauging station locations in the Annan River catchment operated by a) the Queensland 
Department of Natural Resources (107002 and 107003) and b) the SCYC and CSIRO partnership (107010).   



 

P a g e  | 30 
Improving the Empirical Monitoring of Suspended Sediment and Nutrient Loads to the GBR 
 

3.2 Methods 

3.2.1 Water Discharge (Quantity) Data and Methods 

Continuous instantaneous water discharge (quantity) data are available for both the current 
Beesbike (1991-2015; 107003a) and historic Mount Simon (1969-1991; 107002a) gauges 
operated by QDNR (Figure 13). Water stage (height) is measured continuously. Water 
discharge is measured periodically at different stages to develop stage-discharge rating 
curves to estimate water discharge from stage. Methods utilised for water stage and 
discharge recording at these gauges follow International Organization for Standards (ISO) 
protocols and a quality management system (ISO 9001:2008). 

 
Figure 13   Period of record data of instantaneous water discharge for the Annan at Mt Simon gauge 
(1071002a) and the Annan at Beesbike gauge (1071003a). Note that for comparison the Mt Simon data have 
been adjusted (reduced) by factors of 0.83 (high) and 0.74 (low) calculated from gauge time overlap (1990-
1991). Cyclone Ita flood height in 2014 was estimated from Neale Searle (QDNR).  

 

Due to the different catchment areas of the Beesbike and Mount Simon gauges, their data 
are not directly comparable. A basin area correction could be utilised, as Beesbike is 67% of 
the Mount Simon area and discharge.  However, that would not take into account the 
differences in catchment water yield per unit area between the upper Annan River and 
Scrubby Creek. Therefore in this case, the 1990-1991 gauge overlap between the Mount 
Simon and Beesbike gauges was used to develop relationships between the gauges. 
Instantaneous water discharge values were compared and regressed against each other, 
offset by an average 45 minute travel time between the gauges. Low flow (Figure 14) and 
high flow (Figure 15) comparisons were made. From these data, the Beesbike discharge was 
83% of Mount Simon during high flow, and 74% during low flow. Thus, Beesbike data were 
divided by these factors to estimate Mount Simon discharge, and multiplied by these factors 
to estimate Beesbike data from Mount Simon data (Figure 13).   
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Figure 14   Low discharge (<100 m3/s) correlation between the Annan at Mt Simon (107003a, CSC Weir) and 
Annan at Beesbike (107003a), used to compare data between sites, rather than basin area.  

 

 
Figure 15   High discharge (>100 m3/s) correlation between the Annan at Mt Simon (107003a, CSC Weir) and 
Annan at Beesbike (107003a), used to compare data between sites, rather than basin area.  

 
Due to the uncertainty of these relationships at peak (flood) flows during extreme events 
>500 m3/sec, it is not reliable to conduct flood frequency analyses of annual peak floods for 
the combined datasets for the entire period of record, 1969-2015. Therefore for the 
purposes of this report, only the Beesbike data were relied upon for flood frequency analysis 
for the contemporary period. These flood frequency data are displayed in Figure 16 (from 
BOM), with the average return period (recurrence interval) in years for a given flood 
magnitude. Note that a two (2) year return period has a 50% probability of occurring any 
given year, a ten (10) year return period has a 10% probability of occurring any given year, 
and a one-hundred (100) year return period has a 1% probability of occurring on any given 
year.  
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Figure 16   Flood frequency curve for the Beesbike gauge (107103a) showing the return period (recurrence 
interval) in years for a given flood discharge (from BOM and QDNR).  

 

3.2.2 Suspended Sediment Water Quality Data and Methods 

The available water quality data from the actual site of the Beesbike stream gauge (Figure 
12; 1007003a) between 1991-2015 are limited. QDNR data from the gauge include only six 
(6) data points for TSS when discharge was above 10 m3/sec, and only two (2) at discharge 
above 50 m3/sec.  

Howley et al. (2012) measured non-isokinetic turbidity data (NTU) from 2002-2009 at the 
Little Annan Bridge 1 km downstream of Beesbike and immediately downstream of Scrubby 
Creek (Figure 12). This site has historically been used as a sample location due to the 
difficulty in accessing the Beesbike or Mount Simon gauges during flood conditions (Figure 
17a; Hart et al. 1988; Howley et al. 2012). Unfortunately, many of the samples were 
collected on the left (west) bank just downstream of Scrubby Creek. Thus, they are 
influenced by Scrubby Creek turbidity and sediment concentrations, due to poor mixing of 
water and sediment immediately below the confluence of Scrubby Creek and the Annan 
River. However, samples collected during major flood conditions on the right (east) bank of 
the Little Annan Bridge (Figure 12c) were representative of upstream conditions at Beesbike, 
due to the Scrubby Creek plume hugging the left bank (Figure 17b) and not mixing with the 
Annan River until below the first waterfall (Figure 17d).  

More recently, from 2012-2015, Howley and SCYC have collected paired turbidity and 
isokinetic suspended sediment concentration (SSC) data, as well as non-isokinetic TSS 
samples, from the Little Annan Bridge. These data demonstrate the variability in sediment 
concentrations across the bridge cross-section and the lack of mixing of Scrubby Creek and 
the Annan River (Figure 17b). Data collected from the right (east) bank during flood 
conditions (Figure 17c; when the road is impassable) were representative of upstream 
conditions at Beesbike. The paired turbidity and suspended sediment samples allowed for a 
correlation to be developed between turbidity and SSC/TSS, which allowed the estimation of 
sediment concentration from the historical turbidity data collected by Howley et al. (2012).  

In the 1980s during the operation of the Mount Simon gauge (before Beesbike existed), Hart 
et al. (1988) collected ten (10) suspended sediment samples during the 1985 flood at the 
Little Annan Bridge. The samples were presumably collected from the right (east) bank due 
to the lack of access across the bridge during flood from their basecamp on the east side of 
the river. However, the exact influence of Scrubby Creek sediment concentrations on Hart et 
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al. (1988) data are unknown. Therefore, the data from Hart et al. (1988) were used for 
general comparison to both Mouth Simon and Beesbike data.   

 

 

                                                                                a)  

 

                                                                                b)  

  

c)                                                                                 d)  

Figure 17   Photographs of a) upper Annan River at highway crossing (Little Annan) during major flood, b) 
incomplete mixing of Scrubby Creek (top) with Annan River (bottom) at bridge crossing, and c) sampling 
conditions during flood from the right (south) bank, and d) the Annan Falls below the road crossing.  
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3.2.3 Nutrient Water Quality Data and Methods 

The available nutrient data from the actual site of the Beesbike stream gauge (1007003a) 
between 1991-2015 are limited. QDNR data for nutrients have only four (4) data points for 
nutrients when discharge was above 10 m3/sec, and only two (2) above 50 m3/sec.  

Howley et al. (2012) and Howley (2015 unpublished data) collected non-isokinetic nutrient 
data from 2002-2015 at the Little Annan Bridge 1 km downstream of Beesbike and 
immediately downstream of Scrubby Creek (Figure 12). Forty-three (43) samples of nutrients 
are available, with twenty-three (23) samples for nutrients when discharge was above 10 
m3/sec, and seventeen (17) above 50 m3/sec. Site collection location varied between the left 
and right banks of the river depending on access. Only samples collected from the right 
(east) bank of the river were used as representative of conditions upstream at the Beesbike 
gauge, due to the variable influence of Scrubby Creek on left (west) bank conditions.  

Total nutrient samples collected with a wide mouth sampling cup from the river edge were 
directly transferred into clean polyethylene sample bottles. Dissolved nutrients were filtered 
in-situ through a single use 0.45 µm cellulose acetate filter, glass fibre pre-filter and syringe. 
All sample bottles and syringes were pre-rinsed with filtered site water. Samples were 
immediately placed on ice and frozen within several hours of collection. Nutrient analyses 
were undertaken by the Queensland Health Environmental Waters Laboratory (Howley et al. 
2012) and DSITI Science Division Chemistry Centre (Howley 2015 unpublished) according to 
Standard Methods 4500-NO3 I, 4500-NH3 H, 4500-Norg D and 4500-P G (APHA 2005). 

 

3.3 Results 

3.3.1 Suspended Sediment Results 

Paired data collected during 2012 at the Little Annan Bridge allowed for a correlation to be 
developed between turbidity and the concentration of suspended sediment (Figure 18). 
These data provided a decent correlation, despite a few outliers. This relationship was used 
to estimate sediment concentration from historical turbidity data Howley et al. (2012). 

 
Figure 18   Relationship between surface turbidity (NTU) and suspended sediment (mg/L) at the upper Annan 
gauges. This was used to transform historic turbidity data (<200 NTU) to suspended sediment (mg/L) from 
Howley (2012) and Cook Shire Council raw water data.  
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The combined suspended sediment (TSS) data at the Beesbike gauge collected over several 
decades (QDNR, Hart et al. 1988; Howley et al. 2012; Howley unpublished data) were 
grouped into baseflow and flood event categories to define their contemporary range of 
variability (Figure 19). Ambient TSS data during baseflow had a median value of 5 mg/L and a 
range of 1 to 53 mg/L. These data are sufficient in quantity (n=101) to set basic water quality 
guidelines for ambient baseflow conditions (TSS: 20th= 3 mg/L; 50th= 5 mg/L; 80th= 9.2 mg/L) 
(Moss and Howley 2016).  
 
TSS concentrations during flood events ranged from 5 to 1225 mg/L with a median value of 
160 mg/L. Due to the limited sample size (n=32) and lack of representative sampling during 
flood peaks across numerous event types, these data are not sufficient to set meaningful 
water quality guidelines. Moreover, the non-stationary catchment disturbance conditions 
over the historic period (Section 2) make setting background (undisturbed) water quality 
targets difficult, especially during flood conditions. More research will be need to define the 
natural and anthropogenic range of variability of flood-event suspended sediment 
concentrations and loads to develop water quality guidelines.  
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Figure 19   Box plots of TSS concentrations at the Beesbike gauge during baseflow and flood event 
conditions. Box plots display the 10th, 25th, 50th, 75th, 90th percentile values along with outliers.  

 
The combined sediment concentration datasets from QDNR, Howley et al. (2012), Howley 
(unpublished), and Hart et al. (1988) from both Beesbike and Mount Simon locations are 
graphed below in a sediment rating curve of water discharge vs. surface suspended 
sediment concentration (Figure 20). Overall, these data show major variability in sediment 
concentration for a given water discharge, with up to an order of magnitude variability due 
to non-linear hysteresis. Reasons for this variability are numerous, and are likely to include:   
 

1) Hysteresis in sediment concentration during rising and falling stages of a hydrograph 
due to sediment supply limitation, 

2) Changes in sediment supply over time (events, years) due to seasonal changes or 
changes in land use (Section 2), 

3) Variability due to sampling location (Beesbike, Little Annan Bridge left or right bank, 
Mount Simon), 
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4) Variability in suspended sediment concentration along the river edge at different 
times and locations vs. average width-depth concentrations, 

5) Use of the TSS laboratory protocol over the preferred SSC protocol for fluvial 
sediment (Gray et al. 2000), 

6) Collection of non-isokinetic, non-width and depth integrated suspended sediment 
samples and assuming an average concentration (Edwards and Glysson 1998).  

 

 
Figure 20  Suspended sediment relationships with water discharge (surface and water edge) at upper Annan 
gauges (1969-2015). Note major hysteresis during single flood events and large variability with a given 
discharge.  

 

 
Figure 21   Suspended sediment relationships with water discharge (surface and water edge) at upper Annan 
gauges for rising discharge, falling, and baseflow discharge.  
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The 1985 data from Hart et al. (1988) displayed significant hysteresis between water 
discharge and suspended sediment, which highlights the supply-limited conditions of this 
catchment (Figure 20). However, the classification of the rising vs. falling stage of the 
hydrograph could not explain all of this variability (Figure 21). The initial stages of the 
hydrograph often had the highest concentration, but then concentrations dropped even as 
the stage continued to rise, indicating either quick exhaustion of readily mobilised sediment 
(first flush) and/or dilution as the flood peak rose. This hysteresis and sediment exhaustion 
was also observed from numerous samples collected during the March 2015 flood event 
(Cyclone Nathan), despite overall lower concentrations (Figure 20). 
 
