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Abstract 
Floods are extreme events that can rapidly alter water and habitat quality in receiving 

estuaries. Because floods are unpredictable, they are more difficult to study, so have 

received less research attention than freshwater flow studies, resulting in a paucity of 

information on their ecological effects in the coastal zone. Previous studies have shown 

correlations between high flow periods and increased fisheries catches, which suggests 

that floods stimulate productivity in receiving waters. However, there have been no 

studies providing direct links between floods and increased productivity responses in 

fisheries species. In addition, the long-term effects of deposited flood sediment on food 

webs in estuaries are poorly understood. Floodwaters can carry high loads of fine 

sediment, which settles at the most offshore portion of the estuary delta, known as a 

prodelta. Nutrients, trace elements and other substances are also exported from the 

catchment dissolved in floodwater or attached to fine sediment particles and are 

deposited in estuaries.  However, the processes of nutrient release from suspended 

sediments and settled sediments, and uptake of nutrients and trace elements into the 

food web in receiving estuaries are not well understood. Therefore, this thesis used 

laboratory experiments (Chapter 2 & 3) to study these processes with the aim of gaining 

a better understanding of the mechanisms underpinning measured ecological flood 

responses using field studies (Chapter 4 & 5).  

This study used catchment soils formed from three distinct rock types (granite, basalt 

and sandstone) from the Brisbane River (Queensland, Australia) catchment in a flood 

simulation experiment to quantify the rates of nutrient release during flooding (Chapter 

2). In the laboratory, the fine fraction (<63 µm) of the soils was tumbled in freshwater 

for three days and left to settle in seawater for four weeks, and filtered water samples 

were taken throughout. A thin layer of the fine soils was also added to incubated 

sediment cores collected from central Moreton Bay, Queensland, Australia, to measure 

the influx or efflux of dissolved nutrients from sediments. Basalt soils, in particular, 

were relatively nutrient-rich and released substantial quantities of organic and inorganic 

dissolved nutrients, particularly phosphate. However, when soils were added to 

estuarine sediment cores and incubated, there was a net influx of phosphate from the 

overlying water. All soils continually released ammonium in both experiments, 
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indicating that catchment soils may be an important source of ammonium to fuel 

productivity within the coastal zone. 

Catchments can also contribute trace elements to estuaries and coastal areas. Sources of 

trace element (cadmium (Cd), manganese (Mn) and zinc (Zn)) accumulation in 

estuarine fisheries species occupying different trophic levels were determined using 

radioisotope experiments (Chapter 3). Clams, prawns and fish common to estuaries on 

the East Australian coastline were exposed to a combination of Cd, Mn and Zn in three 

sources: dissolved in seawater, attached to suspended sediment particles, and diet. The 

study showed that clams accumulated all three elements from seawater, while prawns 

and fish showed negligible uptake. This indicates that clams may be an important link 

between dissolved and bioavailable elements for higher trophic level species, since the 

clams bioconcentrated these elements from seawater. The suspended sediment 

exposures had similar outcomes, with accumulation by clams, with negligible uptake by 

prawns and fish. Clams may therefore be particularly sensitive to accumulation of 

contaminants during floods, which may be exacerbated by their sessile nature. 

Biokinetic modelling using moderate environmental metal concentrations showed that 

diet was the main source of Cd and Zn accumulation in clams, whereas seawater was 

likely to be the main source for clam Mn accumulation. Diet was found to be the main 

source of Cd, Mn and Zn accumulation in prawns and fish, which is supported by 

previous studies. In the diet exposures, there was also a considerable difference in 

assimilation efficiencies between prawns and fish. The results of this study suggest that 

the contribution of diet to trace element accumulation at higher tropic levels may be 

larger than previously thought, and diet should therefore be considered in trace element 

studies involving high trophic level species.  

To identify short-term responses to a flood, multiple condition indices were determined 

for brown tiger prawns collected before and after a large cyclone-driven flood from 

several sites in central Moreton Bay (Chapter 4). Prawns collected from sites closest to 

the Brisbane River and Moreton Island showed no consistent change in condition over 

time. However, prawns collected from the most southern sites closest to the Logan 

River, which was the most severely flooded river system during the storm, responded 

positively to the flood with increased condition measured in terms of length-weight 

relationships, carbon-nitrogen ratios and muscle lipid content. Peak condition was 
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measured on the first post-flood sampling occasion (i.e. day 11), and prawns collected 

53 d after the flood were found to be in a similar condition to those before the flood. 

This peak in prawn condition coincided with an increase in benthic algal biomass that 

occurred simultaneously, measured as chlorophyll-a concentrations. Unlike previous 

studies, which found negative flood condition responses in fish in urban estuaries, the 

results from this study show that floods in South East Queensland can increase food 

web productivity in Moreton Bay.  

Water conditions in estuaries following floods usually return to normal within a couple 

of months, therefore long-term flood effects are likely to be caused by catchment 

sediment that is deposited on the estuary prodelta. To assess catchment influences on 

energy flow to fish and prawns living on flood prodeltas, common fish and prawn 

species were analyzed for stable isotope and trace element composition (Chapter 5). 

Fish and prawns were collected from a prodelta in an urbanized catchment (Moreton 

Bay) and three non-urbanized catchments (Gulf of Carpentaria). Links between diet and 

trace element composition were found. Differences in trace element composition were 

greatest between fish and prawns, which was reflected in correlations of trace elements 

with nitrogen isotopes. Differences within fish and prawn groups were also found, 

which were correlated to carbon isotopes and reflected benthic versus pelagic diets of 

different species. These correlations also highlight the importance of diet in trace 

element accumulation, and show that trace elements can be useful in food web studies. 

Variations in diet between locations were measured for some species, particularly 

catfish, suggesting that material exported from the catchment during floods influences 

food webs through availability of quality prey in estuary prodeltas. Catfish in Moreton 

Bay were found to be feeding at a high trophic level, suggesting that the urbanization of 

the Brisbane River catchment does not negatively affect the quality of food available in 

the Brisbane River prodelta.  

