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Abstract 

River systems around the world have been degraded by agricultural land use, land 

clearing and other human impacts. While the impacts on rivers have been well 

documented in many temperate regions, the cumulative impacts of land use change on 

water quality in tropical regions are less well understood. Changes in suspended 

sediment or nutrient flux have not been accurately quantified for many tropical rivers, 

particularly in more remote regions globally. This is largely due to the lack of long-term 

monitoring and uncertainties associated with measuring and modelling discharge and 

loads. This study addresses this deficiency by analysing nutrient and sediment 

concentrations during baseflow and flood event conditions across the Normanby Basin 

in Cape York Peninsula, northern Australia. The Basin, comprised of the inter-

connected Normanby and North Kennedy Rivers, is the fourth largest river system 

flowing into the Great Barrier Reef lagoon, with a watershed (“catchment”) area of 

24,550 km2. Data were collected from 13 sites over 12 years to describe the supply and 

fate of nutrients and sediments from upper catchment tributaries to coastal flood plumes 

and to gain an understanding of potential drivers of spatial and temporal variation in 

water quality in a remote tropical river system.  

The Basin is located in the wet-dry tropics, characterised by intense monsoonal rains 

during the summer “wet season” and periods of low or intermittent flow during the 

winter “dry season”. The Basin and receiving marine environment at Princess Charlotte 

Bay (PCB) are recognized for their diverse and rich freshwater, estuarine and marine 

ecosystems. Indigenous clan groups rely upon these waters for fish and other foods. 

Although half the Basin is now designated for conservation and/or cultural land uses, 

around 80% of the land has been historically grazed by cattle. A small area (≈30 km2) at 

Lakeland Downs in the upper Normanby River catchment is used for horticulture and 

cropping (including bananas, sorghum, pineapples and watermelon). The Basin also has 

a history of mining, and alluvial mining leases currently cover 6 km2 in the upper 

catchment.  
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Previous research has shown that the rates of gully erosion have increased since the 

introduction of cattle to the Basin. Erosion rates are highest in upper Normanby River 

sub-catchments which are dominated by highly erosive sodic soils. Not surprisingly, 

these upper Normanby River tributaries were found to supply most nutrients and 

sediment to the lower catchment and estuary, primarily during annual monsoon-driven 

flood events. Suspended sediment concentrations were highest in tributaries with the 

highest density of gully erosion (the Normanby River at Battlecamp Crossing and West 

Normanby). Maximum concentrations occurred during the rising and peak stages of 

flood events, particularly during “first flush” events.  

Annual and event suspended sediment loads were estimated for four sites with gauging 

stations in the upper tributaries of the Normanby River and one lower Normanby River 

gauge (Kalpower Crossing, ≈70 km upstream from the river mouth). Differences 

between the combined upper catchment load estimates and Kalpowar Crossing revealed 

that between 65 to 80% of the upper catchment sediment load was either deposited in 

the mid-catchment area or bypassed the Kalpower gauge by overbank flow and channel 

diversions. On average, only 27% of the estimated sediment load from the combined 

upper catchment tributaries was delivered to the Kalpowar Crossing gauge. Preliminary 

estimates from a small sample set over one wet season indicate that the upper catchment 

to Kalpowar gauge delivery ratio was higher for fine sediments, roughly estimated as 

37% for fine silts (4 – 16 µm) and 46% for clays (<4 µm). Estimated volumes of 

suspended sediment from the upper Normanby catchment deposited in the mid-

catchment area over an average discharge wet season (2015-16) were 8 kt of sand, 76 kt 

of silt, and 55 kt of clay. During the highest discharge water year (2013-14), an 

estimated total of 545 kt of sediment was deposited in the mid-catchment above 

Kalpower Crossing. While acknowledging the many uncertainties associated with both 

the loads estimates and quantification of land use impacts, it is estimated that more than 

half of this load is anthropogenic.  

The deposition of sediments occurs largely in the region of Rinyirru National Park/ 

Cape York Peninsula Aboriginal Land, where rivers and freshwater lagoons support a 

rich diversity of flora and fauna, including several vulnerable and endangered species 

(Environment Australia 2001, Howley et al. 2013). This diversity is threatened by the 

in-filling of waterholes and the smothering of benthic habitats that inevitably must 

accompany the deposition of large sediment loads. Both measured and anecdotal reports 
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of rapid river and wetland infilling support these estimates of significant sediment 

deposition within the Basin.  

In addition to the anthropogenic sediment supplied from the upper catchment, this study 

suggests that farms in the Lakeland region supply nutrients to the Laura River and 

Boggy Creek (a tributary of the West Normanby River). Nutrient concentrations and 

nitrogen and oxygen isotopes in nitrate were analysed from six sites located 

downstream from Lakeland farms and four upstream reference sites. Dissolved 

inorganic nutrients (phosphorus and nitrogen) were significantly elevated downstream 

from Lakeland farms compared to reference sites. In particular, concentrations of nitrate 

+ nitrite (NO3 + NO2) in the Laura River were elevated by as much as 50 times above 

background. Groundwater was found to be an important pathway to deliver 

anthropogenic NO3 + NO2 to the rivers and river concentrations were highest during 

baseflow periods. Nutrient concentrations were elevated at least 30 km downstream 

from Lakeland, supporting phytoplankton blooms over the dry season. These findings 

show that rivers in the upper Normanby Basin are most vulnerable to impacts from 

horticultural land use during periods of low flow, highlighting the need to maintain 

adequate discharge during the dry season. High δ15N values measured downstream from 

Lakeland farms (mean 10‰) compared to reference sites (mean 5‰), suggest that 

compost fertilisers made from chicken manure and applied to banana farms may be a 

dominant source of dissolved inorganic nitrogen (DIN) to the rivers.  

This study has shown that sediment and nutrient concentrations in the lower catchment 

and estuary are controlled by complex interactions between river flows from the upper 

catchment, sediment deposition and nutrient uptake in the mid- to lower catchment, 

coastal sources, and re-suspension processes in the estuary. Although the upper 

catchment supplied most materials to the coast during flood events, the coastal zone, 

which is largely unimpacted by human development, was also found to supply 

sediments and nutrients to the estuary and Princess Charlotte Bay. Salt flats, covering 

266 km2 in the Normanby Basin coastal zone, are likely to be a significant source of 

sediments and nutrients to the estuary based on the results of several salt flat run-off 

samples and regular observations of turbid tidal plumes flowing into the estuary from 

adjacent salt flats.  Sediment re-suspension also contributes to high ambient suspended 

sediment concentrations (mean 50 mg L-1) within the estuary as has now been 

documented in several Normanby estuary studies (Croswell et al. 2020, Shellberg and 
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Howley 2018). Most notably, concentrations of DIN in the lower estuary were double 

the concentrations measured upstream at Kalpowar Crossing during both baseflow and 

flood periods. This provides evidence that undisturbed coastal zones can provide a 

significant natural source of DIN to tropical river flood plumes. 

The concentrations of nutrients, sediment and chlorophyll-a in Normanby and North 

Kennedy River flood plumes were assessed over three flood events to determine the fate 

of materials delivered to PCB from the upper catchment and estuary.  Preliminary 

particle size analysis suggested that only fine silt and clay (<16µm) were transported 

beyond the estuary during flood events. Most of the fine sediments were deposited in 

the low salinity zone within 6 km of the river mouths. Beyond the low salinity, high 

turbidity zone, dissolved nutrients within flood plumes stimulated increases in 

phytoplankton biomass. Phytoplankton species composition varied significantly 

between the three events. Plumes from average magnitude flood events inundated mid-

shelf coral reefs, with the area of influence determined by flood magnitude, wind 

direction and wind speed.  

Until recent coral bleaching events (2016-2017) in the Great Barrier Reef resulting from 

warmer than average water temperatures, reefs in the PCB region were generally 

assessed as being in good to moderate condition (Australian Institute of Marine Science 

surveys). This is likely due to the buffering effect of the catchment, trapping at least half 

of anthropogenic nutrients and sediments, including the fertiliser-derived nitrogen and 

phosphorus in the Laura River. However, a percentage (roughly estimated at 46% for 

clays) of these materials from the upper catchment is transported to the estuary and PCB 

during flood events. Therefore, future increases in anthropogenic loads of nutrients and 

sediments from the upper Normanby catchment as a result of catchment clearing, 

alluvial mining and expanding agricultural activity could increase phytoplankton growth 

and sediment deposition in PCB flood plumes. Careful management and monitoring of 

future development in the upper Normanby catchment are required to maintain the 

health and resilience of both freshwater and marine aquatic ecosystems.  
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    Introduction 

1.1 Rivers in the Anthropocene 

From early civilisations to modern times, humans have depended on rivers for drinking 

water, irrigation, transportation and as a source of food. Rivers also transport essential 

nutrients, supporting coastal fisheries that supply one fifth of human protein needs and 

employ at least 10% of the world population (FAO 2018). Yet despite our dependence 

on these aquatic ecosystems, human activities continue to degrade water quality in most 

of the worlds river systems (Vorosmarty et al. 2010). Agricultural land use, including 

horticulture, cropping and animal husbandry, is one of the largest sources of nutrient 

pollution to rivers, contributing to an estimated doubling of fluvial nitrogen discharge to 

oceans (Howarth 2008, Beusen et al. 2016). Global sediment yield from rivers has also 

been altered by agricultural practices, as well as urbanization, deforestation and mining 

(Syvitski et al. 2005, Walling and Fang 2003). Sediment supplied to global rivers is 

estimated to have increased by 14% during the Anthropocene epoch1 due to accelerated 

soil erosion (Syvitski et al. 2005). Climate change and rising sea levels pose an 

additional threat to aquatic ecosystems, particularly in coastal zones (Hilbert et al. 2014, 

Karl et al. 2009, Walling and Fang 2003). Cumulatively, these human impacts on rivers 

and coastal zones threaten the planet’s biodiversity, food and water supplies, and global 

stability (Vorosmarty et al. 2010, Rabalais and Nixon 2002, Dudgeon et al. 2006, 

Howarth 2008). 

1.1.1 Cumulative Impacts and Risks to Tropical Rivers 

Tropical ecosystems are under increasing pressure from human land uses (Woinarski et 

al. 2005, Encalada et al. 2019). Over 90% of global forest clearing between 1990 and 

2010 occurred in the tropics (D’Annunzio et al. 2017). Most of the land available for 

new agricultural development is in tropical regions (FAO 2002). Climate change may 

also affect tropical river ecosystems disproportionately. For example, the projected 

increased frequency and severity of monsoon storms could significantly increase 

sediment erosion, compounding the effects of land clearing (Aumann et al. 2018, 

Walling and Fang 2003). Despite the increasing threats to water quality, changes in 

 
1 Anthropocene period- the geological time during which human impacts on earth processes can be 

measured. Defined as starting from 6000 to 200 years ago for various impacts (Syvitski et al. 2011) 
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suspended sediment or nutrient flux cannot be accurately quantified for many tropical 

rivers due to the lack of long-term monitoring and uncertainties associated with 

measuring and modelling discharge and loads (Morehead et al. 2003, Walling and Fang 

2003, Syvitski et al. 2005). These uncertainties are most pronounced for less developed 

tropical regions where research and monitoring are rare (Hamilton and Gehrke 2005, 

Encalada et al. 2019). The processes and trends observed in temperate rivers cannot 

always be extrapolated to tropical river systems. For example, in contrast to temperate 

regions, rivers in tropical regions have fewer dams and increasing end of system 

sediment discharge (Syvitski et al. 2005), lower dissolved nutrient concentrations in 

their estuaries (Eyre and Balls 1999), and may be more susceptible to eutrophication 

from increased nutrient loads (Howarth et al. 1996, Lewis et al. 1999, Downing et al. 

1999). Additionally, the dominant landscape changes in many developing tropical 

regions do not mirror those of temperate or more urbanised regions. Intense bushfires, 

erosion of unsealed roads, and feral animals can significantly alter nutrient and sediment 

concentrations and loads in tropical rivers (Townsend & Douglas 2000, Spencer et al. 

2016, Doupe et al. 2009), yet these impacts are rarely considered in water quality risk 

assessments or sediment and nutrient load models (e.g. Vorosmarty et al. 2010, 

Woinarski et al. 2007). As a result, the cumulative human impact and risks to some 

tropical aquatic ecosystems may be significantly underestimated.  

Additional research into tropical river system processes and anthropogenic impacts is 

needed. Critical areas of research include: documenting the cumulative impacts of land 

use change on water quality and biodiversity (including less well known processes, as 

well as agricultural land use and clearing); how the seasonality of tropical rivers affects 

their response to anthropogenic impacts and how this may be exacerbated by climate 

change; the connection between higher elevation streams and the productivity of lower 

basin areas or coastal zones, as well as the hydrological linkages between groundwater 

and surface water (Vorosmarty et al. 2010, Brodie et al. 2012, Jiang et al. 2014, 

Downing et al. 1999, Howarth et al. 2011, Hamilton and Gehrke 2005). 

1.1.2 Anthropogenic Impacts on Water Quality in Tropical Northern Australia 

and the Great Barrier Reef 

In Northern Australia, it has been well documented that river nutrient and sediment 

concentrations have increased as a result of over a century of cattle grazing and more 
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recent horticultural land use (Brodie and Mitchell 2005, Thorburn et al. 2013, Davis et 

al. 2017). Grazing has severely degraded northern Australian savannah landscapes, 

increasing the rates of gully and bank erosion (Biggs 1995, Shellberg 2011, Caitcheon 

et al. 2012, Brooks et al. 2013). Agricultural practices including tillage and fertiliser use 

have strongly influenced soil and nutrient run-off (Dilshad et al. 1996, Mitchell et al. 

2009, Thorburn et al. 2013). Mining, altered fire regimes and feral animals have also 

had significant impacts across northern Australia (Woinarski et al. 2007). 

For rivers flowing into the Great Barrier Reef (GBR) lagoon, model estimates indicate 

that total nutrient (nitrogen and phosphorus) and suspended sediment loads have all 

increased by 5 to 6 times, contributing to declines in coral reef and seagrass meadows 

(Kroon et al. 2012, De’ath et al. 2012, McKenzie et al. 2012). However, uncertainties 

around land use impacts on GBR water quality are significant, particularly for the more 

remote northern catchments of Cape York Peninsula, where river research has been 

scarce. Most estimates of river sediment and nutrient loads are based on modelling, 

which has been shown to be inaccurate for Cape York catchments (Brooks et al. 2014) 

and has significantly underestimated loads for some rivers (Howley 2016). The Cape 

York region comprises 42% (10,354 km2) of total GBR reef area; 30% (11,378 km2) of 

GBR seagrass area, and 23% (1,407 km2) of GBR coastal wetland areas (Thomas and 

Brodie, 2015). A better understanding of the natural and anthropogenic processes 

controlling water quality in Cape York river systems is critical to manage future 

developments and maintain healthy aquatic ecosystems for this significant region of the 

GBR. 

1.1.3 Seasonality and Water Quality Impacts 

Flow regimes for Northern Australian rivers are both highly seasonal and highly 

variable between years (Petheram et al. 2008). The seasonality, ranging from intense 

flooding and augmented baseflow during the wet season to low or no flow during the 

dry, causes corresponding extremes in water quality and can exacerbate or dilute land 

use impacts (Davis et al. 2017, Nilsson and Renӧfӓlt 2008). Rapid run-off from intense 

rainfall in the wet season generates flood events that transport large volumes of 

sediment and nutrients, accounting for a large portion of the annual loads in rivers 

(Furnas 2003; Amos et al. 2004). During baseflow periods dissolved nutrients are 

transformed via processes such as denitrification and assimilation by phytoplankton, 
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benthic algae and macrophytes (Harris 2001; Lehrter 2006; Burford et al. 2012). Rivers 

are most susceptible to eutrophication from additional anthropogenic nutrient inputs at 

these low flow periods (Nilsson and Renӧfӓlt 2008). 

Davis et al. (2017) identify periods of high “water quality risk” including the initial 

“pre-flush” end of dry season flows, “first flush” flows after the first major rains of the 

wet season, peak flood flows, and the dry season low flow periods. Characterising these 

different periods can be difficult in remote regions, where water quality conditions can 

change dramatically over several days or slowly over the course of a season. In-situ 

“continuous” water quality data-loggers and auto-samplers are becoming increasingly 

relied upon to gather data in remote areas, but these technologies still require regular 

access for maintenance and calibration. Remote access limitations and the extreme 

variability and unpredictability of river discharge contribute to the paucity of research in 

Cape York and other remote tropical regions and the high levels of uncertainty in water 

quality models.  

1.2  Normanby Basin Background  

This study focussed on the Normanby River in south-eastern Cape York Peninsula 

(Figure 1.1). The Normanby is the fourth largest river system flowing into the GBR 

lagoon and the largest eastern Cape York river, with a watershed or “catchment area” 

covering 24,550 km2. The river system is of high conservation value due to the diversity 

of freshwater, estuarine and riparian flora and fauna (Cook et al. 2011, Howley et al. 

2013). Five wetland aggregations within the Basin have been identified in the Directory 

of Important Wetlands in Australia, including ≈800 km2 of tidal mudflats and mangrove 

forest and 4270 km2 of riverine, lacustrine and palustrine wetlands in the mid- to lower 

Basin area. Rivers of the Normanby Basin discharge into Princess Charlotte Bay (PCB), 

which is also recognized for its diverse and rich marine ecosystems. Reefs in the PCB 

region have significantly higher levels of coral cover, species diversity and fish 

abundance than similar reefs in other regions of the GBR (Hall & Kenway 2002, 

Hutchings et al. 2008, Fabricius et al. 2005). Seagrass meadows cover an area of 114 

km2 within the Bay, providing one of the most important feeding grounds for green 

turtles across the GBR (Dobbs 2001, Carter et al. 2012). High fisheries values led to the 

creation of the PCB Declared Fish Habitat Area, while the PCB Great Barrier Reef 

Marine Park Authority (GBRMPA) Special Management Area was designated to 
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protect the significant dugong (Dugong dugon) populations. The Bay is home to 

threatened and endangered species including snub fin (Orcaella heinsohni) and 

humpback dolphins (Sousa chinensi) and at least 3 species of marine turtles (Carter et 

al. 2012).  

The Normanby Basin, like most of Northern Australia, remains home to an indigenous 

population (≈25% of the total population) that represents one of the oldest living 

cultures on Earth (Morwood and Hobbs 1995). Historically many clan groups occupied 

the area, managing the landscape and its resources using traditional tools like fire and 

seasonal hunting and fishing laws. Descendants of these clans maintain strong cultural 

and spiritual connections to the Normanby Basin. They continue to rely upon its waters 

for fish and other foods. The health of the river, and the plants and animals it supports, 

is integral to their cultural, spiritual and physical wellbeing (Peter Wallace & Ron 

Harrigan, Normanby senior elders, pers. comm., 2013). Many of the Traditional Owners 

share concerns about the changes they have observed in their lifetime, including rapid 

in-filling of waterholes, extended dry periods, increasing difficulties catching fish, and 

the loss of iconic species such as freshwater rays (Urogymnus dalyensis) and sawfish 

(Pristis pristis)- once common and now rarely seen (Chrissy Musgrave and Roy Banjo, 

pers. comm., July 2019).  Because of these concerns, Normanby indigenous ranger 

groups have been directed by their elders to investigate water quality in their rivers and 

Sea Country (Sue Marsh and Gavin Bassini, pers. comm. June 2020). Their support has 

been critical to the success of this study. 

Cattle grazing has been the dominant land use across the Normanby Basin for over 100 

years, historically covering over 80% of the Basin. Because of the ecological and 

cultural values of the Basin, large areas formerly used for grazing have more recently 

been designated for conservation purposes. However, feral cattle and pigs still impact 

most of the conservation areas, complicating efforts to categorize these areas as 

“conservation” or “grazing” for the purpose of quantifying land use impacts on water 

quality.  Parts of the Basin also face increasing development pressure, including 

expanding horticulture and new water impoundments, land clearing, alluvial mining, 

wildfires, and road developments (CYNRM & SCYC 2016). The Normanby was 

selected as the focus area for this study due to this combination of outstanding 

conservation and cultural values, unquantified threats to water quality, and its 

significance based on discharge to the GBR.   



6 

 

1.3 Research Objectives  

There have been no previous catchment to marine water quality studies in the 

Normanby Basin or the whole of the Cape York region, which covers approximately 

1/3rd of the total coast of the GBR and accounts for one quarter of the water discharge to 

the GBR Lagoon. This study of the water quality in the Normanby River aims to 

address knowledge gaps regarding natural and anthropogenic drivers of nutrient and 

sediment flux in a remote tropical river. It utilises water quality data from across the 

Normanby Basin, from upper catchment tributaries to the estuary and coastal zone, 

during baseflow periods (wet and dry season) and flood events, over 12 years (2006-

2018).  

Specific objectives of the study were to: 

• Compare water quality during baseflow (wet and dry season) and flood event 

periods to gain an understanding of potential drivers of spatial and temporal 

variation in water quality; 

• Identify periods of high potential risk to water quality from anthropogenic land 

use; 

• Determine the importance of the upper Normanby catchment in supplying 

sediments and nutrients to the lower catchment; 

• Compare annual and event suspended sediment yields in the Normanby 

catchment with sediment yields from other Australian and global rivers for an 

indication of the relative level of disturbance2; 

• Assess impacts from agricultural (horticulture and cropping) land use on 

downstream nutrient concentrations; and 

• Quantify nutrient and suspended sediment concentrations and phytoplankton 

responses across Princess Charlotte Bay flood plumes and assess the potential 

influence of riverine floodwater on marine ecosystems. 

In Chapter 2, the spatial and seasonal variation in nutrient and sediment concentrations 

are evaluated across 13 freshwater to estuary sites. I hypothesize that the upper 

Normanby catchment tributaries, where the highest rates of gully erosion have been 

 
2 The focus on sediment flux rather than nutrient loads is based on evidence that accelerated erosion and 

increased suspended sediment loads are the primary threat to water quality in the Normanby Basin. 
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identified (Brooks et al. 2013), supply a majority of nutrients and sediments to the river 

system and these materials are transported downstream primarily during wet season 

flood events, therefore concentrations at all sites will be highest during events. In a 

separate study, Spencer et al. (2014) identified the coastal zone as a major source of 

sediment to Princess Charlotte Bay bed sediments. Baseflow and event nutrient and 

sediment concentrations within the estuary are compared with concentrations from 

Kalpowar Crossing (≈70 km upstream) for further evidence of coastal sources of 

nutrients and sediments. Concentrations of nutrients in the Lakeland agricultural region 

are compared with the rest of the Basin to assess potential impacts from horticulture and 

cropping land use. 

In Chapter 3, suspended sediment concentration and discharge rating curves are 

examined for five Normanby river discharge gauge sites to identify patterns that provide 

insight into potential sources and controls on suspended sediment concentrations. These 

insights are used to select the most appropriate methods for calculating annual and event 

loads at each of the five sites. Suspended sediment load estimates from each site are 

compared to further test the hypothesis posed in Chapter 2 that the upper catchment 

supplies most of the sediment to the lower Basin area. I also examine the evidence that 

like other river systems with extensive flood plains, there is a significant sediment sink 

in the mid- to lower catchment area, resulting in lower sediment yields from the lower 

catchment area compared to upper catchment gauges.  

Chapter 4 focusses on the Lakeland agricultural region, where horticulture and cropping 

land use covers ≈ 30 km2 on the Basin’s basalt soils. Additional sampling was 

conducted in this region to investigate the source of elevated dissolved inorganic 

nutrients in the upper Laura River (reported in Chapter 2). I hypothesise that fertiliser 

use, rather than nutrients eroded from natural basalt soil, are driving the elevated 

concentrations in the Lakeland region. Dual nitrate isotopes (δ15N and δ18O) were also 

analysed at downstream and reference sites to distinguish between sources of nitrate, 

including inorganic and organic fertilisers or soil nitrate.   

In Chapter 5, nutrient, suspended sediment and chlorophyll-a (Chl-a) concentrations are 

assessed over three flood events from the upper catchment tributaries to flood plumes in 

Princess Charlotte Bay to determine the fate of materials delivered to the coast from the 



8 

 

upper catchment and estuary.  The spatial extent of each plume was mapped to assess 

the scale of influence of river flood water and effect on algal biomass.  

It should be noted that Chapter 5 utilised data from three flood events (in 2012, 2013 

and 2014) including a sub-set of the catchment data that is analysed in Chapter 2. 

Because of this, there are some differences in mean event concentrations between the 

flood event subset presented in Chapter 5 and the full dataset presented in Chapter 2; 

however, the conclusions and trends remain the same. There is also some repetition of 

methods and study site area as this chapter is presented in its published form. 

Chapter 6 presents the conclusions from the study, implications of the findings for 

global tropical rivers and for management of the Basin, and recommendations for future 

research and monitoring. 

The bibliographic detail of the published paper contained within this thesis is as 

follows: 

• Chapter 5: Howley, C., Devlin, M., & Burford, M. (2018). Assessment of water 

quality from the Normanby River catchment to coastal flood plumes on the 

northern Great Barrier Reef, Australia. Marine and Freshwater Research, 69(6), 

859-873.  

Figure 1.1 highlights the questions asked in each chapter and how they fit into the thesis.  

1.3.1 Logistical Constraints 

The Normanby Basin covers a vast area and this study assessed the variations in water 

quality from the upland headwaters to the remote estuary region. Like the rest of Cape 

York, many parts of the Normanby Basin can only be accessed by rough dirt tracks, and 

most roads are unpassable during the wet. Sampling unpredictable flood events required 

being prepared to travel with little notice, and much of the catchment could only be 

sampled by helicopter at these times. Most of the flood sampling was supported by 

volunteer field assistants, and sample analysis and helicopter access was almost entirely 

dependent on in-kind contributions. These constraints impacted the frequency and 

location of sampling and limited the number of samples and types of analyses. 
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Figure 1.1 Normanby Basin map with overview of key questions addressed in each chapter of the thesis 
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 Drivers of baseflow and event water 

quality across the Normanby Basin  
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Photos above: Top: Cattle grazing on cleared land in the Laura River sub-catchment late in the dry 

season when vegetation cover was low (C. Howley), Middle: Lakeland banana farm (C. Howley), Bottom: 

Salt flats and mangrove-lined drainage channels in the Normanby Basin estuary (Kerry Trapnell) 

2.1 Introduction 

Water quality in many of the world’s river systems is degraded due to anthropogenic 

land use, with serious implications for the biodiversity of freshwater and coastal 

ecosystems (Syvitski et al. 2005, Hoffman et al. 2010, Vorosmarty et al. 2010, Smith et 

al. 2006). In wet-dry tropical monsoonal climates, the combined influence of high 

rainfall and soil disturbances such as land clearing, cattle grazing, soil tillage and the 

application of fertilisers have led to increased rates of erosion and suspended sediment 

and associated nutrients entering adjacent waterways. The impact on downstream 

aquatic habitats can vary, from loss of habitat due to sediment deposition, to increased 

algal growth and altered species composition in freshwater, estuarine and/or marine 

environments. These impacts can vary both seasonally and annually, driven by extreme 

variation in the timing and quantity of annual and event rainfall, changes in land use and 

fire regimes, and seasonal variations in river discharge.  Documenting the spatial and 

flow-driven variations in sediment and nutrient concentrations across a river system can 

help to identify natural and anthropogenic sources and processes controlling pollutant 

concentrations. It can also help with understanding how, when, and where land use 

changes may impact on water quality within the river system or receiving waters.  

Within catchments draining into the Great Barrier Reef (GBR) in Northern Australia, it 

is widely accepted that nutrient and sediment concentrations in many rivers have 

increased as a result of cattle grazing, horticulture and cropping (Brodie and Mitchell 

2005, Bartley et al. 2017). Considerable research and debate have focussed on 

anthropogenic loads of nutrients and sediments discharged to the GBR from adjacent 

rivers (Joo et al. 2012, Kroon et al. 2012, Huggins et al. 2017) and potential impacts on 

marine receiving waters and GBR ecosystems (De’ath and Fabricius 2011, Orpin and 

Ridd 2012, Brodie et al. 2012, Fabricius et al. 2016). There has been less focus on in-

stream water quality and ecosystem impacts. However, there is increasing recognition 

of the importance of freshwater ecosystem health and its connection with GBR marine 

and coastal ecosystems (Brodie et al. 2012, Davis et al. 2017). Catchment scale 

monitoring is required to highlight threats to both freshwater and marine ecosystems.  
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The Normanby Basin in south-eastern Cape York Peninsula supports a diverse range of 

high ecological value aquatic habitats (freshwater, estuarine and marine), rare and 

threatened aquatic species, and one of the world’s oldest living cultures, whose people 

rely on its rivers for fish and other foods (Howley et al. 2013; Morwood and Hobbs 

1995). Normanby Basin rivers provide water for cattle grazing and expanding 

agricultural and tourism industries, with the latter largely based upon recreational 

fishing opportunities and the biodiversity values of the rivers and wetlands. Estuaries 

and coastal waters in Princess Charlotte Bay support commercial fisheries that are an 

important part of the Cape York economy. Maintaining good water quality in the 

Normanby and other Cape York rivers is critical to the ecosystems, people and 

industries who rely on these rivers and coastal waters.  

Many of the high ecological value aquatic ecosystems in the Normanby Basin are 

within National Park/ Cape York Peninsula Aboriginal Land (CYPAL) or other 

protected areas. However, historic impacts across the Basin (i.e. roads, cattle grazing, 

weeds, feral animals) and on-going upstream land-use (alluvial mining, agricultural 

expansion, grazing, inappropriate fire regimes) have the potential to impact upon the 

water quality within downstream conservation areas and areas of high cultural value. 

Accelerated gully erosion in the upper Basin area has been shown to be a significant 

source of sediment and bioavailable nutrients to the Normanby River (Brooks et al. 

2013, Garzon-Garcia et al. 2016). In recent years there have been substantial 

investments in projects to reduce erosion from Normanby Basin grazing lands, with the 

aim of improving water quality on the GBR, yet controversial land-clearing continues 

(http://www.environment.gov.au/marine/gbr/reeftrust/addressing-stream-bank-gully-

erosion; Shellberg 2020). The cumulative impacts of current and historic land use on 

sediment and nutrient concentrations in the Normanby River system remain largely 

unquantified.  

This chapter examines baseflow and event nutrient and sediment concentrations across 

the Normanby Basin in order to assess both natural and anthropogenic influences on 

water quality and how these may vary seasonally. The objective is to gain a better 

understanding of threats to freshwater and coastal ecosystems in a developing tropical 

region and to provide a baseline for monitoring change. 

http://www.environment.gov.au/marine/gbr/reeftrust/addressing-stream-bank-gully-erosion
http://www.environment.gov.au/marine/gbr/reeftrust/addressing-stream-bank-gully-erosion
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2.2 Methods 

2.2.1 Study Area (Catchment Overview) 

2.2.1.1 Hydrology, Topography, Climate and Geology  

The Normanby Basin in south eastern Cape York Peninsula (-15.148°E 144.359°S) is 

the fourth largest catchment (24,550 km2) discharging to the GBR Lagoon.  Major 

tributaries include the East Normanby, West Normanby, Laura and Jack Rivers to the 

southeast and east, and the Mosman, Kennedy, Hann and Morehead Rivers in the south 

and southwest. Three distributaries (North Kennedy, Normanby and Bizant) discharge 

into PCB (Figure 2.1). The Marrett River to the east also drains a small area (370km2, 

<2%) of the lower Basin (not monitored as part of this study). Annual discharge from 

the Normanby distributary at Kalpowar Crossing (Gauge 105107A) ranged from 1148 

to 5965 GL (median 2135 GL) during the 2006 – 2018 study period (State of Qld 

2019a). Discharge has not been measured at the ungauged North Kennedy or Bizant 

distributaries, which also receive upper Normanby River water during peak flood 

events. The climate is characterised by distinct wet (summer) and dry (winter) seasons 

with 95% of annual rainfall (mean 1016 mm at Lakeland) occurring between the months 

of November and April. Periodic flooding of the river occurs during the wet season, 

while in the dry season surface water is largely stored in a series of waterholes.  

The majority of the Normanby Basin is of relatively low topographic relief, with a 

gentle slope towards PCB (Table 2.1). Beach sands and salt pans comprise the extensive 

coastal plains, while the central and northern lowlands include large alluvial plains and 

extensive areas of residual sands derived from sandstones (Figure 2.1). Topography in 

the upper Normanby River catchment (southern and eastern region) is dominated by 

sandstone plateaus and steep mountain ranges formed of Hodgkinson Formation 

metamorphic rocks and some granite intrusions (Geological Survey of Qld 1983; 

Geological Survey of Qld 1966, Biggs and Philip 1995). Soils derived from the 

Hodgkinson Formation are associated with high rates of erosion (Biggs 1995). McLean 

Basalt comprises approximately 300 km2 of the upper Laura River sub-catchment. Soils 

within the Basin generally have low nutrient concentrations, except for the structured 

clays derived from the McLean Basalt (Biggs and Philip 1995).  
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Figure 2.1: Normanby Basin geology, major rivers and water quality monitoring sites 

(depicted by black symbols). The inset shows the Normanby Basin coastal zone, 

including the Normanby River (NR), Bizant River (BR), and North Kennedy (KR) 

estuaries and the Marrett River (unmarked) to the far right. 

2.2.1.2 Population and Land Use Change  

The resident population of the Basin is less than 600, concentrated in the towns of 

Lakeland (300) and Laura (229) (Australian Bureau of Statistics 2016; Figure 2.2). 

Approximately one quarter of the people are Indigenous, primarily residing at Laura. 

Beyond Laura, numerous indigenous people, including many who reside outside the 

Normanby’s boundaries, maintain strong cultural connections to rivers in the Basin and 

return frequently for camping, fishing and other purposes (Howley et al. 2013).   



15 

 

 

Figure 2.2  Normanby Basin Land Use/ Tenure Map showing conservation, grazing and 

agricultural land uses. Existing National Park includes National Parks that were 

designated prior to the start of this study (2006). New National Parks were designated 

during the study period (2006 – 2018). Much of the Aboriginal Freehold (FH), Nature 

Refuge and Private Conservation was also designated during the study period. Passive 

(unmanaged) grazing occurs on undesignated state lands with relatively high feral 

cattle populations. Aboriginal Freehold (FH) Grazed comprises a range of land uses 

including both active cattle management and passive grazing by feral cattle or cattle 

from adjacent grazing properties. Black symbols depict monitoring sites.  

Massive changes for the indigenous population and the Normanby landscape began with 

the discovery of gold at Palmer River in the adjacent Mitchell River catchment in the 

1870’s (Figure 2). Twenty thousand European and Chinese miners chased the alluvial 

and reef gold, many following access routes through the Normanby Basin.  A railway 

line, which operated until 1966, was constructed across half of the Basin in 1888 to 
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access the goldfields. Between 1877 to 1881 the first cattle stations were established at 

Lakeland and along the Laura River to supply meat for the miners. While the gold rush 

only lasted a decade, some alluvial gold mining continued in the Basin, with permits for 

mining gold, tin, copper, silver and other minerals currently approved over 6.2 km2 

within the West Normanby and Laura River sub-catchments (State of Qld 2019b). 

Meanwhile, the cattle industry expanded to cover more than 80% of the Basin and 

remained the dominant land use for over 100 years. 

During the period of this study (2006-2018), approximately 4500 km2 of former grazing 

lease land has been re-allocated to conservation tenures, reducing grazing land use over 

the study area from 68% in 2006 to less than 55% (Figure 2.2, Table 2.2). Over this 

period, conservation land use (including National Park/ CYPAL, Nature Reserve, 

private conservation properties and some Aboriginal Freehold) increased to cover at 

least 43% of the Basin (Table 2.2). Aboriginal Freehold covers 20% of the Basin (4781 

km2), with various uses including cultural and ecological conservation, tourism and 

grazing (included within the conservation and grazing land use percentages above and 

in Table 2.2). Despite the vast areas dedicated to conservation and on-going efforts to 

control cattle on some properties, feral cattle and cattle from adjacent properties wander 

freely within many areas designated for conservation or cultural purposes, and historic 

impacts of grazing remain widespread (Brooks et al. 2013).  

Horticulture and cropping were introduced to the Basin more recently (1970s) and the 

area under cultivation currently covers approximately 30 km2 including 14 km2 of 

irrigated land for bananas, watermelons and other crops and 16 km2 of non-irrigated 

agriculture (SMEC 2019). This intensive land use is concentrated on the basalt soils in 

the upper Laura River sub-catchment near Lakeland (Figure 2.2). According to a recent 

study, the Lakeland district has at least an additional 50 km2 of previously cleared land 

suitable for irrigated agriculture expansion (SMEC 2019).   

Historically, approximately 1000 km2 (<5%) of the Normanby Basin has been cleared 

of native vegetation (Barson et al. 2000). Approximately 280 km2 remained cleared in 

2017 (State of Qld 2017). Of this area, 41 km2 was cleared over the years of this study; 

the majority of this for grazing pasture (Statewide Landcover and Trees Study, data 

summary 1988-2018). The largest clearing (18 km2) occurred on one property (Olive 

Vale Station) located 13 km upstream from Kalpowar Crossing. These estimates of tree 
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clearing from satellite images overlook more subtle changes in vegetation type, such as 

the extensive loss of native grasses to weeds, fire and overgrazing that has occurred 

within the Basin (Shellberg and Brooks 2013).  Appendix A contains a description of 

vegetation types across the Basin. 

Satellite estimates of vegetation clearing also do not include most clearing for roads, 

tracks and fences, which can initiate gully erosion and are a major anthropogenic source 

of sediment to Normanby rivers (Gleeson 2012). Spencer et al. (2016) quantified these 

“linear disturbances” as covering at least 80 km2 in the Normanby Basin. Road 

associated erosion occurs due to incorrect road construction and is most prevalent in the 

upper catchment Hodgkinson formation soils (Biggs 1995, Shellberg and Brooks 2013).  

In addition to road induced erosion, a significant increase (10x in some places) in 

alluvial (floodplain) gully erosion has also been measured since European settlement, 

associated with the introduction of cattle, overgrazing, and other soil disturbances 

(Brooks et al. 2013). Alluvial gully erosion occurs primarily in areas of sodic soils on 

elevated floodplains and terraces (river frontage) and is actively eroding more than 70 

km2 of land in the Normanby Basin (Brooks et al. 2013; Figure 2.3). Like road erosion, 

the most concentrated areas of alluvial and colluvial gully erosion occur in the upper 

Normanby and central Laura River regions dominated by Hodgkinson formation soils. 

To the west, a modest density of gullies occurs on the Mossman, Hann & North 

Kennedy Rivers and in the upper catchment of Saltwater Creek.  

 

 

Figure 2.3: Distribution 

of alluvial gullies in the 

Normanby catchment. 

Red areas indicate areas 

of gully erosion. (Gully 

polygons provided by J. 

Spencer, Brooks et al. 

2013) 
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2.2.2 Sample Collection and Laboratory Analysis 

The results from separate sampling programs running from 2006 to 2010, and 2011 to 

2018 have been combined for this study. Although the sampling objectives 

(baseflow/monthly vs targeted event monitoring) and analytical laboratories varied, 

sample collection methodology and most sampling locations remained the same.   

2.2.2.1 Ambient Monitoring Programme 2006-2010 

Water quality monitoring was conducted at six freshwater and two estuary sites from 

January 2006 to May 2010. Freshwater locations included 3 sites on the Laura River 

(Lakeland, Carrolls Crossing and Festival Grounds), plus East Normanby at Mulligan 

Highway, Normanby River at Battlecamp Crossing, and Normanby River at Kalpowar 

Crossing (Figure 2.1). Estuary samples were collected at the Normanby River mouth 

(NR-00) and approximately 5 km upstream (NR-01) (Figure 2.1). Monitoring at 

freshwater sites was conducted monthly when road access was possible. Estuary sites 

were sampled every three months on an out-going tide. A total of 31 estuary and 349 

freshwater samples were collected, primarily during baseflow conditions, although 

sampling occasionally coincided with flood events. Water temperature (°C), pH, 

electrical conductivity (EC; µS/cm), salinity, dissolved oxygen (mg L-1) and turbidity 

(NTU) were measured in-situ using an Orion 5 Star Portable Multi-Parameter Meter and 

HACH 2100P Turbidity Meter.  

Nutrient and Chl-a samples were collected manually from riverbanks using a wide-

mouth sampling cup and 2.5 m extended pole. The sampling cup was rinsed three times 

with site water prior to each use and cleaned with hydrochloric acid each day. Total 

nutrients and field filtered (0.45µm filter and syringe) nutrient samples were frozen 

immediately and transported via freezer truck for analysis at the Queensland Health 

Forensic and Scientific Services Laboratory in Brisbane. Samples were analysed using 

American Public Health Association and American Water Works Association–Water 

Environment Association (APHA/AWWA/WEA 2005) Standard Method 4500-P J for 

total nitrogen (TN) and total phosphorous (TP), Standard Methods 4500- G for filterable 

reactive phosphorous (FRP), Method 4500 NH3 H for ammonium/ammonia (NH4/NH3) 

and Method 4500-NO3 I for nitrate + nitrite (NO3 + NO2, also referred to as NOx).  Chl-

a samples were filtered in-situ through a 47 mm, 1.2μm GFC filter paper using a hand 

operated vacuum pump and Buchner flask. The filters were preserved with magnesium 
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carbonate, placed in a plastic vial wrapped with aluminium foil, frozen immediately and 

analysed by the Queensland Department of Environment and Science (DES) Aquatic 

Ecosystem Health team (Brisbane) using acetone extraction and visible 

spectrophotometry.   