The March 1985 and March 2015 flood samples from the same location (east right bank of 
the Little Annan Bridge) resulted in dramatically different sediment concentrations. The flow 
and time weighted event mean concentration(EMC) for the March 1985 event was 490 
mg/L, compared to an EMC of 164 mg/L for the March 2015 event. The peak flow of the 
March 2015 event was larger than the 1985 event by >300 m3/sec.  These data suggest 
several causes of variability: 1) different antecedent and sediment supply conditions for the 
two flood events, 2) differences in exact sampling location and method, and/or 3) actual 
reduction in sediment yield and catchment conditions over the last three decades. In 2012, 
Howley (unpublished data) also measured relatively high suspended sediment 
concentrations at the Little Annan Bridge (Figure 20), but some of these samples were 
influenced by Scrubby Creek on the left bank. Moreover, high turbidity values and estimated 
sediment concentrations have been recorded recently up to 800 mg/L downstream at the 
Cook Shire Water Treatment Plant (Annan Weir and Mount Simon gauge, Section 4). 
Therefore, the historic (1985) high concentrations might not be that uncommon in the upper 
Annan River.  
 
Under these highly variable data values, sources and sampling locations, the overall datasets 
were filtered to isolate only the trustworthy samples relevant to the Beesbike gauge 
(107003a) location. QDRN data at Beesbike and only samples collected from the right (east) 
bank of the Little Annan Bridge (downstream of Scrubby Creek) were included in a Beesbike 
rating curve (Figure 22). These data were also restricted to samples collected when water 
discharge was > 2 m3/sec between 1991-2015. The data set is strongly influenced by WY 
2015 flood samples, which may not be representative of historic catchment conditions. The 
relationship would be about the same if 1990-2013 data were omitted. Thus this dataset is 
only used to estimate WY 2015 suspended sediment loads. However, these limited data 
provide a working rating curve to improve upon in the future (Figure 22), but with quite a bit 
of remaining unexplained variability as discussed above.  
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Figure 22   Suspended sediment rating curve from concentration data of suspended sediment and water 
discharge at the Annan River at Beesbike (107003a) for samples collected > 2 m3/sec in 2015 and some 
miscellaneous data between 1991-2015. Howley (2015) samples were collected from the right (east) bank of 
the Little Annan Bridge (downstream of Scrubby Creek). QDNR samples were collected from the left (west) 
bank upstream of Scubby C. at the gauge. Hysteresis path during the March 2015 (Nathan) event shown by 
line.  

 
Under these supply-limited conditions for suspended sediment, it is problematic to combine 
point data from multiple flood events during one year or the period of record into one 
simple sediment rating curve (Figure 22). More frequent event sampling, improved sampling 
methods (isokinetic width-depth sampling of SSC), separation of rising and falling stage 
samples, or the use of suspended sediment surrogates (e.g., continuous turbidity) are 
needed to overcome the problems with data limitations and hysteresis in Q-TSS rating 
curves (see Sections 5 and 6), as well as field and laboratory sampling biases.  
 
For the purpose of this exercise, a estimate of annual load for WY 2015 was calculated using 
these limited data and combined 2015 rating curve for order of magnitude comparisons 
(Table 1). Two methods were used.  
 
First, the regression on the log-log scale (power equation) from WY 2015 (Figure 22) was 
used to estimate sediment concentration from water discharge at 15 minute intervals. This 
regression was corrected using a smearing factor following standard methods (Duan 1983; 
Ferguson 1986; Helsel and Hirsch 2002; Tennakoon et al. 2011). Then the suspended 
sediment load was calculated as the product of water discharge and concentration at 15 
minute intervals. This method is sensitive to major hysteresis in the concentration-discharge 
relationships (it assumes linearity).   
 
Second, the Beale Ratio was used to estimate annual sediment loads for 2015. The ratio is 
the mean of observed instantaneous loads (concentration x discharge) at sampling times 
divided by the mean of observed water discharges at sampling times. A correction factor is 
applied to this ratio depending on sample size and variance. Then the Beale Ratio is 
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multiplied by water discharge for the period of interest to estimate annual loads (Joo et al. 
2012; Tennakoon et al. 2011). The Beale Ratio is strongly influenced by the sample size and 
the times of point data collection over event and annual hydrographs, as well as averaging 
point data across a whole year. Regardless, where sample size is limited or major hysteresis 
occurs at the event or season scales, then the Beale Ratio often becomes the fall back 
analysis method.  
 
According to these data, the WY 2015 suspended sediment loads at the Annan River at 
Beesbike (107003a) ranged from 24,011 tonnes/yr from power regression estimates to 
44,388 tonnes/year from Beale Ratio estimates. Due to the lack of major hysteresis in WY 
2015 compared to earlier years (Figure 20; Figure 22), the power regression estimate is likely 
more reliable for WY 2015 estimates than the influence of significant averaging imbedded in 
the Beale Ratio. Regardless, future sampling will need to be much more frequent in time to 
improve load estimates (i.e., continuous surrogate data, average concentration calculation).  
 

Table 1   Measured water discharge and estimated sediment loads at the Beesbike gauge (107003a) in WY 
2015, calculated using either power regression or the Beale Ratio.  

Water Year Measured Water 
Discharge (ML/yr) 

Estimated 
Suspended 

Sediment Load 
(tonnes/yr) 

Estimated 
Suspended 

Sediment Load 
(tonnes/yr) 

Method Hydrograph 
Integration 

Power Regression,  
Corrected  

Beale Ratio 

WY 2015  283,726 ML/yr 24,000 tonnes/yr 44,000 tonnes/yr 
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3.3.2 Nutrient Results 

The combined nutrient data at the Beesbike gauge collected over several decades (QDNR, 
Howley et al. 2012; Howley unpublished data) were grouped into baseflow and flood event 
categories to define their contemporary range of variability (Figure 23; Figure 24). Ambient 
nutrient data were utilised to set water quality guidelines for baseflow conditions (Moss and 
Howley 2016). Insufficient nutrient data during flood events were available to confidently 
establish event water quality guidelines due to the lack of representative sampling across 
numerous flood event types and the changing catchment disturbance conditions over the 
historic monitoring period (Section 2). More research will be need to define the natural and 
anthropogenic range of variability of flood-event nutrient concentrations and loads for event 
water quality guidelines.  
 

 

                                            a)                                                                  b) 

Figure 23   a) Total nitrogen (TN) and b) dissolved inorganic nitrogen (DIN) for baseflow and flood event 
conditions at the Annan River at Beesbike (107103a). Black reference lines are 80th percentile guideline 
values for baseflow water quality (Moss and Howley 2016). 

 

 

                                            a)                                                                           b) 

Figure 24   a) Total phosphorus (TP) and b) filterable reactive phosphorus (FRP) for baseflow and flood event 
conditions at the Annan River at Beesbike (107103a). Black reference lines are 80th percentile guideline 
values for baseflow water quality (Moss and Howley 2016). 

 

The combined total nitrogen and total phosphorus nutrient data were graphed against 
instantaneous water discharge in an attempt to develop meaningful rating curves for 
nutrients to calculate loads. These data displayed an inverse relationship with water 
discharge for flows < 5 m3/sec (Figure 25; Figure 26). This is due to the dilution effect of 
dissolved fractions as baseflows slightly increased. Nutrient concentrations increased for 
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water discharge > 5 m3/sec. However, the potential nutrient rating curves for flow conditions 
> 5 m3/sec displayed a large degree of variability with relatively low predictability (R2 ≤ 0.5). 
Therefore, these data were not deemed suitable to predict average nutrient concentrations 
over multiple years of the period of record, nor for calculation of total nutrient loads. More 
detailed data and analysis are needed at the event-scale.  

 

 
Figure 25   Relationships between water discharge and total nitrogen at the Beesbike gauge (107003a) from 
the combined data for period of record.  

 

 
Figure 26   Relationships between water discharge and total phosphorus at the Beesbike gauge (107003a) 
from the combined data for period of record. 
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Nutrient data from WY 2015 flood events were isolated from the entire 1991-2015 dataset 
in order improve predictions at the annual scale of data collection. The resultant power 
regression rating curves on log-log scales for suspended and total nitrogen and phosphorous 
(Figure 27) had less variability than the combined curves from multiple years and events 
(Figure 25; Figure 26). Subsequently these rating curves were used to predict total and 
suspended nutrient loads for WY 2015 and the February and March 2015 flood events (Table 
2). Power regression predictions were corrected were corrected using a smearing factor 
following standard methods (Duan 1983; Ferguson 1986; Helsel and Hirsch 2002; Tennakoon 
et al. 2011). Then the nutrient loads were calculated as the product of water discharge and 
concentration at 15 minute intervals for the February and March 2015 flood events and WY 
2015 (Table 2).  

These nutrient load data from the upper Annan River (Table 2) can be compared to 
estimates from the lower Annan River at the Big Annan Bridge during the same WY 2015 
flood events (Section 5; Table 5).  

 

 

 
Figure 27   Nutrient rating curves for WY 2015 flood event data at the Beesbike gauge (107003a).  
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Table 2   Estimated event and annual water, sediment, and nutrient loads during WY 2015 at the upper 
Annan River gauge (107003a) at Beesbike.  

Period Estimated 
Water 

Discharge 

 

Estimated 
Total 

Suspended 
Sediment 

Load  

Estimated 
Total 

Nitrogen   

Estimated 
Suspended 

Nitrogen  

Estimated 
Total 

Phosphorus 

Estimated 
Suspended 
Phosphorus 

Feb-   
2015 
Event 

65,767 

ML/yr 

5,700 

tonnes/  
event 

38 

tonnes/ 
event 

18 

tonnes/ 
event 

  6 

tonnes/ 
event 

5 

tonnes/ 
event 

March-
2015 
Event 

103,302 

ML/yr 

17,200 

tonnes/ 
event 

80 

tonnes/ 
event 

42 

tonnes/ 
event 

13 

tonnes/ 
event 

12 

tonnes/ 
event 

Water 
Year   
2015 

283,726  

ML/yr 

24,000  

tonnes/   
year 

142 

tonnes/    
year 

67 

tonnes/   
year 

21 

tonnes/  
year 

19 

tonnes/  
year 

 

 

3.4 Summary Recommendations for Upper Annan River Monitoring   

Overall, these data and analyses demonstrate the difficulty in collecting consistent, 
abundant and accurate water quality data over long periods of time when sampling 
programs are conducted under an ad hoc or volunteer basis. But collaboration and 
community enthusiasm also provided the important data reviewed in this report. These data 
can be utilised in mass to roughly estimate sediment and nutrient loads for any given year if 
flood sampling frequency is high enough. However, the data are not accurate or abundant 
enough to be able to detect real or subtle changes in pollution due to changing catchment or 
land use conditions over the period of record (1969-2015). In contrast, the ambient baseflow 
data on suspended sediment and nutrients are abundant enough to set general water 
quality guidelines for low flow conditions (Moss and Howley 2016). However, robust 
guidelines for flood event conditions remains problematic.  

There is an obvious need to improve the water quality monitoring program at the Annan 
River at Beesbike (107103a) gauge. This could be accomplished by the following:  

1. Using the Sediment Concentration (SSC) laboratory protocol rather than Total 
Suspended Solid (TSS) protocol to reduce field sampling and laboratory analysis bias. 

2. Adding a continuous turbidity meter to the gauge setup (away from bank and off the 
bed) to analyse sediment hysteresis effects and develop event-scale rating curves of 
turbidity and SSC (e.g., Gray and Gartner 2009). 

3. Adding a pump sampler to the gauge setup (intake away from bank and bed) so that 
continuous turbidity data can be used to trigger the pump sampler to collect SSC and 
nutrient data at key times during individual events to develop event-scale rating 
curves (i.e., Turbidity Threshold Sampling; Lewis 1996; Lewis and Eads 2008). 
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4. Periodic sampling of cross-section width-depth integrated SSC (to obtain average) 
during base and flood flow using an isokinetic sediment sampler (from boat) and 
equal discharge interval or equal width interval methods. 

5. Periodic measurement of both water discharge and acoustic backscatter data of 
sediment concentration using an Acoustic Doppler Current Profiler (ADCP) to 
correlate to point and width-depth SSC data (Gray and Gartner 2009; Medalie et al. 
2014; Agrawal and Hanes 2015).  