Overall, the results of this thesis showed that floods, and the sediments they transport to 

estuaries, can be beneficial for fisheries and food webs in receiving estuaries. In 

addition, trace element accumulation is linked to diet, and stable isotopes and trace 

elements can be combined to study catchment influences on estuarine food webs. An 

effective and transferrable methodology for mapping catchment influences and 

evaluating food quality in important fisheries habitats was identified. Floods facilitate a 
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seaward transport of water, sediment and substances from catchments that are taken up 

into food webs in the coastal zone. Flood frequency and intensity is expected to increase 

with a changing climate and the work presented here fills important knowledge gaps on 

ecological responses to floods. While organisms have responded to and recovered from 

flood events throughout history, changes to sediment and water volumes through land 

clearing and damming of rivers may affect the quality of food, and therefore fisheries 

productivity, in the coastal zone. This study therefore has important implications for 

management of land use, erosion and water resource allocation within catchments. 
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1.1 Introduction to floods 

Flooding occurs most commonly from heavy rainfall when natural watercourses cannot 

convey excess water. Major floods occur when rainfall and/or river heights exceed a 

multi-year average, which differs between regions. Major floods usually exceed a 20–50 

year average, making them difficult to predict from long-term forecasts, and because of 

this, their effects on fisheries are not well studied. “Freshwater flow” studies examine 

all flows, most of which are average rainfall events with water remaining in natural 

watercourses, and with little sediment transport. Freshwater flow studies also often 

include periods of flooding. Major floods transport significantly more sediment and 

nutrients than regular freshwater flows and can have substantially different effects on 

fish communities in estuaries and coastal bays (Montagna et al. 2012). However, in 

comparison to the effects of freshwater flows, the effects of floods on estuarine 

ecosystems have been less well studied (193 articles identified with the search terms 

flood AND fish* AND estuar* AND coast* AND NOT tide using the databases 

‘Scopus’ and ‘Web of Science’). High flows have been the focus of flood research and 

water management, and the issue of estuary degradation caused by increased rates of 

soil erosion in areas of modified land use is rarely addressed because it requires 

integration of land and water management (Wolanski & Spagnol 2000, Leigh et al. 

2013). This thesis will explore the effects of floods on estuarine ecosystems, 

specifically focussing on the effects of transported sediments, nutrients, and trace 

elements from inundated catchment areas on estuarine fish and prawn health and food 

web dynamics.  

 

Floods are episodic and unpredictable weather events that vary in spatial scale and 

magnitude. Heavy precipitation resulting from intense low-pressure systems (including 

cyclones and hurricanes) can quickly inundate low-lying areas, often mobilising 

sediment, woody vegetation and debris, animals and other objects (Marais 1982). 

Turbulent floodwaters rapidly flow through river systems and into estuaries. In the mid-

20th century, scientists began documenting observations of the immediate- and short-

term changes caused by floods in estuaries and coastal bays. Day and Grindley (1981) 

observed that the increased discharge of a flooding river at first reduces the salinity of 

the surface waters, and then as turbulence increases, the salinity of the bottom water 

layers also decrease and, in extreme cases, the whole estuary may run fresh to the sea. 
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Sediments that have been sorted and resorted during a decade of natural flow may be 

completely swept away during a single flood, thus changing the bottom topography of 

an estuary (Marais, 1982). Rivers in flood usually carry an increased load of silt, and 

when the turbulent water reaches the estuary, the water becomes increasingly turbid, 

often forming a sediment plume (Day & Grindley 1981). Suspended sediment impacts 

are of particular concern in wave-dominated estuaries and estuaries with island barriers 

that form a coastal bay, such as Moreton Bay, Queensland, Australia, because they have 

a central basin that forms a sink for fine sediments (Fig. 1.1). 

 

Figure 1.1. Conceptual model of sediment transport dynamics in a typical wave-dominated 

estuary. Conceptual model produced by OzCoasts, available at: 

http://www.ozcoasts.gov.au/conceptual_mods/geomorphic/wde/wde_sed_trans.jsp 

 

1.2 Land-use effects on flood water and sediment quality 

Soils and vegetation in catchments play an important role in absorbing and storing 

nutrients and trace elements, creating a natural filter that helps to prevent them from 

entering waterways (Papiri et al. 2003, Lowes et al. 2008, Newham et al. 2011). 

Globally, precipitation and runoff are the main variables driving the transport and 

transformation of carbon, nutrients, and contaminants from agricultural, urban, and 
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industrial areas (Kaushal et al. 2010). Deforestation and urbanisation not only increase 

the danger of flood inundation but also promote erosion (Overland & Kleeberg 1991). 

Nutrient distribution on floodplain surfaces is highly dependent on the character of 

surface sediments, with elevated concentrations of organic nitrogen, carbon, and 

phosphorus associated with fine-textured sediments (Asselman & Middelkoop 1995). 

Similarly, trace elements have a high affinity for fine-grained organic and mineral 

sediments due to the large surface area and reactivity of these particles (Foster & 

Charlesworth 1996). These fine sediments remain in suspension during flooding and are 

transported into estuaries or coastal waters where they settle to form a mud deposit (Fig. 

1.1). This deposit can act as both a source and sink for nutrient and trace element 

exchange with overlying waters (Birch & Olmos 2008, Atwood et al. 2012). Nutrients 

and trace elements naturally occur in soils and living organisms, and many are essential 

for cell processes and organism survival (Rainbow et al. 2011). Understanding the 

outcomes of flooding is becoming increasingly important as expanding human 

populations and increasing modification of catchments through farming, industry, and 

infrastructure facilitates the introduction and transport of excess nutrients and trace 

elements into rivers and estuaries, where they can have substantial ecosystem and 

biodiversity effects (Baeta et al. 2011, Brinkmann et al. 2013, Karimaee Tabarestani & 

Zarrati 2014).  

 

Since the 1950s, nutrient loading has been a major threat to the functioning of 

freshwater and estuarine ecosystems (Schönbrunner et al. 2012). Agriculture and 

sewage discharge or overflow are common sources of nutrient pollution that contribute 

to poor water quality. Globally, human activity has increased the flux of nitrogen and 

phosphorus from land to the oceans by two- and three-fold respectively (Howarth et al. 