2.2.2.2 Targeted Flood Monitoring 2011-2018 

The Ambient Monitoring Programme ceased in May 2010, replaced by targeted flood 

event and occasional baseflow monitoring from Dec 2011 to Dec 2018. Suspended 

sediment (SS) and nutrient samples were collected from the freshwater sampling sites 

described above, however the Laura River Festival Grounds site was replaced by the 

Laura River New Bridge (11 km downstream), and a new site was added at the West 

Normanby River at Mulligan Highway (Figure 2.1). Laura River Festival Ground and 

New Bridge sites, plus several samples collected at the Coal Seam Gauge (105102A), 

have been combined and analysed together due to their proximity, and are now referred 

to as Laura River (LR) Coal Seam Gauge sites. Within the estuaries, sites KR-01 at the 

North Kennedy mouth and KR-02 9 km upstream, plus BR-01 at the Bizant River 

mouth were sampled along with previously monitored sites NR-00 and NR-01 during 

four flood events (Figure 2.1). Estuary sites were also sampled opportunistically under 

ambient conditions. After a comparison of the data, results from the 5 estuary sites were 

combined and analysed together, hereafter referred to as the estuary sites (Table 2.1). 

Appendix A contains detailed descriptions of the estuary and sub-catchments above 

each monitoring site, including elevation, slope, hydrology, geology and land use 

changes over the study period (summarised in Table 2.1 and Table 2.2).   

Similar to the Ambient Monitoring Programme, river samples were collected from the 

riverbanks with an extended sampling pole with wide-mouth cup or DH-48 isokinetic 

sampler. However, when possible during high floods, samples were collected mid-

channel from a bridge (East Normanby, West Normanby and LR-New Bridge). Estuary 

sites were sampled from the riverbank, or mid-channel by boat or helicopter, with an 

extended sampling pole. Event samples from freshwater sites were collected during the 

rising, peak and falling flood stages over multiple flood events, including the first flush 

of the river each year when possible. However, the frequency and timing of sampling at 

each site varied because some sites were inaccessible during flooding (Table 2.3). In 

particular, the Normanby River Battlecamp Crossing site was difficult to access during 

flood periods.  
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Table 2.1: Water Quality Monitoring Site and Sub-catchment Details. The map below shows site locations. 

River Site Name DNRME 

Gauge1 

Monitored 

Catchment 

Area  

(km²) 

Median 

discharge2 

(GL year-1) 

 

Distance to 

River 

Mouth  

(km) 

Elevation 

(m) 

Slope 

(°) 

Min  Max Mean Max Mean  STD 

North Kennedy North Kennedy Estuary  NA 9203  0, 9 0.00 382 82 40.41 2.07 1.97 

Normanby  Normanby Estuary      NA 14,715  0, 5 0.00 1233 163 74.90 5.45 6.22 

Bizant Bizant Estuary             NA 261  0 0.00 155 7 25.58 1.47 1.39 

Normanby, 

Kennedy and 

Bizant 

Estuary Sites  

(above combined)  NA 24,179 NA 0 to 9 0.00 1233 84 74.90 4.02 4.42 

Normanby Kalpowar Crossing 105107 12,930 2140 71 18 1233 180 74.90 5.86 6.43 

Normanby Battlecamp Crossing    105101 2310 660 174 74 1233 279 60.19 9.85 7.64 

Laura  Coal Seam Gauge 

(inc. New Bridge  

and Festival Grounds)  

105102 1359 400 170 76 707 251 61.68 8.45 7.78 

Laura  Carrolls Crossing NA 301 NA 201 131 707 264 51.33 5.95 7.06 

Laura  Lakeland NA 63 NA 225 205 545 300 40.99 6.91 7.43 

East Normanby East Normanby  105015 301 110 245 134 921 338 53.71 12.34 8.25 

West Normanby West Normanby             105106 846 340 244 125 1233 371 60.19 11.23 7.82 

1 Queensland Department of Natural Resources, Mines and Energy (DNRME) gauge sites 

2 State of Qld (2019a) Median annual (water year) discharge over the  

monitoring period (2006 - 2018), except for West Normanby (2009-2018) 

3 Mean elevation of sub-catchment above monitoring site 



21 

 

In addition to baseflow and flood event river samples, three road-run off samples were 

collected during a “first flush” flood event in November 2013 from surface water 

flowing off the heavily eroded Battlecamp road and into small streams discharging into 

the Normanby River upstream from the Battlecamp Crossing site.  As a comparison, 

two samples of surface water run-off from a forested hillslope into a small channel 

upgradient from the Battlecamp road were collected during the same event. 

Nutrient samples were analysed at the Queensland DES Chemistry Centre in Brisbane 

for total and dissolved Kjeldahl nitrogen (TKN and DKN, excluding nitrate), NH4/NH3 

(volatilised and measured as NH3), NO3 + NO2, TP, total dissolved phosphorus (TDP) 

and FRP according to Methods 4500-Norg D, 4500NH3, 4500-NO3, and 4500-P B and 

4500-P G of the APHA/AWWA/WEA (2005). TN, particulate nitrogen (PN), dissolved 

organic nitrogen (DON), particulate phosphorus (PP) and dissolved organic phosphorus 

(DOP) were calculated from the results of TKN, DKN, TP, TDP, NH4/NH3, NO3 + NO2 

and FRP. Detection limits were as follows: NO3 + NO2 and FRP, 0.001 mg L-1; 

NH4/NH3, 0.002 mg L-1; TP, PP and DOP, 0.02 mg L-1; and TN, PN and DON, 0.03 mg 

L-1. Analytical uncertainty (the 95% confidence interval of the s.d.) was ±8% for 

NH4/NH3, NO3 + NO2 and FRP, ±12% for TN and ±15% for TP, PN, PP, DON and 

DOP. Due to field filtering of samples, there may have been some minor loss of the 

ammonia gas component of samples with a pH ≥8, which includes samples from the 

upper Laura River and estuary, therefore NH3/NH4 results from these sites may be 

slightly underestimated. Water samples with pH <8 are likely to contain less than 10% 

NH3 (>90% NH4) therefore loss of NH3 in most samples would be negligible.  Nutrient 

data from all sampling regimes is expressed as µg L-1 of the element (nitrogen or 

phosphorus). Nutrient data from all sampling regimes is expressed as µg L-1 of the 

element (nitrogen or phosphorus). 

Suspended sediment samples were initially (2011 to 2014) analysed at the Griffith 

University Environmental Forensics Lab using suspended sediment concentration (SSC) 

filtration method ASTM D 3977-97 and later (2014-2018) were analysed for total 

suspended sediment (TSS) by APHA/AWWA/WEA (2005) Method 2540 D at the DES 

Chemistry Centre. Seventy duplicate samples were analysed for both SSC and TSS. 

TSS values were on average 12% lower than duplicate SSC results (Figure 2.4). Studies 

elsewhere indicate that SSC Methods are more accurate than TSS analysis (Gray et al. 

2000), therefore SSC results were selected for statistical analysis over duplicate TSS 
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results. However, remaining TSS values were considered sufficiently accurate for 

comparing mean concentrations between sites, which often varied by more than 12% 

(Table 2.3).  

    

Figure 2.4: Plots showing linear regression for duplicate SSC and TSS samples (left) 

and turbidity and TSS/SSC (SS) samples (right) 

No TSS or SSC samples were collected over the 2006-2010 ambient monitoring period, 

therefore turbidity measurements from that period were used to calculate suspended 

sediment for comparing results from the two monitoring periods.  One hundred and two 

(102) duplicate turbidity and suspended sediment (SSC or TSS) samples were collected. 

Linear regression showed an r2 of 0.90. The regression equation SS = 1.021*NTU + 

4.27 was used to convert turbidity (NTU) into suspended sediment (mg L-1) for all 

Normanby River, East and West Normanby and estuary sites. Analysed independently, 

Laura River sites had a stronger correlation (r2 = 0.93), thus the equation SS = 1.114 * 

NTU – 14.85 was applied to calculate SS at these sites. All TSS, SSC and converted 

turbidity results are hereafter referred to as “SS”. 

2.2.3 Water Quality and Discharge Data Analysis 

The results from duplicate, blank and standard reference material samples were 

reviewed, and data were omitted if they did not meet Quality Assurance/Quality Control 

(QAQC) requirements (see Howley 2010 for QAQC methods). Following QAQC 

checks, the analytical results from the entire study period were combined into a single 

dataset and matched with discharge values measured hourly at 5 active Queensland 

Department of Natural Resources, Mines and Energy (DNRME) gauge stations within 

the Basin (Table 2.1). The historic West Normanby gauge (105106A) was not re-

commissioned until 2017; however, an In-Situ pressure transducer (compensated for 

barometric pressure) has recorded river height (stage) at the gauge site since 2009 (J. 
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Shellberg, unpublished data). West Normanby discharge prior to 2017 was calculated 

using this stage data and a stage-discharge rating curve developed by DNRME (Searle, 

N. 2019). Discharge from the Coal Seam Gauge (105102A) was applied to all Laura 

river sites due to lack of discharge measurements at the upper Laura sites.  Samples 

were then plotted on a hydrograph with discharge data from the nearest gauge for a 

visual analysis of frequency and flood stage at the time of sampling (Figure 3.2). 

Samples were manually categorised as baseflow or flood event (rising/ falling) based on 

the following rules: 

1) Hydrographs were examined to determine typical dry season and wet season 

baseflow discharge ranges for each river/ gauge site. Upper catchment sites were 

typically <2 m3 s-1 during the dry season and <25 m3 s-1 during the wet. Similar cut-

offs applied at Kalpowar Crossing, however higher baseflow conditions (50 to 100 

m3 s-1) occurred during wet seasons with higher than average rainfall.  

2) When discharge increased above the typical baseflow ranges, the rate of change was 

evaluated to determine if flood event conditions applied and identify the start and end 

of the event based on the rate of change in river discharge. An event start time was 

indicated when the discharge increased at a rate ≥ 1 m3 s-1 per hour while the end of 

the event was signalled when the discharge decreased by < 1 m3 s-1 per hour. 

3) First flush events frequently started from dry season baseflow (or no flow) 

conditions. The rate of change remained the primary determining factor for the start 

and end of these events as the discharge sometimes (but not always) remained low 

(<25 m3 s-1). 

4) Field sampler observations of local rain and river conditions were used to verify the 

classifications for each sample collected since not all sites had local gauges. 

The terms ‘baseflow’ (freshwater sites) and ‘ambient’ (estuary) both describe periods 

when river discharge was not categorised as event flow by the above process.  

IBM SPSS Statistics (v25) was used for statistical analysis of the dataset. Minimum, 

median, mean and maximum concentrations at each site were compared. Kolmogorov-

Smirnov and the Shapiro-Wilk tests showed that datasets from most sites and analyses 

were not normally distributed. For each site (or combined group of sites), variations 

between baseflow and event concentrations were assessed for significance using the 

Independent Samples Mann-Whitney U Test. Spatial variations between sites under 
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baseflow or event conditions were analysed using Kruskal-Wallace H test. Post-hoc 

pairwise comparisons were performed using Dunn's (1964) procedure with a Bonferroni 

correction (p<0.05 unless otherwise specified). Correlations between discharge and 

water quality parameters (including all nutrients, SS, Chl-a, conductivity, pH, DO, 

temperature and conductivity) were analysed at each site using Spearman’s rank order 

correlation test with significance assigned at p<0.01 and Spearman’s rho (rs) > 0.5. 

2.2.4 GIS Analysis of Land Use and Land Clearing 

Multiple data sources were used to evaluate land use and land degradation (native 

vegetation clearing and gully erosion) over the study period, including:  

• The Queensland Land Use Mapping Project (QLUMP) which is based on 

LandSat satellite images from 2013 (State of Queensland 2015),  

• Queensland government (Qld) land tenure maps (State of Queensland 2016),  

• The Statewide Landcover and Trees Study (SLATS) and Qld non-remnant 

vegetation databases (State of Queensland 2017) which use LandSat images to 

map annual tree clearing areas,  

• GIS data produced by Spencer et al. 2016 (linear disturbances) and Brooks et al. 

2013 (gully extent), and  

• Discussions with Normanby landowners and conservation land managers. 

• Recent satellite images (MODIS and LandSat) were used to quantify recently 

cleared areas and new agricultural land use.   

The results are presented in Table 2.2 showing the current “Best Estimate” of 

Conservation, Cattle Grazing, and Cultivated land use near the start of the monitoring 

period (2007) and the end (2017). These estimates differ from the published QLUMP 

(2013) land use statistics due to both changes over time and adjustments made to 

inaccurate QLUMP assumptions of land use associated with some land tenures. For 

example, 2525 km2 of Aboriginal Freehold land with cattle grazing that is actively 

managed by the landowners (“Aboriginal FH grazed” on Figure 2.2) or grazed by feral 

cattle and cattle from adjacent stations (“passive grazing” on Figure 2.2) is categorized 

as “conservation and natural environments” by QLUMP (State of Qld 2015). QLUMP 

also identifies 62 km2 of cropping and horticultural land use, most likely based on the 

extent of cleared woodlands in the Lakeland area, while a recent study (SMEC 2019) 

and satellite imagery indicate that this land use currently covers approximately 30 km2.   
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Table 2.2: Monitoring Site Sub-Catchment Land Use Characteristics 

Site/ Map Symbol Sub-

catchment 

Area 

(km2) 

Conservation Area1 

(% of Sub-

catchment) 

2007 / 2017 

Cattle Grazing2 

(% of Sub-

catchment) 2007/ 

2017 

Cultivated Land 

(% of Sub-

catchment) 

2007/ 2017 

Mine 

lease 

(km2) 

(2019) 

Gully erosion3 

(km2) 

2013 

Road 

Area4 

(km2) 

2016 

Estuaries5  24179 29/ 43 68/ 55 0.1/ 0.1 6.2 15.4 75.6 

Kalpowar Crossing 12930 19/ 44 67/ 53 0.2/0.1 6.2 12.4 50.1 

Battlecamp Crossing 2310 7/ 62 88/ 32 0.1/0.1 5.3 7.7 10.3 

LR-Coal Seam 

Gauge 

1359 0/ 0 96/ 96 2.0 /2.2 <0.1 1.3 13.7 

LR-Carrolls Crossing 301 0/ 0 87/ 87 8.2/ 8.9 0.0 0.1 6.7 

LR-Lakeland 63 0 /0 77/ 77 18.5/18.5 0.0 0.001 1.6 

East Normanby 301 36/ 75 49/10 0.0/0.1 0.0 0.5 0.7 

West Normanby       846 5/ 56 90/ 39 0.0/0.1 5.3 5.0 2.6 

1 Including National Park (CYPAL), Nature Refuge, Resources Reserve, Private Conservation Land and some Aboriginal Freehold. 
2 Grazing Lease Land Tenure (State of Qld 2016) plus Aboriginal Freehold and Unallocated State Land where grazing is known to occur 
3 Brooks et al. 2013 (calculations provided by John Spencer) 
4 Spencer et al. 2016 (calculations provided by John Spencer)  
5 The areas for estuaries are based on the combined upstream catchment area for the three monitored estuaries (Normanby, Bizant,  

North Kennedy, since the estuaries are connected during large floods. Under baseflow or minor flood conditions the North Kennedy  

and Normanby estuaries have separate catchment areas. The estuary area does not include the Marrett River sub-catchment. 
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2.3 Results  

Table 2.3: Mean nutrient, suspended sediment (SS) and chlorophyll-a (Chl-a) concentrations, conductivity (EC) and river discharge under 

Baseflow (B) and Event (E) Conditions at Normanby Basin Water Quality Monitoring Sites (2007 – 2017) 

 

  

Estuary 

NR- 

Kalpowar Crossing 

NR- 

Battlecamp Crossing 

East Normanby West 

Normanby 

LR- 

Coal Seam Gauge 

LR- 

Carrolls Crossing 

LR- 

Lakeland 

  B E B E B E B E B E B E B E B E 

n1  49 23 91 292 21 34 44 73 33 87 62 96 59 74 35 12 

SS       mg L-1 50 56 9 41 14 430 11 290 12 340 15 260 20 190 5 90 

TN     mg N L-1 0.27 0.43 0.28 0.47 0.21 1.40 0.31 1.16 0.34 1.1

1 

0.46 1.02 0.50 0.86 0.77 0.81 

PN     mg N L-1 0.08 0.16 0.09 0.15 0.13 0.98 0.19 0.73 0.09 0.6

8 

0.14 0.66 0.14 0.43 0.06 0.39 

DON  mg N L-1 0.19 0.24 0.19 0.29 0.17 0.31 0.20 0.34 0.20 0.3

3 

0.30 0.29 0.39 0.38 0.24 0.36 

NH4/NH3    mg N L-1 0.011 0.030 0.012 0.015 0.009 0.019 0.006 0.01

0 

0.012 0.0

12 

0.016 0.017 0.009 0.013 0.014 0.01

1 NO3+NO2    mg N L-1 0.030 0.044 0.012 0.027 0.011 0.100 0.006 0.14

0 

0.013 0.1

24 

0.043 0.077 0.027 0.079 0.468 0.22

2 TP     mg P L-1 0.03 0.05 0.03 0.06 0.04 0.39 0.04 0.17 0.05 0.2

6 

0.02 0.17 0.03 0.17 0.06 0.11 

PP     mg P L-1 0.03 0.05 0.02 0.05 0.05 0.38 0.04 0.17 0.03 0.2

3 

0.02 0.15 0.03 0.15 0.02 0.08 

DOP  mg P L-1 0.003 0.007 0.010 0.016 0.009 0.014 0.010 0.01

3 

0.014 0.0

16 

0.013 0.014 0.011 0.014 0.017 0.01

0 FRP  mg P L-1 0.006 0.009 0.002 0.006 0.005 0.016 0.004 0.01

0 

0.005 0.0

24 

0.003 0.009 0.005 0.020 0.016 0.04

2 Chl-a  µg L-1 1.41 1.11 1.72 NA 1.73 NA 1.39 0.01 NA NA 1.50 NA 2.96 NA 3.28 0.62 

EC   mS cm-1 43.76 10.36 0.18 0.07 0.22 0.06 0.11 0.07 0.32 0.1

4 

0.89 0.08 1.02 0.28 0.88 0.25 

Discharge   

 

m3 s-1 30.32 541 9.74 457 1.64 139 1.39 82 2.31 113 1.89 259 1.42 229 1.14 171 

1 Number of samples varied per analyte: For PN, PP, DON and DOP under baseflow conditions, n is less than the value presented   

NA Chl-a was not analysed at most sites under event conditions or on any occasion at West Normanby. 
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2.3.1 Baseflow vs event water quality comparisons at each site 

2.3.1.1 Estuary 

Suspended sediment in the estuary had an ambient mean concentration of 50 mg L-1, similar to 

the event mean of 56 mg L-1 (Table 2.3). Maximum estuary SS concentrations occurred in the 

Kennedy estuary under ambient conditions during incoming spring tides (684 mg L-1) and in 

salt-flat discharge flowing into the estuary following tidal inundation (5019 mg L-1). The 

maximum flood event SS concentration measured was 128 mg L-1. In contrast, mean NO3+NO2 

and NH4/NH3 concentrations were significantly higher (p<0.001) during floods than under 

ambient conditions, with NH4/NH3 increasing from an ambient mean of 0.011 mg L-1 to 0.030 

mg L-1 during floods (Table 2.3). PP, DOP and FRP also increased significantly (p<0.05) in the 

estuary during flood events (Table 2.3). 

Ambient and event estuary TN concentrations (mean 0.27 and 0.42 mg L-1 respectively) were 

dominated by DON (63% and 53%) and PN (22% and 31%). Both ambient and event TP 

concentrations (mean 0.03 and 0.05 mg L-1, respectively) were comprised largely of PP (80% 

and 83%).  

Ambient and event Chl-a concentrations did not differ significantly, however the maximum 

ambient concentration (4.5 µg L-1) was almost double the event maximum (2.4 µg L-1; Table 

2.3). 

Water discharge (measured upstream at gauge 105107A) was significantly positively correlated 

(r≥0.5, p >0.5) to TN, NH4/NH3, PP, DOP and FRP, and negatively correlated to Chl-a, 

conductivity and pH (but was not correlated to SS). 

2.3.1.2 Normanby River at Kalpowar Crossing  

Water discharge at Kalpowar Crossing during baseflow sampling ranged from 0 to 55 m3 s-1. 

Event sampling coincided with discharge volumes ranging from 28 m3 s-1 (first flush) to 2033 

m3 s-1. 

Flood event SS concentrations and all nutrient fractions, except DOP, were significantly higher 

(p<0.001) than baseflow concentrations (Table 2.3). The mean SS concentration was 9 mg L-1 

(maximum 77 mg L-1) compared to 41 mg L-1 (maximum 266 mg L-1) during events. Mean 

event DON (0.28 mg L-1), PN (0.15 mg L-1) and NO3+NO2 (0.027 mg L-1) concentrations were 
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nearly double baseflow means, while NH4/NH3 concentrations increased slightly during events. 

PP and FRP concentrations also doubled during events compared to baseflow conditions 

(Table 2.3).    

Like the estuary, baseflow and event TN were comprised largely of DON (68% and 61% 

respectively), with a smaller fraction of PN (27% and 31%). Baseflow and event TP were 

dominated by PP (71% and 69%).   

Chl-a, sampled only during baseflow periods, ranged from 0.9 to 4.3 mg L-1 (Table 2.3). 

Discharge at the Kalpowar gauge (105107A) was moderately or strongly (r>0.5, p<0.01) 

positively correlated with SS, TN, TP and FRP and negatively correlated with conductivity (r= 

0.9). Conductivity strongly negatively correlated to SS, PN, NO3+NO2, NH4/NH3, PP and FRP.  

2.3.1.3 Normanby River at Battlecamp Crossing  

Discharge ranged from 0 to 11 m3 s-1 during baseflow sampling at Battlecamp Crossing and 

from 0.001 m3 s-1 (first flush) to 590 m3/s during event sampling. Battlecamp gauge 105101A 

peaked at 2317 m3 s-1 during the study period, indicating that the highest peak flood conditions 

were not sampled.) 

SS and all nutrient fractions except DOP increased significantly during flood events compared 

to baseflow conditions (p≤0.01; Table 2.3). Mean baseflow SS was 14 mg L-1 (maximum 155) 

compared to an event mean of 426 (maximum 1817 mg L-1). PN, NO3+NO2 and PP 

concentrations were almost an order of magnitude higher during events (NO3+NO2 baseflow 

mean 0.011 mg L-1, event mean 0.100 mg L-1).  

Baseflow TN (0.21 mg L-1) was dominated by DON (59%) and PN (33%). Event TN (1.40 mg 

L-1) was dominated by PN (63%). Both baseflow and event TP (0.04 mg L-1 and 0.39 mg L-1 

respectively) were comprised largely of PP (78% and 87%).  

Chl-a ranged from 0.4 to 4.4 mg L-1 (mean 1.73 mg L-1; Table 2.3), with maximum 

concentrations (>2.0 mg L-1) late in the dry season during periods of low discharge. 

Discharge was positively correlated to SS (rs=0.7, p<0.01), PN, PP, FRP and NO3+NO2 

(rs=0.5) and negatively correlated to EC (rs=-0.7).  



29 

 

2.3.1.4 East Normanby River  

Discharge at East Normanby ranged from 0 to 10 m3 s-1 under baseflow sampling conditions, 

and from 0 to 699 m3 s-1 during event sampling.   

SS, PN, PP, DON, NO3+NO2 and NH4/NH3 concentrations increased significantly during flood 

events (p< 0.001; Table 2.3). The mean event SS concentration was 289 mg L-1 (maximum 

2570 mg L-1), up from a baseflow mean of 11 mg L-1 (maximum 121 mg L-1). Nutrient 

concentrations were similarly elevated during events, particularly NO3+NO2 (baseflow mean 

0.006 mg L-1; event mean 0.140 mg L-1).  

Baseflow Chl-a concentrations ranged from 0.1 to 5.9 mg L-1 (mean 1.39 mg L-1). Maximum 

concentrations (>2 mg L-1) occurred late in the dry season (October/November). 

Discharge was positively correlated (rs >0.6, p<0.01) with SS and NO3+NO2 and negatively 

correlated with Chl-a and conductivity. SS was strongly correlated with all nutrients other than 

DOP and FRP.  

2.3.1.5 West Normanby 

Water discharge rates ranged from 0 to 7.6 m3 s-1 during baseflow sampling and from 0.1 to 

718 m3 s-1 during event sampling.  

SS and all nutrients, except DOP, were significantly higher (p<0.01) during flood events than 

baseflow concentrations. Maximum event SS was 2770 mg L-1 (mean 346 mg L-1) compared to 

a baseflow maximum of 132 mg L-1 (mean 18 mg L-1). Mean NO3+NO2 increased by a factor 

of ten during events (Table 2.3). The maximum SS occurred during the first flush of the river 

in December 2015 at discharge 0.2 m3 s-. Maximum PN (3.03 and 5.15 mg L-1), PP (1.37 mg L-

1), FRP (0.237) and DON (0.075 mg L-1) concentrations were measured during the first flush 

event in December 2018. Maximum NO3+NO2 concentrations (>0.300 mg L-1) also occurred 

during first flush events each year. Maximum NH4/NH3 concentrations were measured late in 

the dry season when the river was barely flowing. (A maximum concentration of 0.341 mg L-1 

NH4/NH3 collected from a stagnant pool was not included in the baseflow mean calculation).  

Chl-a concentrations were not measured at the West Normanby site. 
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Discharge was poorly correlated with SS and nutrients due to the high concentrations measured 

during low flow first flush events. SS was moderately or strongly correlated (rs >0.5, p<0.01) 

with PN, DON, NO3+NO2, PP and FRP and negatively correlated with EC (rs=-0.8).    

2.3.1.6 Laura River  

Discharge in the Laura River (measured at the Coal Seam gauge 105102A) ranged from 0 to 

24.5 m3 s-1 during baseflow sampling and from 0.01 (first flush) to 2257.5 m3 s-1 during event 

sampling. Conductivity ranged from 0.06 to 1.72 mS cm-1 and increased at all sites through the 

dry season with decreasing river discharge. Maximum conductivity (>1.20 mS cm-1) 

consistently occurred between October to December when groundwater inflow dominated. 

Conductivity at Laura River sites was significantly higher than at Normanby River freshwater 

sites during baseflow periods (Table 2.3).  

SS concentrations at all Laura River sites increased significantly (p<0.001) during events 

(mean 222 mg L-1 compared to a baseflow mean of 15 mg L-1 for combined LR sites). At the 

Coal Seam gauge region and Carrolls Crossing, mean PN, PP, NO3+NO2 and FRP also 

increased significantly during events (p<0.001; Table 2.3). Mean baseflow and event NH4/NH3 

concentrations did not differ significantly, and NH4/NH3 maxima occurred both during periods 

of low flow late in the dry season and first flush events in the wet season.  

Nutrient patterns at the LR-Lakeland site differed from downstream Laura River sites. 

NO3+NO2 concentrations at Lakeland, which were significantly elevated above downstream 

concentrations, were highest under baseflow conditions (baseflow mean 0.468 mg L-1 

compared to event mean 0.222 mg L-1). NO3+NO2 at Lakeland tended to peak towards the late 

wet to early dry season (May-July) as river levels were dropping and groundwater influence 

increased (Figure 2.5). Maximum NH4/NH3 concentrations at Lakeland also occurred at this 

period. In contrast to DIN, FRP concentrations at Lakeland were generally highest in 

November, during first flush events.  

Chl-a concentrations in the Laura River ranged from 0.1 to 18.3 mg L-1, with maximum 

concentrations (>10 mg L-1) occurring at Lakeland and Carrolls Crossing at the end of the dry 

season (Figure 2.5). 
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Figure 2.5: Monthly trends in NO3+NO2 and Chl-a in the Laura River below Lakeland 

Discharge at the Coal Seam gauge was strongly positively correlated (rs>0.6, p<0.01) with SS 

at all Laura River sites and negatively correlated with conductivity. SS was significantly 

correlated only with PN and PP. 

2.4 Spatial variations 

2.4.1 Comparison of estuary sites with Normanby River Kalpowar Crossing 

There were no significant differences between the three estuary sites for any analytes under 

event or baseflow conditions. However, most baseflow samples were collected from the 

Normanby estuary (33), with only 7 and 10 samples collected from the Bizant and North 

Kennedy estuaries respectively. 

Estuary nutrient and sediment concentrations are compared with concentrations at the 

Normanby River Kalpowar Crossing site since this is the closest freshwater site to the estuaries 

(≈70 km from Normanby River mouth). During major over bank flood events, water from the 

upper Normanby River flows into all three estuaries via channels in the Kalpowar Crossing 

region (Chapter 3). Baseflow SS concentrations (but not PN or PP) were significantly higher in 

the estuary (mean SS 50 mg L-1) than at Kalpowar Crossing (10 mg L-1) and all upstream sites 

(Table 2.3; Figure 2.6). SS, PN and PP concentrations did not vary significantly between 

Kalpowar Crossing and the estuary during freshwater flood events (Figure 2.6).  
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Figure 2.6: Box plots showing comparison between baseflow and event concentrations  

at all sites for SS, NO3 + NO2, NH4/NH3, FRP, DON, DOP, PN, PP, Chl-a (some outliers have 

been excluded) 
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The mean event NH4/NH3 concentration in the estuary (0.030 mg L-1) was significantly higher 

(p=0.02) than the mean event concentration upstream at Kalpowar Crossing (0.015 mg L-1). 

Although not statistically significant, event NO3+NO2 concentrations also increased in the 

estuary compared to Kalpowar Crossing, while baseflow mean NO3+NO2 and FRP 

concentrations were more than double the mean baseflow Kalpowar Crossing concentrations 

(Table 2.3; Figure 2.6). 

2.4.2 Comparison of freshwater sites 

Baseflow SS concentrations remained relatively low (≤20 mg L-1) at all freshwater sites. 

Exceptions occurred following small wet season rainstorms and late in the dry season in 

shallow, low flow waterholes. Elevated turbidity late in the dry season was particularly 

common in the Laura River, where SS reached as high as 285 mg L-1.  

Event SS concentrations were highest in the upper Normanby catchment, with a mean 

concentration of 426 mg L-1 at Battlecamp Crossing, followed by West Normanby (346 mg L-

1), East Normanby (289 mg L-1) and Laura River Coal Seam Gauge (259 mg L-1) (Table 2.3; 

Figure 2.6). Maximum concentrations were measured during first flush events in the West 

Normanby (2770 mg L-1) and East Normanby (2570 mg L-1) in December 2015 and December 

2018 respectively. The Laura River Coal Seam Gauge region had a maximum recorded SS of 

1437 mg L-1. Event SS concentrations increased significantly in the downstream direction 

within the Laura River, from an event mean of 90 mg L-1 at Lakeland to 191 mg L-1 at Carrolls 

Crossing and 259 mg L-1 at the Coal Seam Gauge region.  

Similar to SS, mean PN and PP concentrations were highest at Battlecamp Crossing (0.98 mg 

L-1 and 0.38 mg L-1). However, maximum PN (>5.0 mg L-1) and PP (>1.5 mg L-1) 

concentrations were detected at the East and West Normanby and Laura Coal Seam Gauge 

during the initial rising stage of the December 2018 flood event (Figure 2.6). 

Event SS, PN and PP concentrations were significantly lower at Kalpowar Crossing than at the 

upper catchment sites (p<0.005; Table 2.3; Figure 2.6).    

Dissolved inorganic nutrients (specifically NO3+NO2 and FRP) were highest in the upper 

Laura River at Lakeland. Baseflow NO3+NO2 concentrations at Lakeland (mean 0.468 mg L-1) 

were between 10 to 78 times higher and FRP concentrations (mean 0.016 mg L-1) were 3 to 5 
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times higher than baseflow means at other freshwater sites (Table 3; Figure 2.6). Mean event 

NO3+NO2 (0.222 mg L-1) and FRP (0.042 mg L-1) concentrations at Lakeland were twice as 

high as any other site mean (Table 2.3; Figure 2.6). Unlike SS, concentrations of NO3+NO2 

and FRP generally decreased in the downstream direction within the Laura River (Figure 2.6). 

Event NO3+NO2 concentrations were also significantly lower (p=0.001) at Kalpowar Crossing 

compared to all upstream sites (Table 2.3; Figure 2.6). Baseflow NH4/NH3 concentrations did 

not differ significantly between any freshwater sites. 

Event and baseflow DOP and DON concentrations did not differ significantly between most 

freshwater sites, although mean DON concentrations were highest at the Laura River Carrolls 

Crossing site (Table 2.3; Figure 2.6). Freshwater DON concentrations peaked in the late dry 

season and after early wet season rains (October to January) when river discharge was low.  

 

Chlorophyll-a concentrations did not vary significantly between most freshwater sites and 

concentrations remained below 6 mg L-1 at all sites outside the Laura River (Table 2.3; Figure 

2.6).  However, like NO3+NO2 and FRP, elevated Chl-a concentrations (10 to 18 mg L-1) were 

detected in the Laura River at Lakeland and Carroll’s Crossing on several occasions. Peak 

concentrations at all sites occurred both at the end of dry season and during baseflow wet 

season periods (Figure 2.5). 

2.4.3 Additional Road Run-off Samples 

SS concentrations in Battlecamp Road run-off samples ranged from 2957 to 15,077 mg L-1 

(mean 8392 mg L-1). This compared to a mean of 103 mg L-1 (max 198 mg L-1) in hillslope 

run-off samples collected upgradient from Battlecamp Road. Nutrient concentrations in road 

run-off samples varied greatly, with TN ranging from 1.66 mg L-1 to an inexplicably high 364 

mg L-1 (analysed twice for confirmation) and TP concentrations as high as 4.91 mg L-1, 

exceeding all other samples collected for this study. Mean NO3+NO2 (0.042 mg L-1) and FRP 

(0.004 mg L-1) concentrations were 5 to 10 times higher than concentrations in hillslope run-off 

but were less than mean event concentrations at NR-Battlecamp Crossing and other river sites. 

Mean NH4/NH3 concentrations in road run-off were similar to forested hillslope run-off and 

mean event river concentrations.  PN and DON concentrations in road run-off were not 

analysed but formed the bulk of nutrients.  
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2.5 Discussion 

2.5.1 Freshwater Sites 

2.5.1.1 Event Nutrient and Sediment Concentrations and Comparisons between Sites 

SS and total nutrient concentrations increased significantly at all freshwater sites during events. 

This is typical of many rivers, particularly tropical systems where most of the discharge, and 

sediment and nutrient loads, are generated during high rainfall events (Furnas and Mitchell 

2001). Maximum SS concentrations (1440 to 2770 mg L-1), PN (>5.0 mg L-1), PP (>1.2 mg L-

1) and unusually high concentrations of NH4/NH3 and FRP were measured at the upper 

catchment sites during the rising stage of “first flush” events (flood events that occur early in 

the wet season when there has been little or no prior rain for the water year). When flood 

events occur early in the wet season when there has been little prior rainfall, low levels of 

ground cover lead to increased water run-off and erosion (Bartley et al. 2006, Silburn et al. 

2011). This explains the higher than usual event SS and nutrient concentrations during first 

flush events in Normanby rivers, as has been observed in other temperate and tropical rivers 

(Morehead et al. 2003, Amos et al. 2004, Mitchell et al. 1997, Oberman et al. 2009). 

Event concentrations of SS, TN, TP, PN, PP and NO3+NO2 decreased significantly between 

the upper catchment sites and the lower river at Kalpowar Crossing. Between LR-Coal Seam 

Gauge and NR-Battlecamp Crossing (the upper catchment) and Kalpowar Crossing, mean 

event SS concentrations declined by at least 85%, with similar decreases in PN and PP. The 

sediment concentration decline is likely to be a combined function of dilution by floodwater 

from lower catchment areas with reduced sediment contributions and increased floodplain and 

in-channel sediment deposition (Walling 1983, Wasson 1994, Prosser et al. 2001). This 

potentially significant sediment deposition will be examined in Chapter 3, where suspended 

sediment loads at the upper catchment tributaries and Kalpowar Crossing are assessed. The 

downstream nutrient and sediment concentration decline over the course of three events is also 

described in more detail in Chapter 5.  

Higher SS and nutrient concentrations in the upper catchment compared to Kalpowar Crossing 

are likely to be largely due to anthropogenic disturbances of erosion prone soils. The sub-

catchments above the Normanby River at Battlecamp Crossing and the Laura River at Coal 

Seam Gauge are largely dominated by highly erosive sodic clay soils derived from the 
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Hodgkinson formation. Gully erosion “hotpots” have been identified on former cattle stations 

upstream from the Battlecamp and Coal Seam Gauge monitoring sites (Brooks et al. 2013). 

The relationship between cattle grazing and erosion of sodic soils has been demonstrated in the 

adjacent Mitchell River catchment, where accelerated gully erosion has been attributed to 

reduced native grass cover, increased physical disturbance of alluvial soils, and the 

concentration of runoff along cattle tracks (Shellberg et al. 2016). The rate of gully erosion 

along river frontage areas has increased by up to ten times in parts of the upper Normanby 

catchment since the introduction of cattle (Brooks et al. 2013). From this we infer that cattle 

grazing and other soil disturbances have increased SS concentrations at upper catchment sites.  

In addition to grazing impacts, roads, tracks and fence lines have also been identified as 

significant anthropogenic sources of sediment to the Normanby river system, and road 

associated erosion is most prevalent in the upper catchment Hodgkinson-derived soils (Biggs 

1995, Spencer et al. 2016). This study measured high concentrations of SS (mean 8390 mg L-1) 

in road erosion run-off, comparable to road run-off concentrations measured in other 

Normanby studies (Gleeson 2012, Brooks and Spencer, unpublished data). From the evidence 

of grazing and road impacts, it follows that event SS concentrations and associated particulate 

nutrients have been significantly elevated in the upper Normanby catchment due to 

anthropogenic disturbances of erosion prone soils and potentially from direct disturbance of the 

river sediments for mining.  Supporting this conclusion, the median event suspended sediment 

concentration at Battlecamp Crossing (290 mg L-1) was remarkably similar to the median 

reported Australia-wide for grazing land use (≈300 mg L-1). Mean SS concentrations from all 

upper catchment sites were three to six times higher than mean event SS concentrations 

reported for forested (non-grazed) river catchments in Australia (Bartley et al. 2012). 

There were no significant differences in SS or most nutrient concentrations between the upper 

catchment tributaries; however differences in land uses may have contributed to higher mean 

event SS concentrations at Battlecamp Crossing (430 mg L-1) and West Normanby (340 mg L-

1) compared to the East Normanby (290 mg L-1) and Laura River (260 mg L-1). The Battlecamp 

Crossing and West Normanby sub-catchments have higher percentages of cattle grazing area, 

road area and density of gully erosion than the East Normanby and Laura River. Alluvial 

mining, which includes clearing of riparian vegetation and excavation of riverbed, bank and 

terrace sediments, is also expected to have increased downstream SS concentrations in the 
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West Normanby sub-catchment (Rutherfurd 2018). SS and nutrient concentrations at each site 

were highly variable over the course of an event, and between events, thus the results presented 

here were influenced by the timing and frequency of sampling. For example, Battlecamp 

Crossing was not accessible during peak event conditions, therefore maximum concentrations 

at this site may be under-represented. To more accurately measure mean event SS 

concentrations and identify differences between the upper catchment sites, the use of in-situ 

continuous turbidity dataloggers at each site over a series of events would be necessary.  

While there were no significant differences in SS concentrations between upper catchment 

tributaries, within the Laura River there was a significant increase between the upper river at 

Lakeland (mean event SS concentration 90 mg L-1) and the downstream Coal Seam Gauge 

region (mean 260 mg L-1). The basalt soils in the Laura River valley above Carrolls Crossing 

are less prone to gully erosion than the sodic alluvial soils that are more common downstream 

(Biggs 1995), and gully erosion density for the Laura river sub-catchment is highest in the Coal 

Seam gauge region (Table 2.2, Figure 3.7).  However, gully and sheet erosion of Hodgkinson 

and basalt soils was also observed in the upper Laura sub-catchment. 