6. Correction of point data ratings curves of SSC vs. Turbidity by correlating non-
isokinetic point data to width-depth integrated, isokinetic average SSC data and 
acoustic backscatter data (Edwards and Glysson 1998; Gray and Gartner 2009).  
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4 UPPER ANNAN RIVER WATER QUALITY: ANNAN WEIR AND MOUNT SIMON 
DATA 

4.1 Introduction 

The main drinking water supply for Cooktown comes from the Annan River Weir, located just 
4.5 km below the Annan River Falls (Figure 28). Adjacent to the weir is the Cook Shire 
Council (CSC) Water Treatment Plant, which delivers water to Cooktown via a pipeline. The 
weir is the same location of the historic QDNR Mount Simon stream gauge (1007002a), 
which operated between 1969-1990 (Figure 12; Figure 13). This location represents 38% of 
the total Annan catchment area. In 1991 the QDNR gauge was relocated upstream to above 
Scrubby Creek, at the Beesbike gauge (1007003a). The relocation was presumably due to the 
(re)construction of the weir and updated treatment plant. The weir was also raised again in 
the 2004-2005 period to increase the availability and reliability of dry season water supply to 
Cooktown.  

This section will review and utilise the available sediment (but not nutrient) water quality 
data and water quantity data at the CSC Water Treatment Plant and Mount Simon gauge.  

 
Figure 28   Cook Shire Council Weir across the Annan River at the historic Mt Simon gauge site (107002a) and 
current water treatment plant for Cooktown.  
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4.2 Water Quality Data and Methods 

4.2.1 Mount Simon Suspended Sediment Water Quality Data: 1969-1990 

The available water quality data from the Mount Simon stream gauge (1007002a) between 
1969-1990 are limited. QDNR data for suspended sediment (TSS) have only eight (8) data 
points for TSS when discharge was above 10 m3/sec, and only three (3) above 50 m3/sec. No 
nutrient data are available from QDNR for the Mount Simon gauge.  

Suspended sediment data collected in 1985 by Hart et al. (1988) at the upstream Little 
Annan Bridge added ten (10) data points during flood conditions. However, since the Hart et 
al. (1988) data were collected 4.5 km upstream of Mount Simon at the Little Annan Bridge 
(from the right bank), they are variably and unpredictably influenced by sediment 
contributions from Scrubby Creek (left bank input) and improper mixing of water below the 
confluence. The data from Hart et al. (1988) also displayed significant hysteresis in the 
suspended sediment – discharge relationship, which highlights the supply-limited conditions 
of this catchment (Figure 20; Figure 21).  

Under these supply-limited conditions, it is extremely problematic to combine all data from 
the whole period of record into one sediment rating curve. The WY 1985 data from Hart et 
al. (1988) dominate the rating curve and potentially bias it along with several useful data 
points from QDNR in WY 1987. Thus this dataset is only used to estimate WY 1985 
suspended sediment loads for rough comparisons. A power regression applicable to WY 
1985 was used to estimate sediment concentration from water discharge at 15 minute 
intervals. This regression was corrected using a smearing factor following standard methods 
(Duan 1983; Ferguson 1986; Helsel and Hirsch 2002; Tennakoon et al. 2011). Then the 
suspended sediment load was calculated as the product of water discharge and 
concentration at 15 minute intervals.  

More frequent event sampling, separation of rising and falling stage samples, and/or the use 
of suspended sediment surrogates (e.g., continuous turbidity) are needed to overcome these 
problems with hysteresis (see Section 5), as well as the need to collect isokinetic width-
depth sampling of suspended sediment. 

 

4.2.2 Cook Shire Council Water Treatment Plant Water Quality Data 

Water quality data has been periodically collected by Cook Shire Council at the Annan Weir 
and Water Treatment Plant over its period of use. Early historic data from the weir and 
treatment plant were not available for use in this report. Those records are held in paper 
copy and need detailed sorting, examination, and digitizing for use, if possible (Wal Welsh, 
personal communication).  

More recent technological updates at the Water Treatment Plant have resulted in near daily 
recordings of raw water quality entering the treatment plant. These data cover water years 
WY 2013-2015. The data are measured by an in-line water quality multi-probe, but these 
data are only recorded daily at 8 am by staff during weekdays. Future continuous, automatic 
measurement and recording may be possible. Daily parameters recorded include 
temperature, turbidity, pH, colour, electrical conductivity, hardness, alkalinity, raw intake 
flow rate, and weir height. Raw fluoride is measured weekly. 
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Periodically every 1 to 3 months, water samples are collected for detailed laboratory analysis 
for the following parameters: calcium , magnesium, potassium, sodium, hardness, pH, TDS, 
salinity, SAR, turbidity, electrical conductivity, colour, alkalinity, silica, sulphate, chloride, 
fluoride, and metals (arsenic, cadmium, chromium, copper, lead , nickel , zinc, mercury, 
barium , beryllium, cobalt, iron, manganese, selenium, vanadium).  

The daily turbidity measurements are of interest and use for load estimates in this report. A 
relationship between turbidity (NTU) and concentration of suspend sediment (TSS or SSC) 
was developed from a combination of data from the Beesbike gauge (1007003a), Mount 
Simon gauge (1071002a) and Howley (2012) datasets (Figure 18). This relationship was then 
used to transform turbidity data into suspended sediment data.  

Since the Mount Simon gauge (107002a) was not operational in WY 2013-2015, no direct 
measurements of river water discharge were available at the Annan River Weir. The updated 
weir configuration is not currently rated for a stage-discharge relationship. For an estimate 
of WY 2013-2015 water discharge at the Annan Weir, the gauge data at Beesbike (107003a) 
were used to estimate the discharge at the Annan Weir and old Mount Simon gauge. A basin 
area ratio was not used. Instead, the 1990-1991 gauge overlap between the Mount Simon 
and Beesbike gauges were used to develop low and high flow relationships between the 
gauges (Figure 14; Figure 15).  From these data the Beesbike discharge was 83% of Mount 
Simon during high flow, and 74% during low flow. Beesbike data were divided by these 
factors to estimate Mount Simon discharge.  

The estimated daily average water discharge at Mount Simon (via Beesbike) was combined 
with estimated daily suspended sediment data (from turbidity relationships) at the Annan 
Weir to calculate both daily and annual loads for WY 2013-2015. Loads were directly 
calculated as the product of estimated daily discharge and sediment concentrations. Days 
with missing data were filled using linear interpolation. The results are rough estimates of 
annual loads for order of magnitude comparisons. However these data have the distinct 
advantage of relying on near daily water quality and quantity data, which are superior to 
sporadic and episodically collected data.  

Of particular note, discharge data from the Cyclone Ita (April 2014) storm event at the 
Beesbike gauge (107003a) were not available due to equipment failure, and this event was 
omitted from potential analysis. CSC water quality data from the treatment plant were also 
not available during Cyclone Ita. Thus these load data do not include the Cyclone Ita load 
contribution.  

 

4.3 Results 

4.3.1 Estimated Sediment Loads at Mount Simon Gauge: 1969-1990 

The limited available suspended sediment data at the Mount Simon gauge from Hart et al. 
(1988) and QDNR were combined into one rating curve (Figure 29), deemed applicable to 
just the WY 1985. The relationship displayed a decent power relationship for data > 2m3/sec, 
which obviously averages out any real world variability in the hysteresis of Q-TSS 
relationships due to supply limitation. The Hart et al. (1988) data clearly demonstrate this 
issue of supply limitation and hysteresis.  

Rough estimates of annual suspended sediment loads for WY 1985 were calculated using 
these limited data and rating curve for order of magnitude comparisons (Table 3). The data 
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from Hart et al. (1988) clearly dominate the rating curve. According to these data, the WY 
1985 suspended sediment load at the Annan River at Mount Simon (107002a) was 92,000 
tonnes/year. This estimate is much larger than the estimates from the Beesbike (107003a) 
gauge upstream of Scrubby Creek in WY 2015 for an event and water year of similar 
magnitude (24,000 tonnes/yr; Table 1; Table 2), which is due to high sediment 
concentrations in 1985.  

 
Figure 29 Suspended sediment rating curve of suspended sediment and water discharge data (>2 m3/sec) at 
the Annan River at Mount Simon (107002a) from Hart et al. (1988) and QDNR data. This rating curve is only 
applicable to WY 1985 when the bulk of the high concentration data were collected.  

 

 

Table 3   Measured WY 1985 water dischagre and estimated sediment loads at the Mount Simon gauge 
(107002a).  

Water Year Measured Water 
Discharge 

(ML/yr) 

Estimated 
Suspended 

Sediment Load 
(tonnes/yr) 

WY 1985  535,018 114,000 

 

 

4.3.2 Estimated Sediment Loads at the CSC Water Treatment Plant: 2013-2015 

Daily turbidity and weir height data at the Cook Shire Council Annan Weir are shown in 
Figure 30, with estimated suspended sediment and water discharge data in Figure 31 
estimated using the relationship between turbidity and suspended sediment in Figure 18. Of 
particular note are the high turbidity values (> 800 NTU; ~ > 1600 mg/L) in early January 
2014 during first flush events of modest water discharge. Data were not available for 
Cyclone Ita in April 2014. Daily turbidity data from WY 2013 and WY 2015 during Cyclone 
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Nathan (March 2015) displayed much lower values (< 200 NTU; ~ <300 mg/L) for similar 
discharge magnitudes. Potential catchment condition and disturbance influences on these 
data are uncertain, but among other potential sediment sources, local Rossville residents 
noted large amounts of sediment runoff from the Helenvale-Aton road during road 
(re)construction and clearing in 2014.  

 
Figure 30   Daily raw water quality data at the Annan River water intake to the Cook Shire Council water 
treatment plant, WY 2013-2015 (~ Mount Simon, 1071002a). 

 
Figure 31   Daily estimated water discharge and estimated suspended sediment (mg/L) from turbidity data at 
the Annan River water intake to the Cook Shire Council water treatment plant, WY 2013-2015. (~ Mount 
Simon, 1071002a). 
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These daily estimates of suspended sediment and water discharge at the Anna Weir were 
used to estimate daily and annual suspended sediment loads. Suspended sediment loads of 
10,000 to 44,000 tonnes/yr were estimated for WY 2013-2015 at the Annan Weir and old 
Mount Simon gauge (Table 4). These data are lower than the WY 1985 load estimate at 
Mount Simon (114,000 tonnes/yr; Table 3). However, the WY 2014 data do not include an 
accurate estimate of loads during cyclone Ita due to gauge malfunction and lack of turbidity 
data during this flood. In addition, significant estimation errors could be inherent in the WY 
1985 Mount Simon data due small sample size, sampling location, supply limitations and 
hysteresis in Q-TSS relationships. Both data sets are hampered by lack of average 
concentration data or corrections from isokinetic width-depth sampling of suspended 
sediment.  

 

Table 4   Estimated water and sediment loads at the Mount Simon gauge (107002a) and the Cook Shire 
Council water treatment reach of the Annan River in WY 1985 and WY 2013-WY 2015.   

Water Year Estimated Water 
Discharge (ML/yr) 

Estimated 
Suspended 

Sediment Load 
(tonnes/yr) 

Cook Shire WQ Data 

WY 1985  535,018  114,000 

WY 2013  255,101   10,000 

WY 2014  406,046  44,000 

WY 2015  362,427   37,000 
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4.4 Summary Recommendations for Annan Weir Monitoring  

Overall, these data and analysis demonstrate the difficulty in collecting consistent, abundant 
and accurate water quality data over long periods of time when gauging stations are closed 
or moved after inconsistent water quality data collection. However, the near-daily turbidity 
data recently available from the Cook Shire Water Treatment Plant highlights the usefulness 
of more continuous water quality datasets and increase in the likely accuracy of load 
calculations. These data can be utilised to roughly estimate sediment and nutrient loads for 
certain years, but are not be accurate or abundant enough to be able to detect real or subtle 
changes in pollution due to changing catchment or land use conditions.  