2002). As of 2002, approximately 60% of coastal rivers and bays in the US were 

considered to be moderately to severely degraded by nutrient pollution (Howarth et al. 

2002). Land-use change, particularly the reduction in riparian vegetation, was identified 

in the 1990s as a major driver of declining water quality and ecosystem health, 

particularly in South East Queensland rivers (Bunn et al. 2010). In addition, the extent 

of drought or dry periods between flooding events is thought to have a significant effect 

on nutrient loading during floods (Kerr et al. 2010, Wetz et al. 2011, Wetz & Yoskowitz 

2013). For example, Kaushal et al. (2008) observed high nitrogen export during wet 

conditions that followed a drought in Chesapeake Bay watershed, implying that 
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nitrogen is stored in soils and other reservoirs within the watershed during drought. 

Thus, the land-use of the catchment and the sequence of events may affect the relative 

magnitude of nutrient loading in receiving waters (Wetz & Yoskowitz 2013).  

 

Anthropogenic trace elements and other pollutants can also be transported into estuaries 

during floods, from point and diffuse sources. Gasworks, power stations, sewage 

treatment plants, aquaculture farms, machinery production workshops and new urban 

developments are examples of point sources, while roads, vehicle tyre wear, runoff from 

roofing, and agricultural and mining activities are common diffuse sources of trace 

elements. Metals such as copper, zinc, lead, arsenic, and cadmium are of particular 

concern due to their prevalence, toxicity to aquatic organisms, and persistence in the 

environment (Brown & Peake 2006). Modification of urban and industrial surfaces and 

drainage networks replaces natural soil filtration and storage of trace elements with 

impervious surfaces such as roads and concrete drains (Papiri et al. 2003). Globally, 

most estuaries and coastal bays surrounded by large cities have contaminated sediments 

that cannot be remediated because the drainage within the catchment is an ongoing 

source for excess trace elements and pollutants (Papiri et al. 2003). For example, Xian 

et al. (2007) investigated land use change in urban areas and its impact on the Tampa 

Bay watershed of West-Central Florida. Their results suggested a strong association 

between most pollutant loadings and the extent of impervious surface within each sub-

drainage basin.  

 

1.3 Overview of flood effects on estuarine fish 
 

Heavy rainfall and rapid drainage of large volumes of water and sediment from 

catchments into rivers and estuaries can quickly change estuarine water quality. As 

such, fish, prawns, and other organisms in receiving estuaries and bays can be positively 

or negatively affected by floods (Fig. 1.2). Immediate and short-term effects (occurring 

hours to days after flood initiation) include the mortality of sessile organisms, such as 

bivalves, from sediment smothering or low salinity and mortality of mobile organisms 

by stranding (Anderson et al. 2004, Duggan et al. 2014). Another short-term effect is 

the movement of mobile organisms by high flow or along salinity gradients. Such 

gradients can be active cues for reproductive migrations or larval recruitment (Whitfield 

1986, Moses 2001, Boucek & Rehage 2013). In the weeks to months following a flood, 
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changes to prey availability and food web dynamics may occur (Atwood et al. 2012). 

Mass mortalities or “fish kills” caused by eutrophication induced hypoxia can also 

occur following large floods in systems suffering from high nutrient loads (e.g. Mallin 

et al. 2002). The long-term ecological effects of flood sediment and release of 

associated substances (i.e. nutrients and trace elements) into the water column and 

uptake into the food web are largely unexplored, and this research intends to fill some 

of these gaps. 

 

While it is thought that floods enhance fisheries production of some species, few studies 

have linked periods of high flow to faster growth, better condition or increased 

recruitment success of estuarine fish (Robins et al. 2006, Halliday et al. 2008). Gillson 

(2011) identified over 800 articles (published up to the year 2010) that examined the 

impacts of freshwater flows on fishery-related topics. A majority of these studies 

identify a positive relationship between freshwater flows and fisheries landings, but in 

most cases, the mechanisms behind these correlations remain undetermined due to an 

inability to distinguish between increased growth, survival and recruitment as a result of 

nutrient input, fish catchability, and/or the changing behaviour of fishers targeting these 

species (Gillson 2011).  
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Figure 1.2. Timeline literature summary of flood effects on estuarine fisheries and the 

environmental changes that cause these effects. Large arrows indicate progression of time, 

moving onto longer-term effects stages.  

 

1.4 Flood waters and fish movement; 

Immediate flood impacts on fish are primarily caused by rising water level, increased 

current velocity, or abrupt changes in physicochemical water parameters (Day & 

Grindley 1981). Rapid freshwater inflow can carry organisms from upstream reaches 

into estuaries and bays, and, in extreme floods, up to several kilometres offshore 

(Williams et al. 2017). Australian Bass, a freshwater fish species that is semi-

catadromous, utilizes periods of freshwater flow to migrate downstream to estuarine 

spawning grounds during winter months, however, they have been found up to 6 km 

offshore following large floods (Fielder & Heasman 2011). Tyagi and Saxena (1979) 

studied the abundance of pond and river dwelling organisms in floodwaters and traced 

the origin of the floodwaters back to inundated ponds. Organisms that are not flushed 

out of estuaries are often blanketed by a layer of silt, which can quickly decimate 

populations of filter feeders and seagrass beds (Marais 1982, Preen et al. 1995). It is 
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thought that less mobile organisms are more directly affected than fish, because fish can 

often move to habitats with more desirable water conditions, but they may be indirectly 

affected through a change in predator-prey interactions. 

 

The magnitude and duration of flooding are important variables that determine the 

severity of flood effects (Vinagre et al. 2011). It is well documented that freshwater 

flows are often positively correlated with fish abundance/fisheries catches (e.g. 

Quiñones & Montes 2001, Boucek & Rehage 2013) and recruitment success (e.g. 