2.5.1.2 Baseflow Nutrient and Sediment Concentrations and Site Comparisons  

When not in flood, the upper catchment sites returned quickly to baseflow rates (typically <25 

m3 s-1 during the wet season, <2 m3 s-1 during the dry), and often ceased flowing by the end of 

the dry season. During these wet season and dry season baseflow periods, there were few 

significant differences between the freshwater sites for SS or nutrient concentrations. An 

exception was dissolved inorganic nutrients at Lakeland, which were significantly higher than 

downstream Laura River and other Normanby freshwater sites. The mean baseflow NO3+NO2 

concentration at Lakeland (0.468 mg L-1) was more than 10 times higher than baseflow 

concentrations anywhere else in the catchment. Baseflow FRP concentrations (mean 0.042 mg 

L-1) were also significantly higher than concentrations downstream and across the Normanby 

Basin. Event NO3+NO2 and FRP concentrations at Lakeland were also elevated above other 

freshwater sites, however the differences were less significant than baseflow differences. The 

elevated concentrations of DIN and FRP are likely associated with horticulture and cropping in 

the Lakeland sub-catchment. There is abundant evidence that agricultural land use, and 

associated fertiliser applications, increase downstream NO3+NO2 concentrations and loads in 

tropical rivers around the world (Mitchell et al. 2009, Hunter and Walton 2008, Howarth 2008, 
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Thorburn et al. 2013).  However, Holloway et al. (1998) also demonstrated the importance of 

geological nitrogen as a source of nitrate to surface waters. O’Mara et al. (2019) showed that 

basalt sourced sediments in floodwaters had a higher NO3+NO2 release rate than granite or 

sandstone source sediments. The dominance of basalt soils in the upper Laura sub-catchment 

compared to more nutrient poor soils downstream and elsewhere in the Normanby Basin 

(Grundy and Heiner 1994) may contribute to elevated nutrient levels in this region.  

In addition to elevated concentrations, dissolved inorganic nitrogen (DIN: NO3+NO2 and 

NH4/NH3) exhibited distinct seasonal patterns at Lakeland. While SS and most nutrient 

fractions increased at freshwater sites during flood events, maximum NO3+NO2 concentrations 

at Lakeland occurred during baseflow conditions. Both NH4/NH3 and NO3+NO2 concentrations 

at Lakeland peaked during the late wet season/early dry season (April – June). This pattern was 

not observed downstream at Laura River sites, where maximum concentrations occurred 

between November to February (often during events). Between April to June at Lakeland, 

surface water run-off becomes increasingly rare and groundwater contributes proportionately 

more to declining river flow (Akram et al. 2016). This suggests that DIN leached from basalt 

soils and/or applied fertilisers is entering the Laura River via groundwater transport. While 

groundwater has been shown to be a dominant pathway for DIN to enter streams in other 

agricultural sub-catchments (Lehrter 2006, Connolly et al. 2015, Rasiah et al. 2013), Mitchell 

et al. (2009) and Hunter and Walton (2008) reported maximum NO3+NO2 concentrations in 

agriculturally impacted tropical Australian rivers during first flush or other wet season flood 

events. Few studies have calculated the relative contribution of groundwater vs surface water 

transport of NO3+NO2 to rivers in GBR catchments (Rasiah et al. 2013, Tweed et al. 2016). Of 

15 flood event samples collected at Lakeland, only two were on the rising stage, therefore peak 

event NO3+NO2 concentrations may not have been measured.  

Maximum FRP concentrations at Lakeland (and all Laura River sites) occurred during early 

wet season events, indicating a more direct link with phosphorus in surface soils and transport 

by surface water run-off. Like NO3+NO2, basalt soils have been shown to release higher 

concentrations of phosphate to floodwaters than sediments of granite or sandstone origin 

(O’Mara et al. 2019). 

Maximum Chl-a concentrations (10 - 18 mg L-1) occurred at Lakeland and Carrolls Crossing in 

the dry season during low flow periods. Decreasing DIN and FRP concentrations in the 
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downstream direction suggest that excess nutrients from the upper Laura River were utilised by 

phytoplankton between Lakeland and the Coal Seam Gauge region (55 km downstream). Chl-a 

concentrations in the Normanby Basin have not been regularly monitored since 2010. 

Continued agricultural expansion and increased fertiliser use could extend nutrient impacts 

further downstream within the Laura River or to Rinyirru National Park.  

2.5.2 Estuary  

The results of this study indicate that different sources supply sediment to the Normanby Basin 

estuary under ambient and event conditions. The upper catchment was the primary source of 

sediment and most nutrient fractions to the estuaries during flood events; however, sediment 

resuspension within the estuary produced higher SS concentrations under non-flood conditions 

(>500 mg L-1) than were measured during events (maximum 130 mg L-1). In a separate two-

year study of continuous turbidity in Normanby Basin estuaries, Shellberg and Howley (2019) 

recorded ambient turbidity maxima between 1000- 3000 NTU, and maximum flood event 

turbidity of less than 500 NTU. Therefore, although rivers are ultimately a key source of 

sediment to coastal areas, freshwater flood events are not the primary drivers of estuary 

turbidity. This is in sharp contrast to Normanby freshwater sites and other Cape York rivers, 

such as the Pascoe, Endeavour and Annan, where maximum estuary turbidity and SS 

concentrations occur during flood events (Shellberg et al. 2016; CYWMP unpublished data, 

2015-2019). Bryce et al. (1998), Shellberg and Howley (2019) and Crosswell et al. (2020) have 

all documented Normanby estuary sediment re-suspension cycles associated with tidal current 

velocities, with maximum turbidity and SS concentrations occurring during incoming spring 

tides. This study provides further evidence that SS concentrations in the Normanby and 

Kennedy estuaries are largely controlled by sediment resuspension, with maxima coinciding 

with the maximum current velocities that occur during spring flood tides (Wolanski et al. 1992, 

Bryce et al. 1998).  This association of maximum turbidity and SS concentrations with re-

suspension during spring tides has also been observed in temperate and sub-tropical estuaries 

(Allen et al. 1980, Uncles et al. 2006, Manning and Bass 2006, Yu et al. 2019).  

DIN and FRP increased in the estuary compared to upstream at Kalpowar Crossing during both 

ambient and event periods, suggesting that there are distinct estuarine sources of these 

nutrients. Particulate nutrients delivered to the estuary during events or resuspended by tidal 

currents may supply dissolved nutrients to the water column via mineralisation or desorption 
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(Garzon-Garcia et al. 2018a, Yu et al. 2019, O’Mara et al. 2019). Sediment re-suspension can 

also release stocks of ammonium that have mineralised from particulate organic matter in 

estuarine sediments (Yu et al. 2019, Dagg et al. 2004, Tobias et al. 2003). Chapter 5 further 

examines these sources and describes other potential sources of DIN in the Normanby estuary.   

The high concentrations of SS (>5000 mg L-1), PN, PP, NH4/NH3, NO3+NO2 and FRP in 

supratidal salt flat run-off indicates that when they are inundated during spring tides or after 

heavy rainfall, salt flats can provide another important source of sediments and nutrients to the 

estuary. These results are supported by Brooks et al. (2013), who found that sediments from 

the coastal plain dominated PCB benthic sediments, confirming that erosion of these salt flats 

has been significant. Using repeat LiDAR surveys, Brooks et al. (2016a) estimated that the 

coastal plain supplied 275 kt yr-1 of sediment to the Normanby estuary. Crosswell et al. (2020) 

also concluded that salt flat erosion was a significant source of sediment and nutrients to 

Normanby estuaries.  Similarly, Ridd et al. (1988) measured an increase in estuarine suspended 

sediment concentration associated with inundation of tidal mudflats on the Norman River in 

northern Australia. Burford et al. (2016), showed that tropical supra-tidal mudflats can produce 

high concentrations of dissolved nutrients following inundation, but the concentrations 

produced vary depending on the frequency of inundation. The salt flat run-off sample, 

collected at the end of the dry season (November 2017) following local heavy rains, may 

represent the higher range of nutrient and SS production from Normanby salt flats. Regardless, 

with salt flats covering 266 km2 in the Normanby Basin, this is likely to be a highly significant 

source of particulate and dissolved nutrients to the river when they are inundated.  

2.5.3 Seasonal Variations in Water Quality Risk  

Under baseflow conditions, most Normanby Basin nutrient concentrations fell within the range 

expected for relatively undisturbed waterways (Brodie and Mitchell 2005). However, elevated 

nutrient concentrations in the upper Laura River indicate that there is some anthropogenic 

impact on water quality from fertiliser use in the Lakeland region. Maximum DIN and Chl-a 

concentrations in the dry season suggest that the threat to water quality and aquatic ecosystems 

in this region is greatest during low flow periods. Therefore, maintaining adequate river 

discharge through the dry season, despite increasing demands for water, will be critical to 

avoid algal blooms and excessive macrophyte growth, with flow on effects to dissolved oxygen 

availability, in waterholes that provide refuge for fish and other aquatic species. This is 
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particularly important given the reliance of downstream indigenous communities upon fishing, 

and the occurrence in the Laura River of sensitive species such as the large-tooth sawfish 

(Pristis pristis) which is listed as Vulnerable to Extinction (EPBC Act 1999).  

Outside of the Lakeland region, the comparison between baseflow and event conditions 

indicated that the risk to water quality in freshwater tributaries from anthropogenic impacts is 

greatest during flood events. Sediment and nutrient concentrations increased significantly 

under event conditions. These risks are magnified by the effects of intensive wildfires and lack 

of antecedent rainfall on vegetative ground cover. Continued investment in management 

actions to slow gully erosion in the upper catchment and avoid new soil disturbances are 

necessary to reduce downstream impacts on aquatic ecosystems (Shellberg and Brooks 2013; 

CYNRM and SCYC 2016).  

2.6 Conclusions 

This study provides the first assessment of nutrient and sediment concentrations during 

baseflow and flood conditions across the Normanby Basin. Monitoring programs of this scope 

and duration are relatively rare across tropical rivers, thus the findings may provide useful 

insights that could apply to other tropical systems. During events the upper catchment 

tributaries supplied sediments and nutrients to the lower catchment, where concentrations were 

reduced by as much as 85% due to some combination of dilution, deposition and biological 

uptake. From the evidence of impacts from grazing, road erosion and horticulture it can be 

inferred that a significant fraction of the materials supplied from the upper catchment is of 

anthropogenic origin. Although flood periods are short-lived, the extreme concentrations 

measured across upper catchment tributaries are likely to test some species tolerance over these 

periods. However, a potentially greater threat to freshwater aquatic habitats is the deposition of 

anthropogenic sediments and particulate nutrients in the mid- to lower Basin area which could 

significantly reduce habitat area and alter conditions. In contrast, the threat to water quality 

from horticulture and cropping in the upper catchment is greatest during periods of dry season 

baseflow and is largely associated with groundwater transport. Unlike the freshwater sites, 

where suspended sediment and nutrient concentrations were largely controlled by flood 

discharge, sediment resuspension was the critical driver of suspended sediment concentrations 

within the estuaries and a significant portion of DIN was produced within the estuary.  
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Photos above: Top: Surface-water run-off from Battlecamp Road carrying high concentrations of sediment from 

road erosion into the Normanby River above the Battlecamp Crossing site during a flood event in November 2013 

(sample at this location contained 15g L- 1 suspended sediment); Middle: Flood Event at Battlecamp Crossing 

monitoring site, November 26th 2013; Bottom: Normanby River at Rinyirru National Park above Kalpowar 

Crossing during flood event associated with cyclone Ida, April 16th 2014 (photos C. Howley) 

3.1 Introduction 

Global sediment flux to rivers is estimated to have increased by 16% due to accelerated soil 

erosion from land clearing, animal husbandry, agriculture, mining and other anthropogenic 

impacts (Syvitski et al. 2005, Walling and Fang 2003).  Increased sediment loads in rivers can 

accelerate channel in-filling and habitat loss, reduce light availability and productivity, and 

reduce the diversity of freshwater fish and other biota (Newcombe and MacDonald 1991, 

Waters 1995, Zimmerman et al. 2003). Although a large portion of the global anthropogenic 

sediment load is retained in dams or deposited in floodplains, the increased run-off of 

terrestrial sediments and associated nutrients has also played a role in the degradation of 

coastal and marine ecosystems (Walling 2006, Wilkinson 1996, Burke et al. 2011, Orth et al. 

2006).  

Sediment loads discharged to the Great Barrier Reef (GBR) in north eastern Australia are 

estimated to have increased by five to six times above pre-European settlement loads (Kroon et 

al. 2012). The erosion of cattle grazing lands, which have historically covered around 80% of 

the GBR catchment area, is estimated to be the dominant source of sediment to the GBR 

lagoon (Thorburn et al. 2013, McKergow et al. 2005). Increased sediment loads have 

contributed to decline of coastal and marine ecosystems of the GBR (Waterhouse et al. 2017). 

Although McKergow et al. (2005) estimated that only 47% of the suspended sediment supplied 

to GBR rivers is delivered to the coast, threats to freshwater ecosystems from increasing 

sediment flux remain poorly documented.     

The Normanby Basin is one of the largest producers of sediment discharged to the Great 

Barrier Reef (Kroon et al. 2012). However, actual loads discharged to the GBR from the 

Normanby remain highly uncertain due to lack of discharge or concentration monitoring at the 

three end of system river distributaries (Brooks et al. 2014). Most studies have used monitored 

sediment loads from the lower Normanby River at Kalpowar Crossing gauge (≈70 km 

upstream from the Normanby mouth) to estimate delivery to the Great Barrier Reef (Kroon et 
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al. 2012, Joo et al. 2012, Bartley et al. 2017). Less is known about suspended sediment loads in 

the upper Normanby catchment, where anthropogenic land use has significantly increased rates 

of erosion and concentrations of suspended sediments in rivers (Chapter 2). There has been 

significant investment in erosion management and soil conservation in the upper catchment 

with the goal of reducing sediment discharged to the GBR lagoon. These investments have 

included the widely publicised Queensland State Government purchase and de-stocking of 

Springvale cattle station. Simultaneously, large-scale clearing for agriculture (Olive Vale 

Station), dam construction and road works continue to increase sediment supply in some areas 

(Shellberg 2020). To quantify changes from on-going catchment clearing or erosion 

management investments and to assess threats to freshwater and marine ecosystems, accurate 

estimates of upper catchment sediment loads and volume of sediments transported to the coast 

are required.  

Chapter 2 presented an analysis of suspended sediment concentrations across the Normanby 

River and its major tributaries for the period between 2006- 2018. The results showed that 

sediment and most nutrient concentrations were highest in the upper Normanby catchment. A 

large concentration reduction was identified between the upper catchment sites and the lower 

catchment area at Kalpowar Crossing (gauge 105107A). I hypothesize that downstream 

changes in concentration result from the significant sediment trapping efficiency of the 

Normanby Basin, and that sediment loads will show a similar downstream decrease. A lack of 

downstream decreases in sediment loads would indicate that dilution from water sources with 

lower sediment concentrations (rather than sediment deposition) have driven lower catchment 

concentration reductions. This question is important in terms of identifying relative risks to 

downstream freshwater, estuarine and marine ecosystems from anthropogenic sediment loads. 

Building on the findings of Chapter 2, the objectives of this chapter were to: 1) examine the 

relationship between discharge and sediment concentration in order to select the best method of 

calculating suspended sediment loads at Normanby River gauge sites; 2) estimate sediment 

loads at 5 sites across the Normanby catchment over six years to assess the variability between 

events, years, and gauging stations, and the delivery of sediment from the upper catchment to 

the lower catchment (Kalpowar Crossing); and 3) compare sediment yield from upper 

catchment tributaries and Kalpowar Crossing with the reported yields from other Australian 

and global rivers. To achieve these objectives, the sediment concentration/ discharge rating 
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curves for Normanby River gauging sites were evaluated using the 2006-2018 dataset. Annual 

and event sediment loads at each site were calculated for the periods that had sufficient event 

sampling coverage, using a range of methods including power regression, linear interpolation 

and the Beale ratio.  The best load estimates for each site (annual and events) were then 

selected based on the sediment discharge rating curve and sampling coverage over each event. 

Finally, specific sediment yields for each site and year were compared against Australian and 

global averages.  

3.2 Methods 

3.2.1 Site Description 

The Normanby Basin in southeast Cape York Peninsula (-15.148°E 144.359°S) is split into 

two sub-basins. The East Normanby, West Normanby, Laura, Kennedy and Jack Rivers all 

flow into the Normanby River in the Normanby Sub-Basin (14,838 km2). To the west, 

Saltwater Creek and the North Kennedy, Hann, Mosman, Morehead, and Annie Rivers form 

the Hann Sub-Basin (9558 km2) discharging to PCB through the North Kennedy distributary 

(Figure 3.1). The two sub-basins are interconnected during flood events, with water from the 

Normanby River flowing into both the North Kennedy and Bizant estuaries, and water from the 

upper North Kennedy River entering the Normanby River through flood channels (Brooks et 

al. 2013).  

The Hann-Sub Basin has limited access during flood events and lacks downstream gauges. As 

a consequence, this study has focussed on calculating sediment loads at gauges in the 

Normanby Sub-Basin and assessing the supply of sediment from the upper Normanby River 

tributaries to the lower Normanby River at Kalpowar Crossing. However, the exchange of 

water between the two sub-basins during flood events remains unquantified and is likely to be 

significant to the findings.  

Within this document, the Normanby “catchment” refers to the Normanby River catchment 

within the Normanby Sub-Basin, as opposed to the Normanby “Basin” which encompasses 

both the Normanby and Hann Sub-basins. 
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Figure 3.1: Normanby Sub-Basin river gauges and loads monitoring sites. DNRME gauge 

numbers are in white next to gauge site symbols 
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3.2.2 Discharge and water quality monitoring 

Five gauge sites maintained by the Queensland Department of Natural Resources and Mines 

(QDNRME) automatically measure river discharge at hourly intervals within the Normanby 

Sub-Basin (Figure 3.1, Table 3.1). The Normanby River Kalpowar Crossing Gauge (105107A) 

is the furthest downstream gauge, capturing run-off from approximately 53% of the whole 

Normanby Basin and 83% of the Normanby Sub-Basin. However, the percent of discharge 

captured at the gauge may be lower than this due to unmeasured overbank flow and flood 

channels redistributing water into the Kennedy River (Wallace et al. 2012, Brooks et al. 2013). 

The Laura River is the largest tributary to the Normanby River, and the sub-catchment 

upstream from the Coal Seam Gauge covers around 10% of Normanby Sub-Basin area (Figure 

3.1, Table 3.1). 

Upstream from Kalpowar Crossing and the Laura River confluence, the Normanby River 

Battlecamp Crossing Gauge (105101A) captures run-off from 16% of the Normanby Sub-

Basin. The East Normanby (105105A) and West Normanby (105106A) tributaries join to form 

the Normanby River approximately 55 km upstream from the Battlecamp Crossing gauge 

(Figure 3.1). Together their gauges capture run-off from approximately 8% of the Normanby 

Sub-Basin.   

Targeted flood monitoring for loads calculations was conducted at the Battlecamp Crossing 

(105101A), East Normanby (105105A), West Normanby (105106A) and Laura River 

(105102A) gauges between December 2011 and December 2018. Flood monitoring has 

occurred at the Kalpowar Crossing gauge site since 2006 as part of the GBRCLMP programme 

(Figure 3.2). Samples collected from riverbanks, bridges, and occasionally helicopter 

(Battlecamp Crossing and Kalpowar Crossing), were analysed for TSS or SSC as described in 

Section 2.2.2.
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Table 3.1: Discharge and water quality sampling statistics for Normanby Sub-Basin gauge sites 

River 
Site Name and  
Map Symbol 

DNRME 
Gauge No 

Monitored 
Catchment 
Area (km²) 

% of Sub-
Basin Area 

Median 
Annual 

discharge1 
(GL) 

Peak Event 
Flow1/ PEF 
Sampled 
(m3 s-1) 

Period of sampling 

Total 
number of 
samples2 

(B/E) 

No. of 
events 

sampled3 
(n≥3) 

Normanby        Kalpowar Crossing 105107A 12,930 87.1 2140 2088/2033 Jan 2006-Dec 2018 108/322 20 

Normanby        Battlecamp Crossing 105101A 2,302 15.5 660 2317/590 
Oct 2006 – Dec 2018 

(intermittently) 
20/39 5 

East Normanby        East Normanby 105105A 297 2.0 100 718/699 Oct 2006 – Dec 2018 68/87 10 

West Normanby        West Normanby 105106A 839 5.7 140 1557/1315 Apr 2012 – Dec 2018 43/78 8 

Laura River 
       Coal Seam Gauge 
(inc. Laura New Bridge) 

105102A 1316 8.9 400 2419/2099 Feb 2007 – Dec 2018 65/97 10 

1. Median annual (water year) river discharge and peak discharge over the 2006-2018 monitoring period (except for West Normanby 2012-2018) 

2. B/E = Baseflow / Event samples 

3. Additional events were sampled with <3 samples at all sites 
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Event samples were collected during the rising, peak and falling flood stages over 

multiple events, including the first flush of the river each year when possible. However, 

the frequency and timing of sampling at each site varied due to access restrictions 

during flooding. Kalpowar Crossing (105107A) had the greatest number of events 

sampled and samples collected over the course of each event, while Battlecamp 

(105105A) had the lowest number of event samples and poor coverage of peak 

discharge, as this site is inaccessible by road during major flood peaks. The total 

number of baseflow and event samples from each site, number of events sampled, and 

peak discharge sampled compared to peak discharge over the monitoring period are 

presented in Table 3.1. Samples are also plotted on the river hydrograph for each site to 

demonstrate the timing and frequency of sample collection annually and across flood 

events (Figure 3.2). Characterisation of event discharge is described in Section 2.2.3. 

 
Figure 3.2: Hydrographs showing river discharge and samples  

collected over the study period at Normanby gauge sites. 

Note y-axis scale varies. 
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3.2.3 Particle Size Analysis 

A selection of event samples collected during the 2015-16 water year were analysed for 

particle size distribution (PSD). Twenty PSD samples were collected from Kalpowar 

Crossing over multiple wet season events, with corresponding discharges of 39 to 299 

m3 s-1. A total of six samples were collected from the upper catchment sites (Battlecamp 

Crossing, Laura River, East Normanby and West Normanby) during the largest event of 

the water year (March 2015), with corresponding discharges ranging from 52 to 590 m3 

s-1. For comparison, the results from two estuary PSD samples collected during a flood 

event in March 2019 (the largest flood event on record for the Normanby) are also 

presented. PSD analysis was undertaken by the DES Chemistry Centre by laser 

diffraction using a Malvern Mastersizer 2000 as described in Garzon-Garcia et al. 

(2018b). PSD results were reported on a % distribution by volume basis for size ranges 

from 0.24 to 2000 µm. Due to potential aggregation during sample storage, three 

dispersion methods were used and analysed for each sample: pre-dispersion (no external 

dispersant), mechanical dispersion with laser sizer, and ultra-dispersion with ultrasound. 

Although none are guaranteed to accurately reflect in-situ conditions, ultra-dispersion 

results are presented here as they provide the particle size composition of the sediment 

irrespective of pre- or post-sampling aggregation (Garzon-Garcia et al. 2018b).   

Mean percentiles of each size fraction for the upper catchment and Kalpowar Crossing 

were multiplied by the total upper catchment (Battlecamp Crossing + Laura River) and 

Kalpowar Crossing loads. This produced a rough estimate of loads of each particle size 

for the 2015-16 water year in each region. The upper catchment PSD samples do not 

represent all event conditions over the 2015-16 wet season; therefore, the results are 

indicative estimates only. Together with the Kalpowar Crossing samples they provide 

an initial assessment of downstream sediment delivery ratios based on particle size.  

3.2.4 Sediment Ratings Curves 

Logarithmic-scale graphs of instantaneous water discharge vs. SS concentration 

(sediment ratings curves) were produced for each gauge site to assess the relationship 

between water discharge and concentration (Figure 3.4). The resulting goodness-of-fit 

(r2) value from power regression was used to assess the ability to predict sediment 

concentrations using discharge. SS concentrations from well-sampled events were also 

plotted individually against water discharge to observe relationships over given events 
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and identify hysteresis loops (Figure 3.5). Hysteresis loops in a sediment rating curve 

occur when there are changing sediment supply conditions over the course of an event, 

e.g. sediment supply exhaustion or the mixing of water from multiple sources with 

different sediment concentrations (Morehead et al. 2003). Without continuous 

concentration data during a flood event, some form of averaging, interpolation or ratio 

calculation is needed to estimate pollutant concentrations between sampling events 

using the available continuous water discharge data. However, water discharge is often 

a poor predictor of pollutant concentration where there is hysteresis in rating curves, and 

the conventional regression approach to calculating river sediment loads is not able to 

account for the hysteresis effect (Ahanger et al. 2008). It is therefore critical to assess 

ratings curves for the presence of hysteresis before selecting the appropriate method for 

loads calculations. 

3.2.5 Annual Sediment Load Calculations 

Annual loads were calculated using the SS concentrations from grab samples and the 

available water discharge data (hourly average) from the 5 Normanby Sub-Basin 

DNRME gauge sites (Figure 3.1, Table 3.1).  

The suitability of the suspended sediment data to calculate annual loads was determined 

by assessing the sampling coverage over events (rated as “excellent”, “good”, 

“moderate” or “poor”) against the following criteria:   

1. The number of baseflow and event samples collected over the course of the 

water year and over each event. At least 8 samples per event and 18 event 

samples total was required for “good” rating as per Thomson et al. (2012), and if 

any major events were missed, the rating was reduced to moderate or poor; and  

2. The distribution of rising, falling and peak flood stage samples (all three 

required for “good” or “excellent” rating). 

Because focussed event sampling began at most sites in 2012 (except for Kalpowar 

Crossing), annual suspended sediment loads were calculated between 2012 and 2018 

based on an October - September water year (WY). Sample coverage was good to 

excellent at Kalpowar Crossing (105107A) over most years and events, except for WY 

2012-13 and the April 2014 flood event (Figure 3.2). Coverage at Battlecamp Crossing 

was poor for most years but was moderate for the 2013-14 and 2015-16 water years 
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(Figure 3.2). Reliable load estimates for Battlecamp Crossing have therefore only been 

calculated for these two water years. An “indicative” load estimate is presented for the 

intervening water year 2014-15.  At the remaining three sites, sampling coverage was 

generally moderate between 2012-2018, with most (but not all) events sampled during 

the rising, falling and peak stages.  Data collected prior to 2012 was used to generate 

long term rating curves and regression equations. Table 3.2 presents the event sampling 

coverage rating for each site and water year. 

The annual loads were calculated using the Loads Tool component of the software 

Water Quality Analyser 2.1.2.4 (eWater 2019). Loads were calculated using multiple 

methods, including power regression (rating curve), average load (linear interpolation), 

and the Beale ratio. These methods were applied at each gauge site and for each year 

that was adequately sampled, using the following equations (Tennakoon et al. 2011):  

1.  Average Load (Linear interpolation of concentration): 

 

c is the jth sample concentration and qj is the inter-sample mean flow  

2. Beale ratio: 

 

 

 

where Q is the total discharge for the period, l is the average load for a sample, L is the 

observed load, q is the average of N discharge measurements, σ is the standard error of 

L and  is the correlation coefficient for L and Q. 

3. Power Regression (Rating Curve): 

C = aQb 

where C is concentration, a is coefficient, Q is water discharge and b is power 

coefficient.   
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If reasonable power equation relationships on a log-log graph are indicated by the 

ratings curve and r2 value, the resulting power regression equation can be applied over 

an event, year, or multiple years to calculate loads based on the discharge data. 

However, this method assumes that the rating curve relationship is consistent over 

events, seasons and years due to relatively consistent sediment supply and static 

catchment conditions, and that an average trend-line is a reasonable predictor of 

concentration over time. In reality, variations in the intensity, duration and location of 

rainfall, antecedent soil-water content and groundcover, and changes in land-use can 

result in changing discharge-concentration relationships (Eder et al. 2010). To assess the 

variation of the rating curve over events or water years, the power regression equation 

for each site was calculated using both 1) the entire dataset for each site (2006 – 2018) 

with the equation applied to each water year, and 2) a separate regression equation from 

the data for each water year.  

For comparison with WQA results, West Normanby loads were also calculated 

manually in Microsoft Excel (2016) using the power regression (rating curve) method 

with a logarithmic correction factor (Duan 1983; Ferguson 1986).  

Because sites and events varied in adequacy of sampling over the hydrograph, no one 

method was suitable for calculating loads at all sites or periods of time (Joo et al. 2012, 

Thomson et al. 2012). Of the three methods applied, the power regression method, 

frequently used for loads calculations, is most appropriate when there is a strong 

relationship between discharge and concentration, indicated by a high Power r2 value 

and when hysteresis is not present (Walling 1977). When hysteresis is present, average 

load (linear interpolation of concentration) is considered by some to be the most 

accurate and reliable method if events have reasonably representative sampling 

including the peak concentration (Joo et al. 2012). The Beale ratio method has been 

recommended for poorly sampled and/or complex events (Joo et al. 2012).  

The results from each method (linear interpolation, Beale ratio and power regression 

methods) are presented in Table 3.2 to demonstrate the range of load values estimated 

for each site. The most appropriate method (Best Estimate) for each site and year was 

determined based on the number and distribution of samples collected for a given water 

year (Thomson et al. 2012), the appearance of the rating curve (i.e. the presence of 

hysteresis), and the goodness of fit (r2) of the power regression. In general:   
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• Due to the presence of hysteresis at sites and generally moderate or poor 

goodness-of-fit (power r2), the concentration power curve (regression) method 

based on the annual rating curve or full data set was not selected. The results are 

presented for comparison with other methods. 

• Linear interpolation was selected where there was sufficient daily or sub-daily 

data across all flood events, with good or excellent coverage rating.  

• If event sampling coverage was moderate or poor, the Beale ratio was selected 

as the Best Estimate. 

• Regression based on the full historical dataset was used to calculate an 

indicative sediment load at Battlecamp Crossing for 2014-15 water year, when 

there was no event sampling.   

3.2.6 Event Loads 

In addition to calculating annual loads, event loads were calculated for each gauge site 

from events that had been at least moderately well sampled (n≥5) on both the rising and 

falling stage. Ideally at least 8 samples would be collected over the course of an event 

(Thomson et al. 2012). However, events with fewer samples were included for sites 

such as Battlecamp Crossing where access restrictions limited sample numbers, and for 

events that had a short duration (several days). The start and end of selected events were 

identified by inspecting the gauge data for a rapid increase or decrease in the slope of 

the hydrograph and a departure or return to typical baseflow discharge rates (Chapter 2). 

The highly fluctuating nature of Normanby rivers makes defining high flow events 

based on a constant flow value (e.g. percentiles) unreliable. Wet season baseflow is 

highly variable, for example ranging from 25 to 100 m3 s-1 between flood events at 

Kalpowar Crossing. In addition, first flush events at any site could commence from 0 

m3 s-1, accompanied by either a slow or fast rise. Because of this it was considered that 

manual assessment of the hydrograph and hourly discharge measurements was the best 

way to identify event start and end times. Event start times are presented with event 

loads, the number of rising and falling stage samples per event, and total event 

discharge in Table 3.3. 

Loads at most gauge sites were calculated for events between 2012-2018. At the 

Kalpowar Crossing gauge event loads were calculated for events between 2006-2018 

due to the availability of event data over this period. 
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3.2.7 Load Uncertainty 

The accuracy of a load estimate depends on the proper application of the most 

appropriate load estimation method, the sampling regime, and field measurement error. 

Typically, there is a large uncertainty associated with loads calculations, resulting from 

several factors, including poor sampling representativity, weak or unknown 

relationships between discharge and concentration, and inappropriate load calculation 

model selection.  

The factors contributing to load estimate uncertainties have been characterised as 

Knowledge, Stochastic, and Measurement types (Figure 3.3). Knowledge uncertainly 

relates to the choice of empirical and statistical model for load estimation. Stochastic 

uncertainly relates to the variability and frequency of field sampling. Measurement 

uncertainly relates to the accuracy and precision of field and laboratory techniques. 

Kuhnert et al. (2009) present a detailed evaluation of these three types of uncertainty as 

relevant to GBR catchments. 

 

Figure 3.3: Sources of load estimate uncertainty (source: Tennakoon et al. 2011) 

Selecting the appropriate method of calculating the sediment load was achieved through 

assessing the sediment / discharge relationship, as well as review of previous studies 

comparing the accuracy of different methods under different sampling regimes. 

Knowledge uncertainty can be assessed using the mean square error (MSE), which 

calculates the predictive error from a given model to quasi-known values from field 

sampling. Corrections can then be applied to the sediment concentrations predictions as 

per Ferguson (1986). This correction method was applied to West Normanby annual 

and event loads calculated manually using power regression, and likely contributes to 

the variations observed between manual Power regression calculations and WQA 
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software power regression results (Supp. Table S.3.2). Manual power regression with 

the correction applied generally produced higher loads than WQA. Due to the presence 

of hysteresis, loads calculated by methods other than power regression were selected as 

the Best Estimates. However, without continuous concentration and discharge data there 

is no way to test the accuracy of the resulting loads estimates from any method. 

Continuous turbidity dataloggers deployed at four Normanby gauges in recent years will 

be used to improve future loads calculations. 

Stochastic uncertainties affecting the Normanby load calculations include the variability 

of sampling coverage over different events and water years. This variability can also 

contribute to measurement uncertainties, for example where events were not sampled 

during peak discharge (such as Battlecamp Crossing) they may not be representative of 

the full range of event concentrations. Other factors contributing to measurement 

uncertainties in this study include: 1) the lack of sufficient integrated width-depth 

sampling over multiple events, which prevents the calculation of average cross-section 

concentrations; 2) differences between the use of iso-kinetic DC-48 or wide mouth 

bottle samplers (both used for this study); and 3) the predominant use of TSS analytical 

methods rather than SSC (Gray et al. 2000; Edwards and Glysson 1998; USGS 2003; 

Wong et al. 2003).  

Eleven paired SS samples were collected from bridges (mid-channel) and the adjacent 

riverbanks (with the extended sampling pole) during flood events. The mean relative 

percentage difference (RPD) between the paired samples was 11%, indicating that 

samples collected from riverbanks are underestimating the average (width- and depth-

integrated) SS concentrations. Variations between TSS and SSC analytical methods are 

estimated at ≈10% (Section 2.2.2). Load uncertainty is also strongly influenced by 

errors in water discharge estimation, especially at the higher end of stage/discharge 

rating curves (floods), which are poorly measured for water discharge at Normanby 

gauges (N. Searle, DNRME, pers. comm, July 2019).  

Due to the limitations of the field data sets and load analysis methods, the load 

estimates presented in this report are subject to a moderate to high level of uncertainty, 

with the highest levels of uncertainty applying to the Normanby River Battlecamp 

gauge due to poor flood sampling coverage, and the West Normanby due to 

stage/discharge rating curve uncertainties at peak flow. In addition, although event 
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sampling coverage was excellent most years at the Kalpowar Crossing gauge, there is a 

high level of uncertainty associated with peak discharge during above average 

magnitude events due to unquantified floodwater bypass (Wallace et al. 2012, Brooks et 

al. 2013). 

3.2.8 Yields 

Specific sediment yields (t km-2 yr1) were calculated for each gauge and each water year 

by dividing the annual load estimate by the monitored catchment area (Table 3.2). 

Uncertainties applying to loads calculations will also apply to yields.  

3.3 Results 

3.3.1 Discharge characteristics at gauge sites 

River discharge at the lower catchment gauge site 105107A (Kalpowar Crossing) over 

the 2006 – 2018 October to September water years ranged from 1540 GL to 2660 GL, 

with a median of 2140 GL (Table 3.1). Event flow accounted for between 60% to 80% 

of annual discharge over this period. The combined upper Normanby and Laura River 

sub-catchments upstream from gauges 105101A (Battlecamp Crossing) and 105102A 

(Laura River Coal Seam) contributed between 27% to 54% of total discharge measured 

at Kalpowar Crossing during the years for which annual loads have been calculated. 

More than half of the total discharge measured at Kalpowar Crossing came from 

sources downstream from these two gauges.  

At the Normanby River Battlecamp Crossing gauge, event flow accounted for 52% to 

76% of annual river discharge over the years for which loads were calculated (2013-

2016). At the Laura River Coal Seam Gauge, event flow contribution to total discharge 

varied widely, ranging from 36% in WY 2014-15 when there were only very small and 

short-lived flood events (discharge was >25 m3 sec-1 for less than 40 hours; peak 

discharge 80 m3 sec-1; Figure 3.2), to 80% over three flood events in WY 2013-14.  

Median annual discharge at the 5 Normanby Sub-basin gauge sites is presented in Table 

3.1. Annual discharge and total event discharge at each gauge site for the years and 

events for which loads have been calculated are presented in Table 3.2 and Table 3.3.  



 

58 

 

3.3.2 Suspended sediment concentration relationships with discharge  

3.3.2.1 Normanby River Kalpowar Crossing (Gauge 105107A) 

The power regression rating curve showed a relatively weak relationship between 

discharge and SS (r2 = 0.46) at Kalpowar Crossing (Figure 3.4). Clockwise hysteresis, 

where concentrations on the rising limb of a flood are higher than on the falling limb, 

was evident over all the events that were plotted individually (Figure 3.5). Sediment 

concentrations generally peaked early in the rising stage of an event at concentrations 

between 50 to 300 mg L-1, then flattened out for the rest of the rising stage and declined 

in the falling stage. 

3.3.2.2 Laura River Coal Seam (Gauge 105102A) 

The SS and discharge power regression showed a moderately strong relationship 

between SS and discharge at the Laura River Coal Seam Gauge site (r2 = 0.65; Figure 

3.4). Hysteresis patterns were complex, with few clear patterns (Figure 3.5). Maximum 

SS concentrations occurred close to peak discharge periods.  

3.3.2.3 Normanby River Battlecamp Crossing (Gauge 105101A): 

A moderately strong relationship between SS and discharge was evident at Battlecamp 

Crossing (r2 = 0.65), however clockwise hysteresis was evident over the four main 

events that were well sampled (Figure 3.4, Figure 3.5). As samples have not been 

collected during the largest flood peaks, SS patterns at these times cannot be described.  

3.3.2.4 East Normanby River (Gauge 105105A): 

The East Normanby rating curve showed a moderate relationship between SS and 

discharge (r2= 0.59; Figure 3.4). Clockwise hysteresis was observed in the January 2013 

event ratings curve, while a complex pattern, potentially indicating changing sediment 

sources, was observed during the February 2017 event (Figure 3.5). Patterns were not 

clear during other events, probably due to insufficient sample size.  

3.3.2.5 West Normanby (Gauge 105106A) 

There was a weak SS - discharge relationship at the West Normanby gauge (r2 = 0.44; 

Figure 3.4). Although few events were sampled frequently, there was clear hysteresis 

over well-sampled events in January 2013 and February 2017 (Figure 3.5). The 

presence of hysteresis was clearly demonstrated by continuous turbidity monitoring 

over one event in March 2018 (Figure 3.5; Shellberg unpublished data). Maximum SS 
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concentrations (>1000 mg L-1) occurred during the rising stage of first flush events and 

larger magnitude events later in the wet season.  

 

Figure 3.4: Suspended sediment and discharge ratings curves (logarithmic-scale power 

regression) for 5 Normanby Sub-Basin gauge sites using baseflow and event samples  
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Figure 3.5: Event suspended sediment/ discharge ratings curves for the 5 Normanby 

Basin gauges. Arrows show the direction of hysteresis (clockwise, counterclockwise or 

complex). Clockwise hysteresis is evident in a continuous turbidity/ discharge rating 

curve from the West Normanby River over Water Year 2017-2018 (bottom right corner). 



 

61 

 

Table 3.2: Annual Discharge, Event Sample coverage, Goodness-of-fit and Suspended Sediment Load Estimates for Normanby Gauge sites 

Gauge/ 
Symbol Water Year 

Annual 
Discharge 

Event 
sampling 
coverage1 

Goodness-
of-Fit2 

(Power R2) 

Average 
Load3 (linear  
interpolation) 

Beale 
Ratio3 

Power 
Regression 

(annual)3 

Power 
Regression 
(all data)4 

Best SS 
Load 

Estimate 

Specific 
Sediment 

Yield 

  GL  A B metric tonnes t km2 yr-1 

105101A WY 2013-14 962 mod 0.65 0.50 326400 584100 623000 448200 584100 254 

105101A WY 2014-15 395 indicative 0.65 NA NA NA NA 139700 139700 61 

105101A WY 2015-16 461 mod 0.65 0.42 60030 88300 62180 115300 88300 38 

105102A WY 2012-13 457 mod 0.65 0.74 112500 143900 139600 153500 143900 109 

105102A WY 2013-14 398 good 0.65 0.91 107500 139600 270200 118200 107500 82 

105102A WY 2014-15 21 moderate 0.65 0.95 4390 2000 4950 1750 2000 2 

105102A WY 2015-16 261 mod 0.65 0.66 134300 122100 109200 51950 122100 93 

105102A WY 2016-17 398 good 0.65 0.94 104600 200000 596800 87540 104600 80 

105102A WY 2017-18 151 excellent 0.65 0.82 25430 36660 30200 18810 25430 19 

105105A WY 2012-13 82 poor 0.59 0.97 10440 13790 8509 11470 13790 46 

105105A WY 2013-14 171 moderate 0.59 0.75 33270 53120 69130 54610 53120 179 

105105A WY 2014-15 91 poor 0.59 0.48 23950 27130 16090 20530 27130 91 

105105A WY 2015-16 81 mod 0.59 0.40 19220 18630 13700 12060 18630 63 

105105A WY 2016-17 120 good 0.59 0.98 18490 47380 41790 21710 18490 62 

105105A WY 2017-18 113 poor 0.59 0.39 9400 12670 4430 21980 12670 43 

105106A WY 2012-13 288 poor 0.44 0.50 66890 64260 63500 209200 64260 77 

105106A WY 2013-14 244 mod 0.44 0.99 80970 206800 63150 117800 206800 246 

105106A WY 2014-15 49 mod 0.44 0.33 16850 21810 12600 12720 21810 26 

105106A WY 2015-16 122 mod 0.44 0.71 23780 31510 22970 35590 31510 38 

105106A WY 2016-17 151 good 0.44 0.38 39270 62100 29940 35410 39270 47 

105106A WY 2017-18 131 moderate 0.44 0.04 12690 28970 35420 33980 28970 35 

105107A WY 2012-13 1820 poor 0.46 0.97 77710 107100 76000 66230 107100 8 

105107A WY 2013-14 2660 good 0.46 0.36 146900 120800 114600 94240 146900 11 

105107A WY 2014-15 1540 moderate 0.46 0.63 33800 35730 66990 59790 35730 3 

105107A WY 2015-16 1790 good 0.46 0.98 71740 18270 24730 51630 71740 6 

105107A WY 2016-17 1990 excellent 0.46 0.79 58610 71190 67600 57880 58610 5 

105107A WY 2017-18 2280 good 0.46 0.08 85370 154500 80200 73650 85370 7 
1 Excellent/good/mod/poor/indicative    2 A = Howley regression using entire dataset, B = WQA regression from annual data only  
3 Regression based on annual (water year) data set only   4  Regression based on full dataset (2006-2018), applied to discharge for each year  
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Table 3.3: Event Suspended Sediment Load Calculations, Discharge (Q), Concentration and Load Statistics, and Sediment Yield 

Gauge Start Date Description 
Total 

Discharge 
Peak 

Discharge 
Samples 
collected EMC1  

MEC 
TSS2 

Max 
TSS 

Ave. Load  
(lin interp.) 