The Cook Shire Water Treatment Plant, Annan River Weir, and historic Mount Simon gauge 
(1007002a) represent an important location to continue and improve water quality 
monitoring for the century to come. The Annan River will remain the main water supply for 
Cooktown and regulations require that the water quality is monitored for public health. The 
existing infrastructure could be updated to improve the water quality and flow data 
collected. This could be accomplished by the following:  

1. Recording with a data logger at 10-minute intervals the continuous water quality 
data (turbidity, weir height, flow intake etc.) at the intake to water treatment plant in 
order to improve on current work day measurements,  

2. Possibly adding a continuous turbidity meter near the weir spillway to improve in situ 
measurements of surrogate suspended sediment,  

3. Collecting SSC (not TSS) and nutrient samples on a daily or more frequent basis 
during flood events from the intake to the water treatment plant, or via pump 
sampler near the weir spillway,  

4. Developing suspended sediment rating curves for turbidity vs. SSC at the event scale,  

5. Re-developing the stage-discharge rating curve at the Annan Weir using Acoustic 
Doppler Current Profiler (ADCP) velocity meters so that water discharge can be 
continuously estimated from weir height (i.e., re-develop the Mount Simon gauge 
site),  

6. Periodic measurement of both water discharge and acoustic backscatter data of 
sediment concentration using an ADCP to correlate to point and width-depth SSC 
data (Gray and Gartner 2009; Medalie et al. 2014; Agrawal and Hanes 2015), 

7. Periodic sampling of cross-section width-depth integrated SSC (to obtain average) 
during base and flood flow using an isokinetic sediment sampler (from boat) and 
equal discharge interval or equal width interval methods, 

8. Correction of point data ratings curves of SSC vs. Turbidity by correlating non-
isokinetic point data to width-depth integrated average SSC data and acoustic 
backscatter data (Edwards and Glysson 1998; Gray and Gartner 2009). 
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5 LOWER ANNAN RIVER WATER QUALITY AND GAUGE DATA 

5.1 Introduction 

Water quality has been monitored in the Annan River estuary at the Big Annan Bridge over 
the last two decades during ambient conditions and several flood events (Eyre and Balls 
1999; Davies and Eyre 2005; Howley et al. 2012; this report). Water discharge has not been 
gauged in the estuary. The contributions of water, sediment and nutrients from Oaky Creek 
and Trevethan Creek are unknown, which is problematic since they represent 53% of the 
total Annan catchment area compared to 25% of the area gauged for water discharge at 
Beesbike (107003a). This catchment scenario and lack of a full suite of gauge data makes it 
very difficult to make reliable estimates of sediment and nutrient loads delivered to the 
Great Barrier Reef lagoon from the Annan catchment. 

 
Figure 32   Gauging station locations in the Annan River catchment operated by a) the Queensland 
Department of Natural Resources (107002 and 107003) and b) the SCYC and CSIRO partnership (107010).   

The most practical and logical location to measure load output from the Annan catchment is 
at the Big Annan Bridge (Figure 32; 107010) where infrastructure exists downstream of Oaky 
Creek. The drawbacks of this site are that 1) it is located in a tidal estuary, and 2) it does not 
capture the Esk River and various lower estuary land use disturbances (i.e., old prawn farm 
and peri-urban development). However, proper water gauging in estuaries using the 
‘velocity index’ method (side-viewing ADCP current meter) coupled with standard gauging 
techniques could overcome this, as well as supplemental sampling at the river mouth and 
Esk River.  

A new continuous water quality gauging program was initiated at the Big Annan Bridge 
(Figure 32; 107010) in December 2014 through a collaboration between the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) and South Cape York Catchments 
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(SCYC). This entailed installing a continuous water quality multi-probe (YSI EXO2) at the Big 
Annan Bridge supplemented by manual samples of water quality from the bridge during 
events. This pilot project was planned to be expanded into late 2015 with the potential 
future instalment of a side-viewing ADVM velocity meter at the bridge site to develop a 
‘velocity index’ of flood and tidal flow, coupled with standard discharge gauging techniques.  

The results of this pilot program at the Big Annan Bridge are reported here, focused 
primarily on sediment loads, but including a discussion of nutrient loads and 
recommendations for expansion of monitoring into the future.  

 

5.2 Methods 

5.2.1 Continuous Water Quality Data 

In December 2014 at the Big Annan Bridge (Figure 33), a YSI EXO2 water quality multi-probe 
(Figure 34) was installed at the centre of the old wood Big Annan Bridge (Figure 35; Figure 
36; Figure 37). The probe measured water stage (m), temperature (°C), electrical 
conductivity (µS/cm), pH, turbidity (FNU, Formazin Nephelometric Units), dissolved oxygen 
(% Sat), chlorophyll (µg/L), blue-green algae (µg/L), and fDOM (QSU, Quinine Sulfate Units). 
The probe was placed within an underwater protection housing (Figure 34b) and deployed 
off a chain anchored to the bridge and river bed (Figure 35). It was secured at a fixed 
elevation 1.5 m off the bed and 0.5 m below the water surface at low tide. During flood flow 
the probe was up to 3.0 m below the water surface (Figure 37).  

The probe was programed to collect data at 10 minute intervals, and the sensor was cleaned 
every 30 minutes with an in-built brush. The sensor was visited monthly during the wet 
season to clean, with targeted cleaning after each of two major floods. The data were 
downloaded every two months when batteries were replaced and sensors re-calibrated as 
needed.  

Post-processing of the data was minimal except for the need to manually remove occasional 
erroneous turbidity data. The turbidity sensor on the EXO2 has a small viewing area and is 
prone to being fouled by small debris at the time of measurement, resulting in large jumps 
and extreme values. The wiper every 30 minutes usually cleans any debris, supporting the 
need for more frequent wipes. When obvious error occurred compared to surrounding 10 
minute interval data of much lower values (one order of magnitude), the data errors were 
manually deleted and the interval value was estimated from interpolation of surrounding 
values and trends.  

 
Figure 33   Lower Annan River bridge crossing and gauge site (Big Annan Bridge, 107010).  
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a)                                                                b) 

Figure 34  a) YSI EXO2 water quality multi-probe (stage, temp, EC, pH, turbidity, dissolved oxygen, 
chlorophyll, blue-green algae, fDOM), and b) underwater protection housing.  

 
 

 

Figure 35   Deployment location of YSI EXO2 multi-probe off an anchored-weighted chain below the old Big 
Annan Bridge crossing the lower Annan River.  

 

 
Figure 36   Deployment location of YSI EXO2 multi-probe at the old Big Annan Bridge during minor flood.   
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Figure 37   Deployment location of YSI EXO2 multi-probe at the old Big Annan Bridge during major flood.   

 

5.2.2 Point Sample Water Quality Data: Collection and Analysis 

To supplement the continuous data of water quality surrogates and correlates (e.g., 
turbidity), manual samples of water quality were collected at the centre of the bridge at the 
multi-probe site during targeted flood conditions. Two water collection methods were 
conducted for comparison. 

1. Water samples were collected just below the water surface (20 cm) at the bridge 
centre using a sampling pole and wide-mouth sampling cup (grab samples). These 
samples were then transferred to sample bottles for Total Suspended Solids (TSS), 
total nutrients, dissolved nutrients and chlorophyll-a measurement.  

2. Water samples for Suspended Sediment Concentration (SSC) analysis were collected 
at the same time as grab samples using an isokinetic DH-48 suspended sediment 
sampler (Edwards and Glysson 1998) weighted on a rope and lowered to ~ 100 cm 
below the water surface toward the multi-probe location.  

For laboratory analysis of suspended sediment (mg/L), the total suspended solid (TSS) 
method analysed sub-samples (typically 100 mL) extracted from 1 L bottles to estimate 
sediment concentrations from a portion of the total water and sediment (APHA 1995). The 
suspended sediment concentration (SSC) method analysed whole water bottle samples 
(typically > 400 mL) to retain and weight all sediment collected for a given total water 
volume (ASTM 2002). With the SSC analysis, two size fractions of suspended sediment 
concentration were also analysed, silt/clay (<63um) and sand (>63um).  

While both TSS and SSC methods provide an estimate of the concentration of suspended 
sediment (mg/L), the data results are not necessarily equal or interchangeable due to bias in 
measurement technique. Non-isokinetic TSS field samples analysed in the laboratory via sub-
sampling are known to bias and underestimate true concentrations of suspended sediment 
(mg/L), especially sand fractions (Gray et al. 2000). The TSS protocol is generally not 
appropriate to use for fluvial sediments (Edwards and Glysson 1998; Gray et al. 2000), yet 
the TSS protocol remains the predominant method used in Queensland. At the Big Annan 
River Bridge, paired data collection of both TSS samples and SSC samples allowed for the 
comparison of field sampling errors and laboratory methods and errors.  
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Total nutrient samples collected with the clean wide mouth sampling cup at the bridge 
centre were directly transferred into clean polyethylene sample bottles. Dissolved nutrients 
samples were filtered in-situ through a single use 0.45 µm cellulose acetate filter, glass fibre 
pre-filter and syringe. All sample bottles and syringes were pre-rinsed with filtered site 
water. Samples were immediately placed on ice and frozen within several hours of 
collection. Nutrient analyses were undertaken by the DSITI Science Division Chemistry 
Centre according to Standard Methods 4500-NO3 I, 4500-NH3 H, 4500-Norg D and 4500-P G 
(APHA 2005). 

 

5.2.3 Estimation of Suspended Sediment Concentration (SSC) from Continuous Turbidity 
Data 

The continuous turbidity data (FNU, Formazin Nephelometric Units) from the EXO2 probe 
were used as surrogates and correlates for suspended sediment concentration (SSC; mg/L). 
Due to potential hysteresis (nonlinearity) in suspended sediment and water discharge 
relationships (i.e., Olive and Rieger 1985; Williams 1989; Amos et al. 2004; Nistor and Church 
2005), continuous turbidity data are better surrogates for correlations with SSC data (e.g., 
Gippel 1995; Grayson et al. 1996; Lewis 1996; Armstrong and Mackenzie 2002). 
 
Turbidity data at the EXO2 probe were paired with samples of subsurface SSC, as well as 
near surface TSS, collected at the closest 10 minute interval of the EXO2. Sediment rating 
curves using power regressions equations on a log-log scale were developed to predict SSC 
from continuous turbidity. Regression equations were corrected using a smearing factor 
following standard methods (Duan 1983; Ferguson 1986; Helsel and Hirsch 2002; Tennakoon 
et al. 2011). Subsequently using the corrected rating curves, SSC was predicted at 10 minute 
intervals for WY 2015. Ideally, turbidity and SSC relationships should be developed for each 
storm event (Lewis 1996; Lewis and Eads 2008). However in this case due to limited sample 
size in the absence of a pump sampler, data from two major storm events in WY 2015 were 
grouped together for analysis. Suspended sediment loads were subsequently calculated as 
the product of concentration and discharge integrated through time.   
 

5.2.4 Estimation of Nutrient Concentration from Continuous Turbidity Data 

The continuous turbidity data (FNU, Formazin Nephelometric Units) from the EXO2 probe 
were used as surrogates and correlates for nutrient concentration (mg/L) for Total Nitrogen, 
Total Suspended Nitrogen, and Total Phosphorous and Total Suspended Phosphorous. A 
continuous nitrate probe for the YSI EXO2 unit was not available for use as a surrogate 
metric (e.g., Steven et al 2014), and the dissolved organic and inorganic nutrient fractions 
were not well correlated with turbidity. Therefore, continuous turbidity was used as a 
surrogate only for the nutrient fractions dominated by suspended fractions (e.g., Grayson et 
al. 1996). Total dissolved loads could be determined by subtraction of suspended loads from 
the total loads. Turbidity data at the EXO2 probe were paired with samples of surface 
nutrient concentration at the closest 10 minute interval of the EXO2. Nutrient rating curves 
using power equations were developed to predict nutrient concentration from continuous 
turbidity during WY 2015. Regression equations were corrected using a smearing factor 
following standard methods (Duan 1983; Ferguson 1986; Helsel and Hirsch 2002; Tennakoon 
et al. 2011). Nutrient loads were subsequently calculated as the product of concentration 
and discharge integrated through time.   
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5.2.5 Cross-Section Variability in Sediment Concentrations  

It is generally known that concentrations of suspended sediment vary considerably with 
width and depth across a given cross-section at a particular point in time (). Average 
concentrations are needed for load analysis. Detailed field measurement protocols and 
equipment have been developed to measure this variability and determine integrated or 
average concentrations for a given cross-section at a point in time (Edwards and Glysson 
1998; Wong et al. 2003).  