Greene et al. 2005, Tolan 2008, Nodo et al. 2018). Years with higher flow can also 

provide a greater area of protective habitat and important connectivity of estuarine fish 

nursery habitats (Vinagre et al. 2011). Changes in species composition in estuaries are 

commonly observed following flooding, affecting catchability through movement and 

changes in schooling behaviour (Sumpton & Greenwood 1990, Loneragan & Bunn 

1999, Moses 2001, Gillson et al. 2012). For example, Gillson et al. (2012) studied the 

differences in fisheries landings in three large estuaries in South Eastern Australia 

between flood and drought periods and observed a seaward movement in response to 

floodwater and salinity gradients of most harvested species. Freshwater species, such as 

river eels, were dominant in estuary catches and estuarine species (e.g. school prawns, 

blue swimmer crabs, and yellowfin bream) were dominant in coastal catches after 

moving out of estuaries into coastal waters (Gillson et al. 2012).  

 

1.5 Fish response to water quality changes 

The response of individual species to floodwater is dependent on their physiological 

capabilities to tolerate lowered salinity and increased suspended solids, which often also 

lower dissolved oxygen concentrations or availability (Marais, 1982). This response 

will affect swimming strength, sensory function and foraging success (Clark Barkalow 

& Bonar 2015). Many estuarine fish can tolerate a wide salinity range and are often 

categorised into different ‘guilds’ based on these tolerances (Elliott et al. 2007, Bastos 

et al. 2014), however, it is the duration of freshwater exposure that is thought to have a 

greater effect (Marais, 1982). Many euryhaline species are well adapted to spending 

prolonged periods in freshwater, including bull sharks (Carcharhinus leucas), which 

have been reported to live in golf course ponds in Brisbane, Australia, for several years 

following large floods.  
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If organisms are caught in floodwater, they not only need to osmoregulate under low 

salinity conditions but they must also survive high concentrations of suspended 

sediments. Suspended sediment typically includes fine (<63 µm) particles, and is 

constituted of a mixture of organic and inorganic matter (Rabeni 1997). The effects of 

suspended sediments on fish vary across species and depend upon several factors, 

including the life history and species-specific characteristics (e.g. sediment tolerance), 

the duration of exposure, frequency of events, and the type of sediment (including 

angularity) (Newcombe & Jensen 1996, Wilber & Clarke 2001). Generally, benthic 

species are more tolerant to suspended sediment than pelagic species, and filter feeding 

species and juvenile fish are most sensitive (O’Connor et al. 1976, Clark Barkalow & 

Bonar 2015).  

 

Although long-term effects of suspended sediment exposure are poorly understood 

(Kjelland et al. 2015), in the short-term, exposures have been observed to severely 

affect fish gills, causing gill deformation and higher rates of ventilation, often leading to 

suffocation (Wong et al. 2013, Clark Barkalow & Bonar 2015, Lowe et al. 2015). For 

example, Wong et al. (2013) studied the effects of varying concentrations of suspended 

sediments on juvenile orange-spot grouper (Epinephelus coioides) and found gill 

damages and clogging after just ten days of exposure, which produced hypoxic-like 

symptoms. Lowe et al. (2015) examined estuaries in New Zealand in catchments with 

varying land uses and found that the concentration of total suspended sediments was 

negatively correlated with juvenile snapper (Pagrus auratus) catch rates and condition, 

and positively correlated with gill deformation and gill parasite loads. Exposure to 

suspended sediments may also compromise the feeding, migratory, spawning, hatching, 

and recruitment success of estuarine fishes (Kjelland et al. 2015).  

 

1.6 Flood effects on fish reproduction and recruitment  

The effects of freshwater flows on fish reproduction and recruitment are well 

documented in the literature, with the majority of studies identifying positive 

correlations between increased flow, reproductive migrations, spawning success, and 

recruitment success (e.g. Whitfield 2005, Jenkins et al. 2010, 2015, Górski et al. 2011). 

Couillard et al. (2017) found that abundance of larval rainbow smelt (Osmerus mordax) 
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and Atlantic herring (Clupea harengus) was strongly positively correlated to river flow, 

but not temperature. Many estuaries are fed by river systems that are heavily dammed, 

and estuaries in the lower reaches of these rivers only experience historical flow 

conditions during flooding or regulated flows. Sediment and nutrients are deposited on 

the upstream side of dams in typical flow conditions, and some estuaries may therefore 

rely on flooding for nutrient influx to fuel food web production that supports the growth 

and survival of juvenile fish (Whitfield 2005). However, in heavily modified 

catchments, dams may also alleviate stress of nutrient over-loading in estuaries 

experiencing eutrophication and may promote a more stable food web.  

 

Floodplain wetlands can be tidally and seasonally inundated, and floods establish 

connectivity to these protective habitats, as well as salinity gradients (Jardine et al. 

2012). In tropical areas, wetlands such as mangrove and saltmarsh areas are inundated 

for much of the wet season and the food and protection that that they provide can 

enhance recruitment success and survival of larval and juvenile fishes (Davis et al. 

2012). For example, Farrell et al. (2006) found that earlier spawning of northern pike in 

seasonally flooded emergent habitats in estuary tributaries produced higher mean daily 

survival and growth, yielding higher young-of-year net production. Although freshwater 

flows can benefit fish reproduction and recruitment, large floods can have negative 

effects (Gillson 2011). Floods can sweep spawning adults and eggs into oceanic waters 

and create a physical barrier to the recruitment of marine taxa by lowering salinity, 

reducing available nursery habitat, and forcing the seaward dispersion of larvae 

(Loneragan & Bunn 1999, Whitfield & Harrison 2003). It is unknown whether 

sediments deposited by floods can provide ongoing nutrients to fuel estuarine food 

production that will promote growth and survival of recruited larvae in following 

seasons and years.  

 

1.7 Ecosystem response to nutrients and trace elements 

- Nutrients 

Nutrient cycling is critical to the productivity of estuaries, and is higher than offshore 

marine waters (Anderson et al. 2002). Nitrogen (N) is often the nutrient that first limits 

primary production in estuaries, and in the lower reaches of estuaries close to marine 

sources both N and phosphorus (P) can co-limit phytoplankton production (Anderson et 

al. 2002). Other nutrients, such as silicon (Si) and iron (Fe), also can significantly 
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influence the outcome of species’ dominance and the structure and abundance of 

phytoplankton communities. Nutrient loading can stimulate both primary and secondary 

productivity, and affect the availability of basal resources, both positively and 

negatively (Warry et al. 2016).  