Beale 
Ratio 

Power 
Regression 

Power 
r2 

   GL (m3) n (r/f)3  mg L-1 mg L-1 metric tonnes (WQA) 

105101A 22/11/2013  41 147 8 (4/4) 814 673 1364 33020 34120 29570 0.88 

105101A 4/2/2014  30 278 5 (4/1) 673 567 1817 21110 20420 18550 0.50 

105101A 17/3/2016  115 594 6 (5/1) 177 253 618 19360 20420 15560 0.09 

105101A 6/12/2018 small first flush 6 73 7 (4/3) 716 386 1210 4514 4471 1860 0.44 

105102A 20/1/2013 1st flush- Cyclone Os  276 2099 7 (3/4) 315 473 1217 76720 86840 97960 0.98 

105102A 20/11/2013 First flush event  56 259 7 (4/3) 342 239 573 20670 19270 16010 0.78 

105102A 3/2/2014  114 846 6 (3/3) 244 236 507 21200 27490 30900 0.86 

105102A 12/4/2014 Cyclone Ida 149 2419 5 (1/4) 424 424 519 56370 63220 55320 1.00 

105102A 10/1/2017 Some antecedent flow 127 1081 6 (3/3) 534 341 709 56550 67690 231300 0.94 

105102A 19/1/2018  38 225 9 (6/3) 319 428 1750 12040 9129 6819 0.91 

105102A 10/12/2018 First flush event 1 16 7 (4/3) 80 297 1050 206 73 42 0.57 

105105A 19/01/2013  1st flush- Cyclone Os 24 140 8 (3/5) 177 150 336 4311 4117 3361 0.80 

105105A 11/04/2014  Cyclone Ida 58 718 7 (3/4) 280 397 703 20200 16270 17990 0.81 

105105A 4/02/2017   44 272 8 (4/4) 254 382 781 11210 16550 26600 0.72 

105106A 19/01/2013 1st flush- Cyclone Os 106 566 8 (4/4) 412 334 598 43540 23480 26450 0.51 

105106A 11/04/2014  Cyclone Ida 111 1557 4 (1/3) 837 475 990 61940 93210 52890 0.86 

105106A 4/02/2017  44 338 9 (6/3) 647 455 1840 27960 21350 15270 0.35 

105106A 5/02/2018 short, fast rising event 16 205 4 (2/2) 171 323 923 2685 2801 2875 0.72 

105107A 28/1/2006 First event of year 557 1079 13 (9/4) 33 33 65 18110 17400 14820 0.43 

105107A 13/3/2006  754 1679 17 (10/7) 32 40 121 23950 11980 15380 0.01 

105107A 5/2/2007  1117 1767 27 (17/10) 36 53 266 40230 36000 45490 0.14 

105107A 2/1/2008 small first event 150 274 6 (4/2) 56 82 130 12100 8398 9756 0.30 

105107A 11/2/2008 peak Q, pot. re-sus 3056 1878 19 (14/5) 60 44 167 183900 137900 101900 0.04 

105107A 6/2/2009 smaller flush before 998 1499 12 (4/8) 48 38 75 47450 38880 147600 0.49 

105107A 9/3/2009 small event following  147 276 9 (5/4) 54 45 79 7891 8783 6440 0.83 

105107A 15/03/2012 small event prior 533 516 14 (9/5) 41 39 120 21680 22110 19710 0.08 

105107A 22/1/2013 Cyclone Oswald 798 1860 9 (7/2) 52 77 126 41400 40400 35710 0.78 

105107A 13/3/2015 largest event 2015 1201 1514 7 (5/2) 19 25 51 22890 23410 25820 0.03 

105107A 7/1/2017   346 459 12 (7/5) 51 64 178 17500 29230 43250 0.89 

105107A 6/2/2017   457 736 13 (10/3) 25 32 57 11390 7369 7812 0.97 

105107A 20/1/2018 First event 2018 338 432 12 (7/5) 47 52 100 15980 15620 14550 0.20 

105107A 26/2/2018 Largest event 2018 845 937 21 (14/7) 24 28 56 20610 18810 15980 0.02 

1. EMC (Event Mean Concentration) = total SS load discharged during an event divided by total volume (V) of discharge during an event (Huber, 1993) 
2. Mean Event Concentration (MEC) is the mean of the actual SS samples collected during the event, irrespective of flow    
3. r/f = rising / falling stage 
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3.3.3 Annual and Event Sediment Load Estimates 

3.3.3.1 WY 2012-2013 

The 2012-13 water year was largely dominated by floods associated with Cyclone 

Oswald, which brought heavy rainfall to the Normanby Basin in January 2013, 

particularly within the Laura River and West Normanby sub-catchments (Figure 3.2). 

The Laura River gauge (105102A) recorded its maximum annual discharge and SS 

loads (457 GL and 144 kt) of the 6-year period (Table 3.2). The five-day flood in 

January was the largest magnitude event (276 GL) recorded at this site over the 

sampling period. The event produced an estimated 87 kt SS, 60% of the annual load 

(Table 3.3). Significant flooding also occurred at the West Normanby (gauge 105106A) 

and East Normanby (gauge 105105A) following the passage of Cyclone Oswald. This 

produced an estimated 44 kt of sediment at the West Normanby (69% of the annual 

load) and a relatively small sediment load (4.4 kt) at the East Normanby (Table 3.3). 

Downstream at Kalpowar Crossing (gauge 105107A), the January flood event recorded 

a total discharge of 798 GL (42% of annual discharge). This was an average magnitude 

event for the sampling period, producing 41 kt SS and 29% of the annual SS load.  

No sampling was conducted at the Normanby River Battlecamp Crossing gauge 

(105101A) for this water year or the Cyclone Oswald event. Based on the estimated 

loads from the Laura River, West Normanby and East Normanby (not accounting for 

additional sediment contributions from the Battlecamp region), there was a minimum 

downstream sediment load reduction of 69% between the upper catchment gauges and 

Kalpowar Crossing over the Cyclone Oswald flood period (Table 3.3). 

3.3.3.2 WY 2013-2014 

In WY 2013-14, the East Normanby and Normanby River at Battlecamp Crossing and 

Kalpowar Crossing gauges all recorded their highest annual discharge and SS loads for 

the 2012-2018 study period (Table 3.2). However, loads were only calculated for 

Battlecamp Crossing for three of these years. The West Normanby also had its highest 

sediment load this year, despite higher discharge the previous year.  

Discharge and SS loads were dominated by a large flood event resulting from Cyclone 

Ita in April 2014. This event comprised 39% of annual discharge in the upper 

catchment, and transported approximately 47% of the annual sediment load over four 
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days, including 63 kt of sediment at the Laura River gauge, 93 kt at West Normanby 

and 16 kt at East  Normanby (Table 3.3).  

No samples were collected at Battlecamp Crossing during peak discharge of the April 

event (Fig. 2), therefore event loads were not calculated for this site. However, two 

smaller well sampled events, together accounting for 7% of WY 2013-14 discharge, 

transported an estimated 53 kt of SS, 13% of the estimated annual Battlecamp Crossing 

load (Table 3.2 and Table 3.3).  

Peak discharges at both the West Normanby (1557 m3 s-1) and Battlecamp Crossing 

(2316 m3 s-1) gauges during the April 2014 (Cyclone Ita) flood were more than double 

the peak event discharge measured in previous (or subsequent) years. It is therefore 

likely that sediments were mobilised from extensive areas that had not been exposed to 

floods in recent years, resulting in the highest specific sediment yields (>200 t km2 yr-1) 

measured at any sites over the study period (Table 3.2). 

The East Normanby and West Normanby combined accounted for 43% of total 

discharge and 40% of the estimated annual SS load measured downstream at 

Battlecamp Crossing. This indicates that a significant source of sediment (and water) is 

entering the Normanby River downstream from the EN and WN gauges.  

Downstream at Kalpowar Crossing, the annual SS load was 147 kt, representing a loss 

of 79% of the combined load entering the system from the Laura River and Normanby 

River at Battlecamp Crossing (Table 3.2).  

3.3.3.3 WY 2014-15 

The 2014-2015 water year had the lowest annual discharge at most sites, and the lowest 

SS loads at the West Normanby, Laura River and Kalpowar Crossing gauges (Table 

3.2). There were no significant events in the West Normanby or Laura Rivers, while a 

flood event in March 2015 dominated annual discharge at the remaining sites (Figure 

3.2). The March 2015 event contributed 78% of annual discharge and 66% of total SS at 

Kalpowar Crossing over seventeen days (Table 3.3).  Most of the annual Kalpowar SS 

load (36 kt) came from the upper Normanby River sub-catchment, as only 2 kt was 

estimated to have been supplied from the Laura River over the water year.  
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3.3.3.4 WY 2015-2016 

Water Year 2015-2016 was another below average discharge year across the Normanby 

gauging sites and SS loads at all sites were also below averages over the sampling 

period (Table 3.2). One moderate magnitude event in March 2016 was sampled at all 

gauge sites including Battlecamp Crossing. Over the course of this event, an estimated 

20 kt SS load was calculated for Battlecamp Crossing out of a total annual load of 88 kt 

(Table 3.3). This estimate is likely to be low, due to the lack of sampling under peak 

discharge conditions when access was blocked.    

The East Normanby and West Normanby combined produced 57% of the total load at 

Battlecamp Crossing, again indicating a significant sediment source downstream from 

these two gauges. Also similar to the findings from WY 2013-14, only 34% of the 

combined Normanby River Battlecamp Crossing and Laura River annual load (210 kt) 

was delivered to the downstream gauge at Kalpowar Crossing (72 kt).  

3.3.3.5 WY 2016-2017 

River discharge at each gauge site was close to the median over the sampling period. 

There were several moderate sized events in the Laura River, with the largest event 

occurring in January 2017 (total discharge 127 GL, peak discharge 1081 m3 s-1). This 

produced an estimated 68 kt SS over the event, which was 65% of the water year SS 

load estimate (Table 3.2 and Table 3.3). Annual discharge at the West Normanby, East 

Normanby and Battlecamp Crossing gauges were dominated by one moderate sized 

event in February 2017 which supplied 29% and 47% of total discharge and an 

estimated 71% and 61% of total sediment load to the West and East Normanby Rivers 

respectively. At Kalpowar Crossing, several small/ moderate magnitude events (peak 

discharge 736 m3 s-1) contributed to a total annual discharge of 1990 GL and total SS 

load of 58 kt. The sediment delivery ratio from the combined Laura River, East and 

West Normanby annual loads (not including likely additional contributions from the 

Battlecamp region) to the Kalpowar Crossing gauge was 0.36.  

3.3.3.6 WY 2017-2018 

River discharge at the upper Normanby gauges (East Normanby, West Normanby and 

Battlecamp Crossing) and Kalpowar Crossing was similar to the previous year. Near 

median annual flows and several small to moderate sized events occurred across the 

2017-2018 wet season.  In contrast, the Laura River had less than half the median 
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discharge over the 2017-2018 water year with only two small events (peak discharge 

225 m3 s-1) occurring in January and March 2018. The Laura gauge also had a low SS 

load (25 kt) relative to previous years. This was the only water year that the Kalpowar 

gauge did not show a significant load decrease (annual SS load 85 kt) compared to the 

upper catchment gauges (combined estimate 67 kt, not including Battlecamp Crossing 

load). Only 35% of total annual discharge at Kalpowar Crossing was supplied from the 

gauged upper catchment area (Normanby River at Battlecamp + Laura River at Coal 

Seam Gauge), therefore additional downstream tributaries must have had a larger 

relative contribution to total discharge and SS loads at Kalpowar Crossing than during 

previous years. However, if the Battlecamp SS load was calculated, it is likely that there 

would still be a downstream decline in loads.  

3.3.4 Sediment Yields  

Annual specific sediment yields (t km2 yr-1) for each site showed a high degree of 

variation (Table 3.2). Maximum yields across all sites were measured at Battlecamp 

Crossing (254 t km-2 yr-1) and West Normanby (246 t km-2 yr-1) in WY 2013-2014. 

Average yields for the four upper catchment sites ranged from 64 t km-2 yr-1 at the Laura 

River gauge to 118 t km-2 yr-1 at Battlecamp Crossing.  The lowest specific sediment 

yields were consistently measured downstream at Kalpowar Crossing, where annual 

yields ranged from 3 to 11 t km2 yr-1 (mean 7 t km-2 yr-1). 

When sediment loads from each site were plotted against discharge, Kalpowar Crossing 

was again distinguished by a comparatively low load per unit of discharge (Figure 3.6).  

Plotted together, the upper catchment sites display a strong relationship between 

sediment load and discharge (power r2 = 0.77). The relationship was not as strong at the 

lower catchment (Kalpowar Crossing, power r2 = 0.63). Both groups showed increasing 

sediment loads with increasing discharge, but the slope was much higher for the upper 

catchment. For each unit increase in discharge, the upper catchment sediment load 

increased by a factor of 70%, compared to an 8% increase for each unit discharge 

increase at the lower catchment. In contrast to the load/discharge relationship, power 

regression of annual loads from upper catchment sites against sub-catchment areas 

revealed only a weak relationship (r2 = 0.4) between yield and area (not shown). 
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Figure 3.6: Double mass plot between suspended sediment loads and annual discharge 

at Normanby Basin gauges. Figure shows Kalpowar Crossing has a much lower 

sediment load per unit discharge than upper catchment sites. 

3.3.5 Particle Size Distribution 

Most PSD samples (20) were from the Normanby River at Kalpower Crossing with only 

six event samples collected from upper catchment sites and two estuary samples. Table 

3.4 presents the mean percentiles of each size fraction for the different regions, plus 

calculations of estimated 2015-16 water year loads for different size classes. 

3.3.5.1 Upper Catchment 

On average, 96 ± 1.9% of sediment particles in upper catchment samples were silt and 

clay (<62.5µm). Clays (<4 µm) comprised 48% of sediments in the upper catchment 

samples, fine to medium silt (4 – 16 µm) comprised 28%, medium to coarse silts (16 – 

62 µm) accounted for 20% of the samples and the remaining 4% was sand (Table 3.4). 

While the <62.5 µm fraction showed little variance, representing over 90% of all 

samples, the <16 µm fraction ranged from 66% to 92% in upper catchment samples. In 

the three Battlecamp Crossing samples collected over two days during the rising stage 

of the March 2016 event, the clay fraction increased from 19% to 49% of the sample 

while all larger size classes decreased. Sands decreased from 4% to <1%, and silts from 

76% to 41%).  

3.3.5.2 Kalpowar Crossing and estuary 

At Kalpowar Crossing in the lower catchment, clay particles comprised between 37 to 

79% (mean 64%) of samples collected over multiple events. Fine to medium silts 
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comprised 30% of samples and 6% were medium to coarse silts. Sands comprised a 

maximum of 3% of sediments but were not present in most samples (Table 3.4)  

At the estuaries, 100% of particles in two event samples were less than 16 µm. Of these 

63% were clay (<4 µm). 

Table 3.4: Mean particle size distribution (PSD) over one flood event at the upper 

catchment and multiple events at Kalpowar Crossing over the 2015-16 water year. 

Mean estuary PSD from one event in March 2019. Indicative loads for each particle 

size estimated from total upper catchment and Kalpowar loads for the water year. 

 Upper Catchment1 Kalpowar Crossing  

Deposited 

in mid-

catchment2 

(kt)   

 

Sediment 

Delivery 

Ratio3 

(%) 

Estuary 

Particle 

Size 

Fraction 

(µm) 

Percent 

of 

sample 

(%) 

 

2015-16      

Load               

(kt) 

Percent 

of 

sample 

(%) 

 

2015-16      

Load               

(kt) 

Percent 

of 

sample 

(%) 

63 - 250 4 8 <1 0 8 0 <1 

16 - 62 20 42 6 4 38 10 <1 

4 - 16 28 59 30 22 38 37 37 

<4  48 100 64 46 55 46 63 

Total 

Load: 
  210   72 139 34   

1 Samples collected from Laura River, Battlecamp Crossing, East and West Normanby. Loads 

estimated based on combined Battlecamp Crossing and Laura River loads.  

2 Kalpowar Crossing load – upper catchment load = load deposited in the mid-catchment  

3 Percent of estimated load from the Upper Catchment measured at Kalpowar Crossing 

3.4 Discussion 

This chapter investigated the hypothesis that downstream reductions in sediment 

concentration across the Normanby Basin (Chapter 2) result from the significant 

sediment trapping efficiency of the Basin. Supporting this hypothesis, sediment loads 

were shown to decrease by an average of 73% between upper catchment gauges and 

Kalpowar Crossing over the three years when loads were calculated for both the 

Battlecamp Crossing and Laura River gauge sites. This revealed that large volumes of 

sediments, primarily silts and clay, were deposited in the mid-catchment area each year, 

confirming anecdotal reports of the in-filling of waterholes in the region and threatening 

the aquatic diversity of Rinyirru National Park. The low sediment delivery from the 

upper catchment contributed to a low sediment yield (t km-2 yr-1) at the furthest 

downstream gauge site (Kalpowar Crossing). However, this study also highlighted 

challenges in calculating accurate load estimates for the Normanby Basin. These include 

changing sediment concentration/ discharge relationships, difficulties accessing key 
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sites such as Battlecamp Crossing during peak flood events, un-quantified gauge by-

pass and uncertainties associated with discharge and sediment sampling and analytical 

protocols.  

3.4.1 Suspended sediment concentration relationships with discharge  

The relationship between SS concentration and discharge for each site varied over 

events and water years, and showed a high level of scatter when assessed over the entire 

sampling period (r2 < 0.5 at the West Normanby and Kalpowar Crossing gauges; r2 ≤ 

0.65 at Laura River, East Normanby and Battlecamp Crossing gauges). This was 

partially due to high SS concentrations occurring during low-flow periods of first flush 

events, however the removal of very low discharge events from the ratings curves only 

slightly improved the relationships. The ability to accurately predict sediment 

concentrations based on discharge alone was impeded by the presence of sediment 

transport hysteresis and changes to the sediment-discharge rating curves over time.  

Clockwise hysteresis loops were evident during most events at the Kalpowar Crossing, 

Battlecamp Crossing and West Normanby gauge sites, and for at least one event at the 

East Normanby. Clockwise hysteresis is common in Australian and global rivers and 

can occur when there is a source of easily erodible sediment that can be rapidly depleted 

during the rising stage of a flood (Picouet et al. 2001, Seeger et al. 2004, Amos et al. 

2004, Nistor and Church 2005). These sediment sources are likely to be located either 

within or close to the river channel (Morehead et al. 2003). This is consistent with the 

findings that sub-surface soil associated with gully and bank erosion is the dominant 

source of sediment in the Normanby River (Olley et al. 2013), since these subsurface 

sources tend to be located close to the drainage network (Figure 3.7). Wilkinson et al. 

(2013) similarly attributed clockwise hysteresis over a major event in the Bowen River 

(in the central GBR catchment area) to subsurface gully and bank erosion. When 

dominant sediment sources are farther from the main channel, delays in sediment 

concentration increases are more commonly observed as counter-clockwise hysteresis 

(Williams 1989, Seeger et al. 2004).   

https://www-sciencedirect-com.libraryproxy.griffith.edu.au/science/article/pii/S0022169419305864?via%3Dihub#b0310
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Figure 3.7: Map of upper Normanby catchment showing gully erosion relative to loads 

calculation sites and Laura River tributaries (Gully polygons provided by John 

Spencer, Griffith University) 

The ratings curves from most Laura River events displayed complex patterns. Complex 

hysteresis patterns are usually evidence of changing water and sediment sources over 

the course of an event (Morehead et al. 2003). Numerous tributaries flow into the Laura 

River from sub-catchments with differing geology and erosion extents (Figure 2.1). 

Some of these tributaries, such as Kennedy Creek and Quartz Creek drain sandstone 

escarpments and have very small areas of gully erosion (< 200m2 gully erosion km−2 

catchment area; Figure 3.7). Kennedy Creek and Quartz Creek consistently have low SS 

concentrations during events (<70 mg L-1; Howley, unpublished data) compared to the 

lower Laura River (mean 259 mg L-1; Table 2.3). Nestled between Kennedy and Quartz 

Creeks is Earls Creek, which has approximately 10,000m2 gully erosion km−2 catchment 

area and therefore is likely to produce higher sediment concentrations. Event SS 

concentrations at the upper Laura River (Carrolls Crossing and Lakeland, Figure 3.7) 

were also significantly lower than those measured at the lower Laura River Coal Seam 

Gauge region. This is likely to be due to differences in soil type and gully erosion extent 

(Chapter 2, Table 2.3). Gully erosion covers an area of 1.3 km2 in the sub-catchment 

above the Coal Seam Gauge and less than 0.01 km2 above Carroll’s Crossing (Table 

2.2, Figure 3.7). As rainfall moves across the Laura sub-catchment and causes flooding 

in different tributaries, the changing supply of water and sediment can cause the 
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complex patterns observed in the event ratings curves. Threshold driven processes such 

as bank erosion (Brooks et al. 2016b) and backed up floodwater activating gully erosion 

at peak event discharge, could also contribute to complex hysteresis patterns at the 

Laura River gauge.   

In addition to the factors described above, initial soil saturation, previous precipitation 

events, rainfall intensity and duration, sediment particle size, and catchment size can all 

contribute to hysteresis (Seeger et al. 2004, Eder et al. 2010, Martilla and Klove 2010, 

Misset et al. 2019). It is beyond the scope of this study and the available data to assess 

which of these factors influenced hysteresis at Normanby gauge sites.  

The rating curve for each site varied for each water year and between events (Figure 

3.8). As with hysteresis, many factors can contribute to changes in the rating curve, 

including geological scouring or other alterations to the river channel during major 

floods, antecedent catchment conditions like soil water content and ground cover, and 

changes in land use or management practises (Warrick and Rubin 2007; Syvitski et al. 

2000, Morehead et al. 2003, Eder et al. 2010, Marttila and Klove 2010). “First flush” 

events (events occurring following little or no antecedent discharge for the water year) 

can deplete easily erodible material from the catchment, resulting in a reduced sediment 

supply over subsequent events (Moog and Whiting 1998, Morehead et al. 2003). At 

Kalpowar Crossing, where the most frequent event sampling occurred, depletion was 

not obvious most years, with the exception of 2017. A January 2017 flood event had 

higher maximum and mean sediment concentrations, yield per unit discharge and total 

sediment load compared to a February event that had a notably larger total and peak 

discharge (Table 3.3).  For the other sites, first flush events carried the highest 

concentrations (>1000 mg L-1), but there were no obvious patterns of exhaustion over 

subsequent events. As has been observed in the adjacent Mitchell River Basin 

(Shellberg et al. 2013), alluvial gullies in the upper catchment likely provide a 

continuous supply of sediment even when easily erodible surface sediments or in-

channel supplies are depleted.  
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Figure 3.8: Logarithmic plot of suspended sediment/ discharge rating curves for 

Kalpowar Crossing, showing changing relationships over each water year. Regression 

equations are presented in chronological order from right to left, top then bottom row 

3.4.2 Sediment Load Estimate Method Selection 

Due to the presence of hysteresis at all sites, traditional regression analysis, commonly 

used to calculate sediment loads from rivers, is unlikely to be a highly accurate method 

for the Normanby Sub-basin. Instead, linear interpolation was selected as the Best 

Estimate of annual or event sediment where there was a high sampling frequency over 

most events. The Beale ratio method was selected when event sampling coverage was 

poor (as recommended by Joo et al. 2012, and Letcher et al. 1999). However, for sites 

and years where concentration data is scarce, regression based on the historical rating 

curve may be used to provide an estimate of relative loads.  This method was applied to 

Battlecamp Crossing to generate an indicative load estimate for the 2014-15 water year. 

This estimate has a high level of uncertainty but is useful to compare against other years 

and sites.  

The uncertainties associated with calculating sediment loads using traditional sediment-

discharge rating curves for rivers have been identified previously for Australian and 

international rivers (Walling 1977, Letcher et al. 1999, Amos et al. 2004, Joo et al. 

2012, Eder et al. 2010). A wide range of modifications to the simple regression model 

have been suggested to improve load estimate accuracy and account for hysteresis and 

other factors such as sediment exhaustion over successive events and basin relief 
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(Syvitski et al. 2000, Asselman 2000, Morehead et al. 2003, Kuhnert et al. 2009, Eder et 

al. 2010). Joo et al. (2012) recommended calculating a discrete load for each event and 

each low flow period, while Walling (1977) recommended stratifying the data based on 

stage. Ratings curves developed for the Normanby sites based on stage over the entire 

multi-year dataset (baseflow, rising event and falling event) had r2 values lower than 

those derived from the same datasets not stratified for stage. Due to the shifting rating 

curves observed at Normanby gauge sites, it would be necessary to use a unique rating 

curve for the rising and falling stage of each event to account for potential influences of 

antecedent conditions, changes in land use and any of the other factors identified above. 

The sum of all events for each year could then be used to calculate an annual load. 

However, this assumes that every event is well sampled (not currently the case for some 

Normanby sites). This approach could be trialled in a future study for well sampled 

events, to be compared with loads calculated from continuous turbidity data.   

For rivers such as those in the Australian tropics that have highly variable and episodic 

discharge and sediment concentrations, and are difficult to access during floods, 

continuous in-situ monitoring of turbidity is required to reduce uncertainties in load 

calculations (Walling and Webb 1985, Grayson et al. 1996, Eder et al. 2010). This 

assumes that a strong relationship can be established between SSC and turbidity, and 

that other factors contributing to uncertainties (such as those discussed in section 3.2.6) 

are addressed in the sampling program design (Hicks and Gomez 2003, Shellberg et al. 

2016). Turbidity dataloggers have now been installed at the East Normanby, West 

Normanby, Battlecamp Crossing and Kalpowar Crossing gauge sites for future loads 

calculations (CYWMP, Qld DES and Rinyirru Aboriginal Corporation). Regular width 

and depth integrated suspended sediment sampling and calibration of the high flow 

stage-discharge rating curves at gauge stations is required to improve the accuracy of 

Normanby sediment load estimates.  

3.4.3 Temporal and Spatial Variations in Sediment loads and yields  

Loads were calculated from the two largest branches of the Normanby River; the upper 

Normanby River at Battlecamp Crossing and the Laura River, plus two nested 

tributaries upstream from Battlecamp Crossing (the East and West Normanby). Of the 

two major tributaries, the upper Normanby River (above Battlecamp Crossing) supplied 

on average three times more sediment than the Laura River (above Coal Seam Gauge) 
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to the downstream river system. These estimates reflect the greater catchment area, 

annual discharge and mean event concentrations at Battlecamp Crossing compared to 

the Laura River. The Battlecamp Crossing sub-catchment also has 3 times higher gully 

density than the Laura River sub-catchment, likely contributing to higher sediment 

loads (Table 2.2). However, despite higher annual discharge at Battlecamp Crossing in 

2015-16, the Laura River sediment load exceeded the estimated Battlecamp Crossing 

load for this year. This highlights the annual sediment source variability and the strong 

influence of antecedent conditions on sediment loads (discussed below).  

Together the East and West Normanby sub-catchments (above the gauges) contributed 

between 35 – 57% of the annual sediment load measured at Battlecamp Crossing. Over 

two-thirds of that load came from the West Normanby sub-catchment. Higher annual 

discharge, % area grazed, significantly greater gully density (Figure 3.7), road area and 

alluvial mining are all likely to contribute to the larger loads produced by the West 

Normanby compared to the East Normanby. Total discharge and sediment load from the 

East Normanby exceeded that from the West Normanby only in 2014-15, again 

highlighting the variability of sediment supply associated largely with location and 

intensity of rainfall.  Supporting these findings, a geochemical tracing study also 

showed a high level of variability in relative sediment contributions from upper 

catchment tributaries during and between events (Howley and Olley, in prep).  

When the upper catchment sites were plotted together, discharge predicted 77% of 

variability between sediment loads (Figure 3.6). Maximum annual sediment loads at all 

sites except for the West Normanby occurred during the years of maximum discharge. 

In addition to total annual discharge, flood characteristics such as peak discharge also 

contributed to annual variations in sediment loads and specific sediment yields. The 

2013-14 sediment load at the West Normanby was three times larger than the previous 

year’s load, despite slightly lower total discharge. A four-day event in April 2014 (peak 

discharge 1557 m3 s-1) generated an estimated 93 kt suspended sediment in the West 

Normanby sub-catchment. This is double the sediment load (and double the yield per 

discharge unit) generated by the Cyclone Oswald flood event in January 2013, which 

had similar total discharge but significantly lower peak discharge (566 m3 s-1) and SS 

concentrations. The April 2014 flood is likely to have mobilised sediments from higher 

reaches not accessed during previous (or subsequent) floods, contributing to a highly 

elevated specific sediment yield for WY 2013-14 (246 t km-2 yr-1). Threshold driven 



 

75 

 

mass bank erosion can also be triggered by higher peak discharges (Brooks et al. 

2016b), potentially contributing to the higher yields for the 2013-14 water year. 

Maximum instantaneous discharges were also measured at the Battlecamp Crossing and 

East Normanby gauges during the April 2014 floods, accompanied by above average 

specific sediment yields for the water year.  

Antecedent discharge (or lack thereof) and other factors affecting groundcover 

contributed to variations in annual sediment loads at the Laura River gauge site.  

Maximum discharge, sediment load and specific sediment yield were measured at the 

Laura River in WY 2012-2013. Massive flooding associated with Cyclone Oswald in 

January 2013 supplied an estimated 87 kt of sediment to the Normanby River from the 

Laura sub-catchment (60% of the annual load). This was a “first flush” event, proceeded 

by extensive wildfires that burnt 36% of the Laura sub-catchment 

(https://www.firenorth.org.au/nafi3). The magnitude and timing of the event, 

compounded by the impact of wildfires on groundcover and sediment yields (Warrick 

and Rubin 2007, Townsend and Douglas 2000), contributed to elevated specific 

sediment yield over the 2012-13 water year (109 t km-2 yr-1) compared to other years 

with high total discharge. The Laura River sediment load and specific sediment yield 

were also relatively high over the 2015-16 water year (93 t km-2 yr-1) despite lower than 

average annual discharge. Presumably this was due to a build-up of sediment from the 

previous year, which was characterised by very low total discharge and lack of 

significant flooding in the Laura sub-catchment. Extensive wildfires covering 21% of 

the Laura sub-catchment over the 2015 dry season may also have contributed to the 

high sediment yields.   

Significant land-use changes occurred over the study period. These include the 

conversion of large areas in the Battlecamp, East and West Normanby sub-catchments 

from grazing to conservation, the expansion of agricultural land-use in the Laura sub-

catchment and gully rehabilitation activities across upland sub-catchments. However, 

there were no obvious trends in specific sediment yield at any upper catchment gauges, 

with the possible exception of the East Normanby which showed decreasing annual 

SSY after 2013-14. More consistent event monitoring (including turbidity dataloggers) 

is necessary to properly evaluate long-term trends at upper catchment sites. Despite 

models showing reductions in sediment loads discharged from the Normanby Basin 

(Australian and Queensland Governments 2019) there was also no obvious downward 
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trend in event sediment yields at Kalpowar Crossing where most events were well 

sampled between 2006- 2018. Some land use changes in the upper catchment may take 

years or even decades to have a measurable reduction on downstream sediment loads 

(Brodie et al. 2012, Bruizneel 1990). Sediment reductions may also be negated by on-

going catchment development and obscured at downstream gauges by deposition within 

the catchment (Shellberg 2020).    

3.4.4 Sediment transfer from the upper catchment to the lower catchment  

Sediment load estimates at the lower catchment Kalpowar Crossing gauge were 

consistently less than the combined loads estimated at the upper catchment gauges, 

suggesting that significant sediment deposition occurs within the catchment. For the 

three years that loads were calculated at both the Battlecamp Crossing and Laura River 

gauges, only 21 to 34% (average 27%) of the load from upper catchment tributaries was 

delivered to Kalpowar Crossing. The estimated volumes of sediment deposited above 

Kalpowar Crossing these years ranged from 106 kt in a below average discharge year 

(2015-16) to 545 kt over the year with the highest discharge (2013-14). During the 

Cyclone Oswald flood event in January 2013, the upper catchment (combined East 

Normanby, West Normanby and Laura River gauges) produced a SS load of 135 kt, 

while only 41 kt was estimated downstream at the Kalpowar gauge. This indicates that 

approximately 100 kt of sediment (plus the unmeasured supply from the Battlecamp 

region) was either stored in the mid- to lower catchment area above Kalpowar Crossing 

or by-passed the Kalpowar gauge over an 11-day period. A large portion of this 

sediment may be deposited on river benches or inset floodplains within river macro-

channels. Pietsch et al. (2015) measured historic rates and volumes of sediment 

deposition on river benches across the Normanby Basin using Light Detection And 

Ranging (LiDAR) mapping and Optically Stimulated Luminescence (OSL) dating of 

soil cores.  They estimated that more than 50% of the fine sediments (<63 µm) supplied 

to the river system from hillslope and sub-soil erosion was deposited on river benches 

across the Basin, including (but not limited to) the mid-catchment area downstream 

from Battlecamp Crossing. 

During major flood events, in addition to deposition on river benches, a large portion of 

sediment delivered to the lower catchment may by-pass the gauge. Wallace et al. (2012) 

estimated that 43% of total flood water in the lower Normanby catchment bypasses the 
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Kalpowar Crossing gauge due to overland flow. However, McCloskey et al. (2014) 

suggested that overbank flow by-pass at the gauge was likely to be much less. The 

analysis by Wallace et al. (2012) and McCloskey et al. (2014) did not consider the 

network of floodplain and distributary channels 2-20 km above the Kalpowar Crossing 

gauge (Figure 3.9). These channels have been observed via aerial surveys (April 2014) 

and satellite imagery transporting flood water away from the Normanby Sub-Basin into 

the North Kennedy River. Three samples collected from one of these channels during 

the April 2014 event showed sediment concentrations ranged from 40 to 83 mg L-1, 

similar to concentrations at Kalpowar Crossing (80 – 83 mg L-1) at that time. 

Geochemical tracing analysis of clay particles (<10µm) from a North Kennedy flood 

plume (April 2014) indicated that 38% of fine sediments in the plume originated in the 

upper Normanby catchment (Normanby Sub-Basin) (Howley and Olley, in prep).  

 
Figure 3.9: Flood channels between Normanby River (Normanby Sub-Basin) and North 

Kennedy River (Hann Sub-Basin) (Source: J. Shellberg) 

These findings indicate that Kalpowar Crossing load estimates are not likely to be 

consistently representative of total volumes transported to and through the lower 

catchment from the upper Normanby catchment. During above-average magnitude flood 

events (when overbank flow occurs), the sediment delivery ratio to the estuaries may be 

significantly higher than is reported here due to the sediment transported to the North 
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Kennedy River. Kalpowar Crossing loads also are unrepresentative of total loads 

delivered to the marine environment due to the evidence that the coastal zone 

downstream from the gauge supplies a large amount of suspended sediment to the 

estuaries (Chapter 2, Spencer et al. 2014, Crosswell et al. 2020). Detailed field studies 

of the lower floodplain region including LiDAR mapping, improved rating of flood 

event stage/discharge/sediment relationships at Normanby gauges, and measurements of 

continuous water discharge and sediment concentrations in the Normanby, Bizant and 

North Kennedy estuaries are required to clarify issues affecting the accuracy of 

modelled Normanby Basin sediment loads delivered to the GBR. 

Although the percent of the upper catchment load transported to the coast during major 

events remains uncertain, the low sediment delivery ratio for the Normanby River 

conforms to global patterns (Walling & Webb 1996). Olive and Rieger (1986) and 

Wasson et al. (1996) identified the disparity between high rates of erosion in Australian 

mountainous regions and low sediment yields from the coastal zone and suggested that 

inefficient sediment delivery was one of the contributing factors. McKergow et al. 

(2005) estimated that 47% of the suspended sediment supplied to GBR rivers is 

delivered to the coast, with the rest deposited on floodplains or in reservoirs. However, 

the sediment delivery ratio is higher in many smaller Australian catchments with less 

developed floodplains (Shellberg et al. 2016, deRose et al. 2002, Prosser et al. 2001). 

This is an important consideration for assessing relative threats to freshwater and 

marine environments, and the effectiveness of erosion management actions undertaken 

to reduce anthropogenic sediment supplied to the marine environment. 

3.4.5 Sediment Particle Size Transport and Deposition within the Catchment 

The PSD results from the upper catchment March 2016 flood event do not represent the 

full range of variation over flood events due to the small number of samples from upper 

catchment sites, and the lack of width- and depth- integrated samples. The results from 

Battlecamp Crossing over the March 2016 flood event show that particle size can vary 

significantly within 24 hours, therefore multiple samples are required from each site 

over the rising and falling stage of an event to adequately characterise variations in 

PSD. However, these results provide a preliminary estimate of downstream transport of 

different sediment particle size classes. Fine sediments (<16 µm) were preferentially 

transported downstream. The clay fraction (<4 µm) increased from 48% of upper 
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catchment samples to 64% at Kalpowar Crossing and the estuary. Over the 2015-16 

water year (the year PSD samples were collected), an estimated 46% of the upper 

catchment clay load, 35% of fine to medium silts (4 – 16 µm), 10% of medium to coarse 

silts (16 – 62 µm) and 0% of the sand load (>62 µm) from the upper catchment gauges 

were transported to the Kalpowar gauge. It is not surprising that clays are preferentially 

transported through the mid-catchment to Kalpowar Crossing and the estuary, since 

sediment transport capacity decreases with reduced hydraulic gradient and heavier silt 

and sand particles settle out of the water column (Prosser et al. 2001). This preferential 

delivery of fine sediments is common in GBR rivers (Brodie and Mitchell 2005). 

Although larger percentages of fine sediments were transported downstream, the bulk of 

the estimated sediment load deposited in the mid-catchment area was comprised of fine 

silts and clays. Of the total 2015-16 upper catchment load (210 kt), an estimated 38 kt 

of medium to coarse silts, 38 kt of fine to medium silts, and 55 kt of clay particles was 

deposited in the mid-catchment area over the water year. Sands comprised only a small 

fraction of the upper catchment samples (<4%), all of which (an estimated 8 kt in 2015-

16) was deposited above Kalpowar Crossing based on the lack of this size fraction in 

Kalpowar Crossing samples over the entire wet season. The 2015-16 water year was an 

average year for discharge (Table 3.2, Figure 3.2), therefore gauge bypass by overland 

flow or distributary channels may have been minimal.  

Gully and bank erosion are the largest sources of sediment to the Normanby Basin 

(Olley et al. 2013), therefore it is worth comparing PSD from gully soils with that 

measured at the downstream river gauges. Garzon-Garcia et al. (2016) measured PSD in 

sediments from gullies located adjacent to the Laura and West Normanby Rivers.  They 

found that the fine silt and clay fraction (<16 µm) made up approximately 10 to 60% of 

all gully samples, depending on gully location and geomorphic unit (gully bank, floor or 

terrace). The preferential downstream transport of fine sediments from gully to river 

gauge could account for the higher relative composition of fine sediments in upper 

catchment samples collected for this study, where the <16 µm fraction comprised 76% 

of samples on average. Larger particles (medium-coarse silts and sands) are being 

deposited in the region between the gully source and river gauges.  

Sand fractions in gully sediments ranged from <5 to 50% (Garzon-Garcia et al. 2016), 

suggesting that although sands are absent at Kalpowar Crossing (in the surface 
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suspended sediment load), there is a significant volume of gully derived sand entering 

the river system. Extensive ‘sand slugs’ (several kms long and >1 m deep) are evident 

across the Normanby Basin. These sand slugs likely move only short distances 

downstream with each flood event (Rutherfurd 1996) and mostly would not be recorded 

in the near surface suspended sediment load that was sampled for this study. A Laura 

Rangers river monitoring programme recorded the deposition of 0.5 to 1m of sand 

across a 2 km long waterhole in the Laura River sub-catchment following major dam 

construction earthworks and grazing intensification upstream (Figure 3.10).  River sand 

slugs and the storage of large loads of anthropogenic sand within catchments is common 

in Australia (Roy 1977, Rutherfurd 1996).  