The exact method of water collection can influence the resultant concentration, depending 
on whether the sample is collected isokinetically or non-isokinetically with respect to actual 
surrounding ambient concentrations. Generally, point grab samples using water bottles or 
pump samplers are non-isokinetic and introduce bias, while collection using isokinetic 
samplers ensures that the water velocity and sediment concentration entering a bottle is the 
same as the surrounding environment (Edwards and Glysson 1998). Surface water grab 
samples from river banks most likely contain the least amount of suspended sediment in a 
cross-section, especially for suspended sand. Therefore, interpretation and utilization of 
these existing point data should conducted with caution until improved measurement and 
analysis techniques are implemented to improve data quality and quantity (Lewis 1996; 
Edwards and Glysson 1998; Wong et al. 2003; Lewis and Eads 2008; Gray and Gartner 2009). 

At the Big Anan Bridge, an initial equipment field trial was conducted to assess the cross-
section (width) variability of suspended sediment concentration (SSC) during one day of 
monitoring. Unfortunately, time and funding constraints limited the trial to one day on the 
recession limb of a flood. In practice, numerous different days need to be sampled during 
flood conditions to assess the width and depth variability in SSC, as well as to measure water 
discharge (Q). These width and depth variations in SSC can then be used to estimate the 
average concentration and correct surface point samples collected manually or via pump-
sampler.   

An isokinetic P61 suspended sediment sampler (Edwards and Glysson 1998) and Ott velocity 
current meter were borrowed from QDNR hydrographers and mounted on a stable boat 
platform (Figure 38). SSC samples and velocity data were collected at points 0.6 x depth from 
the surface (0.6D) across the cross-section. These data were used to calculate integrated 
water discharge and suspended sediment load at the time of measurement. Depth 
integrated or point data at 0.2 and 0.8 depth were not collected due to time and sample 
bottle shortage, but should be focused on in the future for full width and depth integrated 
data of suspended sediment concentration and load.  
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a)                                                              b) 

Figure 38  Width and depth integrated sampling of suspended sediment using a) boat mounted Ott velocity 
meter setup, and b) P61 suspended sediment point sampler for collected SSC samples at width-depth. 
Equipment on loan from Queensland DNR.  

 

5.2.6 Estimated Water Yield at the Big Annan Bridge 

The accurate calculations of sediment and nutrient loads at the Big Annan Bridge and Annan 
River mouth are problematic due to the lack of water discharge data in the Annan estuary. 
The existing water discharge gauge at Beesbike (107003a) is located 28 km upstream of the 
Big Annan Bridge and represents only 25% of the total Annan catchment area, or 28% of the 
catchment area above the Big Annan Bridge. The actual contributions from Scrubby, Oaky, 
and Trevethan Creeks are unknown, along with the downstream Esk River. Past modelling 
efforts have used a simple basin area correction to account for these ungauged catchments 
via a factor of ~4, with more recent modelling using modelled rainfall-runoff relationships 
using gross interpolated rainfall. The Annan catchment above Beesbike drains steep 
rainforest country, while the other catchments predominantly drain savannah woodlands in 
rolling hill country. These catchment orographic and vegetation differences, along with their 
different soils and geology, would produce very different rainfall-runoff responses. In 
addition, rainfall interpolation between Cooktown and Beesbike is problematic. Thus, 
extrapolation is fraught with difficulties.  

Comparisons of the timing of stage hydrographs at Beesbike (107003a) and the Big Annan 
Bridge during 2015 floods indicated an average delay in flood water transmission of 7 hours 
during the February event and 3 hours during the larger March event. Water discharge (Q) 
was measured at the Big Annan Bridge on one day during the February event (16-Feb-15 
13:30; 201 m3/sec) and was compared to the water discharge (Q) at Beesbike 7 hours earlier 
(93 m3/sec). This indicated that the contributions of water from Scrubby, Oaky, and 
Trevethan Creeks was only double that of Beesbike, rather than the 3.6 times the catchment 
area ratio suggests.  

Therefore, as a rough estimate of water discharge at the Big Annan Bridge, the 
instantaneous Q data at Beesbike (107003a) was multiplied by a conservative factor of 2 and 
shifted by 7 hours during modest flooding and 3 hours during peak flow. These data were 
used in conjunction with continuous turbidity, point SSC, and point nutrient data to estimate 
sediment and nutrient loads at the Big Annan Bridge during 2015.   

These discharge and load data need to be used with caution due to the accuracy limitations. 
The only solution for improved gauging at the Big Annan Bridge entails using the ‘velocity 
index’ method (ADCP current meter) coupled with standard gauging techniques (continuous 
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stage and periodic discharge measurement) to overcome the difficulties in measuring water 
discharge in a tidal estuary during flood events.  

 

5.3 Results 

5.3.1 Continuous Water Quality Data 

Continuous data (10 minute) of water quality at the EXO2 at the Big Annan Bridge showed 
consistent and predicable trends. During dry season non-flood periods, tidal flow in the 
Annan Estuary dominated daily cycles of water depth, pH, temperature, conductivity and 
chlorophyll (Figure 39). During wet season flood events, these parameters were strongly 
influenced by the influx of large quantities of freshwater and sediment, as seen in the first 
major flood event starting on 13-February-2015 when salinity dropped and SSC and stage-
discharge increased (Figure 43).  

Over the WY 2015 wet season, two major flood events (15-Feb; 13-Mar) dominated water 
and sediment output, as reflected in depth and turbidity data (Figure 40). Flood frequency 
data at the Annan River at Beesbike gauge indicated that the 14-Feb flood (406 m3/sec) had 
a frequency of a 1.5 year annual recurrence interval (ARI), while the 13-Mar flood (920 
m3/sec) had a frequency of a 3.8 year ARI as a result of heavy rain associated with cyclone 
Nathan (Figure 16).  

  
Figure 39   Dry season daily fluctuation of water depth, pH, temperature, conductivity, and chlorophyll at the 
Big Annan Bridge.  
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Figure 40   WY 2015 data of local water depth, estimated upstream discharge input, and turbidity at the Big 
Annan Bridge).  

 

5.3.2 Suspended Sediment Concentrations at the Big Annan Bridge  

Paired data of 10 minute turbidity (FNU) with total SSC collected at 100 cm depth are 
graphed in the sediment rating curve in Figure 41, as are data for silt/clay SSC (<63um), sand 
SSC (>63um), and total TSS collected at 20 cm depth.  

 
Figure 41  Sediment rating curves between continuous turbidity (NTU) and suspended sediment 
concentration SSC (mg/L) and sub-sampled total suspended solids TSS (mg/L), as well as SSC silt/clay and 
sand fractions, at the Big Annan River Bridge in WY 2015.  
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These data show that non-isokinetically collected samples analysed in the laboratory using 
the TSS protocol consistently underestimated sediment concentrations, compared to the 
isokinetically collected samples analysed with the SSC protocol. A graph of TSS vs. SSC data 
demonstrate that TSS is under predicting SSC by ~ 15% (Figure 42). The slight difference in 
sampled water depth (20 cm vs 100 cm) cannot explain this difference. TSS data were more 
consistent with silt/clay SSC data, suggesting a negative sand bias, but at times TSS values 
were also well below the silt/clay SSC values (Figure 41). It is likely that the TSS sampling 
method (non-isokinetic) and laboratory protocol (sub-sampling) biased the total 
concentration, compared to the isokinetic SSC method that analysed whole bottle water 
samples and every grain of sediment collected.  

 

Figure 42   Difference between non-isokinetic total suspended solids (TSS) samples and isokinetic suspended 
sediment concentration (SSC) samples during WY 2015 at the Big Annan Bridge. (Blue line represents the 
trendline, above the black  1:1 line.) 

To estimate suspended sediment concentrations from continuous turbidity data, the total 
SSC-turbidity rating curve and associated correction factor was used as it was deemed the 
most accurate method for predicting suspended sediment concentration. Data were 
combined from both the February and March events, due to limited sample size and lack of a 
pump sampler to automatically collect water samples at turbidity thresholds. Since the 
silt/clay fraction is of more interest for sediment delivery to the reef (assuming sand 
deposition in the delta and coastal waters), the silt/clay SSC-turbidity rating curve and 
associated correction factor was also utilised to estimate continuous silt/clay SSC and 
subsequently silt/clay suspended sediment loads.  

The total SSC-turbidity rating curve was used to predict SSC data continuously at the Big 
Annan Bridge. During the first flood event starting on 13-Feb (Figure 43), the first flush of 
suspended sediment can clearly be seen with values up to 700 mg/L on the first rising limb. 
These values dropped back below 400 mg/L during subsequent peaks during the storm 
event. The relationship between SSC and water discharge (Q) contained major hysteresis 
during this event. The advantage of using continuous turbidity rather than water discharge 
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as a surrogate and correlate for SSC is that this hysteresis effect was largely avoided 
resulting in more accurate estimates of continuous sediment concentration and loads (i.e., 
Olive and Rieger 1985; Williams 1989; Amos et al. 2004; Nistor and Church 2005).   
 

 
Figure 43   First Major Flood: Hydrographs and sedigraphs for the Feb-2015 flood event on the lower Annan 
River with measured water depth and salinity, estimated total SSC from turbidity relationship (Figure 41), 
and estimated upstream water discharge input (gage 107003a data times x2 plus 7 hour time shift).  

 
During the second flood event starting on 12-Mar (Figure 44), the rising-limb, first-flush 
effect was also pronounced with SSC concentrations exceeding 1400 mg/L, then dropping 
below 400 mg/L during the peak event and subsequent associated peaks. The hysteresis in 
SSC and Q was also pronounced during this event, again highlighting the importance of 
turbidity data as a continuous surrogate.  
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Figure 44   Second Major Flood: Hydrographs and sedigraphs for the March-2015 flood event on the lower 
Annan River with measured water depth, estimated total SSC from turbidity relationship (Figure 41), and 
estimated upstream water discharge input (gauge 107003a data x2 plus 3 hour time shift). Note that the 
electrical conductivity meter failed during this event. 

 

5.3.3 Nutrient Concentrations at the Big Annan Bridge  

During WY 2015, nutrient concentrations were measured on the rising and falling stages of 
the February and March flood events. Total nitrogen (TN) concentrations ranged from 0.09 
mg/L to 2.33 mg/L with the peak concentration occurring during the rising limb of the March 
event. Particulate (suspended) nitrogen (PN) accounted for an average of 41% of TN (range 
5-84%) and dissolved organic nitrogen (DON) accounted for 36% (range 12-69%). The 
remainder of TN was primarily composed of nitrogen oxides (23% on average). Total 
phosphorus (TP) ranged from non-detect <0.02 mg/L to 0.29 mg/L during the two events. 
Particulate (suspended) phosphorus (PP) represented 81% of TP on average (range 20-99%). 
Filterable reactive phosphorus (FRP) accounted for on average 5% of TP (range 1-20%). 
Dissolved organic phosphorus (DOP) results were primarily below the detection limit 
(<0.02mg/L) but would account for approximately 14% of all TP based on the PN and FRP 
results. 
 
Previous estuary monitoring at the Big Annan Bridge between 2002-2009 (Howley et al. 
2012) analysed only total and dissolved inorganic nitrogen and phosphorous concentrations 
during base flow conditions and occasional flood events. Although the flood event data from 
this programme was extremely limited, event concentrations ranged from 0.29 to 4.80 mg/L 
for TN, while TP ranged from 0.016 to 0.067 mg/L. Dissolved inorganic fractions accounted 
for on average 14% of TP and 19% of TN during floods. Ambient (baseflow) TN 
concentrations ranged from 0.08 to 0.28 mg/L (median 0.15 mg/L), while TP ranged from 
0.004 to 0.016 mg/L (median 0.009 mg/L). DIN accounted for an average of 7% of ambient 
TN concentrations while DIP accounted for 19% of TP.  
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The nutrient data collected during flood events from WY 2015 at the Big Annan Bridge were 
combined with the predominantly ambient baseflow data collected by Howley et al. (2012) 
and additional QEPA samples from the Big Annan Bridge from the 1990’s. These data were 
grouped into baseflow and flood event categories to define their range of variability over the 
monitoring period (Figure 45; Figure 46). Ambient nutrient data were sufficient in quantity 
to set water quality guidelines for baseflow conditions (Moss and Howley 2016). Nutrient 
flood event data were not sufficient to set meaningful event water quality guidelines 
applicable over a wide range of flood events and catchment conditions. More research will 
be needed to define the natural and anthropogenic range of variability of flood-event 
nutrient concentrations and loads for water quality guidelines.  
 

  

Figure 45   a) Total nitrogen (TN) and b) dissolved inorganic nitrogen (DIN) for baseflow and flood event 
conditions at the lower Annan River at the Big Annan Bridge. Black reference lines are 80th percentile values 
for baseflow water quality guidelines (Moss and Howley 2016; mid-estuary). 