 

Nixon (1995) referred to eutrophication as “the process of increased organic enrichment 

of an ecosystem, generally through increased nutrient inputs”. Ecosystem response to 

eutrophication is a continual process rather than a static condition or a trophic state 

(Cloern 2001). Severe cases of eutrophication cause low pH and dissolved oxygen 

conditions, which is more common in enclosed and semi-enclosed embayments (Glibert 

et al. 2010). In estuaries with more tidal flushing, a common effect of excess nutrient 

input is a change in the diversity of primary producers and consumers, which leads to 

alterations in food web structure, and ecosystem productivity and functioning (Baeta et 

al. 2011). Shifts in phytoplankton communities are frequently observed following 

excess nutrient inputs, with large diatoms giving way to smaller cyanobacteria and 

small flagellates (MacIntyre et al. 2004, Marshall et al. 2005). Another common result 

of nutrient enrichment is the proliferation of fast-growing macroalgae that may replace 

slow-growing macroalgae and significantly decrease the areal extent of seagrass 

meadows, which can mitigate the effects of eutrophication (Painting et al. 2007, Patricio 

et al. 2009). Seagrasses increase sedimentation of fine sediment particles and thus 

enhance the quantity and quality of food for many macrofauna invertebrates, which are 

a fundamental trophic link between basal resources and predators such as fish (Baeta et 

al. 2011). Nutrient enrichment therefore has an important influence on basal food web 

sources in estuarine ecosystems. 

 

Many of the basal food web species that proliferate in estuaries during high nutrient 

loading can be harmful to higher trophic level species (i.e. fish), disrupting normal 

ecosystem function and altering trophic organisation in aquatic assemblages (Sumpton 

& Greenwood 1990, Glibert et al. 2010, Dyer et al. 2013). The susceptibility of 

consumers to basal resource changes can be influenced by the consumers’ trophic 

characteristics (Warry et al. 2016). Trophic generalists that have feeding plasticity (i.e. 

broad trophic niches) may be more adaptable than inflexible specialist feeders to 

changes in resource availability (Schleuter & Eckmann 2008, Alves et al. 2016). For 

example, the Brazilian silverside Atherinella brasiliensis (a generalist feeder) showed 
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flexibility in diet by consuming a high proportion of tolerant prey species during the wet 

season when there is high nutrient loading in an estuary as a result of anthropogenic 

disturbance (Alves et al. 2016).  

 

It has been suggested that anthropogenic sources of nutrients may sustain estuarine 

ecosystems that would otherwise have insufficient nutrient loads for seasonal 

phytoplankton blooms during periods of drought (Nixon 2003). However, Wetz and 

Yoskowitz (2013) argued that anthropogenic nutrients are qualitatively/functionally 

different to natural watershed-derived nutrients and may lead to phytoplankton blooms 

that are harmful to the ecosystem. Long-term studies in the Gulf of Mexico show that 

cumulative impacts of anthropogenic nutrient loading resulted in widespread reduction 

in secondary productivity (Livingston 2007).  

 

- Trace elements 

Excessive nutrient loads seldom occur in isolation. Instead, they are often accompanied 

by trace elements, toxicants from pesticides and herbicides, and microbial pathogens. 

Although many of the pollutants from pesticides and herbicides are no longer being 

produced (such as DDT), they are still persistent in many aquatic environments and a 

growing body of literature explores their ecological effects (Sapozhnikova et al. 2004). 

While trace elements naturally exist in aquatic environments, they may be particularly 

enriched in areas with high anthropogenic influence (Papiri et al. 2003). Unlike organic 

pollutants, which can be degraded to less harmful components by biological or chemical 

processes, trace elements are considered non-degradable (Pan & Wang 2012). Metals 

are of primary concern because they persist in the environment through storage and 

release from sediments (Manzo et al. 2010). Aquatic organisms take up and accumulate 

trace elements, whether essential or not, and increased exposure has the potential to 

cause toxic effects (Rainbow 2007). Metals and other trace elements can have acute 

toxicity effects on aquatic ecosystems and organisms that are long-lasting despite years 

of remediation efforts (Pan & Wang 2012). 

 

Organism exposure to trace elements can originate from both dissolved and particulate 

phases (Wang & Fisher 1999). Trace elements dissolved in water may be accumulated 

by direct adsorption to body surfaces with subsequent uptake across permeable 

membranes, such as gills (Wang & Fisher 1999). Particulate trace elements can be 
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accumulated by animals following ingestion and digestion of contaminated food (Wang 

& Fisher 1999). The amount of trace element assimilated depends on its chemistry 

(electrical charge, polarity, size, and steric factors), and the organisms’ biology 

(Thompson et al. 2007). Once inside the organism, the element can be distributed to 

various organs or cells, metabolised, or excreted (Rainbow 2007). The flux of the 

element in the organism (rate of accumulation, transformation, and loss) determines the 

tissue concentrations (Thompson et al. 2007). Effects of contamination may be direct, 

via chemical toxicity, or indirect through changes to prey–predator interactions or 

habitat quality (Weis et al. 1999, Thompson et al. 2007). Sediment trace element 

concentrations are usually below lethal levels, and effects may be observed as decreased 

growth rates, reduced life span, reproductive impairment, or teratogenic effects in 

offspring (chronic effects) (Thompson et al. 2007). More subtle effects on individual 

organisms may be measured using biomarkers or observed as behavioural changes 

(Brinkmann et al. 2013). Ecotoxicology studies use a suite of indicators to identify toxic 

effects in organisms ranging from cell biomarkers to whole-organism and community 

response (Brinkmann et al. 2013, Souza et al. 2013). However, the complexity of the 

various interactions between changing water quality, sediment quality, trace elements, 

and biota remains largely unexplained.  