 

Figure 3.10: In-filling of a Spring Creek (Laura River tributary) waterhole following 

major earthworks in the sub-catchment. (Source: J. Shellberg and Laura Rangers) 

Samples collected from the Normanby river mouths during a 2019 flood event were 

comprised entirely of clays (63%) and fine to medium sized silts (37%). If these results 

are generally representative of sediment particle sizes at the river mouths, any medium 

to coarse fraction silts transported beyond Kalpowar Crossing must be deposited in the 

estuaries or adjacent flood plains (for the 2015-16 water year this was estimated at 8 kt).  

Gauge plate 2014 Gauge plate 2019 

October 2014 October 2019 
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The complexity of the coastal zone (including sediment re-suspension and mud-flat 

erosion) and lack of discharge monitoring in the estuaries prevents any estimation of the 

proportion of the fine sediment load transported from Kalpowar Crossing to the river 

mouths during events. However, it is roughly estimated that 37% of fine silts and 46% 

of the clay load from the upper catchment gauges was transported beyond Kalpowar 

Crossing, ultimately supplying fine sediments to the estuaries and Princess Charlotte 

Bay during flood events. Fine silt and clay sediments in Normanby gullies have been 

shown to be enriched in bioavailable nutrients (Garzon-Garcia et al. 2016), therefore 

sediments from the upper catchment may also be contributing significantly to the 

estuary and marine dissolved nutrient pools. 

3.4.6 Comparison of Sediment Yields from Normanby River gauge sites and 

other rivers 

Within the Normanby Basin, when sediment loads were plotted against discharge, 

sediment yield from the upper catchment sites were clearly distinguished from those at 

Kalpower Crossing (Figure 3.6). The relationship with discharge was stronger and the 

increase in load per unit discharge was much greater at the upper catchment sites.  Due 

to the effect of sediment deposition in the mid-catchment area and the relative lack of 

sediment supply in this region, the concentrations at Kalpowar Crossing remained low 

(<300 mg L-1) and increasing discharge resulted in only a minor increase in sediment 

load.    

Specific sediment yields (SSY) showed a high level of variability at the upper 

catchment gauge sites, ranging from 2 to 284 t km-2 yr-1. As with sediment load, 

maximum SSYs at all sites generally coincided with years of maximum river discharge 

and/ or flood peaks.  There was less variability and generally lower yields downstream 

at Kalpowar Crossing (3 to 11 t km-2 yr-1). Decreasing yields with increased basin area 

is a common pattern within Australia (Wasson 1994) and globally (Milliman & Syvitski 

1992, Walling 1983, Higgitt and Lu 2001). However, numerous studies have also found 

positive relationships or no global trend concerning sediment yield and area (Church 

and Slaymaker 1989, de Araujo and Knight 2005). An inverse relationship between 

SSY and drainage basin area can occur when the majority of sediment is produced in 

headwater areas where slopes are steepest, drainage density is highest, and storage is 

low (Wasson 1994). In larger basins, opportunities for sediment deposition increase in 
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areas with reduced slope gradients and well-developed flood plains (Walling and Web 

1996). These scenarios apply to the Normanby Basin, where rates of erosion are highest 

in the upper catchment (Brooks et al. 2013) and the extensive mid-lower catchment 

floodplains provide increased opportunities for deposition. However, as discussed in the 

previous section, sediment yields to PCB from Normanby Basin estuaries may be 

significantly higher than those measured at Kalpowar Crossing.  

SSY from the Normanby River at Kalpowar Crossing were very low compared to a 

global (“end-of-system”) median SSY of 190 t km-2  yr-1 (de Araujo and Knight 2005) 

and global maxima reported in excess of 10,000 t km-2  yr-1 (Walling and Webb 1996; 

Encalada et al. 2019). De Araujo and Knight (2005) reported average SSYs from Asia, 

Africa and Central America exceeding 1000 t km-2 yr-1, while Australia had the lowest 

average SSY (<100 t km2 yr-1) of all the continents.  SSY at the Kalpowar Crossing 

gauge may also be low by tropical Australian standards. Walling and Webb (1983) 

estimated SSY for most of northern (tropical) Australia between 5 to 100 t km-2 yr-1, 

while Wasson et al. (1996) presented SSY estimates across tropical Australia of 100 to 

200 t km-2 yr-1.  

Within the Great Barrier Reef catchments, “end-of-system” SSYs have been reported 

ranging from 0.2 to 200 t km-2 yr-1 over the past decade (Wallace et al. 2014, 2015, 

2016; Garzon-Garcia et al. 2015, Huggins et al. 2017). SSYs at Kalpowar Crossing 

were similar to other large GBR river systems including the Herbert, Burdekin and 

Fitzroy, but were below the “end-of-system” SSY from smaller, high-rainfall Wet 

Tropics rivers (Tully, Johnstone, and Russell-Mulgrave). In contrast to the Normanby 

Basin, these Wet Tropics rivers generally have intensive agriculture and high rainfall in 

their low-lying coastal zones, which can contribute to high sediment yields and 

sediment delivery ratios (Krishnaswamy et al. 2001, de Vente et al. 2007). For upper 

catchment sites, SSY > 200 t km-2 yr-1 at the West Normanby and Battlecamp Crossing 

are amongst the highest reported at any GBR river monitoring sites (Wallace et al. 

2014, 2015, 2016; Garzon-Garcia et al. 2015, Huggins et al. 2017). 

3.5 Conclusions 

Relative sediment contributions to the Normanby River from upper catchment 

tributaries varied significantly over the study period. While the upper Normanby above 

Battlecamp Crossing generally produced the largest load contribution, and the West 
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Normanby load generally exceeded that from the East Normanby sub-catchment, the 

dominant source areas were highly variable over events and years. Variations were 

driven largely by total discharge, but also by the characteristics of individual events, 

such as antecedent discharge for the current and previous year and peak event discharge. 

Flood events produced up to 80% of the annual sediment load over short periods of time 

(days to several weeks). Sediment ratings curves at each site shifted over the years, with 

likely causes including changes in river morphology from major floods, build-up of 

available sediment after previous low rainfall water years and wildfires.  

A significant downstream reduction in sediment loads estimated at the gauging sites 

confirms the high sediment trapping efficiency of the Normanby Basin. Gauge data 

indicates that between 66% to 79% of upper catchment sediment loads were deposited 

in the mid to lower catchment area above Kalpowar Crossing.  Even accounting for 

some transport around the lower gauge site by overland flow or bypass channels into the 

North Kennedy River, deposition in the mid-catchment area is likely to be greater than 

50% of the upper catchment loads. This agrees with previous estimates based on 

floodplain mapping and dating of sediment cores. Specific sediment yields at the 

furthest downstream gauge (<15 t km2 yr-1) are below global averages, despite high 

yields (>200 t km2 yr-1) in the upper catchment.   
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Photos above: Top: A tractor prepares a field for planting in the Lakeland Downs agricultural district; 

Middle: Run-off from a Lakeland banana farm during tropical cyclone Oswald in January 2013; Bottom: 

Algal growth and macrophytes during baseflow conditions in the Laura River at Carrolls Crossing 

downstream from Lakeland (photos C. Howley). 

4.1 Introduction 

It has been well documented that agricultural land use, including horticulture, cropping 

and animal husbandry, has increased the concentrations of nutrients in underlying 

groundwater and waterways around the world (Vitousek et al. 1997). These excess 

nutrients can cause eutrophication including algal blooms and oxygen depletion, in 

some cases resulting in fish kills or hypoxic dead zones (Smith et al. 2006, Veitch 

1999).  In the Normanby Basin, concentrations of DIN and FRP are significantly 

elevated in rivers downstream from the Lakeland Downs agricultural region compared 

to the rest of the catchment. In particular, NO3+NO2 concentrations were found to be 

ten times higher at Lakeland than elsewhere in the Basin (Section 2.4.2). In Chapter 2 it 

was suggested that nutrients in the Lakeland region are likely to be elevated due to the 

use of fertilizers. However, the relatively nutrient rich basalt soils underlying the 

Lakeland region may also contribute to elevated nutrient concentrations in local rivers.  

Documenting the sources of elevated nutrients in the Lakeland area is critical to protect 

downstream aquatic ecosystems, including High Ecological Value and culturally 

significant ecosystems of the Laura River and Rinyirru National Park/CYPAL 

(CYNRM and SCYC 2016). This is particularly important due to the on-going 

development of the region. According to a recent study, the Lakeland district has at least 

82.5 km2 of land suitable for irrigated agriculture- more than double the current area 

(SMEC 2019). New dam construction is an added pressure on both river flow and water 

quality. Determining appropriate management practices to preserve or improve water 

quality will require an understanding of current nutrient sources and transport pathways 

into adjacent waterways, as well as potential impacts from additional nutrient loading.  

Nutrient isotope analysis has been used worldwide to identify various sources of 

nutrients in waterways (Peterson and Fry 1987; Kendall 1998) and specifically to 

distinguish nitrate (NO3) associated with agricultural land use from other sources 

(Kendall et al. 2007, Mayer et al. 2002, Chang et al. 2002, Voss et al. 2006, Xue et al. 

2012, Ta et al. 2016). NO3 derived from various anthropogenic and natural sources have 
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different ratios of 15N:14N (δ15N) and 18O:16O (δ18O), which can be used to identify the 

sources in aquatic ecosystems. For example, synthetic (inorganic) fertilisers have low 

δ15N signatures (0 ± 3‰) while NO3 in animal manure and human sewerage have 

higher δ15N values (typically +10 to +25‰) (Amberger and Schmidt 1987, Kendall et 

al. 2007). However, synthetic fertilisers and manure (or sewerage) can combine to 

produce mixed range δ15N values, and anthropogenic source values can overlap with 

natural soil δ15N values (usually within +2 to +5‰; Kendall 1998), making δ15N values 

alone difficult to interpret. The dual analysis of δ15N and δ18O can be used to 

differentiate sources of NO3 that might otherwise be masked by overlapping δ15N 

source signatures (Kendall et al. 2007). Results of the dual NO3 isotopes can also be 

used to identify dominant nutrient cycling processes such as denitrification and 

biological assimilation. However, these nutrient isotope fractionating processes can also 

further complicate interpretation of the results (Fogel and Cifuentes 1993, Needoba et 

al. 2004, Choi et al. 2017, Kendall et al. 2007). 

This study assessed the spatial extent and potential sources of elevated nutrients in 

rivers in the Lakeland region by comparing nutrient concentrations and NO3 isotopes at 

ten river sites. Six sites located downstream/ down-hydraulic gradient from Lakeland 

farms were compared with four reference upstream/ up-hydraulic gradient sites. All 

sampling sites drain a similar combination of basalt soils and surrounding alluvium, 

thus eliminating geologic variations as primary factors contributing to differences in 

river nutrient concentrations. The dual NO3 isotopes were analysed from water collected 

at downstream Lakeland sites (n=9) and reference sites (n=6) to trial this method of 

distinguishing natural and anthropogenic sources of NO3+NO2 in the Laura River.   

4.2 Methods 

4.2.1 Study Area 

Lakeland Downs is an agricultural region based around the township of Lakeland 

(population 299) in the upper Normanby Basin (-15.8607 N, 144.8547 E) (Figure 4.1). 

Soils in the region are comprised of clays (red and brown ferrosols) derived from 

McLean Basalt, which contrast the surrounding low nutrient alluvial and colluvial soils 

derived from metamorphic Hodgkinson Formation rocks, sandstone and granite 

(Grundy and Heiner 1994; Figure 2.1). The area under cultivation at Lakeland currently 

covers at least 30 km2, including 14 km2 of irrigated land for bananas, watermelons and 



 

87 

 

other crops, and 16 km2 of non-irrigated agriculture. The basalt soils and associated 

farmlands are located primarily in the upper Laura River sub-catchment, however 

farmlands to the north and east of Lakeland drain towards Boggy Creek, a tributary of 

the West Normanby River (Figure 4.1). Beyond the basalt soils, cattle stations occupy 

the area surrounding both the upper Laura River and Boggy Creek sub-catchments.  

Several small creeks, including Bullhead Creek and 50 Mile Creek, drain the Lakeland 

township and adjacent area, eventually flowing west into the Laura River (Figure 4.1). 

Bullhead Creek is impounded at Honey Dam 3 km upstream from its confluence with 

the Laura River. Honey Dam captures run-off from several creeks and approximately 8 

km2 of mixed horticulture, plus residential and grazing lands. Bullhead Creek below 

Honey Dam is fed by groundwater springs and surface water run-off from grazing and 

banana farms, as well as overflow from the Dam. Above the dam Bullhead Creek drains 

land used primarily for grazing. 

Boggy Creek has several branches that flow east from Lakeland, draining banana farms 

and other crops, while the eastern and southern branches drain grazing lands only 

(Figure 4.1). A gravel quarry and small cluster of residential buildings on a cattle station 

are also located within the sub-catchment draining farmlands. During the period of 

sampling, a compost fertilizer production facility was also located in a field up-gradient 

from Boggy Creek on the Lakeland side. The compost was produced from plant and 

cardboard mulch and chicken manure.  

During the sampling period, Lakeland banana farms were fertilized with a combination 

of fertilizers including 50% chicken manure compost, plus ammonium sulphate, urea 

and potassium nitrate (Martin Garate, pers. comm., August 2013). It is not known what 

forms of fertilisers other farms were utilizing.  

Both Boggy Creek and Bullhead Creek have perennial flow. The Laura River is 

intermittent, usually ceasing to flow towards the end of the dry season (September-

October) most years, with water remaining only in deeper pools and potentially 

hyporheic flow beneath river sands. During the wet season, flow in all the rivers 

fluctuates, with rapid high discharge flushes after major rains. There are no gauges 

measuring discharge in the upper Laura River or Boggy Creek. 
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Figure 4.1: Lakeland Site Map showing Laura River and Boggy Creek sites located 

downstream from horticulture and cropping land use and upstream (reference) sites 

4.2.2  River Nutrient Concentration and Isotope Samples 

To identify geological and land-use related sources of elevated DIN and FRP to rivers 

in the Lakeland Downs region, water quality samples were collected from 10 sites 

between 2012 and 2017 (Figure 4.1). Samples were collected from two river systems in 

the Lakeland region; the Laura River, which flows northwest past Lakeland and drains 

most of Lakeland’s intensive agriculture as well as surrounding grazing lands, and 

Boggy Creek, which drains farms from the north-western quarter of Lakeland and 

surrounding grazing lands, then flows northeast into the West Normanby River.  

4.2.2.1 Nutrient Concentration Samples 

Water samples were collected from the Laura River (LR) and its tributaries, 50 Mile 

Creek and Bullhead Creek (BHC) at three sites (LR-05, BHC-01, 50 Mile Cr) located 

downstream and down hydraulic gradient from banana farms (referred to herein as 

“downstream” sites) and two upstream / upgradient (“reference”) locations (LR-07 and 

BHC-02) that drain lands solely used for grazing cattle (Figure 4.1). Historic data 

(2006-2011, n= 45) from sites LR-05 (“LR-Lakeland” in Chapter 2) and BHC-01 was 

also assessed for this study. Sampling locations at Boggy Creek also included three sites 
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located downstream from mixed horticulture, cropping and cattle grazing land use 

(Boggy Spring, BOG-05, BOG-01), and two reference sites (BOG-04, BOG-02). 

“Boggy Spring” is located approximately 220 m downgradient from banana farms and 

flows downstream 2.5 km to site BOG-05 and into Boggy Creek.  Reference sites BOG-

04 on Boggy Creek and the unnamed intermittent tributary at BOG-02 flow from the 

south draining lands used solely for grazing. All sites join the mainstem Boggy Creek 

and continue downstream to site BOG-01 (Figure 4.1). In addition to river samples, two 

samples were collected directly from surface water run-off from a Lakeland banana 

farm during heavy rainfall events.   

River samples were collected during both baseflow (wet and dry season) and flood 

event conditions. However, access to sites varied and some sites could not be sampled 

during floods. Boggy Creek sites were only sampled during baseflow wet season 

conditions, except for downstream site BOG-01 which was sampled year-round during 

both baseflow and event conditions. Samples were analysed for nutrient fractions TN, 

TP, DON, DOP, NH4/NH3, NO3+NO2, FRP, PP and PN, as well as SS (turbidity and/or 

SSC/TSS) as per the methods described in Section 2.2.2. Nutrient data is expressed as 

µg L-1 of the element (nitrogen or phosphorus). 

4.2.2.2 Isotope Samples 

NO3 isotope samples were collected from the Normanby catchment, including the Laura 

River and Boggy Creek sites, to determine if anthropogenic sources of NO3 could be 

distinguished from soil or other natural sources. Water isotopes were analysed to assess 

signals of surface water vs groundwater contributions to river nutrients.  

Between November 2013 and May 2016, 30 river samples were collected to be analysed 

for δ15N and δ18O in NO3. Similar to nutrient concentration samples, NO3 isotope 

samples were collected from the Laura River, Bullhead Creek and Boggy Creek at sites 

located downstream from Lakeland farms (sites LR-05, BHC-01, BOG-05 and BOG-

01) and reference sites (LR-07, BHC-02 and BOG-04). Samples with NO3+NO2 

concentrations <0.014 mg L-1 could not be analysed for δ15N_ NO3, ruling out many 

samples collected from reference sites. As a result, more samples were analysed from 

Laura River and Boggy Creek sites downstream from banana farms than from upstream 

reference sites and only 18 of the 30 samples collected were analysed. For additional 

background Normanby Basin comparison, NO3 isotope samples were also collected 
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from the East Normanby and further downstream at the Normanby River Battlecamp 

Crossing site. Three samples of the locally produced compost fertilizer were also 

analysed to identify nitrogen isotope signatures for this potential nitrogen source.  

River isotope samples were collected in sterile sample bottles rinsed thoroughly with 

sample water prior to filling. NO3 isotope samples were filtered using a sterile syringe 

and Sartorius Microsart 0.45µm filter, then frozen and submitted to the Southern Cross 

University Centre for Coastal Biogeochemistry for analysis using the denitrifying 

bacteria method, where denitrifying bacteria are used to convert nitrate to nitrogen gas 

for direct analysis (Sigman et al. 2001, Casciotti et al. 2002). Due to field constraints, 

nitrite (NO2) was not purged from NO3 isotope samples using sulfamic acid or other 

methods, therefore there is the potential that small amounts of NO2 may have 

contaminated the NO3 analysis (Granger and Sigman 2009). Seven out of the final 18 

NO3 isotope water samples were acidified with hydrochloric acid prior to freezing, due 

to initial intentions to analyse isotope samples at a lab using silver nitrate methods. 

While there were concerns that the acidification could have affected the denitrifying 

bacteria method, exclusion of the acidified samples from the data analysis did not alter 

the general trends or conclusions, therefore all data have been presented here. 

International reference materials analysed with the samples were IAEA-N3 and USGS 

34, for which we measured δ15N values of 4.7 ± 1.2‰ and -1.7 ± 0.14‰ and δ18O 

values of 25.6 ± 1.4‰ and -27.9 ±1.0‰, respectively. Relative percent differences 

between actual standard values and measured values were between 0 to 4%. 

Twenty river samples were collected from across the catchment before and during a 

“first flush” flood event in January 2013 to be analysed for δ2H (δD) and δ18O in water. 

Water isotope samples were collected from Laura River site LR-05, plus the East 

Normanby, West Normanby, Normanby River at Battlecamp Crossing, Kalpowar 

Crossing and the estuary (Figure 2.1). Samples collected for δD and δ18O analysis were 

frozen immediately and transported to the Griffith University Stable Isotope Laboratory 

for analysis via laser spectroscopy using a Los Gatos DLT-100 as per IAEA (2009). At 

the lab, water isotope samples were filtered using a 0.22 µm filter and 6 replicates of 

each sample were run through the laser. The initial runs were discarded due to potential 

residual spectroscope contamination, and the results of the remaining analyses were 

averaged (or re-run if there were inconsistencies) and corrected based on the results of 

the certified reference standards LGRI-1-5. 
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All stable isotope measurements are expressed as δ value relative isotope–ratio 

differences, defined by the equation: δX= [(RA/Rstd)-1]*1000 where RA and Rstd are the 

isotope ratios of the heavier and lighter isotopes of the element X (15N/14N or 18O/16O) 

in the sample and the international standard (N2 in air, Vienna Standard Mean Ocean 

Water, VSMOW respectively). All isotope δ values are reported in parts per thousand 

(‰) deviations from the international standards.  

4.2.3 Data Analysis 

For statistical analysis of nutrient concentrations, sampling locations were grouped by 

river system (Laura River and Boggy Creek), and sub-catchment land-use: horticulture, 

cropping and grazing (LR-07 and BHC-02, BOG-02 and BOG-04; “downstream” sites) 

or grazing only (LR-05, BHC-01 and 50MileCr, BOG-01, BOG-05 and BOG-Spring; 

“reference sites”). The groups were analysed for differences between land use and river 

systems under baseflow and event conditions. Statistical analysis was conducted using 

IBM SPSS Statistics software version 26. Most nutrient concentration data failed the 

Kologorov-Smirnov and Shapiro-Wilk tests for normality, therefore the datasets were 

analyzed for spatial statistical differences (p<0.05 unless otherwise stated) using non-

parametric Kruskall-Wallis H tests followed by pairwise comparisons using Dunn's 

(1964) procedure with a Bonferroni correction. Statistically significant variations 

identified by this method refer to differences between medians (where the variable 

distributions are similar) or the mean ranks. 

NO3 isotope results were analysed primarily by comparing the measured δ15N and δ18O 

from each group with reported NO3 source ranges from other studies. The results from 

each isotope were also plotted against NO3+NO2 concentration values (NOxconc) to 

assess potential signs of biological fractionation (Voss et al. 2006) and against 

1/NOxconc values to observe potential mixing lines (Kendall et al. 2007). 

4.3 Results 

4.3.1 Nutrient Concentrations Upstream and Downstream from Lakeland 

Horticultural Region
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Table 4.1: Mean baseflow concentrations (and standard deviations) at Laura River and Boggy Creek sites located downstream (down 

hydraulic-gradient) and upstream (reference sites) from horticultural and cropping land-use 

Group & 

Map symbol 

 

n 

SS  

(mg L-1) 

TN  

(mg L-1) 

PN  

(mg L-1) 

DON  

(mg L-1) 
NO3+NO2  

(mg L-1) 

NH4/NH3  

(mg L-1) 

TP  

(mg L-1) 

PP  

(mg L-1) 

DOP  

(mg L-1) 

FRP  

(mg L-1) 

LR-

Downstream 

 50 4 (3) 0.86 (0.51) 0.07 (0.07) 0.26 (0.13)a 0.544 (0.507)a 0.016 (0.015)a 0.05 (0.03) 0.02 (0.01) 0.02 (0.02)a 0.013 

(0.012)a 

LR-

Reference 

 14 4 (7) 0.30 (0.20) 0.08 (0.09) 0.21 (0.11)a 0.011 (0.015)b 0.007 (0.005)b 0.03 (0.02) 0.02 (0.02) 0.01 (0.01)a 0.005 

(0.007)b 

BOG-

Downstream 

 12 10 (20) 0.59 (0.49) 0.14 (0.23) 0.28 (0.20)a 0.155 (0.326)b 0.016 (0.015)ab 0.17 (0.15) 0.06 (0.09) 0.04 (0.02)a 0.076 

(0.050)c 

BOG-

Reference 

 5 NA 0.39 (0.08) 0.06 (0.06) 0.31 (0.04)a 0.011 (0.013)b 0.018 (0.006)a 0.10 (0.04) 0.03 (0.01) 0.01 (0.01)a 0.059 

(0.032)c 

a, b, c  Significant differences (p<0.05) between median DON, NO3+NO2, NH4/NH3, FRP and DOP concentrations for the river groups are represented by differences between the 

superscript letter 

Table 4.2: Mean event concentrations (and standard deviations) at Laura River and Boggy Creek sites located downstream (down 

hydraulic-gradient) and upstream (reference sites) from horticultural and cropping land-use  

Group & 

Map symbol 

 

n 

SS 

(mg L-1) 

TN 

(mg L-1) 

PN 

(mg L-1) 

DON 

(mg L-1) 
NO3+NO2 

(mg L-1) 

NH4/NH3  

 (mg L-1) 

TP 

(mg L-1) 

PP 

(mg L-1) 

DOP 

(mg L-1) 

FRP 

(mg L-1) 

LR-

Downstream 

 
18 73 (63) 0.81 (0.30) 0.33 (0.25) 0.34 (0.08)a 0.248 (0.148)a 0.016 (0.016)a 0.13 (0.12) 0.12 (0.17) 0.01 (0.01)ab 0.043 

(0.025)a 

LR-  

Reference 

 
15 104 (110) 0.84 (0.45) 0.31 (0.22) 0.36 (0.15)a 0.087 (0.108)b 0.011 (0.004)a 0.08 (0.04) 0.04 (0.03) 0.01 (0.00)a 0.018 

(0.013)a 

BOG-

Downstream1 

 
12 112 (133) 1.14 (0.45) 0.36 (0.36) 0.50 (0.18)a 0.216 (0.107)ab 0.061 (0.042)b 0.29 (0.21) 0.19 (0.19) 0.02 (0.01)b 0.098 

(0.042)b 

Banana farm 

run-off 

 
2 349 6.00 NA NA 0.182 (0.054) 0.096 (0.106) 2.68 (2.64) NA NA 

0.258 

(0.282) 

1 Downstream site BOG-01 was the only site sampled from the Boggy River system during events 
a, b, c  Significant differences (p<0.05) between median DON, NO3+NO2, NH4/NH3, FRP and DOP concentrations for the river groups are represented by differences between the 

superscript letter 
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4.3.1.1 Nitrate + Nitrite (NO3+NO2) 

River nutrient samples were collected upstream and downstream from banana farms and 

other crops in the Laura River and Boggy Creek sub-catchments in the Lakeland region. 

During baseflow periods, mean NO3+NO2 concentrations were 50 times higher in the 

Laura River system at downstream sites LR-05 and BHC-01 (combined mean 0.544 mg 

L-1) than at upstream (reference) sites LR-07 and BHC-02 (mean 0.011 mg L-1). Median 

concentrations between upstream and downstream sites were significantly different (p< 

0.01, Table 4.1, Figure 4.2). Mean concentrations at downstream Boggy Creek sites 

(0.155 mg L-1) were 10 times higher than mean upstream concentrations (0.011 mg L-1) 

but median concentrations between the two groups were not significantly different 

(Table 4.1, Figure 4.2). Within the Boggy Creek downstream group, baseflow 

NO3+NO2 concentrations declined with distance downstream from banana farms. The 

highest concentration (1.130 mg L-1) was measured in a spring 220 m downstream from 

a banana farm, followed by a maximum of 0.384 mg L-1 2.5 km downstream at BOG-05 

and 0.165 mg L-1 ≈4 km downstream at BOG-01 (Figure 4.1). Although diluted by 

reference tributaries, the mean concentration at BOG-01 was 4 times higher than the 

combined mean from upstream Boggy Creek reference sites.  

During flood events, NO3+NO2 concentrations at Laura River downstream sites (mean 

0.248 mg L-1) were significantly elevated above Laura River reference sites (0.087 mg 

L-1). Downstream Boggy Creek concentrations (mean 0.216 mg L-1) were also more 

than double the Laura River reference site concentrations but no reference Boggy Creek 

sites were sampled during events (Table 4.2, Figure 4.2).  

4.3.1.2 Ammonium/Ammonia (NH4/NH3) 

Baseflow NH4/NH3 concentrations were significantly higher at downstream Laura River 

sites (0.016 mg L-1) than at upstream sites (0.007 mg L-1), however there was little 

difference between downstream and reference Boggy Creek sites (Table 4.1, Figure 

4.2). There was no significant difference in event NH4/NH3 concentrations between 

downstream and upstream reference sites on the Laura River. NH4/NH3 concentrations 

were significantly higher at Boggy Creek downstream site BOG-01 (0.061 mg L-1) than 

at Laura River downstream and reference sites (Table 4.2, Figure 4.2). As described in 

Section 2.2.2, NH4/NH3 concentrations in this region may be slightly underestimated 

due to loss of NH3 during field filtering. 
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4.3.1.3 FRP 

During baseflow periods, mean FRP concentrations in the Laura River downstream 

from Lakeland farms (0.013 mg L-1) were significantly higher than reference LR 

concentrations (mean 0.005 mg L-1). There was no significant difference between 

Boggy Creek downstream and reference sites; however, concentrations in Boggy Creek 

were significantly higher than Laura River concentrations (Table 4.1, Figure 4.2).  

Event FRP concentrations were also significantly higher at downstream Boggy Creek 

site BOG-01 (0.098 mg L-1) than at Laura River downstream and reference sites. Mean 

downstream Laura River concentrations (0.043 mg L-1) were more than double the 

reference site mean (0.018 mg L-1), but the difference was not significant (Table 4.2, 

Figure 4.2).  

4.3.1.4 Dissolved Organic Nitrogen and Phosphorus 

Baseflow concentrations of DON did not vary significantly between downstream and 

reference sites (Table 4.1). Event DON concentrations were highest at downstream 

Boggy sites, but there were no significant differences between sites.  

DOP was low (<0.02 mg L-1) at most sites. There were no significant differences 

between downstream and reference sites during baseflow periods, however 

concentrations were highest at downstream sites (Table 4.1). During events, there were 

no significant differences between downstream and reference Laura River sites, but 

DOP concentrations were significantly higher at downstream Boggy Creek (BOG-01) 

compared to Laura River upstream sites (Table 4.2).    

4.3.1.5 Banana Farm run-off 

Banana farm surface water run-off had very high TN concentrations (mean 6.0 mg L-1) 

but relatively low NO3+NO2 (0.182 mg L-1) compared to river samples collected 

downstream from banana farms. In contrast, NH4/NH3 in banana farm run-off (mean 

0.096 mg L-1) was significantly higher than downstream Laura River (but not Boggy 

Creek) concentrations, and FRP concentrations (mean 0.258 mg L-1) were two to five 

times higher than Laura River and Boggy Creek downstream means (Table 4.2, Figure 

4.2). 
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4.3.2 Seasonal Variations (Baseflow vs Event) 

Mean NO3+NO2 concentrations at Laura River reference sites were eight times higher 

during events (0.087 mg L-1) than during baseflow periods (0.011 mg L-1). In contrast, 

at downstream Laura River sites, mean baseflow NO3+NO2 concentrations (0.544 mg L-

1) were double the event mean concentrations (0.248 mg L-1). Like NO3+NO2, NH4/NH3 

concentrations at Laura River reference sites were significantly higher during events 

than during baseflow periods. Mean baseflow and event concentrations at downstream 

sites did not vary. FRP concentrations were significantly higher at both downstream and 

reference Laura River sites during events compared to baseflow periods (Figure 4.2).  

Within the Boggy Creek system, only downstream site BOG-01 was sampled during 

event conditions. Mean concentrations of NO3+NO2, NH4/NH3 and FRP at Boggy 

Creek were all higher during events compared to baseflow periods (Figure 4.2).  

 

Figure 4.2: Box plots showing baseflow and flood event concentrations of NO3+NO2, 

NH4/NH3 and FRP at Laura River and Boggy Creek sites and 2 farm run-off (event) 

samples. Within each river system, sites are grouped as downstream from horticulture 

and cropping land use or reference sites. Box plots show median and interquartile 

range. Whiskers show minimum and maximums. Circles represent outliers.
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4.3.3 Nutrient Isotopes 

Table 4.3: Total and dissolved inorganic nitrogen concentrations and nitrate δ15N and δ18O values for nitrate isotope samples collected 

downstream from Lakeland horticultural land use (DS, black symbols) and at upstream reference sites (REF, white symbols). 

River/ 
Land use 
Group 

Sample ID & Map symbol Date & time Location Baseflow 
/ Event 

River 
discharge 

TN NO3+NO2 NH4/NH3 δ15N_ 
NO3 

δ18O_ 
NO3 

       
 

m3 s -1 mg L-1 mg L-1 mg L-1 ‰ ‰ 

BOG-DS BOG-01 
 

12/04/2014  Boggy Creek 4 km downgradient from farms  E 2257.5 1.8 0.024 0.154 12.3 <-101 

BOG-DS BOG-05 
 

26/05/2016  Boggy tributary, 2km downgradient from farms B 0.5 0.64 0.384 0.012 11.5 4.8 

BOG-DS Boggy Spring 
 

26/05/2016  Boggy Creek spring 200m downgradient from 
banana farm/ compost production area 

B 0.5 1.32 1.13 0.028 8.9 7.8 

BOG-REF BOG-04 
 

26/05/2016  Boggy Creek upstream from BOG-05 confluence B 0.5 0.47 0.034 0.019 2.4 3.1 

LR-DS LR-05 
 

28/11/2013  Laura River at Lakeland  E 25.2 0.59 0.255 0.011 7.6 12.0 

LR-DS LR-05 
 

20/11/2014  Laura River at Lakeland  B 0 NA NA NA 10.8 8.2 

LR-DS BHC-01 
 

6/04/2016  Bullhead Creek below Honey Dam B 0.5 1.51 1.09 0.068 10.7 5.7 

LR-DS LR-05 
 

6/04/2016  Laura River at Lakeland  B 0.5 1.06 0.683 0.016 4.7 5.8 

LR-DS LR-05 
 

26/05/2016  Laura River at Lakeland  B 0.5 0.89 0.456 0.04 11.2 5.8 

LR-DS LR-05 Dup 
 

26/05/2016  Laura River at Lakeland  B 0.5 0.89 0.456 0.04 11.0 9.7 

LR-DS BHC-01 
 

26/05/2016  Bullhead Creek below Honey Dam B 0.5 2.12 1.29 0.064 10.7 6.5 

LR- REF LR-07 
 

4/04/2014  Laura River upstream from Lakeland B 0.9 0.3 0.024 0.006 8.4 <-10 

LR- REF LR-07 Dup 
 

4/04/2014  Laura River upstream from Lakeland  B 0.9 NA NA NA 8.4 <-10 

NR- REF NR-04 
 

25/11/2013  Normanby R. Battlecamp Crossing E 142.3 2.47 0.061 0.01 5.1 3.7 

NR- REF NR-04 
 

26/11/2013  Normanby R. Battlecamp Crossing E 100.4 1.55 0.034 0.01 8.3 21.0 

NR- REF NR-05 
 

12/04/2014  East Normanby River  E 699.4 2.72 0.072 
 

4.7 10.6 

NR- REF NR-04 
 

18/03/2016  Normanby R. Battlecamp Crossing E 216.0 1.17 0.028 0.009 1.8 2.4 

LR/BOG Banana Farm Run-off 
 

12/04/2014  Banana farm at Lakeland E 462.8 NA 0.22 0.021 11.0 -1.6 

LR/BOG Compost (n=3) 
 

January 2014 Lakeland compost production facility NA NA NA NA NA 8.2-14.4 NA 
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4.3.4 Nitrate δ15N and δ18O 

Source sampling was conducted only on compost fertilisers (plant waste and cardboard 

mixed with chicken manure) produced adjacent to Boggy Creek and utilised on 

Lakeland banana farms. Compost samples had δ15N values ranging from 8.2 to 14.4‰ 

(mean 10.3‰, n=3; Table 4.3). Other potential sources, such as inorganic fertilisers, and 

natural soil nutrients were not analysed; however, synthetic fertilisers applied to 

Lakeland crops, including sulphate ammonium and potassium nitrate, are expected to 

have δ15N values around -4 to +2‰ (Amberger and Schmidt 1987, Mayer et al. 2002). 

Soil δ15N values are expected to fall within the global norm of −3 to +8‰ (Heaton 

1986). Based on soil tests from another GBR catchment with similar soil types and land 

uses, Lakeland soils may fall within the higher end of this range (5 to 7‰, Bahadori et 

al. 2019); however no local soils have been analysed.  

The mean δ15N_NO3 value for Normanby Basin and Lakeland reference river sites with 

no horticultural influence was 5.8 ± 2.7‰ (n=8) in contrast to a mean of 9.9 ± 3.2‰ 

(n=9) for all Laura River and Boggy Creek sites downstream/downgradient from 

Lakeland farms. For samples collected from Boggy Creek downstream from farms and 

the compost fertiliser production area, δ15N_NO3 values ranged from 8.9 to 12.3‰ 

(mean 10.9‰). The higher values were measured at greater distances downstream from 

potential horticultural sources (Table 4.3). The single sample collected from Boggy 

Creek upstream/upgradient from Lakeland farms had a δ15N_NO3 value of 2.4‰. 

Samples collected from the Laura River downgradient from banana farms were more 

variable than those from Boggy Creek, with δ15N_NO3 values ranging from 4.7 to 

11.2‰ (mean 9.1‰). Duplicate samples collected from Laura River reference site LR-

07 both had a δ15N_NO3 value of 8.4‰. Additional reference samples were collected 

from the Normanby River at Battlecamp Crossing (NR-04) and East Normanby (NR-

05)- sites with little (<0.01%) or no horticulture or cropping land use in their sub-

catchments. These also had relatively low δ15N_NO3 values, ranging from 1.8 to 8.3‰. 

A sample collected directly from storm run-off from a Lakeland banana farm had a 

δ15N_NO3 value of 11.0‰ (Table 4.3). 

There was a very weak correlation between δ15N_NO3 and NO3+NO2 concentrations in 

river samples (Figure 4.3, R2 = 0.14). Samples collected downstream from banana farms 

had consistently high (>8‰) δ15N_NO3 values irrespective of NO3+NO2 concentration, 
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except for two LR-05 samples with mid-range NO3+NO2 concentrations and lower 

δ15N. Samples collected from sites with no cropping or horticulture had consistently low 

NO3+NO2 concentrations (<0.2 mg L-1) and δ15N_NO3 values ranging from 1.8 to 

8.4‰. There was no evidence of a single source mixing line on the plot of δ15N_NO3 vs 

1/NOxconc (Figure 4.3). Most downstream sites clumped together in the high δ15N and 

high NOxconc range, while the LRO5 samples with high NOxconc and mixed-ranged δ15N 

were separate. There was also no consistent relationship between discharge and 

δ15N_NO3 values, however the highest δ15N was measured in Boggy Creek (BOG-01) 

during a flood (Figure 4.3). 

 
Figure 4.3: Plots showing relationship between δ15N_NO3 and NO3+NO2 (NOx) 

concentration (left) and δ15N_NO3 and NOxconc
-1 (right) in the Laura River, Boggy 

Creek and Normanby River reference sites. Solid black symbols represent sites 

downstream from crop and horticultural land use, white symbols are reference sites. 

River sample δ18O_NO3 results ranged from <−10 to 21.0‰, with a mean for all sites 

downstream from horticultural influence of 5.0 ± 5.5‰ compared to 3.0 ± 11.0‰ at 

reference sites. Laura River sites showed more distinction between upstream and 

reference sites than Boggy Creek, with downstream sites ranging from 5.8 to 12.0‰ 

while the upstream site samples were <-10‰ (Table 4.3, Figure 4.4). The accuracy of 

very low values (<−10‰) measured in a Laura River reference site sample and at 

downstream Boggy River site BOG-01 during a flood is not certain. There appeared to 

be a varied discharge influence, as the baseflow δ18O values for sites downstream from 

banana farms fell between 5 to 10‰, while event samples from the same sites were 

more scattered, with values ranging from <−10 to 12‰ (Table 4.3).  
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When δ15N_NO3 values were plotted against δ18O_NO3 for all sites, the majority of 

downstream (horticultural influence) sites clustered together in the region of high δ15N 

(>10‰) with δ18O values between −10 to 10‰. The reference sites were in the <10‰ 

δ15N range with varied δ18O values (Figure 4.4). Linear regression showed no 

correlation (r2 < 0.1) between the two isotopes for downstream sites or the whole 

dataset.  

 
Figure 4.4: Plot showing relationship between δ15N and δ18O in nitrates from sites 

located downstream and upstream from banana farms in the Lakeland Downs region. 

Black arrow indicates the typical slope for isotopes resulting from denitrification of 

nitrate from soil or mixed sources (Source ranges from Kendall et al. 2007).   

4.3.5 δ18O and δ2H in river water 

Most river samples analysed for δ18O and δD in river water were collected during the 

rising and peak stages of a flood event associated with Cyclone Oswald in January 

2013. Only one sample, collected from the Laura river downstream from Lakeland, was 

analysed for δ18O and δD during baseflow conditions just prior to the 2013 event. δ18O 

results ranged from -3.5‰ during baseflow to -13.9‰ during peak event conditions. δD 

values ranged from -31.0‰ during baseflow to -99.7‰ during peak flood. Both δ18O 

and δD values decreased over the course of the flood event (from baseflow to peak 
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discharge). δ18O‰ and δD‰ showed a strong linear relationship (r2= 0.97), with a local 

meteoric water line expressed as δD = 6.8833 δ18O - 0.4932 (Figure 4.5).  