 
Figure 46   a) Total phosphorus (TP) and b) filterable reactive phosphorus (FRP) for baseflow and flood event 
conditions at the lower Annan River at the Big Annan Bridge. Black reference lines are 80th percentile values 
for baseflow water quality guidelines (Moss and Howley 2016; mid-estuary). 

 
For WY 2015 flood events, nutrient rating curves were developed between continuous 
turbidity data and total and suspended nutrient data (Figure 47). Considerable variability 
existed in the nutrient rating at the lower end of their relationships, which could be 
explained by tidal changes at low flow.  Data were filtered for turbidity > 20 FNU for power 
equation trends, while nutrients data < 20 NTU were assigned an average value. These rating 
curves with associated correction factors were then used to estimate continuous nutrient 
concentrations (Figure 47) and calculate nutrient loads (Section 5.3.4 below).  
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Figure 47  Nutrient rating curves between continuous turbidity (FNU) and nutrient concentration (mg/L) at 
the Big Annan River Bridge. Equations and R2 values are in the order of the adjacent trend lines.  

 
Figure 48   Estimates of total nitrogen (TN) and total phosphorus (TP) concentrations from turbidity rating 
curves during the March 2015 flood event at the Big Annan Bridge.  

 

5.3.4 Water Yield, Sediment Load, and Nutrient Load Data 

Water discharge and suspended sediment load were only measured directly and fully (width-
integrated) on one occasion during WY 2015 at the Big Annan Bridge, during the recession 
limb of a flood on 16-Feb-2015. The boat mounted Ott current meter and P61 suspended 
sediment sampler (Figure 38) collected 12 data points across the cross-section and 
integrated these data to calculate average SSC, total water discharge and suspended 
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sediment load. The measurement was made at low tide, so reflects the full output of the 
river. Velocity at 0.6 m depth (D) varied from 0.55m/s to 0.78 m/s. The total water discharge 
was calculated as 201.5 m3/sec.  
 
Total suspended sediment concentration, SSC, at 0.6D varied from 36 mg/L to 72 mg/L 
across the cross-section, with a coefficient of variation (CV) of 19%, and a 50% overall 
variability depending on where one would sample across the cross-section. Silt/clay SSC 
concentrations varied from 32 mg/L to 58 mg/L, with a CV of 15%, and a 43% overall 
variability across the cross-section. Variability with depth is also likely significant, especially 
for suspended sand, and will be assessed during future sampling trips. This cross-section 
variability during minor flood recession is likely much less than during larger peak floods. For 
example on the Mitchell River at Koolatah on Cape York Peninsula during a 1:20 year flood, 
the cross-section variability of SSC had a CV of 58% (Shellberg and Brooks unpublished data).   
 
For the 16-Feb-2015 flood event on the lower Annan River, the total suspended sediment 
load was calculated as 11 kg/sec or 969 tonnes/day at 201.5 m3/sec. The suspended silt-clay 
load was 862 tonnes/day, or 89% of the total.  
 

 
Figure 49   Big Annan Bridge width and depth measurements of velocity and SSC during the recession limb of 
a small flood at low tide (16-Feb-2015 13:30). These data were used for calculating water discharge and 
suspended sediment load.  

 
The lack of continuous ‘velocity index’ data (i.e., side viewing ADVM) at the Big Annan 
Bridge, and subsequently continuous discharge, restricted the accurate calculation of 
suspended sediment loads to take advantage of the continuous SSC data developed from the 
EXO2 turbidity data and grab samples.  
 
As a rough estimate of water discharge at the Big Annan Bridge, the instantaneous Q data at 
Beesbike (107003a) was multiplied by a conservative factor of 2 and shifted by 7 hours 
during modest flooding and 3 hours during peak flow (as per Section 5.2.6). Instantaneous 
water discharge (Q) measured at the Big Annan Bridge on 16-Feb-15 13:30 (201 m3/sec) 
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indicated this flow was roughly double the Beesbike gauge 7 hours earlier (93 m3/sec). These 
estimated discharge values were used in conjunction with continuous turbidity, point SSC 
data, and point nutrient data to estimate total and silt-clay suspended sediment loads and 
nutrient loads at the Big Annan Bridge during 2015. These discharge and load data need to 
be used with caution due to the discharge accuracy limitations. 
 
The estimated suspended sediment loads at the Big Annan Bridge during 2015 (Table 5) 
were 71,500 tonnes/year for total suspended sediment and 60,000 tonnes/year for silt/clay 
suspended sediment. Of the total annual load, 93% of this total suspended load was 
transported during two separate flood events spanning 10 days total. These suspended 
sediment load estimates were 33% of those estimated at the upstream Beesbike gauge in 
WY 2015 (Table 2).  
 
For nutrient loads, the total nitrogen load was estimated as 271 tonnes for WY 2015, 83% of 
which was transported during two separate flood events spanning 10 days total (Table 5). 
The suspended nitrogen load was estimated as 132 tonnes for WY 2015, 90% of which was 
transported during the two flood events. The total phosphorus load was estimated as 38 
tonnes for WY 2015, 84% of which was transported during the two flood events. The 
suspended phosphorus load was estimated as 32 tonnes for WY 2015, 84% of which was 
transported during the two flood events. These nutrient load estimates were 52% and 55% 
of total nitrogen and phosphorus, respectively, estimated at the upstream Beesbike gauge in 
WY 2015 (Table 2). 
 
These load data for the Annan River during an above average rainfall year are much less than 
half (up to an order of magnitude less) that of the estimated (modelled) average loads 
reported by Kroon et al. (2012) for the combined Annan and Endeavour Rivers (Table 5). 
More recent modelling estimates of average annual loads from the combined Annan and 
Endeavour catchments by McCloskey et al. (2014) were of the same order of magnitude as 
the empirical estimates reported here for WY 2015 in the Annan River estuary. However, 
modelled averages for the two combined catchments are difficult to compared to the 
empirical estimates from one catchment during an above average water year.  
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Table 5   Estimated water, sediment, and nutrient loads during WY 2015 at the lower Annan River gauge 
(107010) at the Big Annan Bridge.  

Period Estimated 
Water 

Discharge 

 

Estimated 
Total 

Suspended 
Sediment 

Load  

Estimated 
Silt/Clay 

Suspended 
Sediment 

Load  

Estimated 
Total 

Nitrogen   

Estimated 
Suspended 

Nitrogen  

Estimated 
Total 

Phosphorus 

Estimated 
Suspended 
Phosphorus 

Feb-   
2015 
Event 

131,543 

ML/yr 

22,000 

tonnes/  
event 

18,500 

tonnes/  
event 

79 

tonnes/ 
event 

39 

tonnes/ 
event 

11 

tonnes/ 
event 

9 

tonnes/ 
event 

March-
2015 
Event 

207,041 

ML/yr 

44,400 

tonnes/ 
event 

37,100 

tonnes/  
event 

147 

tonnes/ 
event 

80 

tonnes/ 
event 

21 

tonnes/ 
event 

18 

tonnes/ 
event 

Water 
Year   
2015 

516,303 

ML/yr 

71,500 

tonnes/   
year 

60,000 

tonnes/   
year 

271 

tonnes/    
year 

132 

tonnes/   
year 

38 

tonnes/  
year 

32 

tonnes/  
year 

Kroon et 
al 2012* 

Annual 
Average 

370,000* 

tonnes/   
year 

N/A 1397* 

tonnes/   
year 

835* 

tonnes/year 

179* 

tonnes/year 

157* 

tonnes/  
year 

McCloskey 
et al. 

2014* 

Annual 
Average 

42,000* 

tonnes/   
year 

N/A 553* 

tonnes/   
year 

104* 

tonnes/   
year 

6* 

tonnes/  
year 

29* 

tonnes/  
year 

*Endeavour Basin (Annan & Endeavour Rivers combined) 

 

 

5.3.5 Annan River Flood Plumes in WY 2014 and 2015 

The March-2015 flood event in the Annan River was a product of heavy rainfall of > 400 mm 
over 5 days (107003a gauge) as Cyclone Nathan rotated off the Cooktown coast, well before 
it made landfall a week later. Heavy cloud obscured the ability of MODIS satellite images to 
capture the behaviour of the flood plume off the Annan River mouth during the flood peak. 
However, one image on the 15-March-2015, 2.5 days after the peak, showed turbid flood 
water dissipating out to Dawson and Colishaw Reefs and beyond (Figure 50a). These data 
suggest that inshore reefs < 10km from the river mouth are regularly impacted by river 
sediment plumes during common flood events (1.5 to 4 yr ARI). During WY 2014 after the 
landfall of Cyclone Ita, the Annan River flood plume on 13-April-2014 easily reached Egret 
and Osterland Reefs 20 km offshore (Figure 50b).  

Due to close proximity of the Annan River mouth to fringing, inshore and offshore  reefs of 
the GBR, and the moderately high yield of water, sediment and nutrients per unit catchment 
area, the Annan River flood plumes pose a moderate risk to reef health (PC 2003 see Figure 
7.4). The scenario is the same for the Endeavour, McIvor, Starke and Jennie Rivers, which 
along with the Annan, are the most intensively disturbed catchments on eastern Cape York 
and well connected to the GBR. Their combined catchment area (5820 km2; 13% of eastern 
Cape York) and higher runoff from coastal rainfall results in a larger connectivity of plumes 
to reefs of the GBR, compared to larger catchments like the Normanby where reefs are 
situated > 35km off the river mouth. This goes to the heart of the issue of the magnitude, 
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frequency and duration of flood events (Wolman and Miller 1960) and their connectivity to 
reef habitats of concern.   

 

a)                                                                           b) 

Figure 50   a) WY 2015 flood plumes off the Annan / Endeavour / McIvor Rivers on 15-March-2015, 2.5 days 
after the flood peak from the first round of cyclone Nathan showing diffuse sediment plumes along the 
coast, b) WY 2014 flood plumes on 13-April-2014 following the landing of Cyclone Ita. 

 

 
Figure 51   Dawson Reef at low tide showing cumulative dead coral that was pilled into a cay during cyclone 
Ita storm conditions. The Annan and Endeavour River valleys and Mount Cook are in the background.  
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5.4 Discussion and Recommendations for Lower Annan Monitoring  

5.4.1 Water Quality Data Comparison to other Annan River Estuary Studies 

The WY 2015 water quality data collected in the Annan River Estuary are generally 
complimentary and comparable to other empirical data collected in the lower catchment 
during ambient conditions and several flood events (Eyre and Balls 1999; Davies and Eyre 
2005; Howley et al. 2012).  

Eyre and Balls (1999) and Davies and Eyre (2005) measured TSS concentrations on a salinity 
gradient away from the Annan River mouth in Walker Bay in 1995. They found TSS 
concentrations varied from ~ 100 mg/L at the mouth of the estuary during a small first flush 
event in February 1995, and declined rapidly seaward to less than 25 mg/L on the salinity 
gradient. Dry season concentrations were all less than 25 mg/L. Dissolved inorganic 
phosphorous, nitrate, ammonium and silicate also all decreased seaward on the salinity 
gradient. This was attributed to the “rapid removal of phosphate and nitrate at the seaward 
edge of the plume where TSS concentrations, and hence turbidity and light penetration, 
return to dry season levels due to sedimentation of terrestrial sediment” (Eyre and Balls 
1999). The “rapid decrease in PIP and TSS [in the Annan flood plume] suggest that material is 
being deposited within the estuary and inner plume due to decreasing current velocities and 
flocculation of clay particles as the encounter more saline estuarine water” (Davies and Eyre 
2005).  

In addition to assessing the concentrations and transformations of nutrients and sediment 
across the Annan River estuary and flood plume, Davies and Eyre (2005) calculated loads of 
these materials discharged from the Annan during the minor flood event in February 1995. 
Gross fluxes from the Annan catchment totalled 3.180 tonnes TN (1.198 kg/mm/km2) and 
0.194 tonnes of TP (0.073 kg/mm/km2) over the 6 days of the event. More than 50% of the 
TN flux occurred as DON, while particulate fractions were 30% of TN and DIN accounted for 
12% of TN. The PIP fraction represented 85% of the TP flux.  Total SS event loads were 
calculated at 1,406 tonnes. From the recent WY 2015 data reported here (Table 5), 43% of 
the total nitrogen load consisted of suspended particulate nitrogen (compared to 30% from 
Davies and Eyre 2005), with dissolved nitrogen making up the majority of the total load 
(57%).   