 

One of the key elements of flood events is that they are high disturbance events and 

mechanisms for increased exposure to trace elements. Floods not only deposit new 

sediment containing trace elements, but may also remobilise historically contaminated 

sediment, causing increased and repeated release of bioavailable trace elements 

(Brinkmann et al. 2013, Wetz & Yoskowitz 2013). In addition, lowered salinity, which 

estuaries experience during flooding, can accelerate trace element uptake by estuarine 

organisms (Schiedek et al. 2007). Furthermore, contaminated sediment and water may 

have negative effects on food supply through production of algae laden with trace 

elements, which may facilitate increased introduction and transfer of trace elements in 

the food web. As with nutrient overloading, a shift in community composition and 

reduction in species diversity is often seen in contaminated estuaries due to varying 

tolerances between species (McKinley et al. 2011). Sediment contamination with trace 

elements can negatively affect fish at all life stages but may be especially detrimental 

for larval and juvenile fishes recruiting to and utilizing estuarine nursery habitats 

(Ramos et al. 2012). For example, Courrat et al. (2009) found a strong negative 
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correlation between densities and species richness of juvenile marine fish in estuarine 

nurseries and sediment contamination.  

 

1.8 Growth, condition and productivity 

Food web dynamics can change in estuaries during and after large floods due to the 

influx of terrestrial particulate organic matter (POM), a change in species composition, 

or altered habitat access (Martinetto et al. 2006, Blewett et al. 2017). Terrestrial POM 

may benefit fisheries when catchment-sourced carbon and nitrogen is transferred 

through the food web to higher trophic level organisms, including fish (Atwood et al. 

2012). Isotope studies show a coupling of benthic estuarine fish to terrestrially sourced 

nutrients, via their ingestion of animals that feed in sediments rich in settled terrestrial 

(POM), and the proportion of terrestrial POM in their diet is substantially increased 

during periods of high flow (e.g. Eyre & Ferguson 2006, Martinetto et al. 2006, Atwood 

et al. 2012). Pelagic species that occupy the middle to upper water column tend to feed 

on pelagic food that is fuelled by marine phytoplankton production and are therefore 

usually coupled with marine nutrient sources (Eyre & Ferguson 2006). Fish that feed on 

benthic organisms may therefore benefit from delivery of terrestrial nutrients through 

increased prey availability, which, in turn, may enhance their growth, condition, and 

productivity. For example, Salen-Picard et al. (2002) studied the effects of POM 

delivered with a flood sediment plume on benthic invertebrate communities in the 

Rhone River mouth, Mediterranean Sea, and found that flood pulses coincided with an 

increase in the abundance of several species of polychaete worms (Fig. 1.3). The 

common sole, Solea solea, is a voracious predator of these polychaetes, and increased 

fisheries landings of the sole were correlated with flood pulses (Fig. 1.4)(Salen-Picard 

et al. 2002). Darnaude et al. (2004) compared the diet of this species with four other 

flatfish species and found a significant negative correlation between the percentage by 

weight of polychaetes in the diet and the carbon isotopes (δ¹³C) of flatfish white muscle, 

with Solea solea having the lowest mean δ¹³C, indicating a higher consumption of 

terrestrial POM. Diet changes measured in fish that are correlated to flooding are not 

limited to the delivery of terrestrial nutrients to estuaries. Floods provide connectivity to  

floodplain habitats, and some fish species may utilize periodic access to these areas to 

feed (Blewett et al. 2017). For example, Blewett et al. (2017) found that snook move 
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from the estuary into rivers when river heights exceed a threshold, to take advantage of 

the abundant food that may be accessed on the floodplain. 

 

 

 
 

 

 
 

Figure. 1.3. Cumulative mean deviation curves of the mean mensual flow of the Rhone River 

and polychaete (Mediomastus sp) density. The best Spearman rank correlation coefficient 

between the two data series occurred for a time lag of 2 months. From Salen-Picard et al. 

(2002). 

Figure 1.4. Cumulative mean deviation curves of the mean annual flow of the Rhone river and 

the annual landings of the common sole in the Gulf of Lions (North-Western Mediterranean). 

The best Spearman rank correlation coefficient between the two data series was observed with a 

time lag of 5 years. From Salen-Picard et al. (2002). 
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Currently, few studies have explored flood effects 

on fish growth or condition, and because estuarine 

fish are exposed to a range of environmental 

changes following floods, it is difficult for scientists 

to distinguish which factors cause changes in 

growth and condition. While delivery of nutrients 

may enhance food web productivity, delivery of 

trace elements and other contaminants has been 

found to have negative effects on fish growth and 

condition (Forrester et al. 2003, Gilliers et al. 2006, 

Voigt 2007, Fonseca et al. 2009, Hammock et al. 

2015), and reproductive output (Alquezar et al. 

2006). For example, European flounder Platichthys 

flesus living in contaminated estuaries along the 

French coast of the English Channel have slower 

growth rates and are in poorer condition than 

individuals of the same species living in cleaner 

reference estuaries (Fig. 1.5)(Amara et al. 2009, 

Henry et al. 2012, Kerambrun et al. 2013). A trade-

off exists in some regions between nutrient supply 

and trace element supply, and in some cases, excess 

amounts of both may result in severe impairment.  

 

Currently, very few studies have applied stress indicators to assess the health of fish and 

crustaceans in estuaries following flooding (Adams et al. 2003, Einsporn et al. 2005, 

Blewett et al. 2017). Adams et al. (2003) used multiple indicators, including those of 

contaminant exposure, physiological condition, histopathological, immune function, 

reproductive impairment, and overall health on two fish species (spot and flounder) in a 

flood-affected estuary, Pamlico Sound, and a reference estuary, Core Sound, North 

Carolina. Many of these indices suggested that both species, particularly spot, were sub-

lethally stressed in Pamlico Sound and in poorer condition than fish sampled from Core 

Sound (Adams et al. 2003). They attributed these results primarily to episodic hypoxic 

exposure or a combination of effects associated with hypoxic conditions, such as 

alterations in preferred habitat and food availability. While this study did not explore 

Figure 1.5. Differences in RNA–DNA 

ratio and Fulton’s condition index (K) for 

0-group flounder juveniles caught in the 

Authie and Seine estuaries. The Seine 

estuary is more contaminated than the 

Authie. Box plots represent median and 

interquartile range, whiskers represent 

minimum and maximum values. From 

Amara et al. (2009). 
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the duration of these effects, it presents important findings and methodologies for 

exploring effects of floods on estuarine organisms. In addition, climate change 

predictions of increasing floods (Wetz & Yoskowitz 2013) call for an increase in our 

understanding of the differences in ecological flood effects between estuaries in 

modified and unmodified catchments. Understanding these differences will help 

governments to address catchment management issues with the aim of reducing 

compounding impacts of climate change on estuarine ecosystems. 