 

Figure 4.5: Plot showing the relationship between δD and δ18O in Normanby Basin 

river samples, including Laura River and Boggy Creek, over the rising stage of a flood 

event in January 2013. Black circles represent flood samples. Grey circle represents 

Laura River baseflow sample collected prior to the January flood. Red circle represents 

a Lakeland groundwater sample collected by Radke et al. (2000). Numbers represent 

discharge (m3 sec-1) at the nearest gauge at the time of sampling. 

4.4 Discussion 

4.4.1 River Nutrient Concentrations 

The key findings from this study were that concentrations of DIN and DIP at sites 

located downstream from Lakeland banana farms were significantly elevated above 

concentrations at upstream and up-hydraulic gradient (“reference”) sites that drained 

cattle grazing lands with no horticulture or cropping influence. Additionally, this study 

found that differences between baseflow and flood event concentrations of NO3+NO2, 

NH4/NH3 and FRP at downstream sites were indicative of NH4/NH3 and FRP being 

transported into rivers primarily via surface water run-off during flood events, while 

NO3+NO2 was supplied to the Laura River and Boggy Creek river systems primarily via 

groundwater transport. This is the first study to measure anthropogenic nutrient inputs 

to rivers in the Normanby Basin or Cape York region. 
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4.4.1.1 Nitrate + Nitrite Concentrations  

The Laura River and Boggy Creek both drain banana crops and other horticulture and 

cropping lands in the Lakeland Downs area, as well as surrounding cattle stations. 

Farms in the area are underlain by basalt soils of moderate fertility while much of the 

surrounding region consists of relatively nutrient-poor alluvium (Grundy and Heiner 

1994). NO3+NO2 concentrations in samples collected from the Laura River sites 

downstream from Lakeland farms were significantly elevated above concentrations at 

reference sites during both baseflow and flood event sampling periods. All sites 

(downstream and reference) drain a combination of the local basalt and surrounding 

alluvial soils. Therefore, while there may be some inter-site differences in soil nutrient 

concentrations, it is not likely that variations in soil type alone are driving the 

differences in river concentrations. Instead, the higher concentrations measured in rivers 

downstream from Lakeland farms strongly point to the nutrient source being associated 

with horticulture and cropping land use. Significant amounts of NO3+NO2 are known to 

leach from soluble nitrogen fertilisers and the loss of DIN from agricultural lands, 

including banana farms, has been well documented in north Queensland (Brodie and 

Mitchell 2005, Mitchell et al. 2009, Thorburn et al. 2013, Armour et al. 2013). In the 

Wet Tropics region 300 km south of Lakeland, banana cropping has been estimated to 

contribute an annual average of 15 kg DIN per ha to waterways discharging into the 

GBR lagoon (Hateley et al. 2014).   

Differences between downstream and upstream river NO3+NO2 concentrations were 

greatest during baseflow periods, when groundwater was the primary source of water to 

the Laura River (Akram et al. 2016). The higher concentrations measured downstream 

from Lakeland farms during baseflow periods indicate that groundwater was 

transporting NO3+NO2 into the rivers. NO3+NO2 concentrations in Lakeland 

groundwater have not been reported. However, recent measurements of TN at depths 

>30m in the basalt aquifer indicate that nitrogen concentrations are at least four times 

higher underneath a Lakeland banana farm compared to groundwater from the same 

aquifer underlying adjacent grazing lands (Queensland Government Groundwater 

Information Bore Reports, Queensland Globe website). Despite the lack of adequate 

groundwater nutrient data, the relative lack of NO3+NO2 at reference river sites during 

baseflow periods indicates that NO3+NO2 was leaching primarily from fertilised soils 

into groundwater and adjacent rivers.   
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While groundwater is likely to have continued to supply anthropogenic NO3+NO2 to 

rivers during flood events, river concentrations downstream from Lakeland farms were 

diluted by surface water run-off, resulting in lower event concentrations than were 

measured during baseflow periods. This dilution of baseflow (groundwater supplied) 

river NO3+NO2 with lower concentration surface water run-off, has been observed in 

other north Queensland rivers with agricultural land use (Mitchell et al. 2005). In 

contrast, at reference sites where river NO3+NO2 concentrations were naturally low, 

surface water run-off from unfertilised soils used for cattle grazing increased event river 

concentrations above baseflow means. Previous studies have shown that groundwater 

can contribute more than 50% of total event discharge to temperate rivers (Genereux 

and Hooper 1998). Groundwater has also been shown to supply over 50% of the total 

NO3+NO2 load to a tropical river in an area of intensive sugarcane production (Rasiah 

et al. 2013). In the Normanby Basin, relative contributions of dissolved nutrients to 

Lakeland rivers cannot be estimated without additional sampling of nutrients in 

groundwater and surface water run-off and local river discharge measurements.   

Nutrient concentrations in run-off can vary significantly depending on the timing of 

fertilizer application before rainfall events, groundwater levels upon application of 

fertilizer, and crop stage (Masters et al. 2017). NO3+NO2 (mean 0.18 mg L-1) 

concentrations in Lakeland surface water run-off samples were slightly lower than 

downstream river concentrations (event means 0.25 and 0.21 mg L-1); however only two 

run-off samples were collected from one banana farm over two events. Rainfall 

simulation tests conducted in Lakeland for a separate study measured higher NO3+NO2 

concentrations in banana inter-row run-off (mean 0.4 mg L-1), compared to run-off 

concentrations ranging from 0.03 to 0.13 mg L-1 for grazed lands with different soil 

types (Rhode 2015). Moody et al. (1996), Master et al. (2017) and Armour et al. (2013) 

also found that DIN in surface water run-off from Wet Tropics banana farms was minor 

compared to losses to groundwater. However, other studies in the region have measured 

farm run-off NO3 concentrations as high as 19.5 mg L-1 (median 0.7 to 1.4 mg L-1 

depending on the region; Faith and Finlayson 2005). Site characteristics including soil 

type, climate and slope, plus fertiliser application rates, traffic management and tillage 

practices can influence the differences between sites (Faith and Finlayson 2005, 

Thorburn and Wilkinson, 2013). Both Rhode (2015, Lakeland) and Armour et al. (2013, 

Wet Tropics) concluded that particulate and organic nitrogen comprised a much more 
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significant fraction of total nitrogen run-off from banana farms during events. 

Therefore, while farm run-off may not be the primary pathway for NO3+NO2 to enter 

Lakeland rivers directly, it should not be overlooked as a source of PN and other forms 

of nutrients.    

4.4.1.2 NH4/NH3 and FRP Concentrations  

Baseflow and event FRP concentrations in the Laura River downstream from farms 

were more than double the upstream concentrations, indicating that there was some 

farm influence on river FRP concentrations.  Lakeland farms also appeared to have 

contributed to elevated baseflow NH4/NH3 concentrations in the Laura River. 

Unlike NO3+NO2, NH4/NH3 and FRP concentrations in banana farm run-off were high 

relative to river concentrations, and river concentrations were significantly higher at 

some sites during events compared to baseflow. Surface water run-off appears to be a 

more significant transport pathway for these nutrient fractions to enter rivers than it is 

for NO3+NO2 (Figure 4.6). 

 
Figure 4.6: Conceptual diagram showing different transport pathways (groundwater vs 

surface water run-off) of NO3+NO2, NH4/NH3 and FRP to Lakeland rivers 

Interestingly, Boggy Creek site BOG-01, located 4 km down hydraulic-gradient from 

Lakeland farms, had significantly higher concentrations of NH4/NH3 and FRP during 

events than the downstream Laura River sites. This may be due to both the production 

and widespread use of compost fertiliser on fields adjacent to Boggy Creek further 

upstream. The compost was produced with chicken manure, which has high phosphorus 

to nitrogen ratios relative to most crop requirements, and therefore can lead to a build-

up of phosphorus in soils when used as fertiliser (Kovzelove et al. 2010). While 

phosphorus typically binds to soils, in highly P-saturated soils, phosphorus is more 
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readily dissolved into groundwater or surface water run-off and transported into rivers 

(Butler and Coale 2005, Kleinman et al. 2007). The use of chicken manure on crops has 

been associated with phosphorus contamination in other rivers and estuaries, including 

Chesapeake Bay (Ridlington and Landers 2011). Alternatively, although the two sub-

catchments have similar soil types and land uses, higher NH4/NH3 and FRP 

concentrations in Boggy Creek could be attributed to differences in soil nutrient content, 

the extent of cattle grazing impacts, or farm management practices such as rates and 

timing of fertiliser application. Surface water run-off from a quarry located in the Boggy 

Creek sub-catchment could also influence event concentrations downstream. Regardless 

of the source of higher concentrations in Boggy Creek compared to the Laura River, the 

results suggest that surface water run-off was a significant pathway for NH4/NH3 and 

FRP to enter both river systems. However, as per NO3+NO2, conclusions about the 

relative influence of surface water transport are constrained by the low number of run-

off samples from farms and reference sites. 

4.4.2 Isotope values 

4.4.2.1 δ18O and δD Isotopes in River Water- Distinguishing groundwater and surface 

water contributions  

Water isotopes (δ18O and δD) can be used to determine the relative contributions of 

rainfall, soil water and groundwater to a river (Genereux and Hooper 1998), which can 

help to identify potential transport pathways for nutrients under baseflow or event 

conditions. For this purpose, water isotope samples were collected from the Laura 

River, Boggy Creek and other Normanby Basin rivers before and during the rising stage 

of a cyclone-driven flood event in January 2013.  Isotope values from the single 

baseflow sample collected from the Laura River downstream from Lakeland prior to 

any significant rainfall were almost an exact match to the δ18O and δD values measured 

in a groundwater well at Lakeland in 1994 (Fig. 5, Radke et al. 2000). This shows the 

strong connection between groundwater and Laura River flow during baseflow periods, 

further supporting the assumption that groundwater is the dominant pathway for 

anthropogenic NO3+NO2 to enter the river. Over the rising stage of the flood event, the 

Lakeland groundwater isotope signature documented by Radke et al. (2000) became 

increasingly depleted in river samples, and both δ18O and δD values decreased linearly 

with increasing discharge. δ18O decreased from -3.5‰ during baseflow to a δ18O of -

14‰ at peak discharge. Although there is little rainfall isotope data available from 



 

105 

 

Northeastern Australia (IAEA/WMO 2020), low δ18O values are typical of monsoon 

rainfall (Feng et al. 2009, Halder et al. 2015) and tropical cyclones (−12.3‰; Lawrence 

and Gedzelman 1996). Decreasing isotope values over the rising flood event are 

therefore consistent with an increasing proportion of surface water relative to 

groundwater entering the river. Decreasing isotope values in the river during the flood 

could also reflect the depletion of 18O and 2H in rainwater due to the “rainout effect" 

(McGuire and MacDonnell 2007). These results provide the first record of water isotope 

values in river flood water in Cape York Peninsula. Additional assessments of the 

isotope signatures from groundwater, soil water, local precipitation and run-off could 

shed further light on the relative contributions of each of these water sources to 

baseflow and event streamflow in the Normanby Basin, and the dominant pathways and 

loads of NO3+NO2 entering Lakeland rivers. 

4.4.2.2 NO3 Isotopes in River Water- Distinguishing agricultural and natural NO3+NO2 

sources 

Dual NO3 isotope analysis was used in an initial attempt to distinguish sources of 

elevated NO3+NO2 in Lakeland rivers. Potential anthropogenic sources of nitrogen 

around Lakeland Downs include chicken manure compost and synthetic fertilisers 

applied to soils, cattle manure, and septic waste from Lakeland residences and 

businesses. Natural sources include precipitation and mineralisation from basalt soils.   

Within the two Lakeland River systems studied (Laura River and Boggy Creek), there 

was some distinction in NO3 isotope values between sites downstream from mixed land 

use (horticulture, cropping and cattle grazing), and reference sites draining lands used 

only for grazing. Most samples collected downstream from farms fell within the higher 

δ15N_ NO3 range (>10‰), while reference sites were all <9‰.  These findings suggest 

that there are different sources supplying NO3 downstream and upstream from Lakeland 

farms. The findings are also consistent with studies around the world that have found 

higher riverine δ15N_NO3 values associated with agricultural land use compared to 

primarily forested catchments (Mayer et al. 2002, Voss et al. 2006, Chang et al. 2002).  

High δ15N_NO3 values in most samples collected downstream from Lakeland farms fall 

within the expected range for a manure or sewage source of NO3. Cattle grazing impacts 

would affect values in both downstream and reference sites, therefore manure from 

cattle is not likely to be the primary driver of elevated δ15N at downstream sites. 
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However, it is possible that cattle impacts were more concentrated in the vicinity of 

downstream sites. Human septic waste contributions are likely to have been minimal but 

also cannot be entirely excluded as businesses and residences in Lakeland (population 

229) are on septic systems which could drain via groundwater into some downstream 

sites.  Of the potential sources of high δ15N_NO3, compost fertilizer produced with 

chicken manure is likely to be the most abundant source. At least 2000 t y-1 of compost 

fertiliser is applied to farms within the small sub-catchment of Boggy Creek site BOG-

05, and similar volumes are used on some farms within the Laura River sub-catchment 

(P. Interbitzen Jr., pers. comm. 3rd March 2020). Studies elsewhere have shown that 

soils and groundwater underlying farms using manure compost are more enriched in 

δ15N than farms using only inorganic fertilisers (Choi et al. 2017, Nikolenko et al. 

2018). Although soils and groundwater were not analysed from Lakeland farms, surface 

water run-off from a banana farm had a mean δ15N value of 11.0‰, similar to that 

measured in the compost samples (mean 10.9‰). It is highly likely that compost 

fertilisers applied to Lakeland farms produced δ15N enriched NO3 in soils, which were 

then transported into adjacent rivers via both groundwater and surface water run-off.  

In addition to contributions from compost fertiliser, δ15N_NO3 values in river samples 

downstream from Lakeland farms could be enriched by fractionating processes such as 

volatilization of NH3 from fertilisers applied to soils, desorption/sorption of NO3 in 

groundwater, denitrification in soils and groundwater, and in-stream biological 

assimilation during baseflow periods (Fogel and Cifuentes 1993, Needoba et al. 2004, 

Choi et al. 2017, Kendall et al. 2007). At downstream sites where NO3 concentrations 

were elevated, these processes could have increased the δ15N_NO3 values from an 

inorganic fertiliser or other mixed sources to a higher value in the manure range. For 

example, both Chang et al. (2002) and Voss et al. (2006) reported increases in 

δ15N_NO3 values in temperate rivers due to in-stream biological processing of 

agriculturally derived NO3. Ta et al. (2017) found that NO3 isotope values in a tropical 

river network increased during the dry season due to denitrification. Within Boggy 

Creek, δ15N values increased with distance downstream from the fertiliser source during 

a baseflow sampling period, suggesting that in-stream biological fractionation may have 

occurred at this time. Nutrient cycling processes would be less likely to increase 

δ15N_NO3 values at upstream sites where NO3 concentrations are low and 

denitrification or assimilation may continue to completion. 
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While δ15N_NO3 values in Boggy Creek downstream from Lakeland were consistently 

high (8.9 to 12.3‰, n=3), mixed range δ15N values (4.7 to 7.6‰) were measured on two 

occasions in downstream Laura River samples (n=6). These results indicate that there is 

more than one source of anthropogenic NO3+NO2 downstream from Lakeland farms. 

Lakeland farms use both inorganic and compost fertilisers; therefore, it is not surprising 

that there would be mixing of these sources or that the dominant source may vary over 

time and between sites. Seasonal and spatial variations in nutrient cycling and the 

associated fractionation effects could also contribute to differences in δ15N (Voss et al. 

2006, Chang et al. 2002, Ta et al. 2016).  

The comparison between δ15N_NO3 and 1/NOxconc also showed no evidence of a single 

source. At least two anthropogenic NO3+NO2 sources are highlighted in Fig. 3b; those 

with high NO3+NO2 concentrations and high δ15N_NO3, and the Laura River samples 

with high NO3+NO2 concentration and mixed range δ15N_NO3. Additionally, a single 

Boggy Creek sample stands out for having both high δ15N_NO3 values and low 

NO3+NO2 concentration. This sample was collected during a flood, therefore likely 

contains anthropogenic NO3+NO2 that has been heavily diluted with flood water. 

δ18O_ NO3 values showed less distinction between sites than δ15N_NO3 values but were 

useful for assessing potential sources of NO3 to downstream sites. For samples collected 

downstream from Lakeland farms, low δ18O_NO3 values (<15‰), exclude synthetic 

NO3 fertilisers (typically +18 to +22‰; Amberger and Schmidt 1987) or atmospheric 

deposition (>60‰; Kendall et al. 2007) as a dominant source of NO3 to rivers. Scattered 

δ18O_NO3 values in the Lakeland samples, particularly at reference sites, suggest that 

the sources supplying oxygen to NO3 varied. Oxygen in NO3 molecules can be derived 

from atmospheric O2 or environmental H2O, which can also have a wide range of δ18O 

values and can be particularly low in the tropics during the monsoon (wet) season 

(Kendall 1998, Feng et al. 2009, Halder et al. 2015). Nitrite in soil and groundwater are 

also susceptible to oxygen exchange from surrounding water, and further exchange may 

occur in samples during storage (Casciotti et al. 2010; Kool et al. 2011). Since nitrite 

was not removed from our samples prior to freezing, it is possible that either pre- or 

post-sampling oxygen exchange in nitrite (later converted to NO3) altered δ18O_NO3 

values, contributing to the observed scatter.  
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In summary, the initial results from our NO3 isotope study indicate that dual NO3 

isotope analysis was capable of distinguishing anthropogenic NO3 sources in rivers 

downstream from Lakeland farms from sources at upstream reference sites. Most river 

samples collected downstream from Lakeland farms had NO3 isotope values within the 

source signature of manure and sewage, similar to the compost fertilisers widely used in 

Lakeland. Reference sites had comparably low δ15N values and more widely scattered 

δ18O values. However, due to the complex mixture of potential sources and 

fractionating processes, additional isotope sample analysis over multiple seasons is 

recommended, ideally including soil and/or groundwater NO3 isotope analysis and 

removal of nitrite from samples (as per Granger and Sigman 2009). Sample analysis of 

downstream macrophytes could provide information about the biological uptake of 

nitrate supplied to the rivers. This is necessary to provide a more conclusive assessment 

of the specific sources of NO3 and N-cycling processes affecting nitrogen supplied to 

these rivers. The information provided by a broader isotope study would be useful for 

farmers and land-managers to determine fertiliser losses to groundwater and surface 

water, and to identify methods to reduce impacts on downstream aquatic environments.  

4.4.2.3 Evidence of Groundwater Transport of NO3+NO2 

Elevated concentrations of NO3+NO2 in Lakeland rivers during baseflow periods and 

similarities between Laura River and Lakeland groundwater δD and δ18O _H20 values 

support the hypothesis that anthropogenic nitrogen is leaching into groundwater and 

entering the downstream river system. This is not surprising due to the water solubility 

of nitrate. In contrast, NH4 and FRP tend to adsorb to soils, which may explain why 

they are more likely to be transported via overland flow attached to sediments.  

Worldwide, the extent of NO3 contamination of groundwater from agricultural land use 

is of increasing concern (Rosenstock et al. 2014, Kumazawa 2002, Padilla et al. 2018). 

This subject has received less attention in northern Australia, although high losses of 

nitrogen to groundwater beneath bananas and other irrigated crops have been 

documented in the Wet Tropics region of the GBR catchment (Moody et al. 1996, 

Armour et al. 2013). Others have highlighted the important role of groundwater 

transport of anthropogenic nitrogen and its impact on freshwater ecosystems (Hunter 

2012; Rasiah et al. 2013, Connolly et al. 2015, Davis et al. 2017). Our findings provide 

further evidence (the first from Cape York) that groundwater in a northern GBR 

catchment is supplying elevated concentrations of anthropogenic NO3+NO2 to rivers.  



 

109 

 

In comparison to other agricultural regions around the world, mean (0.54 mg L-1) and 

maximum (1.89 mg L-1) NO3+NO2 concentrations in the Laura River and Boggy Creek 

downstream from Lakeland farms were relatively low. In contrast, anthropogenic NO3 

in the Pearl River, China exceeded 4 mg L-1 during the dry season (Dai et al. 2006), 

concentrations as high as 18 mg L-1 have been measured in reaches of the Mississippi 

River, USA (Chang et al. 2002), and monthly means of 2 to 5 mg L-1 were measured in 

rivers draining into the Baltic Sea (Voss et al. 2006). Within Australia, a review of 

water quality studies reported a mean riverine DIN concentration of 1.5 mg L-1 

associated with sugarcane production, and 0.78 mg L-1 for horticultural land use 

(Bartley et al. 2012), both of which exceed the Lakeland mean. However, the Lakeland 

mean concentration of DIN was 10 times higher than the mean of 0.05 mg L-1 presented 

for “pristine” tropical Australian rivers (Brodie and Mitchell 2005) and mean values at 

downstream sites were 15 to 50 times higher than reference sites located immediately 

upstream. Chlorophyll-a concentrations remained significantly elevated above reference 

concentrations for more than 20 km downstream from Lakeland (Chapter 2). Therefore, 

it appears that the anthropogenic nutrients promoted algal accumulation as they were 

transported downstream.  

4.5 Conclusions 

This study provides strong evidence that anthropogenic DIN and FRP is supplied to the 

Laura River from Lakeland farms. Groundwater was found to be an important 

transportation pathway to deliver anthropogenic NO3+NO2 to these rivers. Dual NO3 

isotope analysis was useful for distinguishing sources of elevated NO3+NO2 

downstream from Lakeland farms from sources at upstream reference sites and 

elsewhere in the Normanby Basin. High δ15N values were measured in river reaches 

with anthropogenically elevated nutrient concentrations. The higher δ15N values 

measured downstream from Lakeland farms (mean 9.8‰) compared to reference sites 

(mean 5.1) could be sourced from compost fertilisers applied on farms, or the result of 

mixing and fractionation of anthropogenic sources. Additional sampling and analysis of 

NO3 isotopes in soil, groundwater and the river is necessary to clarify the relative 

contributions of sources and transport pathways. This research will help identify 

potential impacts on downstream aquatic ecosystems within a tropical river system with 

expanding agricultural development. 
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Assessment of water quality from the 

Normanby catchment to coastal flood plumes  
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Photo above: Landsat-8 satellite image of flood plumes at Princess Charlotte Bay from the North 

Kennedy, Bizant, Normanby and Marrett River on 7th January 2016 (Source: Norman Kuring, NASA). 
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5.1 Introduction  

Riverine floodwaters supply vital nutrients to coastal ecosystems. However, 

anthropogenic activities have significantly altered the loads of nutrients and sediments 

discharged from the world’s rivers into adjacent coastal systems (Green et al. 2004; 

Syvitski et al. 2005; Walling 2006). Increased sediment and nutrient loads, and 

associated changes in nutrient ratios, have modified the composition, function and 

values of coastal ecosystems, including seagrass meadows and coral reefs (Orth et al. 

2006; Hughes 2009; Schaffelke et al. 2013; Costanza et al. 2014). Climate change may 

further alter the flux of sediments and nutrients into coastal waters, as well as the 

resilience of marine ecosystems to these changes. Understanding the flux and fate of 

nutrients and sediments from rivers is of global significance because of the effects of 

these materials on ecosystem processes, and the important environmental, economic and 

cultural services provided by these ecosystems (Barbier et al. 2011; de Groot et al. 

2012).  

Catchments adjacent to the Great Barrier Reef (GBR) have experienced significant 

changes since European settlement. Increased loads of nutrients and sediment 

discharged to the GBR lagoon are considered to have contributed to the 50% decline in 

total coral cover across the central and southern GBR (De’ath et al. 2012; Waterhouse et 

al. 2017). In contrast, coral reefs in the far northern (Cape York) region of the GBR 

have maintained moderate to high (20–50%) live coral cover (De’ath et al. 2012; Miller 

and Sweatman 2013), and rivers in this region may provide the best example of pre-

anthropogenic sediment and nutrient loads discharged to the GBR (Furnas 2003). 

However, there have been few empirical studies documenting the loads and fate of 

pollutants discharged from Cape York rivers.  

Early studies of Cape York flood events focused on the small (2065 km2) Annan–

Endeavour Basin in south-east Cape York Peninsula (CYP). These studies documented 

high concentrations of suspended sediments in the upper catchment, estuary and at a 

coral reef 15 km offshore (Hart et al. 1988; Davies and Eyre 2005; Davies and Hughes 

1983). More recent Annan River flood monitoring also measured high suspended 

sediment concentrations in the estuary (>1400 mg L-1; Shellberg et al. 2015) and 

adjacent flood plume (50 mg L-1; Waterhouse et al. 2018). In contrast with the assumed 

low level of disturbance of Cape York catchments and associated low level of risk to the 
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GBR (Furnas 2003; Waterhouse et al. 2017), these studies highlight both the high 

erodibility of soils and the land use effects that have elevated SS and nutrient 

concentrations in at least one CYP river and adjacent coastal waters (Eyre and Balls 

1999; Davies and Eyre 2005; Shellberg et al. 2016). Aside from these south-eastern 

CYP studies, there remains little information on within-river or flood plume processing 

or the fate of nutrients and sediment discharged from Cape York rivers.  

Recent climate-driven coral bleaching (Great Barrier Reef Marine Park Authority 2016) 

and outbreaks of crown-of-thorns starfish 

(http://data.aims.gov.au/waCOTSPage/cotspage.jsp, accessed 1 May 2017) have drawn 

global attention to the vulnerability of reefs in the northern GBR region and the need to 

protect their resilience by maintaining good marine water quality. Documenting the flux 

of sediment and nutrients from Cape York rivers, and the role of estuaries and plumes in 

trapping, releasing and modifying these materials, is crucial to our understanding of the 

effects of these fluxes on GBR ecosystems and the potential effects of changes in land 

use and climate.  

The objectives of the present study were to assess the sources and fate of sediments and 

nutrients transported by the Normanby River, the largest river system in eastern CYP, to 

the GBR lagoon during flood events. This system provides the unique opportunity to 

assess changes in nutrient and sediment concentrations from a large, undeveloped GBR 

catchment (relative to the more developed southern catchments) through an unmodified 

coastal zone. We tested the hypothesis that the upper catchment is a significant source 

of sediment and associated nutrients to flood plumes by measuring nutrient and 

suspended sediment concentrations across transects from upland freshwater tributaries 

to marine waters during three flood events over consecutive years. We also examined 

changes in chlorophyll (Chl)-a concentrations and phytoplankton communities in 

receiving waters. This was the first study of catchment and plume processes over large 

magnitude flood events in the Cape York region.    
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Figure 5.1: Normanby Basin water quality sampling sites and DNRME gauge 105107A 

(Queensland Government Department of Natural Resources, Mines and Energy) 

5.2 Methods  

5.2.1 Study area  

The Normanby Basin in south-eastern CYP (15°08052.800S, 144°21032.400E) is the 

fourth largest catchment (24,550 km2) discharging to the GBR lagoon. The Basin 

includes the Normanby, Laura, Kennedy, Hann, Mossman, Morehead and Annie rivers, 

plus three distributaries- the North Kennedy, Normanby and Bizant (Figure 5.1). 

Annual discharge from the Normanby distributary between 2005 and 2015 ranged from 

1148 to 5965 GL (median 2398 GL). A similar volume may be discharged from the 

ungauged North Kennedy distributary each year. The Basin is located in the dry tropics, 
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where climate is characterised by distinct wet (summer) and dry (winter) seasons, with 

95% of its annual rainfall occurring between November and April. Mean annual rainfall 

varies from 920 to 1240 mm and mean monthly temperatures range from 16–28°C in 

July to 21–35°C in November.  

The Basin supports a small human population (<600), with native vegetation covering 

95% of the land (Queensland Department of Science, Information Technology, 

Innovation and the Arts 2012). Conservation areas covered 46% of the Basin in 2013, 

whereas cattle grazing land tenure covered 53% (State of Queensland 2015); however, 

feral cattle also populate formerly grazed conservation lands. In upper catchment areas 

where grazing occurs on erosion-prone soil types, rates of alluvial gully erosion have 

been accelerated by up to 10-fold above pre-grazing rates, contributing to increased 

sediment loads (Brooks et al. 2013). The area under cultivation is expanding, but 

currently covers less than 1% of the Normanby Basin, in the upper catchment near 

Lakeland (Figure 5.1). As of 2010, this small area of horticulture had already 

significantly affected water quality in the Laura River, where nutrient concentrations 

were up to 10-fold higher than background concentrations (Howley 2010).  

The Normanby River discharges into the GBR lagoon at Princess Charlotte Bay (PCB; 

Figure 5.1). PCB is recognised as a valuable marine habitat that includes over 11,500 ha 

of coastal and reef-top seagrass meadows and 25,000 ha of coral reefs (Carter et al. 

2012). Riverine sediment and nutrient loads are primarily delivered to the marine 

environment following cyclonic conditions and major rain events (Devlin and Brodie 

2005). Normanby River flood plumes can extend over 70 km to the outer-shelf reefs of 

the GBR, transporting sediment and nutrients into the marine environment. 

5.2.2 Event sampling and plume mapping  

Major flood events in the Normanby Basin (event discharge ranging from 544 to 1084 

GL) in March 2012, January 2013 and April 2014 created visible plumes of turbid water 

extending into PCB. During each of these events, samples were collected along 

transects from upland tributaries to the coastal flood plumes to assess the changes in 

water quality parameters. The extent and direction of the flood plume was estimated 

using moderate resolution imaging spectroradiometer (MODIS) imagery from the Aqua 

and Terra satellites (the edge of each of the visible turbid plumes was traced in ArcGIS), 

aerial mapping of the plume from a helicopter and by measuring surface water salinity.  
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Table 5.1: Number of river and plume samples collected for each event. Nutrients analysed: TN, TP, NO3 + NO2, NH4/NH3, FRP, DON, 

DOP, PN, PP 

 

 

 

Discharge to PCB during each event was calculated from the Queensland Department of Natural Resources and Mines Gauging Station 

105107A (Kalpowar Crossing; sample location NR-02; Figure 5.1). Discharge calculations from the 105107A gauge do not represent total 

Normanby Basin discharge to PCB (Wallace et al. 2012; Brooks et al. 2013) but provide a comparison of relative flood magnitude in the 

Normanby River. Total annual discharge (water year 1 October–30 September), total event discharge (calculated from visual estimates of 

the initial rapid rise of the hydrograph until river height returned to base flow), peak discharge and antecedent discharge (total discharge for 

the water year before the start of the flood event) were calculated from gauge measurements taken at 15-min intervals. 

5.2.3 River sampling  

Suspended sediment and nutrient samples were collected from 10 upper and mid-catchment sites during the three flood events (Figure 5.1). 

Upper catchment sampling sites were located at the Laura (LR-02 to LR-07), East Normanby (NR-05), and West Normanby (NR-06) rivers 

and the Normanby River at Battlecamp Crossing (NR-04). Mid-catchment samples were collected from the Normanby River at 12 Mile 

Waterhole (NR-03) and Kalpowar Crossing (NR-02).  

Flood event 

(year) 

Upper catchment -Mid-catchment- -----Estuary---- --------------------PCB plume------------------- 

SS Nutrients SS Nutrients SS Nutrients SS Nutrients Chl-a Phytoplankton Si 

2012 11 3 6 5 5 5 13 13 13 5 0 

2013 38 38 12 3 5 5 31 31 29 16 31 

2014 18 18 7 3 3 3 10 10 10 8 0 
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Samples were collected manually from the riverbank or bridges (mid-channel) during 

the rising and falling flood stages (where possible). Manual surface water samples were 

collected from the riverbanks using a 2.5-m extended pole with a pre-rinsed wide-mouth 

sampling cup (nutrients) or Rickly Hydrological Co. DH-48 isokinetic sampler 

(Columbus, OH, USA) (suspended sediments) and the appropriate acid-washed 

polyethylene sample bottles. Automatic rising stage samplers (RSS) also collected 

suspended sediment samples at upper catchment sites LR-02, NR-05, NR-06 and NR-04 

during the 2012 event (described in Brooks et al. 2013). The number of samples 

collected at each site and the distribution across each event varied due to access and 

other logistical constraints; two to five samples were collected from each site in 2012 

(primarily rising and peak stages),  compared with seven to nine samples collected from 

each site across the 2013 event (well-distributed rising and falling stage) and three to six 

samples collected from each site across the rising and falling stages of the 2014 event. 

The number of samples collected from each region and event are listed in Table 5.1.  

5.2.4 Estuary and flood plume sampling  

Estuarine and flood plume sampling during the March 2012, January 2013 and April 

2014 flood events was timed to commence when peak floodwaters reached the 

Normanby River mouth, 2–3 days after the flood peak at upstream Gauge 105107A 

(Figure 5.1). Floodwater travel time from Gauge 105107A to PCB was estimated based 

on measurements of the time between the peak of a flood hydrograph at the gauge and 

peak river height measured on a pressure transducer temporarily installed at the 

Normanby River mouth (J. Shellberg, unpubl. data, 2013), as well as daily observations 

of the movement of turbid floodwaters through the catchment and into PCB using 

satellite images. The duration of plume transect sampling over the course of each event 

ranged from 2 to 4 days (Table 5.2), with only the 2013 event capturing changes within 

the plume over multiple days. For each event, samples were collected from the 

Normanby estuary and along a transect from the Normanby River mouth to the outer 

edge of the visible plume (Normanby plume transect), with a maximum transect length 

of 35 km (Figure 5.2). Samples were also collected from the mouths of the Kennedy and 

Bizant rivers and the plumes discharged from these rivers. Background samples were 

collected from PCB outside the visible plume. 
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Estuary and plume samples were collected from a helicopter, with additional samples 

collected by boat during the 2013 event. Plume samples were analysed for nutrients, 

Chl-a and suspended sediment. Phytoplankton counts and taxa were analysed from 

select plume sites chosen to represent the variations across the salinity gradient. Silicate 

(Si) samples were collected in 2013 only. Salinity, temperature and turbidity were also 

recorded. Salinity values presented are based on the Practical Salinity Scale of 1978 

(http://salinometry.com/pss-78/, accessed 1 May 2017). The number of samples 

collected for each analyte and event is listed in Table 5.1.  

To test for potential helicopter downdraft effects on surface sample concentrations, four 

paired suspended sediment samples were collected from the estuary mid-channel by 

helicopter and from the adjacent bank with the extended sampling pole. On average, 

helicopter sample concentrations were 9% higher than bank samples, which is 

comparable to the mean RPD (11%) calculated for the mid-channel (bridge)–bank 

sample pairs from the upper catchment. These results indicate that the helicopter 

downdraft did not significantly alter suspended sediment concentrations. 

5.2.5 Sample processing and laboratory analysis  

All river and plume samples were stored on ice immediately and frozen (nutrients, Chl-

a) or refrigerated (suspended sediment, phytoplankton) within several hours of 

collection. Dissolved nutrient samples were filtered in situ through a single use 0.45-

mm cellulose acetate filter. Chl-a samples (plume only) were filtered through Whatman 

glass fibre filters (GE Healthcare, Parramatta, NSW, Australia), preserved with 0.01 g 

of magnesium carbonate preservative and wrapped in aluminium foil before being 

frozen. Water samples for phytoplankton cell counts and species identification were 

preserved in Lugol’s iodine.  

Nutrient samples were analysed for total and dissolved Kjeldahl nitrogen (TKN and 

DKN respectively), ammonium/ammonia nitrogen (NH4/NH3), and nitrate + nitrite 

(NO3 + NO2 or NOx), total and dissolved phosphorus (TP and DP respectively) and 

filterable reactive phosphorus (FRP) according to Methods 4500-Norg D, 4500NH3, 

4500-NO3, and 4500-P B and 4500-P G of the American Public Health Association and 

American Water Works Association–Water Environment Association (2005). Total 

nitrogen (TN), particulate nitrogen (PN), dissolved organic nitrogen (DON),
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particulate phosphorus (PP) and dissolved organic phosphorus (DOP) were calculated from the results of TKN, TDN, TP, DP, NH4/NH3, 

NOx and FRP. Detection limits were as follows: NOx and FRP, 0.001 mg L-1; NH 4, 0.002 mg L-1; TP, PP and DOP, 0.02 mg L-1; and TN, 

PN and DON, 0.03 mg L-1. Analytical uncertainty (the 95% confidence interval of the s.d.) was ±8% for NH4/NH3, NOx and FRP, ±12% 

for TN and ±15% for TP, PN, PP, DON and DOP.  

River suspended sediment samples were analysed for suspended sediment concentration (SSC) using ASTM D3977–97 Method C 

(American Society for Testing and Materials 2002) or for total suspended sediment (TSS) using American Public Health Association and 

American Water Works Association– Water Environment Association (2005) Method 2540 D (detection limit 1 mg L-1; uncertainty ±12%). 

Twenty-seven duplicate samples were analysed for both SSC and TSS to compare the two methods that were used to analyse river samples. 

SSC results were, on average, 1.3-fold higher than TSS results and are considered to be more accurate (Gray et al. 2000). However, no 

adjustment has been made to the TSS data presented here to be consistent with other GBR plume monitoring programs using TSS methods. 

(Both TSS and SSC are hereafter referred to as ‘SS’.)  

Table 5.2: 2012, 2013 and 2014 Annual and event discharge metrics plus event duration, wind speed, wind direction and plume area 

1 Water year calculated from 1st October to 30th September  

2  Measured at Kalpowar Crossing, DNRM Gauge 105107A (NR-02). Estimated floodwater travel time from Kalpowar Crossing to PCB = 2 days 

3 Total discharge for the Water Year prior to the start of the flood event  4 Estimated from aerial surveys (2012) and MODIS satellite images (2013 & 2014) 

Water 

year1 

(WY) 

Annual 

discharge 

(GL) 

Event 

duration 

Plume 

sampling dates 

Peak 

discharge2 

(cumecs/date) 

Total event 

discharge 

(GL) 

Antecedent 

discharge3 

(GL) 

Average 

wind speed 

(km hour-1) 

Average 

wind 

direction 

Area of visible 

plume4 

(km2) 

2011-2012 1,148 14th March – 

3rd April 2012 

26th May & 

28th May 2012 

516.78 

(23rd March) 
555 380 25.2 134 (SE) 350 

2012-2013 1,822 22nd January - 

9th February 

2013 

29th January – 

1st February 

2013 

1860.49 

(27th January) 

860 0.3 24.0 300 (NW) 
>1400 

2013-2014 2,663 11th April - 

29th April 

2014 

16th April & 

18th April 

2014 

2055.89 

(16th April) 
1,082 1,390 

 

50.4 130 (SE) 
>1100 



 

120 

 

 

Figure 5.2: (a) Flood plume sample locations in 2012, with the visible plume drawn from an aerial survey on 26 March 2012 (no clear 

moderate-resolution imaging spectroradiometer (MODIS) satellite image available). (b) Plume sample locations in 2013 from a MODIS 

image from 30 January 2013. (c) Plume sample locations in 2014 with MODIS imagery from 17 April 2014.
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Chl-a and phaeophytin concentrations were determined using a spectrophotometer after 

grinding of samples in 90% acetone according to American Public Health Association 

and American Water Works Association–Water Environment Association (2005) 

Method 10200H. Water samples for phytoplankton cell counts and species identification 

were concentrated by gravity-assisted membrane filtration and examined under a Leica 

light microscope (Wetzlar, Germany) (phase contrast) to a maximum magnification of 

400. Phytoplankton was enumerated to the lowest possible taxon using the Lund Cell 

technique (Hötzel and Croome 1999) to a minimum of 100 cells per sample. When 

species-level identification was not possible using routine light microscopy, individuals 

were identified to genus level. The counting method underestimates picoplankton 

densities, so interpretation of data is limited to larger species. 

5.2.6 Data analysis  

Sampling locations were grouped as ‘upper catchment’ (LR-02 to LR-07 and NR-04 to 

NR-06), ‘mid-catchment’ (NR-02 and NR-03), ‘estuary’ (NR-00, NR-01, KR-01, BR-

01) and flood plume. Statistical analyses of these groups were conducted using SPSS, 

ver. 22 (IBM Corp., Armonk, NY, USA). Most catchment and flood plume water 

quality parameters failed the Kolmogorov–Smirnov and Shapiro–Wilk tests for 

normality; therefore, the datasets were analysed for spatial and temporal (event) 

statistical differences (P<0.05) using non-parametric Kruskal–Wallis H-tests followed 

by pairwise comparisons using Dunn’s (1964) procedure with Bonferroni correction. 

Statistically significant variations identified by this method refer to differences between 

median values (where the variable distributions are similar) or mean ranks.  

Concentrations in the upper catchment were not assessed for temporal variations 

because of differences in sampling methods (RSS v. grab sample) and the number of 

samples collected per event. Flood plume nutrient, SS and Chl-a concentrations and 

phytoplankton counts were assessed for correlations with salinity and discharge metrics 

using Spearman’s rank order correlation test with significance assigned at P<0.01, 

Spearman’s rho (rs) >0.5. Correlations between parameters were assessed both for 

individual plumes and for all plumes combined.  