 

5.4.2 Future Annan River Gauging Recommendations at the Big Annan Bridge  

These data from a pilot project at the Big Annan Bridge highlight the essential need for 
continuous water quality data and surrogate technologies to improve measurements of 
suspended sediment concentrations, and overall sediment and nutrient loads. They also 
highlight the need for more accurate discharge measurement techniques in confined tidal 
estuaries using new technological approaches to water gauging. In this case, infrastructure 
to deploy the ‘velocity index’ method (i.e., side viewing ADVM velocity meter) coupled with 
standard gauging techniques (continuous stage and periodic discharge measurement) are 
needed to overcome the difficulties in measuring water discharge in a tidal estuary during 
flood events (e.g., Levesque and Oberg 2012). These improvements are needed at the Big 
Annan Bridge in order to develop an end-of-river Super Gauge approach (e.g., Lewis 1996; 
Lewis and Eads 2008; Gray and Gartner 2009; Evenson et al. 2012; Steven et al. 2014; Shoda 
et al. 2015).  
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Recommendations for the future Big Annan River Bridge gauge program include:  

 Installing a side viewing ADVM velocity meter to measure a ‘velocity index’ area to 
develop a rating curve for tidal water discharge.  

 Installing a permanent stage height recorder. 

 Conducting periodic water discharge measurements via boat or bridge to calibrate 
the cross-section and develop velocity index-discharge rating curves in place of stage-
discharge.  

 Installing a permanent housing for a water-quality multi-probe like the EXO2, with 
the probe being vertically mobile duing flood (via float) to keep the sensor ‘near 
surface’.  

 Installing a continuous nitrate analyser to the EXO2 multi-probe.  

 Installing an automated pump sampler triggered by turbidity threshold values, to 
collect grab samples at the event-scale.   

 Conducting ongoing isokinetic point grab samples of water quality (e.g., SSC, 
nutrients) at the EXO2 location to continue developing turbidity-SSC rating curves 
and correct data collected from non-isokinetic pump samplers.  

 Conducting periodic, isokinetic, width-depth measurements of suspended sediment 
and nutrients via boat or bridge to calibrate cross-section conditions to point 
conditions at the EXO2.  

 Implementing the fluvial standard SSC technique rather than TSS laboratory 
technique for all suspended sediment samples.  

 Calculating sediment and nutrient loads by developing rating curves at the event-
scale.  

 Conducting this event-scale monitoring for the next 100 years at this end-of-river 
gauge in order to accurately determine loads and changes in loads with land use 
improvements or degradation.  
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6 MONITORING RECOMMENDATIONS FOR A SUPER GAUGE APPROACH 

A ‘Super Gauge’ integrates a suite of continuous surrogate technologies and standard well-
established field protocols for gauging river water, sediment and nutrient loads. Numerous 
examples exist around the globe and Australia that can be used as component prototypes of 
the Super Gauge approach (Gippel 1995; Grayson et al. 1996; Lewis 1996; Armstrong and 
Mackenzie 2002; Wright and Schoellhamer 2005; McJannet et al. 2005; Lewis and Eads 2008; 
Gray and Gartner 2009; Evenson et al. 2012; Levesque and Oberg 2012; Steven et al. 2014; 
Shoda et al. 2015).  
 
Super Gauges are needed to develop accurate and robust empirical measurements of 
sediment and nutrient outputs to the Great Barrier Reef, and to detect subtle changes in 
loads over time from land use changes and investments in water quality improvement 
actions. For these purposes, coarse theoretical sediment budget models (i.e., SedNet, Source 
Catchments) are not an appropriate substitution for the collection of empirical data at end-
of-river sites following international standard Super Gauge techniques. The paradigm should 
always be ‘show me the data’, and in this case, the continuous, isokinetic, width-depth 
integrated average concentration, real time, event-scale, water discharge, sediment and 
nutrient load data.  
 

6.1 Super Gauge Components and Protocols 

The following components and protocols are recommended for developing a Super Gauge 
approach at end-of-river sites draining to the Great Barrier Reef:   
 
Water Discharge Measurements 

 Standard water stage and water discharge measurements (Rantz 1982; ISO 
4373:2008; ISO 748:2007; ISO/TR 24578:2012; ISO 9001:2008). 

 Improved discharge measurements using an Acoustic Doppler Current Profiler (ADCP) 
(e.g., Mueller et al. 2013). 

 In tidal estuaries, development of a continuous ‘velocity index’ using an Acoustic 
Doppler Velocity Meter (ADVM) (Wright and Schoellhamer 2005; Levesque and 
Oberg 2012; Steven et al. 2014). 

 Develop water discharge rating curve(s) using stage-area relationships and velocity 
index-average velocity relationships, together used to calculate continuous 
bidirectional water discharge (e.g., Levesque and Oberg 2012). 

 Improving water discharge and pollutant load measurements during overbank 
discharge events across large floodplains (Hawdon et al. 2007; Wallace et al. 2012).  
 

Continuous Water Quality Surrogate Measurements 

 Improving infrastructure platforms for deploying continuous water quality 
equipment (pylons, bridges, booms, buoys).  

 Measurement of continuous turbidity (10-minute or less) as a surrogate and 
correlate for suspended sediment concentration and suspended nutrient 
concentration, to avoid hysteresis effects with water discharge (Gippel 1995; Grayson 
et al. 1996; Lewis 1996; Armstrong and Mackenzie 2002; Wright and Schoellhamer 
2005; McJannet et al. 2005; Wagner et al. 2006; Lewis and Eads 2008; Rasmussen et 
al. 2009; Gray and Gartner 2009).  
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 Alternatively, continuous suspended sediment concentration surrogates could be 
measured from in situ laser diffraction and/or acoustic doppler backscatter (Gray and 
Gartner 2009; Medalie et al. 2014; Agrawal and Hanes 2015). In situ laser diffraction 
measurements can also measure particle size fractions continuously.  

 Measurement of continuous nitrate using ultraviolet-absorbance as a surrogate to 
correlate to dissolved nitrogen concentration (Pellerin et al. 2013; Steven et al. 2014; 
Shoda et al. 2015).  

 Measurement of continuous phosphate using chemical-reaction light-absorbance as 
a surrogate to correlate to dissolved phosphorous concentration (e.g., Steven et al. 
2014; Shoda et al. 2015).  

 Measurement of continuous concentrations of chlorophyll, blue-green algae, and 
fDOM (Steven et al. 2014).  

 Measurement of a standard suite of continuous water quality parameters, including 
temperature, pH, EC, dissolved oxygen (Wagner et al. 2006).  

 
Field Collection of Water Quality Samples   

 Periodic sampling of cross-section width-depth integrated data to determine average 
sediment and nutrient concentrations during base and flood flow using an isokinetic 
sediment and nutrients sampler (from bridge or boat), following either the equal 
discharge interval (EDI) or equal width interval (EWI) method (Edwards and Glysson 
1998). 

 Collection of more frequent point water samples (SSC, nutrient, pesticide) across 
flood events using a refrigerated automated pump sampler (intake away from bank) 
triggered by continuous turbidity thresholds (Lewis 1996; Lewis and Eads 2008).  

 Daily manual sampling during flood events at a single-vertical station [e.g., box 
method from bridge] near the pump sample intake and continuous water quality 
probes, to collect isokinetic point and depth-integrated water quality samples 
(Edwards and Glysson 1998). 

 Correction of non-isokinetic point data (pump sampler) by correlation with isokinetic 
point data, single-vertical and width-depth integrated average concentrations (i.e., 
SSC). 

 Collection of field fluvial water quality data following standard techniques (USGS 
2003).  

 
Field Collection of Bed Load Sediment   

 During the collection of water discharge data using an Acoustic Doppler Current 
Profiler (ADCP), data can be simultaneous collected on bed load velocity (sand and 
gravel moving on the bed) in order to calculate instantaneous bed load discharge 
(Rennie et al. 2002).  

 Bed load discharge measurements are important to understand the total sediment 
discharge to the coastal environments of the GBR Lagoon, including coastal sea grass 
beds and fringing nearshore reefs (on Cape York at least).  
 

Laboratory Analysis Techniques 

 Use of the Suspended Sediment Concentration (SSC) laboratory (and field) protocol 
appropriate for fluvial samples rather than the Total Suspended Solid (TSS) protocol 
to reduce sampling and laboratory analysis bias (Gray et al. 2000; ASTM 2002).  
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 Use of standard methods for nutrient and pesticide laboratory measurement of 
fluvial samples (Fishman 1993; APHA 2005) 

 Full particle size analysis of all integrated SSC samples (or 63 µm and 10 µm splits)  
 
Rating Curve Development 

 Development of event-scale suspended sediment rating curves between point SSC 
and continuous turbidity (or other surrogate) data to avoid hysteresis issues with 
water discharge, with data output corrected to width-depth average concentrations 
(Lewis and Eads 2008).  

 Development of event-scale nutrient and pesticide rating curves between point 
measurements and continuous surrogate data to avoid hysteresis issues with water 
discharge, with data output corrected to width-depth average concentrations.  

 Develop water discharge rating curve(s) using stage-area relationships and velocity 
index-average velocity relationships, together used to calculate continuous 
bidirectional water discharge (Levesque and Oberg 2012). 

 
Load Calculation and Analysis 

 Calculation of suspended sediment, nutrient, and pesticide loads at 10-minute 
intervals using rating curve calculations of average cross-section pollutant 
concentrations multiplied by water discharge.  

 Calculation of suspended sediment loads by size fraction.   

 Calculation of pollutant loads at the event scale using specific event rating curves of 
pollutants (Lewis and Eads 2008). 

 Analysis of water quality data over time using high-accuracy event-scale load data, 
shifts in rating curve behaviour for individual types of storm events, shifts in ‘time 
and discharge weighted’ event mean concentrations (EMC), and shifts in event-scale 
loads plotted against event-scale water discharge (ML). 

 Assess downward shift in these load rating curves and EMC for a given event size, 
proving or disproving any claims in actual load reduction toward 20-50% reduction 
targets. 

 Develop an empirical database of event loads and actual catchment condition 
metrics to define catchment responses to input variables and detect changes in 
rainfall-runoff-pollutant load relationships over time due to changing catchment 
conditions and land use.  

 Develop improved methods of defining catchment condition in the real-world, real-
time, including: antecedent rainfall, storm behaviour and rainfall distribution, 
distributed rainfall magnitude-frequency-duration, magnitude and distribution of real 
world land use disturbance, actual pollution application and input, on-ground 
implementation of land use best management practices, and a suite of pollution 
mitigation measures.   
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6.2 Super Gauge Costs 

The costs of a Super Gauge can vary depending on exact data objectives, equipment needs, 
site specific continuous and existing infrastructure, proximity to personnel duty stations and 
laboratory centres, in kind equipment availability, laboratory costs, and economies of scale 
maintaining multiple gauges. A rough estimate of the basic equipment, installation, and 
annual running costs are included below for the Big Annan River Bridge gauge site. Other 
general cost estimates are provided by Steven et al. (2014).  
 