 

1.9 Current techniques for measuring residency, diet contributions and condition 

of organisms in flood deposit areas 

Flood impacts on estuaries are diverse, 

and the combination of various analytical 

techniques is required to achieve a better 

understanding of these impacts on a 

broader scale. As discussed earlier, there 

are numerous flood studies on species 

composition changes and catch rate 

correlations to flow. However, studies on 

medium and long-term flood effects such 

as food web alterations as well as growth, 

condition and productivity effects are 

sparse in the literature, especially broad-

scale studies. It is therefore important to 

review and explore the potential uses of 

current tracers and indices for expanding 

the current knowledge on these lesser 

known flood effects and processes. 

 

Stable isotopes are commonly used to 

study sources of the nutrients and organic 

matter that fuel estuarine food webs, but 

they can also be used to study differences 

in food web dynamics between impact 

Figure 1.6. Ternary plots of the proportional 

contribution of main food components (plant 

material, large and small animal preys) to the fish 

diet of four species from the Flix reservoir, Spain. 

The points represent these contributions in p-space 

for each fish individual estimated by ‘siarsolo’ using 

(a) stable isotopes (d15N and d13C) and (b) stable 

isotopes along with prior information of potential diet 

estimated by trace metal accumulation. From Soto et 

al. (2016). 
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and reference areas (e.g. Fry & Davis 2015). Trace element concentrations in sediments 

and organisms are often measured to investigate the relationship between sediment and 

organism contaminant load, but recent research has shown that combining trace 

elements and stable isotopes can clarify mixing models to better determine food sources 

and more accurately measure animal residency (e.g. Soto et al. 2016: Fig 1.6). However, 

understanding how trace elements are taken up into the food web and transferred 

between prey and predator is important for interpreting concentrations observed in wild 

organisms. Several growth and conditional indices, ranging from organ to whole 

organism indicators, are appropriate for studying flood effects on estuarine fish, and 

studies have shown that using multiple indicators is the most effective way to identify 

health impacts (e.g. Adams et al. 2003, Fonseca et al. 2011, Hammock et al. 2015). We 

suggest that by combining isotopic, trace element, and condition indicator measures of 

organisms in flood-affected estuaries, it is possible to gain a better understanding of the 

catchment scale effects of floods on estuarine fisheries.  

 

1.10 Research direction and Aims 

Although it has been widely suggested that terrestrial particulate organic matter 

deposited into estuaries during flooding may promote productivity in estuarine food 

webs, studies on the condition and diet of estuarine organisms in flood-affected areas 

are rare. Currently few studies have provided evidence that links flood material to 

increased growth, recruitment, or condition of fish in estuaries and coastal bays. More 

research into the processes involving storage, transport, and deposition of nutrients and 

trace elements associated with catchment soils is needed, along with studies on their 

uptake into food webs and transfer between trophic levels. Since accelerated catchment 

erosion is a pressing issue, it is important to understand ecological effects in receiving 

waters. It is expected that insight gained from this research will inform catchment 

management and remediation practices. The second and third chapters of this thesis will 

describe laboratory experiments designed to improve understanding of the fate of 

nutrients and trace elements delivered to estuaries from the catchment. The fourth and 

fifth chapters apply this understanding of processes exploring the short- and long-term 

effects of floods on fish and prawn species living in the coastal zone. Specifically, the 

objectives of this thesis are to: 
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 Quantify rates of nutrient release from various Brisbane River catchment soils 

using a flood simulation experiment and assess their potential to stimulate 

productivity post-flood (Chapter 2). 

 

 Identify the primary sources for uptake and accumulation of trace elements 

(using cadmium, manganese and zinc as model elements) by fisheries species 

occupying several trophic levels (Chapter 3).  

 
 Determine if fisheries species in estuaries have a positive or negative condition 

response to a large flood and determine the duration of this response (Chapter 

4). 

 

 Show how stable isotopes and trace element results can be integrated to 

determine the effect of urbanization of a catchment on the quality of food for 

fish and prawns residing on flood deposits (prodeltas) in an urbanized estuary 

(Moreton Bay) and reference estuaries (Gulf of Carpentaria), and assess whether 

these organisms are useful for tracing catchment influences (Chapter 5).   

 
 Synthesize results to advance current knowledge of the processes that underpin 

the uptake into food webs of nutrients and trace elements delivered to estuaries 

via flooding, and examine the research implications of using an integrated multi-

tracer approach for assessing the importance of floods for estuarine fisheries 

productivity. Additionally, the implications for catchment management practices 

will be discussed (Chapter 6). 
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Chapter 2 

 

Catchment soils supply nutrients to the coastal zone - 

Flood impacts on nutrient flux in estuaries 

 

 

 

 

 

 

This chapter has been published in Science of The Total Environment: 

O'Mara, K., Olley, J. M., Fry, B., & Burford, M. (2019). Catchment soils supply 

ammonium to the coastal zone - Flood impacts on nutrient flux in estuaries. Science of 

The Total Environment, 654, 583-592. 
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2.1 Introduction: 