The behaviour (conservative v. non-conservative) and fate of materials in the flood 

plumes were investigated by plotting SS, nutrient, Chl-a and phytoplankton 

concentrations against salinity, as per Devlin and Brodie (2005) and Devlin and 
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Schaffelke (2009). Water quality parameters were plotted against salinity and analysed 

for both annual events and individual sampling days (2013) to assess variations through 

different stages of the plume. Similar trends were evident at both the daily and event 

scales; therefore, only the event-scale mixing plot results are presented here. 

5.3 Results  

5.3.1 Flood event discharge and plume characteristics  

The March 2012 flood event had a total event discharge of 555 GL over 21 days, 

preceded by several smaller events (Table 5.2; Figure 5.3). On 26 March 2012 (3 days 

after peak discharge upstream at Gauge 105107A), a freshwater flood plume flowed 

north from the mouths of the Normanby, Bizant and North Kennedy rivers, extending 

≈22 km north into PCB (Figure 5.2a). The area of the plume of turbid floodwater was 

estimated by aerial survey and salinity tests as 350 km2. Surface water temperatures 

within the plume ranged from 31.6 to 32.8°C and salinity ranged from 1.0 to 32.1 (see 

Table S.5.4and Figure S.5.3, Supplementary material). The depth of the freshwater 

plume was not measured.  

The January 2013 flood (total event discharge 860 GL over 19 days), associated with 

ex-Tropical Cyclone Oswald, was the first event in the catchment for the 2013 water 

year (Table 5.2; Figure 5.3). The flood plume flowed north from Normanby Basin 

distributaries, inundating coastal seagrass meadows and several mid-shelf reefs. Strong 

north-westerly winds (Table 5.2) forced the plume 75 km to the east towards outer-shelf 

reefs, covering an area of over 1400 km2 (Figure 5.2b). Vertical sampling showed that 

the freshwater plume remained 1.5 m deep 4 km from the mouth of the Normanby 

River. Surface water salinity measured on 29 January 2013 ranged from 1.7 at the 

mouth of the Normanby River to 28.3 at a point 33 km north-west from the Normanby 

River mouth. Between 30 January and 1 February 2013, salinity increased along the 

Normanby plume transect (Figure S.5.3). Salinity outside the flood plume ranged from 

35.1 to 35.3. 

In April 2014, the passage of Cyclone Ita across the south-eastern Normanby catchment 

resulted in a total event discharge of 1082 GL over 18 days (Table 5.2). Numerous 

smaller events preceded this flood event (Figure 5.3), with total antecedent discharge for 

the water year totalling 1388 GL (Table 5.2). The April 2014 flood plume extended 18 
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km north from the Kennedy River and 10.5 km north-west from the Normanby River on 

18 April 2014. Salinity within the Normanby plume transect ranged from 0.2 at the river 

mouth to 29.8 (Figure S.5.3). Salinity in the transect out from the Kennedy River ranged 

from 3.5 to 26.7. The mean temperature within the plume was 29.0°C. Outside the 

visible plume, salinity ranged from 32.9 to 33.5 (Table 5.3). Strong south-easterly winds 

(Table 5.2) pushed the plume 70 km to the north-west, covering an area of at least 1100 

km2 based on MODIS imagery from 20 April 2014 (Figure 5.2c). 

 

Figure 5.3: Hydrograph showing daily discharge at the Kalpowar Crossing gauge 

(105107) for the period of record (2006–15) showing the 2012, 2013 and 2014 flood 

events. (Data from the Dept of Natural Resources and Mines water monitoring portal; 

http://watermonitoring.dnrm.qld.gov.au/host.htm, accessed 1 May 2017.) 

5.3.2 Catchment to coast nutrient and sediment concentration gradients  

5.3.2.1 Suspended sediment  

SS concentrations were significantly higher in the upper catchment than at the mid-

catchment and estuary sites for all events (Table 5.3; Figure S.5.3). Maximum SS 

concentrations were detected at the West Normanby River (1586 mg L-1) during the 

2012 event and at the Laura River (1217 mg L-1) during the 2013 event. A mid-

catchment maximum SS of 126 mg L-1 was detected at NR-02 in 2013 and an equivalent 

estuary maximum (126 mg L-1) was recorded in the lower Normanby estuary in 2014. 

Mean SS concentrations for the three combined events were 344 mg L-1 (upper 

catchment), 67 mg L-1 (mid-catchment) and 52 mg L-1 (estuary; Table 5.3).  
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The coastal flood plumes had a combined mean SS concentration of 14 mgL-1. Mixing 

diagrams of salinity and SS show a rapid decrease in SS within the 0–5 salinity zone for 

all events (Table 5.4), with one exception in 2014 where 150 mg L-1 was measured at a 

salinity of 20, 2 km offshore (potentially due to resuspension). Beyond 6 km from the 

coast, all SS concentrations were <10 mg L-1. 

Table 5.3: Mean concentrations (± st.dev.) from combined 2012, 2013 and 2014 flood 

events for catchment regions, PCB flood plumes and PCB outside flood plumes. Within 

rows, different lowercase superscript letters indicate significant differences between 

river regions and between plume and background (outside plume) concentrations  

Analyte 
Upper 

catchment 
Mid-catchment 

Lower estuary/  

river mouths 
Plume 

PCB  

outside plume 

SS (mg L-1) 344 ± 353a 67 ± 32b    52 ± 41b 14 ± 25x 5 ± 4 x 

TN (µmol L-1) 77.7 ± 40.7a 36.0 ± 6.8b 37.4 ± 8.5b 20.6 ± 7.7x 7.97 ± 4.6y 

NOX (µmol L-1) 9.40 ± 7.38a 2.02 ± 2.82b   3.22 ± 1.99b 2.00 ± 1.33x 0.43 ± 4.6y 

NH4/NH3 (µmol L-1) 0.90 ±1.28a 1.05 ± 0.93a  2.47 ± 1.96b 0.92 ± 0.66x 0.64 ± 0.54x 

DON (µmol L-1) 19.9 ± 10.4a 22.8 ± 3.2a        18.5 ± 7.4a 13.4 ± 5.7x 5.4 ± 4.5 y 

PN (µmol L-1) 46.1 ± 41.5a 11.3 ± 4.0b 13.3 ± 9.5b 4.7 ± 5.0x 1.5 ± 1.2y 

TP (µmol L-1) 5.7 ± 4.2a 2.4 ± 0.8b 2.0 ± 1.2b 0.6 ± 0.3x 0.2 ± 0.1y 

FRP (µmol L-1) 0.56 ± 0.41a 0.29 ± 0.25a 0.32 ± 0.14a 0.16 ± 0.09x 0.11 ± 0.05x 

DOP (µmol L-1) 0.33 ± 0.29a 0.47 ± 0.23a 0.19 ± 0.21a 0.22 ± 0.15x 0.02 ± 0.02 y 

PP (µmol L-1) 4.7 ± 4.2a 1.7 ± 0.9b 1.5 ± 1.1b 0.3 ± 0.3x <0.1 ± <0.1y 

Si (µmol L-1) NA NA 167.1 ± 45.8 74.3 ± 39.1x 8.9 ± 11.1y 

Chl-a (µg L-1) NA NA NA 1.7 ± 1.8x 0.3 ± 0.1 y 

Phytoplankton  

( 1000 cells L-1) 

NA NA 26 ± 25 378 ± 862x 80 ± 80 y 

Salinity NA NA NA 21.3 ± 8.9 33.5 ± 1.3 

Temp (°C) NA NA NA 30.9 ± 1.8 30.5 ± 2.0 
NA not analysed 
a, b Significant differences (p<0.05) between median concentrations for the river regions are represented by 

differences between the superscript letter “a” or “b”.  
x, y Significant differences (p<0.05) between the plume and PCB outside plume concentrations are represented 

by differences between the superscript letter “x” or “y”.  
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Figure 5.4: Suspended sediments (SS), particulate phosphorus (PP), particulate 

nitrogen (PN), NH4/NH3, nitrogen oxides (NOx), dissolved organic nitrogen (DON), 

filterable reactive phosphorus (FRP), dissolved organic phosphorus (DOP), Si, 

chlorophyll (Chl)-a and phytoplankton plotted as a function of salinity for the 2012, 

2013 and 2014 Princess Charlotte Bay flood plumes. An outlying 2013 phytoplankton 

value (4141x104
 cells L-1) has been omitted to improve clarity. 

5.3.2.2 Nutrients  

Similar to SS, most nutrient concentrations decreased along a gradient from the upper 

catchment to the flood plume but did not vary significantly between the mid-catchment 

and estuary. PN, PP, NOx and FRP concentrations were highest in the upper catchment 

(with maximum concentrations in the Laura River), decreasing by one-half to one-

quarter at mid-catchment sites and remaining constant between the mid-catchment and 

estuary sites (Table 5.3). Median DON and DOP concentrations did not vary 

significantly along the freshwater to marine gradient (Table 5.3). NH4/NH3 showed 

significantly higher mean concentrations in the estuary (2.47 µM) than at mid-

catchment (1.05 µM) or upper catchment (0.90 µM) sites (Table 3). A maximum 

NH4/NH3 concentration of 7.6 µM was detected in 2014 adjacent to mudflats at the 

mouth of the Normanby River.  
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Within the flood plumes, TN, NH4/NH3, DON, TP and PP concentrations were 

negatively correlated with salinity (Table 5.4). Mixing diagrams of nutrients against 

salinity showed varied patterns across the three years. Si (2013; r2=0.9) exhibited 

conservative behaviour, decreasing linearly with salinity (Figure 5.4). DON 

concentrations decreased with increasing salinity, although variations were observed in 

the low-salinity range. DON increased at salinities <10 in 2012 and 2014. These 

increases were less evident in 2013 when riverine end-member concentrations were 

higher. PN and PP declined rapidly with increasing salinity, but there were several PN 

increases at mid-salinity sites and PP remained low (<1 µM) across the 2012 plume 

(Figure 5.4). NOx concentrations tended to show conservative behaviour, particularly in 

2012, when riverine end-member concentrations were highest and there was no 

significant increase in Chl-a. NOx remained low (<2 µM) across the 2014 plume 

(Figure 5.4). NH4/NH3 decreased at low salinities (<10) in 2013 but increased at low 

salinities in 2014. FRP concentrations generally decreased at lower salinities, 

particularly in 2013, when a corresponding increase in Chl-a was observed. FRP was 

removed at both low salinities and salinities above 30 in 2014, whereas some 

concentrations were high across the 2012 plume (Figure 5.4). Plume NOx, DON, PN, 

FRP, PP and Si concentrations were significantly elevated compared with 

concentrations outside the plumes in PCB (Table 5.3). 

5.3.2.3 Flood plume Chl-a concentrations and phytoplankton densities  

Chl-a concentrations within the three PCB flood plumes ranged from 0.2 to 8.8 µg L-1 

(mean 1.7 µg L-1). Concentrations outside the plume ranged from 0.2 to 0.9 µg L-1 

(Table 5.3). Phaeophytin concentrations ranged from <0.1 to 16.8 mg L-1 (mean 1.1 µg 

L-1), with maximum values recorded at the mouth of the Normanby River in 2012. 

Plume phytoplankton densities ranged from 10,100 to 4,140,800 cells L1 (mean 377600 

cells L-1), with a maximum density of 35,900 cells L-1 outside the freshwater plume 

(Table 5.3). The maximum density was recorded 5 km from the Normanby mouth 

(salinity 29, SS 10.6 mg L-1). Phytoplankton sample counts are likely to underestimate 

the total cell densities because picoplankton, which can dominate ambient waters of the 

GBR Lagoon (Devlin et al. 2012a), were not recorded.  

Chl-a concentrations in the 2012 and 2013 plumes increased or remained stable in low 

to mid-salinities (<20) and decreased from mid- to high salinities. Chl-a (and 

phytoplankton densities) were low across the 2014 plume (<1.1mg L-1; Figure 5.4). 
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Increases in Chl-a generally occurred at SS concentrations below 10 mg L-1; however, 

the peak phytoplankton density in 2014 (188,700 cells L-1) occurred at 150 mg L-1 SS.  

Bacillariophytes (diatoms) were the dominant class all years, comprising up to 97% of 

phytoplankton. Chaetoceros spp. was the most abundant genus (up to 9400 cells L-1) in 

the 2012 plume. The diatoms Navicula sp. and Thalassionema nitzschioides and the 

dinoflagellate Gymnodinium sp. also occurred at similar densities (4700–9400 cells L 

L-1) in some samples. The diatom Skeletonema sp. was the most prevalent genus in the 

2013 plume, comprising over 50% of most samples, with a density of 3,892,000 cells L-

1 in one sample. Skeletonema sp. was not detected in 2012 or 2014 samples or outside 

the freshwater plume. Dinoflagellates, coccolithophorids and unidentified nanoplankton 

also occurred in the 2013 plume, as well as several freshwater taxa such as the 

cryptophyte Mallomonas sp. Dominant species in the 2014 flood plume included the  

cyanobacterium Trichodesmium erythraeum, which was recorded at a maximum density 

of 70800 cells L-1, but was not found in 2012 or 2013.
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Table 5.4: Spearman’s Rank correlation coefficients for combined 2012, 2013, and 2014 PCB flood plume constituents (SS, nutrients, 

chlorophyll-a, phaeophytin, phytoplankton), total event discharge (TED), antecedent discharge for the water year (ANTD), salinity (SAL) 

and turbidity (TURB). The number of samples for each analysis varied from 47 to 59, whereas phytoplankton only had 27 samples. Bold 

values are significant at P<0.01 level (rs> 0.5). 

  SAL SS TURB TN NH4 NOX DON PN TP DIP DOP PP Si Chl-a Phaeo Phyto TED ANTD 

SAL 1.00 -0.65 -0.87 -0.74 -0.57 -0.29 -0.46 -0.50 -0.74 -0.23 -0.43 -0.71 -0.45 0.05 -0.44 0.40 0.07 -0.22 

SS -0.65 1.00 0.55 0.63 0.42 0.02 0.40 0.44 0.65 0.13 0.11 0.76 0.56 0.09 0.56 -0.06 0.27 0.07 

TURB -0.87 0.55 1.00 0.57 0.57 0.32 0.37 0.28 0.69 0.24 0.43 0.50 0.11 -0.21 0.31 -0.77 -0.22 0.51 

TN -0.78 0.63 0.57 1.00 0.72 0.48 0.64 0.67 0.75 0.39 0.51 0.68 0.82 -0.01 0.31 -0.29 -0.12 -0.04 

NH4 -0.57 0.42 0.57 0.72 1.00 0.52 0.42 0.40 0.57 0.36 0.37 0.37 0.41 -0.36 0.04 -0.57 -0.12 -0.03 

NOX -0.29 0.02 0.32 0.48 0.52 1.00 0.20 0.17 0.42 0.41 0.45 0.24 0.57 -0.11 0.27 -0.29 -0.71 0.07 

DON -0.54 0.40 0.37 0.64 0.42 0.20 1.00 0.08 0.43 0.22 0.42 0.39 0.84 0.24 0.25 0.34 -0.03 -0.07 

PN -0.50 0.44 0.28 0.67 0.40 0.17 0.08 1.00 0.42 0.10 0.13 0.48 0.36 -0.07 -0.01 -0.11 0.05 -0.17 

TP -0.77 0.65 0.69 0.75 0.57 0.42 0.43 0.42 1.00 0.36 0.74 0.85 0.87 -0.06 0.45 -0.33 -0.10 0.33 

DIP -0.23 0.13 0.24 0.39 0.36 0.41 0.22 0.10 0.36 1.00 0.05 0.15 0.58 -0.03 -0.03 -0.02 -0.39 -0.05 

DOP -0.43 0.11 0.43 0.51 0.37 0.45 0.42 0.13 0.74 0.05 1.00 0.39 0.50 0.15 0.18 -0.31 -0.41 0.23 

PP -0.75 0.76 0.50 0.68 0.37 0.24 0.39 0.48 0.85 0.15 0.39 1.00 0.74 0.08 0.55 -0.09 0.13 0.28 

Si -0.45 0.56 0.11 0.82 0.41 0.57 0.84 0.36 0.87 0.58 0.50 0.74 1.00 0.26 0.24 0.41     

Chl-a 0.05 0.09 -0.21 -0.01 -0.36 -0.11 0.24 -0.07 -0.06 -0.03 0.15 0.08 0.26 1.00 0.31 0.62 -0.17 -0.36 

Phaeo -0.44 0.56 0.31 0.31 0.04 0.27 0.25 -0.01 0.45 -0.03 0.18 0.55 0.24 0.31 1.00 -0.05 -0.23 0.23 

Phyto 0.40 -0.06 -0.77 -0.29 -0.57 -0.29 0.34 -0.11 -0.33 -0.02 -0.31 -0.09 0.41 0.62 -0.05 1.00 0.16 -0.41 
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5.3.3 Variations between flood events and correlations with discharge  

The 2012 flood event had a total discharge of 555GL, compared with 860 and 1082 GL 

for the 2013 and 2014 events respectively. Both the 2012 and 2014 events were 

proceeded by significant antecedent discharge compared with the 2013 ‘first flush’ 

event, which had only 0.3 GL antecedent wet season discharge at Gauge 105107A 

(Table 5.2).  

Owing to variations in the sampling methods (RSS v. manual sampling) and timing, 

variations between events in the upper catchment were not evaluated. Mid-catchment 

SS concentrations did not differ significantly between flood events, but estuary 

concentrations were significantly higher in 2014 (mean 102 mg L-1) than in 2012 (26 

mg L-1; Table S.5.4). TSS concentrations at Normanby estuary sites were highly 

correlated (rs=0.9) with both total event discharge and peak event discharge measured 

upstream at Gauge Site 105107A. Despite the strong correlations observed in the 

estuary, TSS concentrations within the plumes were not correlated with discharge 

(Table 5.4) and did not differ significantly between events, most likely due to rapid 

sedimentation rates (Table S.5.4).  

PN and PP concentrations in the estuary were significantly higher in 2013 and 2014 

than in 2012 (Table S.5.4; Figure S.5.4). Estuary PP concentrations were positively 

correlated with total event discharge (rs=0.8) and SS (rs=0.8).  

Dissolved nutrient concentrations were generally higher at freshwater sites during the 

2013 ‘first flush’ event than in 2012 or 2014 (Table S.5.4; Figure S.5.4). In contrast, 

estuary NOx concentrations were significantly higher in 2012 (mean 5.43 µM) than they 

were in 2013 or 2014 (2.58 and 0.21 µM respectively) and were negatively correlated 

with both total and peak event discharge (rs= -0.9). Consistent with estuary trends, NOx 

concentrations within the plumes were significantly higher in 2012 (mean 3.60 µM) 

than in 2013 or 2014 (1.57 and 0.99 µM respectively; Table S.5.4) and were negatively 

correlated (rs= -0.7) with discharge (Table 5.4). FRP and DOP plume concentrations 

were also significantly elevated in 2012 compared with 2013 (DOP) and 2014 (FRP; 

Table S.5.4). There were no significant differences in dissolved nutrients between the 

2013 and 2014 flood plumes, although riverine end-member concentrations were higher 

in 2013.  
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Maximum Chl-a concentrations were detected in the 2013 plume (Figure S.5.3), but 

there were no significant differences between the three events (Table S.5.4). Maximum 

phytoplankton densities were also recorded in 2013 (Table S.5.4; Figure S.5.4) and a 

greater diversity of phytoplankton species was identified in 2013 plume samples (45) 

than in 2012 or 2014 (26 and 28 respectively). 

5.4 Discussion  

The present study provides data on the export of material from the Normanby River to 

the far northern section of the GBR, about which there is limited knowledge. The results 

showed that flood events in the Normanby Basin are a source of nutrients and sediments 

to PCB and the northern GBR lagoon. During each of the three events studied, PCB 

seagrass and coral ecosystems were exposed to plumes of floodwater containing NOx, 

DON, PN, FRP and PP at concentrations that were significantly elevated above ambient 

concentrations. Elevated concentrations of dissolved nutrients discharged to PCB 

stimulated phytoplankton blooms, with densities up to an order of magnitude higher 

than ambient densities. Research on other GBR flood plumes has shown that the high 

levels of primary production associated with flood events also lead to subsequent 

increases in zooplankton, fish and other aquatic organisms (Devlin et al. 2012a). 

5.4.1 Catchment sources and temporal variations  

Monitoring across the catchment during three flood events showed that SS, PN, PP, 

NOx and FRP concentrations decreased along a gradient from the upper catchment to 

the flood plume at PCB (Table3; Fig.5). From this we infer that the upper catchment is 

the primary source of both sediment and nutrients to the flood plumes. This may be 

attributed to both natural and anthropogenic factors; greater slope and erosion-prone 

sodic and dispersive soils in the upper Normanby River catchment make this region 

more susceptible to effects from land use disturbances (Biggs 1995; Brooks et al. 2013). 

Cattle grazing and horticultural land use is currently concentrated in the upper 

catchment region. Concentrations and loads of suspended sediment and nutrients in the 

upper catchment are estimated to have at least doubled since European settlement 

(CYNRM & SCYC 2016). 
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Figure 5.5: Conceptual diagram showing variations in suspended sediment (SS) and nitrogen concentrations from the upper catchment to 

the flood plume during three flood events in 2012, 2013 and 2014. PN, particulate nitrogen; DON, dissolved organic nitrogen; DIN, 

dissolved inorganic nitrogen. 
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Reduced nutrient and sediment concentrations in the mid-catchment area (Figure 5.5) 

indicate that the mid-catchment flood plains are a sink for SS, PN, PP, NOx and FRP. 

Load calculations for the Normanby catchment show nutrient and sediment load 

reductions of between 65 and 85% between the upper and mid-catchment regions 

(Chapter 3, Howley 2016), confirming that sediments and nutrients are settling out or 

biologically used in the central and lower Normanby flood plains. This decline is likely 

to be a combined function of dilution by floodwater from lower-gradient areas with 

reduced sediment contributions and increased floodplain and in-channel sediment 

deposition, as has been demonstrated in Australian and global river systems (Walling 

1983; Wasson 1994; Prosser et al. 2001).  

In contrast with the mid-catchment region, the estuary provides a source of sediments, 

particulate nutrients and dissolved inorganic nutrients to flood plumes (Figure 5.5). 

Some Normanby estuary SS and particulate nutrients may be resuspended materials 

originating from the upper catchment. The Daintree estuary, located 230 km to the south 

of PCB, was also found to provide a source of SS during a flood event, either from 

clearing in the lower catchment or resuspension of estuarine sediments (Davies and 

Eyre 2005).  

Maximum concentrations of NH4/NH3 were detected adjacent to intertidal mudflats near 

the mouth of the Normanby River, suggesting that mudflats may be a significant source 

of NH4/NH3 to coastal waters. Alongi and McKinnon (2005) showed that PCB intertidal 

mudflats release NH4 to the water column in the order of 950 µmol N m-2 day-1 under 

non-event conditions. Other potential coastal sources of NH4/NH3 include waters 

draining from inundated freshwater flood plains, supratidal mudflats (Burford et al. 

2016), the flux of NH4/NH3 from mangrove sediment porewaters (Dittmar and Lara 

2001), ammonification of particulate organic nitrogen (PON), remineralisation from 

DON and dissimilatory nitrate reduction to ammonium (DNRA) by anaerobic bacteria 

in sediments or the water column (Dagg et al. 2004). Davies and Eyre (2005) also found 

NH4/NH3 increased near the mouths of the Annan and Daintree rivers (northern GBR) 

during flood events, which they associated with the flushing of mangrove channels or 

the decomposition of PON. Although the exact sources remain uncertain, these findings 

indicate that undisturbed coastal zones can provide a significant natural source of DIN 

to tropical river flood plumes.  
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Antecedent discharge had a strong effect on dissolved nutrient concentrations in the 

river, particularly when comparing events of similar magnitude (2013 and 2014). The 

January 2013 flood was a ‘first-flush’ event, with only 0.3 GL antecedent discharge, 

whereas there had been 1390 GL discharge preceding the April 2014 flood event. 

Estuary DON, NOx, NH4/NH3 and FRP concentrations in 2013 were at least double the 

concentrations in 2014. Of the three flood events monitored, the most significant 

increase in phytoplankton biomass was also measured during the 2013 plume. These 

temporal differences in nutrient concentrations and resulting phytoplankton blooms are 

likely to be related to the varying antecedent discharge, although it is possible that 

phytoplankton densities may have increased within the 2014 plume after the sampling 

period. Events that occur later in the wet season after significant rainfall tend to have 

lower riverine SS and DIN concentrations than first-flush events (Devlin and Schaffelke 

2009; Kuhnert et al. 2012). First-flush events in dry tropical regions have higher 

amounts of erosion due to low levels of vegetation ground cover during the start of the 

wet season and the depletion of readily erodible sediment and surface organic matter 

(Bartley et al. 2006; Silburn et al. 2011, Morehead et al. 2003).  

5.4.2 Plume transformations  

Nutrient concentration trends within the plumes were complex and varied for each 

event, often reflecting different riverine endmember concentrations. In some cases, 

apparent trends within the mixing plots of nutrients against salinity may reflect changes 

in riverine end-member concentrations over the course of the event (Eyre 1994).  

Phosphorus entered the plume primarily as PP during the larger magnitude events and 

was subjected to rapid sedimentation at low salinities. FRP entered the plumes at 

maximum concentrations during the ‘first-flush’ event of 2013 and was removed at 

salinities <20, associated with an increase in phytoplankton (Figure 5.4). The removal 

of FRP at low salinities in 2014 did not correspond to increasing Chl-a or phytoplankton 

densities, thus was likely due to adsorption onto suspended sediments, flocculation and 

precipitation with iron and humic materials or a combination of both processes (Eyre 

and Twigg 1997; Dagg et al. 2004). Mid-salinity increases in FRP (2012, 2014) suggest 

desorption from particulates, indicating that sediments may provide an important source 

of FRP to PCB when high concentrations are not supplied directly from the catchment. 
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Nitrogen entering the flood plumes was dominated by both particulate and dissolved 

organic forms. PN concentrations were highest during the first-flush event of 2013 and, 

like PP, PN was removed by sedimentation at low salinities. The low-salinity zone 

within the plume was both a sink (2013) and a source (2014) of DIN. In 2013, uptake of 

NOx and NH4/NH3 within the plume corresponded to increasing Chl-a and 

phytoplankton densities (Figure 5.4). Potential sources of 2012 and 2014 NH4/NH3 

increases within the estuary and low-salinity coastal plume were discussed in the 

previous section.  

Mixed DON and DOP trends, including increases at low salinities (<10) during the 

2012 and 2014 events, may reflect changing riverine end-member concentrations over 

the course of each event because of changing discharge conditions and sources. Low 

phytoplankton densities indicate that the observed increases are not likely to be from 

phytoplankton production; however, flux from coastal mudflats or other estuarine 

sources could contribute to DON increases (Cook et al. 2004). Declining DON 

concentrations at higher salinities is likely to reflect dilution by ambient seawater with 

significantly lower DON concentrations (Table 5.3).  

Riverine discharge associated with the flood events supported a phytoplankton bloom 

that began at low salinities and rapidly reduced nutrient concentrations within the 

plumes. Chl-a concentrations and associated phytoplankton densities increased between 

salinities of 5 and 25 and declined at salinities above 25, corresponding to depleted DIN 

and FRP concentrations (<1.5 and 0.1 µM respectively). Rapid sedimentation in the 

low-salinity zone of PCB flood plumes (<6 km from the river mouths) allowed for 

increased phytoplankton productivity at the mid-salinity region of the plumes. 

Maximum phytoplankton growth has been shown to occur below an SS threshold of 10–

15 mg L-1 (Dagg et al. 2004; Devlin et al. 2012b). In the present study, this threshold 

generally applied, but with notable exceptions. Chl-a concentrations as high as 5 µg L-1 

were detected at SS concentrations of 20 mg L-1 in 2013, and the maximum 

phytoplankton density recorded in the 2014 plume (189,000 cells L-1) coincided with an 

SS concentration of 150 mg L-1.  

Diatoms, which respond quickly to the increased N, P and Si availability associated 

with flood events (Furnas et al. 2005), were the dominant phytoplankton group for all 

three events, although species composition varied. The 2013 plume supported high 
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densities of diatoms of the euryhaline Skeletonema genus, which was not detected in the 

2012 or 2014 plumes. The 2014 plume samples were dominated by the common 

cyanobacteria T. erythraeum, which was also only detected that year. A complex array 

of factors, including salinity, light availability, relative nutrient availability, wind speed, 

water column mixing or stratification and grazing pressures, can contribute to variations 

in species composition within flood plumes. Additional research over multiple plumes 

is required to better understand the development of phytoplankton blooms throughout 

different plume phases and the factors affecting phytoplankton densities and species 

composition within PCB flood plumes. 

5.4.3 Effects of Normanby Basin flood plumes on PCB ecosystems  

PCB seagrass and coral ecosystems were exposed to plumes of floodwater containing 

dissolved and particulate nutrients at concentrations that were significantly elevated 

above ambient concentrations. Although some elevated concentrations of nutrients can 

increase the productivity of coral zooxanthellae and stimulate coral growth (Fabricius 

2005), extended periods of increased turbidity and the deposition of ‘marine snow’ 

comprised of fine clay particles and organic materials can inhibit marine ecosystem 

productivity (Fabricius and Wolanski 2000; Fabricius 2007; Bainbridge et al. 2012). 

Although the present study monitored plumes for only a short period (up to several 

days), remote sensing data show that periods of altered water quality and reduced photic 

depth at inshore, mid-shelf and even outer-shelf waters can last for several months after 

a PCB flood event (Logan et al. 2014). The threshold between increased marine 

productivity and loss of productivity associated with elevated concentrations and loads 

of nutrients and sediments discharged to PCB is unknown. 

5.4.4 Comparison with other river flood plumes  

A range of factors can complicate comparisons of flood plume concentrations from 

different events or different river systems, including variations associated with 

catchment characteristics (e.g. soil type, slope, vegetation, land use), flood magnitude, 

antecedent rainfall, tidal and wind affects and the timing and location of sampling 

across the plume. The interpretation of the following comparisons is limited by these 

factors.  

The Normanby estuary SS concentrations (mean 52 mg L-1, maximum 125 mg L-1) were 

an order of magnitude lower than end-of-system event concentrations reported for the 
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two largest GBR catchments, namely the Burdekin and Fitzroy, which, like the 

Normanby, are ‘dry-tropical’ catchments dominated by cattle grazing (Table S.5.5). 

Within the coastal plumes, mean Normanby SS concentrations (21 mg L-1) remained 

less than those measured over a similar salinity range from Burdekin (33.7 mg L-1) and 

Fitzroy flood plumes(23.7 mg L-1);however, they exceeded mean GBR plume 

concentrations (13.6 mg L-1) and plume concentrations from smaller (but higher annual 

discharge) ‘wet-tropical’ GBR catchments such as the Tully and Herbert rivers (Tables 

S2, S3). Normanby plume SS concentrations were low compared with many 

international river flood plumes, especially those with intensive catchment land use. For 

example, Yangtze River flood plume suspended sediment concentrations reach 5000 mg 

L-1 (Edmond et al. 1985) and in a 2011 flood plume in Chesapeake Bay, suspended 

sediment concentrations reached 2500 mg L-1 (Cheng et al. 2013).  

Owing to the small percentage of horticultural land use in the Normanby Basin (<1%), 

limited to the upper catchment, estuary and flood plume nutrient concentrations, 

particularly DIN, were expected to be low compared with more developed GBR and 

global rivers. Indeed, Normanby estuary DIN concentrations (mean 5.7 µM) were 

within the range of riverine endmember concentrations from large tropical rivers, 

including the Amazon (12 µM), Zaire (7.2 µM) and Orinoco (6.6 µM; Dagg et al. 

2004), but were low compared with discharge from more disturbed rivers such as the 

Yangtze, Mississippi, Pearl and Los Angeles rivers, where NOx ranged from 40 to 207 

µM (Edmond et al. 1985; Lohrenz et al. 1999; Dai et al. 2008; Reifel et al. 2009).  

Surprisingly, mean Normanby flood plume DIN, PN, DON, DOP and Chl-a 

concentrations were among the highest reported for GBR plumes (Table S.5.6) and 

exceed the mean GBR-wide plume concentrations measured by Devlin (2012), although 

sampling location and timing variations may contribute to these differences. Mean NOx 

and NH4/NH3 concentrations in PCB plumes exceeded mean concentrations (over a 

similar salinity range) within plumes from the more intensively farmed Tully and 

Herbert catchments (Table S.5.5 and Table S.5.6), where DIN concentrations are 

elevated because of fertiliser use (Bramley and Roth 2002; Mitchell et al. 2007). In 

contrast, Normanby plume NOx concentrations were within a similar range (2012 and 

2013) or less than (2014) plume concentrations from the Annan River catchment 

(Davies and Eyre 2005), which originates in a wet-tropical rainforest and has no 

commercial horticulture, but a history of mining disturbance, grazing land use and 
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erosion (Shellberg et al. 2016). These mixed comparisons show that relatively high DIN 

concentrations in GBR marine plumes cannot be solely attributed to horticultural land 

use. Other anthropogenic and natural sources may contribute significantly to DIN in 

some plumes. Burton et al. (2015) demonstrated that fine SS from the Burdekin 

catchment can produce DIN in both freshwater and marine conditions. The release of 

nitrogen from particles through desorption or remineralisation has also been shown to 

contribute to the DIN in global river plumes (Dagg et al. 2004). Accelerated erosion and 

subsequent release of DIN from SS have undoubtedly contributed to nitrogen loads 

discharged to PCB. However, as observed in the Normanby as well as the Annan and 

Daintree systems (Davies and Eyre 2005), natural sources, such as organic matter from 

forested areas and NH4 from intertidal and supratidal mudflats and mangroves, can also 

provide a source of DIN to plumes.  

Nutrient and sediment processing within PCB flood plumes followed some common 

trends exhibited in both GBR and global river plumes. For example, rapid removal of 

most sediment and particulate nutrients within the nearshore zone occurs in plumes 

from the Mississippi River (Trefry et al. 1994) and GBR rivers, including the Annan, 

Russell-Mulgrave, Tully, Moresby and Burdekin (Eyre 1994; Davies and Eyre 2005; 

Devlin and Brodie 2005; Lønborg et al. 2016). This removal occurs because of 

decreasing current velocities and flocculation of clay particles as they encounter saline 

water (Davies and Eyre 2005). Although less common, an increase in SS has also been 

observed across northern Australian flood plumes (e.g. Eyre and Balls 1999) and is 

generally attributed to tidal or wind resuspension of sediments. Because sedimentation 

reduces light attenuation within a plume, an increase in phytoplankton productivity and 

corresponding uptake of dissolved nutrient concentrations is observed at mid-range 

salinities, and decreasing phytoplankton densities occurs at higher salinities because of 

nutrient depletion. This process was most obvious in the 2013 PCB plume and is 

measured in many large river plumes (Dagg et al. 2004; Boldrin et al. 2005; Dai et al. 

2008).  

In contrast with a mid-salinity phytoplankton increase, some GBR plumes have shown 

maximum phytoplankton densities, Chl-a concentrations and uptake of dissolved 

nutrients occurring in the high-salinity (>25) zone at the plume edge (Devlin and Brodie 

2005; Brodie et al. 2010). Plume front phytoplankton blooms have also been observed 

in the Pearl and Yangtze rivers (Tian et al. 1993; Harrison et al. 2008). Alternatively, 
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maximum Chl-a concentrations for both the 2012 PCB event and a small Annan River 

flood event occurred at the riverine endmember. Chl-a remained low (<0.5 µg L-1) 

across the Annan plume due to SS concentrations above 10 mg L-1 (Davies and Eyre 

2005). In addition to SS concentrations and associated light availability, factors such as 

pH, iron and other mineral concentrations, the extent of subsurface mixing or sediment 

resuspension, nutrient limitations and residence times can contribute to variations in the 

location and magnitude of primary production and nutrient depletion within plumes 

(Lohrenz et al. 1999; Dagg et al. 2004).  

The apparent adsorption and sedimentation of FRP at low salinities observed in the 

2014 PCB plume has also been observed globally (Dagg et al. 2004) and within 

Australia in plumes from the Annan and Moresby rivers (Eyre 1994; Davies and Eyre 

2005) and the Richmond River in northern New South Wales (Eyre and Twigg 1997), 

but has not been widely reported in GBR plumes. The removal of dissolved inorganic 

phosphate (DIP) by adsorption to sediments and colloids is regulated by both salinity 

and pH (Eyre and Twigg 1997). At mid-salinity zones, FRP tends to desorb from 

sediments, as indicated by increases in the 2012 and 2014 PCB mixing diagrams. This 

has also been shown to be a significant source of phosphate in Amazon and Yangtze 

river plumes (Dagg et al. 2004). Phosphate desorption in other GBR plumes has been 

suggested based on mixing diagrams from Daintree and Tully river plumes (Davies and 

Eyre 2005; Devlin and Schaffelke 2009). However, Edis et al. (2002) found that 

desorption of FRP from Herbert River suspended sediments was likely to occur in the 

freshwater zone, but not in the estuary or flood plume. Desorption occurs under 

conditions of long water residence times (Eyre and Twigg 1997), therefore may not be 

common under the high discharge conditions of GBR flood plumes. The appearance of 

FRP adsorption and desorption within a plume may also be masked or falsely indicated 

in mixing diagrams by changing riverine sources and end-member concentrations.  

Normanby plume DON concentrations were among the highest recorded in GBR 

plumes, potentially due to differences in soil type, higher vegetation cover within the 

catchment and estuarine sources (Cook et al. 2004; Willett et al. 2004; Lehrter 2006). 

The decline in DON concentrations at higher salinities in the PCB plumes differed from 

the relatively constant DON concentrations recorded across other GBR plumes, where 

river and seawater concentrations were similar (Davies and Eyre 2005; Devlin and 
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Brodie 2005) and is most likely explained by the higher riverine end-member DON 

concentrations in Normanby plumes. 

5.5 Conclusions  

This study showed that the upper tributaries of the Normanby River are significant 

sources of sediment and nutrients discharged to PCB during flood events. The estuary 

provided a source of NH4, indicating that undisturbed coastal zones can provide a 

significant natural source of DIN to tropical river flood plumes. Normanby plume DIN 

concentrations were relatively high by GBR standards, but globally fall within the range 

of less disturbed rivers. Dissolved nutrients within the flood plumes stimulated 

phytoplankton blooms that inundated mid-shelf and outer-shelf coral reefs, with the area 

affected determined by flood magnitude, wind direction and wind speed. Increased 

nutrient concentrations and high levels of primary production associated with riverine 

flood plumes drive subsequent increases in zooplankton, fish and other aquatic 

organisms and may stimulate coral growth. However, future increases in anthropogenic 

loads of nutrients and sediments from the upper Normanby catchment could increase 

turbidity and muddy marine snow deposition at PCB, leading to declining coral and 

seagrass conditions or a diminished ability to recover from climate driven bleaching 

events. Therefore, careful management and monitoring of development in the upper 

catchment is required to maintain the health and resilience of aquatic ecosystems at 

PCB. 
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 Conclusions & Recommendations 

6.1 Summary of Findings  

This study provides the first upper catchment to reef assessment of spatial and temporal 

water quality variations in the remote, far northern region of the Great Barrier Reef 

(Cape York Peninsula). Data collected over 12 years and multiple flood events was used 

to describe the supply and fate of nutrients and sediments to the Normanby River and 

adjacent coastal zone.  Although the study has described threats to aquatic habitats from 

anthropogenic sources, some findings also highlight the relatively good water quality of 

the Normanby River compared to rivers in much of the developed world. For example, 

under average baseflow conditions, most nutrient, sediment and chlorophyll-a 

concentrations fell within the range expected in relatively undisturbed waterways in 

northern Australia (Brodie and Mitchell 2005). However, from the first flush of the wet 

season and over ensuing flood events, high nutrient and sediment concentrations in the 

upper catchment tell a different story. 

Chapter 2 examined nutrient and sediment concentrations from the upper catchment 

tributaries of the Normanby River to the estuary during baseflow and flood event 

conditions.  The results demonstrated that upper catchment tributaries supplied the 

majority of sediments and nutrients to the lower catchment during rainfall runoff and 

subsequent river flood events. River concentrations declined by as much as 85% 

between the upper catchment and lower catchment (Kalpowar Crossing) during runoff 

events due to some combination of dilution, deposition and biological uptake. In 

contrast to freshwater sites, suspended sediment concentrations in the estuary were 

higher during ambient conditions than during flood events, and sediment resuspension 

was the primary control on estuary sediment concentrations.  

Chapter 3 examined the relationship between suspended sediments and discharge, and 

annual and flood event sediment loads were estimated for five Normanby Basin gauge 

sites.  Suspended sediment loads and yields were highly variable over events and years, 

particularly at the upper catchment gauge sites. Variations were driven largely by the 

scale of the total discharge, but also by the characteristics of individual events, such as 

antecedent discharge for the current and previous year, peak event discharge and the 

intensity and location of rainfall. The comparison between upper and lower catchment 
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loads revealed that the mid catchment (above Kalpowar Crossing) acted as a major sink, 

capturing roughly 60 to 80% of the estimated upper catchment sediment load most years 

of the study. Even accounting for some transport around the lower gauge site by 

overland flow or bypass channels into the North Kennedy River, deposition in the mid-

catchment area is likely to be greater than 50% of the upper catchment loads. This 

research highlights that the mid- to lower catchment plays an important role in reducing 

sediment loads to the GBR. Initial particle size analysis showed that fine silts and clays 

are being preferentially transported downstream to the estuary and beyond.  