Electronic Equipment 

 Continuous stage non-contact pressure transducer = $4,000 

 Continuous acoustic doppler velocity meter (ADVM) (SonTek Argonaut) = $15,000 

 Continuous water quality probe (YSI EXO2 7-sensor) = $25,000 

 Continuous turbidity probe (FTS DTS-12) = $4,500 

 Multichannel datalogger (FTS Axiom) = $5,000 

 Refrigerated pump sampler (ISCO) = $6,500 

 Batteries and solar power package = $3,000 
  
Equipment Subtotal = $63,000  
 
Installation Equipment 

 Datalogger housing = $5,000 

 Equipment boom setup = $4,000 

 Downpipe equipment shelters = $2000 

 Miscellaneous hardware = $3,000 

 Installation labour costs = $6,000 
 
Installation Subtotal = $20,000  
 
Field Equipment  

 Depth-integrating water quality sampler (US D-96) = $9,500 

 Bottles and field supplies = $2500 

 Point sediment sampler and boat mounted setup (US P61) = In kind loan from QDNR 

 Standard Ott current meters = In kind loan from QDNR (shared between gauges) 

 Handheld sediment sampler (US P48) = In kind (shared between gauges) 

 Acoustic Doppler Current Profiler (ADCP) = In kind loan from CSIRO or QDNR (shared 
between gauges) 

 
Field Equipment Subtotal = $12,000  
 
Labour Costs for Field Visits and Maintenance  

 0.25 FTE for labour costs = $18,500 / year 

 Miscellaneous equipment maintenance costs = $3,500 / year  
  
Labour Subtotal = $22,000 per year per gauge 
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Laboratory Costs 

 100 SSC ($50/each) and 100 Nutrient samples ($200/each) per year = $25,000 / year 
 
TOTAL COSTS FOR A SUPER GAUGE 
Upfront Equipment Costs = $95,000 per Super Gauge 
Running Costs = $47,000 per year per Super Gauge 
 
 
 

6.3  The Business Case for Super Gauge Investment 

Non-point source (NPS) sediment pollution is the most widespread and damaging pollutant 
to waterways across the planet, including Australia, with nutrient pollution a close second 
(e.g., Water 1995; Hunter et al. 1996; Ribaudo et al. 1999; Brodie et al. 2013). Sediment and 
nutrient pollution to the Great Barrier Reef from non-point sources have arguably had the 
largest impact on reef health historically (Hunter et al. 1996; PC 2003; Waterhouse 2012; 
Brodie et al. 2013), while climate change and ocean acidification are major upcoming 
threats. The exact real costs of non-point source pollution to the Great Barrier Reef are 
unknown. However, the 4.2 billion dollar tourism industry associated with the GBR 
catchment is highly dependent on reef health, and the externalised pollution impacts of the 
2.5 billion dollar agricultural industry (beef, cane, horticulture) have and will continue to 
seriously curtail the viability of the tourist industry in addition to reef health, fisheries 
production, and other ecosystem services and values (PC 2003).  
 
In the United States, it is estimated that sediment pollution alone causes $16 billion USD in 
environmental damage annually (Osterkamp et al. 1998), with sediment damages from 
agricultural erosion estimated at up to $8 billion per year (Ribaudo et al. 1999). Hundreds of 
millions of dollars are spent annually to try and reduce soil erosion in the United States, and 
over $100 billion have been spent over 65 years on soil conservation measures and nutrient 
reduction since WWII. At least 1.6 billion dollars are spent every year trying to reduce 
nonpoint-source pollution (sediment, nutrients, pesticides, herbicides, etc). However, the 
cost-effectiveness of many of these measures remains unknown, largely due to an 
inadequate monitoring network of sediment and nutrient gauges to detect changes over 
time (Osterkamp et al. 1998).  
 
Osterkamp et al. (1998) provided a strong economic case for expanding the sediment 
monitoring network in North America (or elsewhere globally) for accurate long-term 
monitoring of sediment loads. Proper daily sediment monitoring at 240 primary and 
secondary gauges across North America would cost 4.1 million USD dollars per year, or 
$25,000 per primary site for daily sediment measurements and $5,000 per secondary site for 
periodic measurements (1992 values). These annual costs of 4.1 million per year are only 
0.026 % of the annual damage from sediment pollution (16 billion), and 0.26% of the annual 
expenditure on non-point source pollution mitigation (1.6 billion). Currently, there are now 
over 400 sites in the US with some continuous real time water quality data 
(http://waterwatch.usgs.gov/wqwatch/?pcode=00076) and up to 100 Super Gauge sites 
(http://waterwatch.usgs.gov/wqwatch/?pcode=99999).  
 
On the Australian Great Barrier Reef, at least $375 million dollars has been committed from 
the Queensland and Australian governments to the Reef Plan over five years, or > $75 

http://waterwatch.usgs.gov/wqwatch/?pcode=00076
http://waterwatch.usgs.gov/wqwatch/?pcode=99999
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million/year (Queensland Government 2014c). This does not include the additional 
investments by the Australian Government, such as into the Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) or Bureau of Meteorology (BOM) for research and 
monitoring programs (e.g., eReefs, Steven et al. 2014). It also does not include the core 
functions and costs of operating and maintaining the existing state network of 400 water 
stream gauges across Queensland, 180 of which record some water quality data 
(Queensland Department of Natural Resources and Mines).  It is estimated that these gauges 
costs equate to at least $4 million/year (~ $10,000/gauge in 2015; ~ $6000/gauge in 1994 
dollars). Steven et al. (2014) provide a strong case and cost estimate for expanding the 
continuous water quality monitoring (CWQM) network at 18 priority estuarine river sites 
draining to the GBR. They estimate that $70,500 would be required for up front 
equipment/installation costs per Super Gauge, with $23,700 of annual maintenance costs. 
To maintain 18 Super Gauges would then cost $426,600/year or <0.6% of the total 
investment in the Reef Plan per year 
 
Using the above high-end cost estimate of $47,000/year to maintain equipment and process 
abundant laboratory samples from a Super Gauge at an ‘end-of-system’ gauge, it would cost 
~ $1.22 million dollars/year to operate a network of accurate Super Gauges at the 26 high 
priority catchments (Appendix, Table 6) draining into the Great Barrier Reef, with $2.47 
million in up-front costs. Ten (10) of these existing gauges already have significant 
infrastructure and monitoring investment (Joo et al. 2012; Turner et al. 2012), reducing 
actual expenditure even further. A $1.22 million dollar/year Super Gauge program would 
represent < 1.6% of the total investment in the Reef Plan per year, or less if other indirect 
GBR program costs are included. Economies of scale and available equipment could bring 
these costs down further, as the existing Hydrography and Water Quality programs may be 
able to achieve savings in some budget items (Steven et al. 2014).  
 
In summary, spending < 1.6% of the total Reef Plan investment on accurate monitoring of 
that investment at 26 key gauges over the long-term (next 100 years) would be a very wise 
and conservative fiscal choice (as Osterkamp et al. 1998 argued for the United States). 
Currently investing the same amount of equivalent funding on modelling scenarios and 
hypothetical outcomes would not be a good choice (Queensland Audit Office 2015). 
 
 

6.4 eReefs 

The eReefs program was established in 2010 with the goal of providing real-time information 
on the water quality delivered to the Great Barrier Reef using a new generation of critical 
intelligence products and services (e.g., Steven et al. 2014). It is a new collaboration between 
the Great Barrier Reef Foundation, Bureau of Meteorology, Commonwealth Scientific and 
Industrial Research Organisation, Australian Institute of Marine Science and the Queensland 
Government, supported by funding from the Australian Government, the BHP Billiton 
Mitsubishi Alliance, the Queensland Government and the Science and Industry Endowment 
Fund. The Bureau of Meteorology is the operational partner for the eReefs project and has 
created the Marine Water Quality Dashboard to provide access to real-time water quality 
data.  

http://www.bom.gov.au/marinewaterquality/ 

http://www.bom.gov.au/environment/activities/coastal-info.shtml 

http://www.bom.gov.au/marinewaterquality/
http://www.bom.gov.au/environment/activities/coastal-info.shtml
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The cooperative eReefs program could be an important avenue for collaboration and 
support of existing Hydrographers and Gauge Operators in Queensland to improve and 
expand a subset of existing gauges into a continuous water quality monitoring (CWQM) 
network of ‘Super Gauges’, in addition to installing new Super Gauges at the end-of-river 
locations at 26 key high priority locations draining to the Great Barrier Reef. A terrific 
example of this is the Logan‐Albert River Supersite in southeast Queensland, which has been 
a testbed for continuous water quality monitoring since 2008 by CSIRO (Steven et al. 2014). 
However, standard well-established field protocols for gauging fluvial sediment and nutrient 
loads need to be added to the suite of measurements in this monitoring program (Edwards 
and Glysson 1998; Gray et al. 2000; ASTM 2002; Wong et al. 2003).  

Regardless of what agency, it would be most efficient and practical if all water quality and 
quantity data at Super Gauge sites draining to the GBR were collected and operated by one 
agency for long-term consistency. This would entail the full suite of fluvial measurements 
needed for a Super Gauge approach reviewed here (e.g., continuous, isokinetic, width-depth 
integrated, real time, event-scale, water discharge, sediment and nutrient load data). 
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8 APPENDIX 

Table 6   Proposed Super Gauge locations for major catchments draining to the Great Barrier Reef, with 26 high priority sites (A).  Note that the relative gauge priorities for the regions 
south of Cape York Peninsula need to be determined by experts in those regions, and are included here only as a relative example.   

Drainage 
Basin ID 

River Proposed Super Gage Location Priority  
A = High 

b = Moderate 
c= Low 

Existing 
Gauge 

Near River 
Mouth 

% Area of 
Catchment 

Existing 
Gauge 

Existing 
End of 
System 

Load 
Monitoring 

? 

Continuous 
Turbidity 

Data ? 

Automated 
Pump 

Samples 

101 CYP Jacky Jacky Creek Near River Mouth c   No     

101 CYP Escape River Near River Mouth c   No     

101 CYP Harmer Creek  Near River Mouth c   No     

102 CYP Olive River Near River Mouth  b No     

102 CYP Pascoe River Near River Mouth or 102102a A No     

103 CYP Claudie River  Near River Mouth at Near Lockhart A No     

103 CYP Lockhart River At Road Crossing b  No     

103 CYP Nesbit River Near River Mouth b No     

103 CYP Chester River Near River Mouth c No     

104 CYP Rocky River  At Road Crossing Above Fan c No     

104 CYP Massy Creek At Road Crossing Above Fan b No     

104 CYP Stewart River Near River Mouth At Port Stewart  A No     

105 CYP North Kennedy River Near River Mouth A No     

105 CYP Bizant River Near River Mouth A No     

105 CYP Normanby River Near River Mouth or 105107a A No 53% 105107a 105107a 
Historic 

 

105 CYP Marrett River Near River Mouth b  No     

106 CYP Muck River At Upper Estuary c  No     

106 CYP Wakooka Creek Near River Mouth c  No     

106 CYP Jeannie River  Near River Mouth b  No     

106 CYP Starke River Near River Mouth b  No     

106 CYP McIvor River Near River Mouth A No     

107 CYP Endeavour River Near River Mouth At Cooktown Pier  A No     

107 CYP Annan River Near River Mouth At Big Annan Bridge A New 91%    

108 CYP Bloomfield River Near River Mouth At Ayton A No     
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108 Daintree River Near River Mouth at Ferry A No     

109 Mossman River  At 109001a or River Mouth A Yes     

110 Barron River  Near River Mouth or at 110001d A Close 89% 110001d 110001d 110001d 

111 Mulgrave-Russell River At River Mouth Mutchero Inlet  A No     

112 Johnstone River  Near River Mouth Below Innisfail  A No 40% 112004a / 
112101b 

  

113 Tully River At 113006a or River Mouth A Yes 86% 113006a  113006a 

114 Murray River Near River Mouth b No     

116 Herbert River At 116001f or River Mouth A Yes 87% 116001f 116001f 116001f 

117 Black River At 117002a or River Mouth b Yes     

118 Ross River Near River Mouth At Townsville b No     

119 Haughton River At 119003a or River Mouth Near Giru b Close     

119 Barratta Creek  At 119101a or River Mouth  b No 19% 119003a  119003a 

120 Burdekin River At 120006b/120001a or River Mouth  A Yes 99% 120006b / 
120001a 

120006b / 
120001a 

 

121 Don River At 121003a or River Mouth  b Close     

121 Elliot River  At 121002a or River Mouth  b Yes     

122 Proserpine River  Near River Mouth A No     

122 Gregory River  Near River Mouth b No     

124 O’Connell River  Near River Mouth  A No      

125 Pioneer River At 125016A / 125013a or River Mouth  A Yes 94% 125016A / 
125013a 

 125016A / 
125013a 

126 Sandy Creek At 126001a or River Mouth at HWY A No 13% 126001a   

126 Carmila Creek At 126003a or River Mouth at HWY b Yes     

129 Water Park Creek At 120001a or River Mouth b No     

130 Fitzroy River  At 130005a / 1300000  
At Rockhampton  

A Yes 98% 130005a / 
1300000 

  

132 Calliope River  Near River Mouth at Gladstone A No ?     

133 Boyne River  Near River Mouth b No     

134 Baffle Creek Near River Mouth b No     

135 Kolan River Near River Mouth b No     

136 Burnett River At River Mouth near Bundaberg A Yes 99% 136014a at 
Barrage 

  

137 Burrum-Gregory River At River Mouth  b No     

138 Mary River At River Mouth below Maryborough  A Close     

 