Chapter 4 focussed on the Lakeland agricultural region located within the upper Laura 

and West Normanby (Boggy Creek) sub-catchments. There is strong evidence that 

anthropogenic nutrients, particularly NO3+NO2, were supplied to the Laura River and 

Boggy Creek from farms. Groundwater was found to be an important transportation 

pathway to deliver anthropogenic NO3+NO2 to these rivers, and concentrations were 

highest during baseflow periods. The high δ15N values measured downstream from 

Lakeland farms (mean 10‰) compared to reference sites (mean 5‰), suggest that 

compost fertilisers applied to local farms may be a dominant source of DIN (and 

potentially FRP) to the rivers.   

In Chapter 5, nutrient, suspended sediment and Chl-a concentrations and phytoplankton 

densities were assessed from the upper catchment tributaries to flood plumes in Princess 

Charlotte Bay over three flood events to determine the fate of materials delivered to the 

Bay from the upper catchment and estuary. The results confirmed that the upper 

tributaries of the Normanby River were significant sources of sediment and nutrients 

discharged to PCB during flood events. Nutrient concentrations and phytoplankton 

densities in PCB plumes were highest during a “first flush” flood event when the upper 

catchment supplied high concentrations of nutrients to the lower catchment and PCB. 

The coastal zone also supplied sediments and NH4/NH3 to the flood plumes, supporting 

research elsewhere showing that undisturbed coastal zones can provide a significant 

natural source of DIN to tropical river flood plumes. Dissolved nutrients within the 

flood plumes stimulated increases in phytoplankton biomass over areas that extended to 

the mid-shelf coral reefs. The area of plume influence was determined by flood 

magnitude, wind direction and wind speed.  
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6.2 Implications of the Findings 

With rapid land use change occurring in many tropical regions, including extensive 

forest clearing, agricultural development and mining, it is critical that potential impacts 

on aquatic ecosystems be understood and managed. Many of these changes are 

occurring in regions of high terrestrial and aquatic biodiversity but where research and 

monitoring are scarce (Encalada et al. 2019). This study shows that significant threats to 

high value aquatic ecosystems can be easily overlooked in remote tropical regions due 

to the lack of research and monitoring in these areas, and the poorly understood and 

unquantified nature of some of the threats. These lesser known threats to freshwater or 

marine ecosystems include intense wildfires, erosion from unsealed roads, and the 

degradation of aquatic and riparian vegetation by feral animals and weeds, all of which 

are common in many developing tropical regions.  

Aside from the uncertainties around impacts on water quality in tropical rivers, this 

study has highlighted processes that are likely to be common to tropical river systems, 

and/or less developed rivers. These processes could help to identify the relative risk to 

aquatic ecosystems from human land use. For example, a low sediment delivery ratio 

such as that estimated here for the Normanby Basin is common to rivers with extensive 

floodplain areas. As a result, freshwater or estuarine ecosystems may be most at risk 

from land use changes that increase sediment loads in these rivers. In steeper coastal 

catchments without the extended floodplains, or catchments where the role of coastal 

floodplains has been altered by significant agricultural or other development, marine 

ecosystems may be most at risk from anthropogenic sediment loads.  

The seasonality of river flow and variability of water quality is a common characteristic 

of rivers in the “wet-dry” tropics of Northern Australia and other regions with 

monsoonal climates (McDonald and McAlpine 1991, Davis et al. 2017). This 

seasonality is critical to understanding threats to aquatic ecosystems. In the Normanby 

Basin, impacts on river water quality from fertiliser use on farms were greatest during 

the dry season when groundwater transported dissolved inorganic nitrogen to the rivers 

and concentrations were not diluted by surface water run-off. In contrast, most nutrients 

and sediments were transported downstream during flood events, and the sediment yield 

and magnitude of the suspended sediment load was strongly influenced by the timing, 

amount and intensity of rainfall (measured here as river discharge). Climate change 
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models for Cape York and other tropical regions predict more frequent and extreme 

heavy rainfall and less frequent but more intense tropical cyclones, potentially 

increasing sediment yield and loads in many tropical rivers (Moran 2020, Chen et al. 

2014). Based on the Normanby results, the magnitude of the increase will depend 

largely on factors that affect groundcover during the dry season, such as the extent and 

timing of fires, land clearing, agricultural practices and other soil disturbances, as well 

as the length of the dry season. In some regions, more frequent rain throughout the year 

could increase groundcover and reduce sediment loads in rivers.  

The spatial and temporal variability of sediment supply is also common to many 

tropical (and other) rivers. Normanby River sediment sources varied between and 

during events, and sediment yields at each site varied over the years.  The extreme 

seasonality and variability of water quality in tropical rivers pose unique challenges to 

assessing threats to aquatic ecosystems, particularly in remote regions. For example, 

flooding can block access to the river at critical periods, and assumptions based on 

monitoring over one flood event may not capture the full variability of the system. 

Remote sensing (i.e. Ward et al. 2013), LiDAR (Brooks et al. 2016a), in-situ water 

quality dataloggers (Shellberg et al. 2016), auto-samplers and partnerships with local 

landholders and land managers can help overcome some of these challenges. 

6.2.1 Sediment deposition and loss of aquatic habitat in the Normanby Basin 

This study confirms that significant volumes of sands, silts and clays are being 

transported in the Normanby River and deposited within the catchment, with some fine 

silts and clays transported into the estuary and Princess Charlotte Bay. Based on 

evidence from other studies, it is conservatively estimated that at least half of the 

sediment load supplied to Normanby Rivers is of anthropogenic origin. This evidence 

includes studies that show the rates of gully erosion in parts of the upper catchment 

have increased by up to ten times since the introduction of cattle, and accelerated gully 

erosion contributes an estimated 37% of suspended sediment inputs to the river system 

(Brooks et al. 2013). Linear disturbances (roads, fences and tracks), also provide a 

significant source of anthropogenic sediments (Spencer et al. 2016). Intense wildfires 

late in the dry season, feral pig and cattle damage to wetlands and stream banks, and 

alluvial mining all contribute to the sediment load. These and other soil disturbances 

likely increase the relative anthropogenic contribution well above 50% (CYNRM and 
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SCYC 2016). From these multiple lines of evidence of increased sediment loads, it can 

be inferred that a large fraction of the sediment deposition described in this study is of 

anthropogenic origin, associated with post-European development of the catchment. 

Increased sediment deposition within the river channel, river benches, or on the 

extended floodplains, including connected freshwater wetlands, can have serious 

implications for aquatic habitat and species diversity in the Normanby Basin.  As they 

move downstream, sand slugs reduce the diversity of stream habitats, including loss of 

deeper pools and gravel bars, and have been shown to reduce macro-invertebrate 

diversity and abundance (Rutherfurd 1996, Bartley and Rutherfurd 1999). Silt and clay 

deposition can also smother benthic habitat, while the on-going resuspension of fine 

sediments by feral animals and water currents can increase turbidity and reduce primary 

productivity (Prosser et al. 2001). Some aquatic species, including respiring freshwater 

turtles, are sensitive to high levels of fine sediments (Schaffer et al. 2016). Increased 

sedimentation could decrease the volume and longevity of dry-season pool refugia, 

threatening migratory fish species that are dependent on these pools through the dry 

season. These species include barramundi (Lates calcarifer), catfish (e.g., Neoarius 

spp.) and freshwater sawfish (Pristis pristis) (Burrows 2004; Waltham et al. 2013). 

Much of the sediment deposition occurs within the mid- to lower-catchment area within 

Rinyirru National Park / Cape York Peninsula Aboriginal Land (Existing National Park 

area, Figure 2.2). This area is characterised as High Ecological Value due to the high 

diversity of river flow regime classes and lacustrine and palustrine wetlands, including 

over 100 permanent freshwater lagoons (Cook et al. 2011, Environment Australia 2001, 

State of Qld 2019c).  The freshwater wetlands of Rinyirru provide important waterbird 

habitat and support a diverse range of fish, frogs and other fauna, and over 100 species 

of aquatic plants, including several threatened species (Howley et al. 2013). The species 

diversity of Rinyirru is dependent on maintaining a diversity of aquatic habitats. For 

example, deep waterholes are the preferred habitat of Pristis pristis, which are listed as 

Vulnerable to Extinction (Wilson 1999, EPBC Act 1999). Evidence of rapidly in-filling 

waterholes (Figure 3.10Figure 6.1) suggests that there has been loss of aquatic habitat 

and the threat to aquatic diversity is real. 
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Figure 6.1: Photo taken of a 

display at the “Old Laura” 

homestead at Rinyirru National 

Park. The picture shows what was 

once a permanent waterhole at Old 

Laura, now a shallow road 

crossing with little water for most 

of the dry season. (Year and 

photographer unknown) 

 

6.2.2 Threats to the estuary and PCB from upper catchment sources 

Normanby rivers and wetlands buffer Great Barrier Reef ecosystems from the full 

impact of anthropogenic sediment and nutrients supplied from the upper catchment. 

Despite this buffering, an estimated 4 kt of medium to coarse silt (16 – 64µm grain size) 

from the upper catchment was deposited within the estuary over one average wet 

season, and roughly 42% of fine silt and clay particles from the upper catchment were 

transported to the estuary and PCB. Upper catchment sediments also provide an 

anthropogenic source of bioavailable nutrients to the estuary (Garzon-Garcia et al. 

2016). The desorption of FRP from sediments appeared to be an important contributor 

to PCB plumes under some flood conditions. It is therefore likely that there is some risk 

to estuarine and marine water quality from increasing nutrient and sediment loads. 

However, evaluating the threat to estuary and PCB ecosystems from anthropogenic 

sources is complicated by the lack of nutrient and sediment loads monitoring in the 

estuaries, and the significant but unquantified supply of sediments and nutrients 

(particularly DIN) from the coastal zone to the estuary and flood plumes.  

Coastal erosion, salt flat nutrient release and the release of bioavailable nutrients from 

sediments are generally not well quantified in loads models and risk assessments. This 

may lead to an underestimation of the nutrient and sediment loads delivered to PCB, 

and the risk posed to water quality and associated ecosystems. Alternatively, while the 

total loads may be underestimated, it is also possible that the supply of sediment and 

nutrients from the extensive coastal zone may overwhelm or dilute the risk posed from 

anthropogenic sources. A better understanding of the relative contribution of sediments 

and nutrients from the upper catchment (largely anthropogenic) and coastal zone 
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(presumed to be natural) to the estuary and PCB is necessary to assess the risk posed to 

coastal ecosystems from upper catchment sources. 

6.2.3 Wholistic Catchment to Coast Management 

This study highlights the need for prioritising investments in water quality 

improvements based on risks to high-value freshwater ecosystems in addition to the 

inter-connected coastal and marine ecosystems. While many Australian State and 

Federal Government land management programs focus on protecting the Great Barrier 

Reef, and numerous studies have assessed the relative risk to GBR water quality from 

adjacent river catchments (State of Qld 2018a, Waterhouse et al. 2017), few have 

evaluated the relative threats posed to freshwater aquatic ecosystems across the GBR or 

Northern Australia. A wholistic catchment to coral risk-assessment, incorporating the 

full range of land use impacts on aquatic ecosystems detailed in this study and 

elsewhere, would help to ensure that valuable freshwater ecosystems receive equal 

prioritisation for future government or private investments in improved land 

management for water quality protection.   

Based on both the existing threat to freshwater aquatic diversity and threatened species, 

and potential threats to the estuary and marine ecosystems, continued investment in 

actions to slow gully and bank erosion and to avoid new soil disturbances are necessary. 

Investing in actions that maintain vegetative groundcover through the dry season and 

reduce disturbances of upper catchment sodic soils are critical to reduce anthropogenic 

sediment loads. These actions can include controlled burns that reduce hot fires late in 

the dry season, reducing grazing pressure on river terraces and banks, restricting 

clearing of sensitive alluvial soils, and ensuring road and fence construction and 

maintenance follows best management practices (Howley et al. 2013, Shellberg and 

Brooks 2013, CYNRM and SCYC 2016). 

Improved management of nutrient run-off and leaching from existing Lakeland farms 

and new areas slated for agricultural development is also necessary to maintain or 

improve water quality in the upper catchment. Elevated dissolved inorganic nutrient 

concentrations occurred over at least a 25 km stretch of the Laura River downstream 

from Lakeland. These nutrients supported phytoplankton biomass accumulation during 

the dry season when flow was minimal. Providing support and advice about nutrient 

loss reduction strategies to Lakeland farmers should be a government priority. 



 

147 

 

Maintaining adequate river discharge through the dry season, despite increasing 

demands for water, will also be critical to avoid further degradation in waterholes that 

provide refuge for fish and other aquatic species. Maintaining adequate water quality 

and quantity in the Laura River, as per State of Qld (2019c) guidelines, is particularly 

important due to its value as a food source for the downstream indigenous community. 

Although extensive erosion management works are now being undertaken in the Basin 

and cattle have been removed from large areas, new developments including the 

expansion of horticulture and cropping, the planned clearing of 320 km2 on one 

property and alluvial mining in the West Normanby and Laura River sub-catchments 

have the potential to cancel out sediment and nutrient load reductions gained from the 

investment of millions of Australian Government dollars. Investments and land 

management decisions that avoid creating new sediment and nutrient sources in the 

Basin are likely to be more cost efficient and successful at protecting downstream 

aquatic habitats than attempting to reverse habitat degradation after it has occurred 

(Shellberg 2020). Careful management and monitoring of development in the upper 

Normanby catchment is required to maintain the health and resilience of both freshwater 

and marine aquatic ecosystems. 

6.3 Recommendations for future research and monitoring 

This study highlights significant uncertainties associated with empirical and modelled 

nutrient and sediment load estimates from the Normanby Basin, many of which are also 

likely to apply to other tropical river systems.  Key uncertainties include:  

• The lack of quantification of key anthropogenic impacts, such as erosion from 

roads, high intensity wildfires, and alluvial mining;  

• Water and pollutant discharge at Kalpower Crossing and other gauges at peak 

flood periods when gauge bypass occurs; and  

• The lack of discharge and loads monitoring at the three major estuaries. 

Until land use impacts are better understood, modelled sediment and associated nutrient 

loads will continue to under-estimate river pollutant loads in remote tropical regions, 

such as Cape York. Recommended research priorities for land use impacts include: 

• Continued research into road, fence and track erosion, to quantify total sediment 

load contribution and establish appropriate BMPs (Best Management Practices).  
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• The impact on river sediment and nutrient concentrations from high intensity (late 

dry season) wildfires or controlled burns.  

• The impacts of alluvial mining on sediment loads. 

• The supply of nutrients and sediments discharged from floodplain wetlands 

disturbed by feral animals (pigs, horses, cattle). 

• Historic and current rates of sediment in-filling in representative wetland regions 

including the riverbed, lacustrine and palustrine wetlands, and the upper estuary. 

• Monitoring of Chl-a concentrations in the Laura River to assess the current 

response to anthropogenic nutrients and potential future changes from expanding 

agricultural land use and/or improved management practices. (Chl-a concentrations 

have not been monitored in the Basin since 2010). 

• Additional analysis of NO3 isotopes in soil, groundwater, and surface run-off at 

Lakeland farms to clarify the sources of nutrients (including compost fertilisers), 

transport pathways, and potential impacts on downstream aquatic ecosystems. 

Improved gauging of both river discharge and nutrient and sediment concentrations is 

also required to improve empirical loads estimates, assess relative risks to aquatic 

habitats and to measure changes over time. Recommendations for monitoring Cape 

York river loads based on international standards are contained in Shellberg et al. 

(2016). Key points for the Normanby Basin include: 

• Improve peak water discharge/stage rating curves at all gauges by measuring width 

and depth integrated velocity and concentrations during flood events.  

• Correlate width and depth integrated sediment concentrations with continuous, in-

situ turbidity results, from dataloggers now installed at Kalpowar Crossing, 

Battlecamp Crossing and the East and West Normanby (CYWMP, Rinyirru 

Aboriginal Corp. and Qld DES). Collect continuous turbidity data over at least one 

wet season from the Laura River gauge. Ensure all turbidity dataloggers can rise 

above river-bed turbulence during floods. 

• Monitor stage and velocity at current Rinyirru/Lama Lama turbidity datalogger 

locations in the Normanby and Kennedy estuaries to estimate estuary loads. 

• Analyse particle size distribution over the course of multiple events at gauge sites 

and the estuary to estimate loads of each size class transported to PCB. 
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• Identify the river stage and upper catchment discharge associated with overbank 

flow and channel diversion in the Kalpowar Crossing region. Use LiDAR to map 

the flood channels between Normanby and Hann Sub-Basins and estimate the river 

stage at which these channels would be activated.   

In addition, monitoring nutrient and sediment concentrations in the rivers of the western 

Normanby Basin (Hann Sub-Basin) would provide a valuable comparison with the 

Normanby River (Normanby Sub-Basin), and a more complete picture of Normanby 

Basin sources and sinks. 

Working with the Normanby Traditional Owners, Qld Parks and Wildlife Service and 

other landowners, including graziers, farmers and conservation property managers, is 

critical to the success of any monitoring effort in the Normanby Basin and to ensure that 

the results are understood and accepted by the people to whom they are most relevant.  
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Appendix A Normanby Basin Supplementary Information 

A. 1 Normanby Basin Vegetation  

Eucalyptus woodlands, often dominated by E. tetradonta (Darwin stringybark) and 

Corymbia spp. (bloodwood), cover more than half of the Normanby Basin, from the 

Hodgkinson Formation and sandstone plateaus in the southern and eastern catchment to 

the extensive sand and alluvial plains in the central and western Basin (Regional 

Ecosystem mapping). Within the Eucalypt woodlands, a sparse to dense grassy ground 

layer is commonly composed of Heteropogon triticeus (giant spear grass), Aristida spp. 

(three-awned speargrass), Sarga plumosum (plume sorghum), Schizachyrium spp. (fire 

grass), Triodia microstachya and Alloteropsis semialata (cockatoo grass). Pockets of 

dense notophyll vine forest (with Agathis robusta (Kauri Pine), Corymbia torelliana, E. 

pellita, and C. intermedia) occur in the mountain ranges, particularly within the high 

rainfall zone in the upper the East Normanby catchment. Open woodlands dominated by 

Melaleuca viridiflora cover one quarter of the Basin, scattered across floodplains and 

alluvial plains of the central, eastern and western Basin. Closed tussock grasslands 

cover extensive marine plains between Kalpowar Crossing and the estuaries. Patches of 

Sporobolus virginicus (marine couch), Tecticornia spp. (samphire) and other saltmarsh 

plants cover 237 km2 of otherwise bare saltpans near PCB.  

Melaleuca (paperbark) trees (M. argentea, M. fluviatilis, M. leucadendra and M. 

saligna) often dominate Normanby Basin freshwater riparian zones (Regional 

Ecosystem Mapping, State of Qld 2018b). Semi-deciduous mesophyll vine forests 

featuring rainforest species also occur along the lower Normanby and North Kennedy 

Rivers. In many areas, native herbs and grasses of the riparian understory, including 

river benches and inset floodplains, have largely been replaced by weeds. Many annual 

weeds provide little ground cover, have low root density and change the infiltration 

potential of soils, thus potentially increasing water runoff, reducing soil cohesion, and 

contributing to the initiation or acceleration of alluvial gully erosion (Shellberg and 

Brooks 2013). Over the study period, Senna obtusifolia (sickle pod) has expanded to 

form monocultures along stretches of the Normanby River and its tributaries including 

the East and West Normanby, Laura, and Morehead Rivers (Howley et al. 2014).  

Infestations of Cryptostegia grandiflora (rubbervine), another introduced species, also 

occur along the lower Normanby, Kennedy and Annie Rivers, and along the Laura 

River (Howley et al. 2014). Rubber vine can smother and kill riparian vegetation and 
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large trees and shade out understory grasses. The replacement or shading of understory 

grasses by weeds can leave alluvial soils more vulnerable to gully erosion (Shellberg 

2011, Shellberg and Brooks 2013).  

A. 2 Sub-Catchment Descriptions 

A.2.1 East Normanby (Gauge 105105A) 

The East Normanby river originates from high rainfall vine forests in the mountain 

ranges that bound the Normanby Basin in the southeast. The East Normanby and 

adjacent West Normanby sub-catchments have the highest elevations and slopes of the 

sub-catchments monitored for this study (Table A. 2). The river ceases to flow late in 

the dry season and can rise to over 700 m3 s-1 during flood events. Geology in the sub-

catchment is dominated (70%) by Hodgkinson Formation metamorphic rocks, from 

which highly erosive alluvial and colluvial sodic soils are derived.  Over the study 

period, conservation areas have expanded from 36 to 76% of the sub-catchment due 

primarily to the purchase of Springvale Station for a Nature Reserve by the Queensland 

Government in 2017, reducing grazing area from approximately 50% to only 10% of 

the sub-catchment. Gully erosion, accelerated by historic grazing, covers approximately 

0.5 km2 (Brooks et al. 2013).  

A.2.2 West Normanby (Gauge 105106A) 

The West Normanby sub-catchment is also dominated by Hodgkinson Formation 

geology (74%), with pockets of granite intrusions in the mountains and highly erosive 

sodic soils along the river valleys. With a peak elevation of 1233m the West Normanby 

sub-catchment boasts the highest point in the Normanby Basin. West Normanby 

tributaries include the Granite Normanby, which flows from the high elevation forests 

of Daintree National Park, and Boggy Creek, which originates to south of Lakeland and 

receives run-off from Lakeland farms. Like the East Normanby, the West Normanby 

ceases to flow in the dry season and is subject to rapid flooding (>1900 m3 s-1) during 

the wet.  

The West Normanby sub-catchment is an erosion “hot spot” with approximately 5 km2 

of gully erosion, much of which is in the Granite Normanby sub-catchment (Brooks et 

al. 2013). The 2017 purchase of Springvale Station for conservation purposes reduced 

grazing landuse from 90% of the sub-catchment to 49%, increasing conservation land 

use to over 50%.  It is unlikely that this conversion would show any reduction in erosion 
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over the period of this study although cattle have now been largely removed from the 

property and erosion management works are underway. Mining permits cover 5.3km2 of 

the West Normanby sub-catchment, and alluvial mining activities are highly likely to 

increase downstream fine sediment concentrations (Rutherford 2018).  Monitoring the 

West Normanby began in 2012 with a focus on flood sampling, thus the relatively low 

number of baseflow samples (Table 2.3).  

A.2.3 Normanby River Battlecamp Crossing (Gauge 105101A) 

The Normanby River Battlecamp Crossing region (which includes the East and West 

Normanby sub-catchments) is characterised by deep river valleys surrounded by 

sandstone peaks. Along with the transfer of Springvale Station from grazing to 

conservation in the in the nested upstream sub-catchments (East and West Normanby), 

Kings Plains Station was purchased in 2013 as a private conservation property, with 

erosion reduction works beginning in 2015 and cattle removal occurring from 2017-

2018 (Tim Hughes, pers. comm. July 2020). Binirr National Park (CYPAL) was also 

established in 2016. These land use changes reduced grazing land use in the sub-

catchment from 88% to 32% over the study period, increasing conservation land use to 

62% (Table 2.2).  In addition to the 5.5 km2 of gully erosion in the nested upstream sub-

catchments (East and West Normanby), there is 2.2 km2 of gully erosion in the 

Battlecamp region delivering sediment directly to this section of the river. Changes in 

land use are not likely to have reduced erosion measurably over the study period.  

Wet season floods reach over 18m (>2300 m3 s-1) at the 105101A gauge, occasionally 

resulting in overbank flow that continues north to the floodplains of Rinyirru National 

Park and past Kalpowar Crossing. Road flooding has limited event monitoring at this 

site however several floods have been monitored over the rising and falling stages.    

A.2.4 Laura River (Gauge 105102A) 

The Laura River flows west from the McLean basalt deposits in the Lakeland region 

through sandstone plateaus surrounded by steep Hodgkinson Formation ranges, past the 

town of Laura and then north to join the Normanby River in southern Rinyirru National 

Park. The Laura River is subject to drying as early as July or August in particularly dry 

years and can reach heights of over 12m (>2400 m3 s-1) at the Coal Seam Gauge during 

floods, which typically occur at least once a year.  Monitoring for this study occurred 

over three main areas (LR-Coal Seam Gauge region, LR-Carrols Crossing and LR-
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Lakeland) to document the extent of potential impacts from horticulture and cropping in 

the upper Laura sub-catchment and over 100 years of grazing on sodic alluvial soils in 

the central and lower Laura sub-catchment. Some monitoring has occurred at other 

locations by the Cape York Water Monitoring Partnership and the Laura Rangers, 

including the Laura River at Laura township, the Laura River Crossing in Rinyirru 

National Park, Ninda Creek, Kennedy Creek, Quartz Creek and the Little Laura River, 

however most of this data was not included in this study.  

The Laura sub-catchment above the Coal Seam Gauge region is almost entirely 

categorised as cattle grazing land (Table 2.2). Although there are no managed 

conservation areas in the Laura sub-catchment, large areas of Aboriginal Freehold are 

grazed only by feral cattle or cattle from adjacent stations. 

The central Laura River region around the Coal Seam Gauge has been identified as a 

Normanby Basin erosion hotspot due to the impacts of cattle grazing on sodic soils 

(Brooks et al. 2013). There are approximately 1.3 km2 of gully erosion in the region 

above the Laura River Coal Seam Gauge monitoring region (including the Laura River 

“New Bridge”). As a result, the Australian Government has made significant 

investments in gully erosion reduction works in this region (Crocodile Station) and 

some sediment production reductions have been measured in local gullies (A. Brooks, 

pers. comm., July 2020); however it is unlikely that these reductions would have been 

measurable in the period of this study at the downstream monitoring sites. 

Above the Laura River at Lakeland, 19% of land is used for horticulture and cropping 

due to the relatively rich basalt soils in this region (Table 2.2). Approximately 2.4 km2 

of new irrigation area has been cultivated with bananas and watermelon along the river 

between LR-Carrolls Crossing and LR-Lakeland over the period of this study. Six new 

dams have also been constructed on tributaries of the Laura River in recent years. 

A.2.5 Normanby River Kalpowar Crossing (Gauge 105107A) 

Kalpowar Crossing is located in central Rinyirru National Park/ CYPAL. The 

monitoring site is approximately 75km upstream from the mouth of the Normanby 

River, and 100 km downstream from both Battlecamp Crossing and the Laura River 

Coal Seam Gauge. Kalpowar Crossing is surrounded by gently sloping flood plains 

comprised largely of residual sands and clays. Multiple channels in this region spill into 

lagoons or cross to and from the North Kennedy River during major flood events. The 
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Normanby is estimated to reach flood levels on average 16 days per annum at Kalpowar 

Crossing, exceeding 2000 m3 s-1 (9m) during peak floods.  

Rinyirru National Park was established on former grazing lease lands in 1973.  Feral cattle 

continued to graze within Rinyirru and the adjacent (upstream) Jack River National Park 

(est. 2005) despite significant eradication efforts. Feral pigs are also a serious water 

quality concern in the wetlands of both National Parks; however, numbers of pigs have 

been reduced by QPWS aerial culling efforts over the period of this study (Janie White, 

QPWS, pers. comm., August 2019; Doupe et al. 2009). On-going aerial culling efforts 

have significantly reduced observed impacts on palustrine wetlands with localised water 

quality improvements (Andrew Hartwig and Janie White, pers. comm., July 2017). 

A.2.6 Hann Sub-Basin (Annie R., Saltwater Cr., Morehead, North Kennedy, Hann 

River) 

The Hann Sub-Basin is comprised largely of sands and alluvium, although there are 

granite outcrops in the river headwater regions (Figure 2.1, Figure 3.1).  Elevation 

(maximum 382m) and slope across the Sub-Basin are lower than the Normanby Sub-

Basin (Table A. 2). The majority of the western Normanby Basin (the Hann River Sub-

Basin) is ungauged, however the Hann River gauge (105001B) captures run-off from 

approximately 10% of the sub-basin.  Springwater provides year-round flow to some 

headwater creeks (i.e. Jungle Creek), however most rivers and creeks in this region are 

perennial. 

Aside from the North Kennedy estuary, the western basin was not monitored for this study 

due to lack of wet season access. This area is a significant gap in our understanding of 

water quality in the Normanby Basin and sources of sediment and nutrients to Princess 

Charlotte Bay. Historic (1972-2004) ambient monitoring at the Hann River and North 

Kennedy documented low turbidity (mean 7 NTU) and low nutrient (mean TN 0.15 mg/L, 

TP 0.01 mg/L) concentrations. In recent years, the Olkola Rangers have conducted 

baseflow water quality monitoring at several sites in the Hann Sub-Basin. Roads are a 

source of erosion (Spencer et al. 2016), and gully erosion covers 2.6 km2 in the Hann 

River Sub-Basin upstream from the North Kennedy estuary. 

A.2.7 Estuaries 

The tidal reaches of the Normanby, Bizant and North Kennedy rivers are highly 

meandering, with a narrow riparian strip of mangroves surrounded by extensive salt 
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flats and grasslands. The Normanby Basin has one of the largest tidal wetland systems 

in Australia, covering over 800 km2, including 266 km2 of salt flats (Environment 

Australia 2001). The Bizant River is a distributary of the Normanby, branching west 30 

km downstream from Kalpowar Crossing.  Rapidly incising erosion has been observed 

along the Bizant coastal plains (Brooks et al. 2013; Vimeo.com/63559756). The North 

Kennedy flows primarily from the western Basin tributaries, but during large flood 

events the North Kennedy and Normanby River are connected. Although ungauged, 

discharge measured at gauge 105107A (Kalpower Crossing) was used to categorize 

ambient vs event flow at all estuary sites as it has been found to generally correspond to 

stage in both the Normanby and North Kennedy estuary (J. Shellberg, unpublished 

data).  
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Table A. 2: Normanby Basin Monitoring Site sub-catchment characteristics: area, annual discharge, stream network length, elevation and slope 

River System Monitoring Site  
Gauge 

Site1 

Area 

km2 

Distance to 

Mouth 

(km) 

Mean Annual 

Discharge2 (GL) 

AHGF1 Stream 

Network 

Length (km) 

Elevation2 Slope2 

Min (m) Max (m) Mean (m) Max (°) Mean (°) STD 

North Kennedy  N. Kennedy Estuary  9203 0, 9 NA 7583.34 0.00 382.17 81.97 40.41 2.07 1.97 

Normanby  Normanby Estuary  14715 0, 5 NA 12998.82 0.00 1232.55 163.46 74.90 5.45 6.22 

Bizant River Bizant Estuary  261 0 NA 228.17 0.00 154.85 6.71 25.58 1.47 1.39 

Normanby Basin 

Estuary Sites 

Combined 

105107A 

24179 
0 to 5 NA 

20810.32 0.00 1232.55 84.05 74.90 4.08 4.50 

Normanby  Kalpowar Crossing  105101A 12930 71 2135 11411.46 17.85 1232.55 180.17 74.90 5.86 6.43 

Normanby  Battlecamp Crossing 105102A 2310 174 657 2235.75 74.23 1232.55 279.10 60.19 9.85 7.64 

Laura River 

Coal Seam Gauge 

Sites  

 

1359 
170 398 

1315.98 76.02 706.81 250.70 61.68 8.45 7.78 

Laura River Carrolls Crossing   301 201 NA 305.72 131.07 706.81 263.95 51.33 5.95 7.06 

Laura River Lakeland 105015A 63 225 NA 60.87 204.78 544.98 299.86 40.99 6.91 7.43 

East Normanby East Normanby  105106A 301 245 113 282.70 134.17 920.88 337.99 53.71 12.34 8.25 

West Normanby West Normanby   846 244 338 853.39 125.18 1232.55 370.56 60.19 11.23 7.82 

1 Australian Hydrologic Geospatial Fabric, http://www.bom.gov.au/water/geofabric/index.shtml 

2 SRTM 1 second DEM Elevation and Slope

http://www.bom.gov.au/water/geofabric/index.shtml
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

Table S.3.2: Comparison of annual suspended sediment loads estimates for the West Normanby gauge using three Power Regression methods: 1)  

Water Quality Analyser (WQA) software used to calculate annual loads from a regression equation based on annual (water year) data only, 2) 

WQA regression equation based on data from the entire sampling period (2012-2018), and 3) manually calculated power regression equation 

using data from the entire sampling period, with a bias correction factor applied as per Ferguson (1986). Corresponding R2 values for each 

method also shown.  

Gauge 
Water 
Year 

Annual 
Discharge 

Event 
sampling 
coverage1 

Goodness-of-Fit 

(Power R2) 

1 
WQA 

Power Regression 
(annual) 

2 
WQA 

Power Regression 
(all data) 

3 
Manual Power 

regression  
(all data) 

   GL  1 2 3    

105106A 2012-13 288.15 poor 0.50 0.37 0.44 63500 209213 99067 

105106A 2013-14 244.45 moderate 0.99 0.37 0.44 63149 117781 151295 

105106A 2014-15 49.45 moderate 0.33 0.37 0.44 12595 12723 13960 

105106A 2015-16 122.29 moderate 0.71 0.37 0.44 22967 35587 40302 

105106A 2016-17 151.73 good 0.38 0.37 0.44 29942 35406 39186 

105106A 2017-18 130.86 moderate 0.04 0.37 0.44 35421 33979 37936 



 

175 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

Table S.5.4: Mean flood event sediment and nutrient concentrations (±stdev) for catchment regions and flood plume 

Analyte 

Upper catchment Mid-catchment Lower Estuary Plume 

20121 2013 2014 2012 2013 2014 2012 2013 2014 2012 2013 2014 

SS (mg L-1) 613 (575) 269 (271)a 354 (268)a 62 (41)d 67 (37)d 71 (16)d 26 (20)g 74 (22)gh 102 (22)h 8 (7)x 8 (5)x 41 (55)x 

PN (µM L-1) NA  40.6 (44.4)a 73.7 (59.4)b 10.6 (6.9)d 10.7 (0.7)d 13.2 (6.6)d 5.5 (4.7)g 20.2 (4.8)h 15.6 (12.8)zq 4.2 (5.7)x 5.1 (5.3)x 3.9 (3.2)x 

DON (µM L-1) NA   23.7 (10.0)a 12.4 (4.1)b 21.8 (2.8)de 25.4 (0.4)d 17.8 (0.9)e 18.8 (7.0)g 21.2 (7.1)g 11.5 (6.8)g 12.8 (4.8)x 13.5 (6.6)x 14.0 (3.1)x 

NH4/NH3 (µM L-1) 0.71 (0.19)  1.05 (1.51)a 0.60 (0.26)a 0.39 (0.21)d 2.21 (0.62)e 0.54 (0.05)de 1.07 (0.45)g 3.34 (0.79)g 2.99 (3.96)g 0.99 (0.31)x 0.93 (0.82)x 0.73 (0.39)x 

NOX (µM L-1) 8.97 (10.82)  12.38 (6.62)a 2.95 (1.98)b 1.53 (1.48)de 5.11 (3.17) d 0.53 (0.05)e 5.73 (1.05)g 2.58 (0.44)gh 0.83 (0.78)h 3.60 (0.86)x 1.57 (1.05)y 0.99 (0.24)y 

PP (µM L-1)  NA  3.4 (3.0)a 8.4 (5.5)b 1.3 (1.1)d 1.3 (0.3)d 2.3 (0.9)d 0.4 (0.1)g 2.0 (0.9)h 2.4 (1.0)h 0.2 (0.1)x 0.2 (0.2)x 0.7 (0.5)x 

DOP (µM L-1)  NA  0.4 (0.31)a 0.2 (0.2) b 0.5 (0.4)d 0.6 (0.1)d 0.1 (0.1)d 0.1 (0.1)g  0.2 (0.2)g 0.3 (0.3)g 0.4 (0.1)x 0.1 (0.1)y 0.2 (0.1)xy 

FRP (µM L-1) 0.40 (0.19)  0.60 (0.42)a 0.44 (0.33)a 0.15 (0.12)d 0.60 (0.05)e 0.26 (0.04)de 0.26 (0.06)g 0.45 (0.08)h 0.19 (0.08)g 0.22 (0.09)x 0.15 (0.08)y 0.11 (0.06)y 

Chl-a (µg L-1) NA NA NA NA NA NA 1.1 (1.2) 0.9 (0.3) 0.2 (0.0)  1.3 (0.6)x 2.2 (2.2)x 0.6 (0.3)x 

Phyto ( 1000 cells L-1) NA NA NA NA NA NA NA NA NA 20 (12)x 616 (1104)y 99 (66)xy 

Salinity NA NA NA NA NA NA NA NA NA 19.0 (7.9) 23.7 (7.8) 16.3 (11.1) 

Temp (°C) NA NA NA NA NA NA NA NA NA 31.8 (0.6) 31.0 (1.9) 29.0 (0.7) 

NA not analysed 

1 2012 upper catchment samples not analysed for statistical differences with 2013 or 2014 due to variations in river sampling methodologies that year 
a, b Significant differences (p<0.05) between median annual upper catchment concentrations are represented by differences between the superscript letter “a” or “b”  
d,e Significant differences (p<0.05) between median annual mid-catchment concentrations are represented by differences between the superscript letter “d” or “e” 
g,h Significant differences (p<0.05) between median annual lower catchment concentrations are represented by differences between the superscript letter “g” or “h”  
x,y Significant differences (p<0.05) between median annual plume catchment concentrations are represented by differences between the superscript letter “x” or “y” 
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Figure S.5.3: Salinity measured at 2012 (1a), 2013 (1b), and 2014 (1c) PCB flood plume sample locations 
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Table S.5.5: Select GBR catchment area, discharge and land use statistics1 and “end-of system” sediment concentrations2 

Catchment statistics Normanby Burdekin Fitzroy Herbert Tully 

River basin area (km2) 24,550 130,050 142,750 9800 1740 

Mean annual discharge (GL) 1234 8930 4311 3429 2995 

Grazing Area (%) 533 96 82 68 14 

Horticultural Area (%) <1 2 6 4 14 

End of System SS max (mg L-1) 125 1600 1449 400 116 

End of System SS mean (mg L-1) 52 290 848 156 42 

1 Joo et al. 2012 (Burdekin, Fitzroy, Herbert and Tully); State of Qld 2015 (Normanby) 

2 Brodie et al. 2004 and Bainbridge et al. 2012 (Burdekin); Douglas et al. 2008 (Fitzroy); Mitchell et al. 1997 (Herbert); Prange et al. 2007 and Hately et al. 2007 (Tully) 

3 Previously 82% (Joo et al. 2012) prior to conversion of grazing lands to conservation 

Table S.5.6: Comparison of mean flood plume salinity, nutrient and sediment concentrations (±stdev) for select GBR catchments1 

Analyte Normanby Burdekin2 Fitzroy2 Herbert2 Tully2 GBR Mean3 

Salinity  18.0 (11.4) 22.1 (11.6) 20.1 (6.7) 21.4 (13.7) 15.4 (15.2)  

SS (mg L-1) 21.3 (30.3) 33.7 (75.4) 23.7 (42.5) 10.1 (14.5) 6.9 (11.3) 13.6 (29.3) 

NH4/NH3 (uM) 1.26 (1.30) 1.47 (1.96) 1.12 (0.93) 0.56 (0.77) 0.64 (0.66) 
2.8 (3.1) 

NO3+NO2 (uM) 2.16 (1.50) 2.44 (3.52) 2.21 (2.22) 1.60 (2.62) 1.44 (2.57) 

PN (uM) 6.45 (7.01) 2.87 (5.01) 5.35 (6.77) 1.08 (2.83) 1.63 (2.58) 3.4 (4.7) 

DON (uM) 13.64 (6.28) 7.19 (6.83) 14.10 (10.58) 5.97 (6.09) 4.51 (4.30) 8.8 (7.1) 

FRP (uM) 0.19 (0.11) 0.31 (0.35) 0.79 (0.69) 0.16 (0.18) 0.23 (0.22) 0.4 (0.4) 

DOP (uM) 0.43 (0.60) 0.17 (0.17) 0.29 (0.30) 0.14 (0.25) 0.16 (0.19) 0.2 (0.2) 

PP (uM) 0.21 (0.14) 0.40 (1.01) 0.40 (0.56) 0.07 (0.16) 0.12 (0.18) 0.3 (0.6) 

Chlor-a (ug L-1) 1.5 (1.8) 0.7 (1.2) 2.0 (3.7) 1.3 (1.4) 0.9 (0.9) 1.3 (1.8) 

1 Mean plume concentrations not available for Annan or Daintrree Rivers, although the results from Davies and Eyre (2005) are discussed in text 

2 Devlin (2012): Mean plume concentrations measured by JCU between 1994- 2012 

3 Devlin et al. (2012c): Mean GBR Concentrations 2007 – 2011 Flood Plume Monitoring. Combined NH4 and NOx (DIN) presented. Salinity not provided.  
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Figure S.5.4: Box Plots comparing SS (mg L-1), FRP, NO3+NO2 (NOx), NH4/NH3, PN, PP, DON, DOP (µmol L-1), Chl-a (µg L-1) and phytoplankton (x100 

cells L-1), for Normanby Catchment regions (upper catchment, mid-catchment, estuaries and plumes) during the March 2012, January 2013 and April 2014 
flood events   