Large storms and associated floods facilitate the erosion and transport of material from 

catchments to estuaries and coastal bays, with very little erosion and transport occurring 

during dry weather periods. This is particularly true in tropical and subtropical areas in 

which river flows are driven by major rainfall events. Much of this eroded material 

remains in the coastal zone (Lowes et al. 2008). Sediment derived from the erosion of 

catchment soils are the main source of organic carbon in marine sediments in the coastal 

zone (Li et al. 2016a). Biogeochemical cycling within this zone is therefore strongly 

linked to hydrology and erosion within the catchment (Smith et al. 1996). Nutrients 

associated with sediments may play an important role in regulating the productivity of 

ecosystems in receiving estuaries (Lowes et al. 2008). Nitrogen is typically a key 

limiting nutrient in coastal systems, and catchment inputs provide an important source 

fuelling productivity (Glibert et al. 2010, Saeck et al. 2013). Sediment particles are 

exposed to several abrupt chemical and hydrological changes during erosion and 

transport in floodwaters, influencing the amount of nutrients released from or absorbed 

by these particles (Uncles 2003). Once they enter an estuary, these sediment particles 

are exposed to new complex biogeochemical and hydrological dynamics, as well as 

sharp chemical gradients, again influencing the flux of nutrients and other materials 

(Uncles 2003). During large floods, rapid sedimentation can occur, forming a new 

surface layer that can act as a source or sink for nutrients and trace metals. 

 

An increased awareness of fine sediments as a carrying medium for nutrients, trace 

metals and other contaminants to the coastal zone has drawn attention to the 

importance of catchment sources (Slattery & Burt 1997). The properties of different 

soil types influence organic matter content and how they bind and retain nutrients 

(Asselman & Middelkoop 1995). Hence, nutrient cycling and availability in estuaries is 

influenced by catchment geology. Estuaries and coastal bays that have modified 

catchments are often degraded by increased nutrient input and accelerated erosion, 

particularly in agricultural areas (Worrall et al. 2012). Several studies from modified 

catchments demonstrate that nutrient-rich fine particles of terrigenous origin are being 

transported from catchments and deposited in oceans and coastal bays during floods 

(Warrick et al. 2005, Chaston et al. 2008, Garzon-Garcia et al. 2017). The majority of 

flood deposit material is comprised of fine particles due to preferential deposition of 
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the coarser fraction during sediment transport (Slattery & Burt 1997, Kerr et al. 2011). 

Fine particles have a high surface area to volume ratio, meaning an increased nutrient 

carrying capacity (Horowitz & Elrick 1987). However, the influence of catchment 

derived fine sediment on estuarine biogeochemistry and contribution to coastal 

productivity remains poorly understood and this study is the first of its kind. 

 

Our study was conducted in subtropical Queensland Australia where a legacy of rapid 

land-use change and associated soil erosion has placed the receiving waters of Moreton 

Bay, a RAMSAR wetland, at risk of significant ecological degradation and decline in 

conservation value through increased nutrient and sediment delivery (Leigh et al. 

2013). To test the hypothesis that catchment soils are important contributors of 

nutrients to the coastal zone, we conducted two experiments in parallel. Firstly, we 

examined nutrient release from soils developed from three distinct rock types (basalt, 

granite and sandstone) during simulated flood sediment transport and deposition. A 

second experiment examined the interaction between marine sediments and fine soil 

particles by simulating deposition of eroded catchment soil on existing Moreton Bay 

sediments and measuring nutrient fluxes.  

 

2.2 Methods: 

The Brisbane River catchment covers over 13,600 km² with sandstone, granite and 

mafic to felsic volcanic rocks comprising the main geologies (Barton et al. 2015, 

Geoscience 2015). Long term monitoring data shows higher nutrient load delivery to 

Moreton Bay during periods of heavy rainfall in the catchment, with total nitrogen 

loads up to ten times higher in flood years than in dry years, which is mostly accounted 

for by increased sediment loads (Leigh et al. 2013). Moreton Bay provides diverse and 

ecologically important habitats to a variety of endangered or economically important 

species of wildlife ranging from migrating wetland birds to commercially harvested 

fish and prawns to larger protected species such as turtles and dugongs. Over the past 

50 years an expanding human population and land use change has caused the decline of 

water quality in the bay, with flow on effects including reduction of seagrass coverage 

(Roelfsema et al. 2009).  
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2.2.1 Flood simulation experiment 

2.2.1.1 Soil collection 

Three soil types (derived from basalt, granite and sandstone) were collected from 

eroding natural or lightly grazed catchment areas surrounding the Brisbane River (Fig. 

2.1). Soil collection details, including soil lithologies, are given in Table 2.1. When 

collecting granite and sandstone soils a soil profile was clearly visible, hence both 

topsoil and subsoil were collected. However, the basalt soil profile was uniform with no 

subsoil evident, hence only surface sample was collected. Each soil sample was passed 

through a 2 mm sieve and poured onto black plastic sheeting to be dried naturally in 

sunlight. Granite and sandstone soils were dry-sieved to < 63 µm. Basalt soil was wet 

sieved due to its adhesive properties. The water used to wet sieve the basalt soil was 

sampled for nutrient release during sieving and initial release corrections were applied.  

 

 

 

 
Figure 2.1. Catchment soil and Moreton Bay core sample collection map. Inset map shows 

location within Queensland, Australia.  
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Table 2.1. Soil characteristics. 

 Granite Basalt Sandstone 

Topsoil depth 

sampled (cm) 

20-30   10-50 15-20 

Subsoil depth 

sampled (cm) 

>100  -  50 – 100 

Lithology Eskdale 

granodiorite 

Main Range volcanics Gatton sandstone 

Description Proximal to Eskdale 

granodiorite – pink 

granite 

Olivine Basalt  Feldspathic to lithic 

feldspathic sandstone 

with clay matrix 

Soil type/Name Solodic Dermosol/Spellman Loamy 

Solodic/Stockyard 

Age Early Triassic Tertiary  Jurassic 

 

2.2.1.2 Experimental methods 

Since larger, heavier sediment particles first settle out during transport, flood plumes 

usually contain mostly fine sediment particles from the < 63 µm size fraction (Slattery 

& Burt 1997). To simulate the period of turbulent water transport, three replicates of 

approximately 130 g of the <63 µm fraction of each soil type were placed into plastic 

cylinders containing 1 L of reverse osmosis deionized (RODI) water. Lids were placed 

on the cylinders and a mechanical tumbling apparatus (16 revolutions per minute) was 

used to invert the cylinders continuously for 72 h. During this time, water samples were 

taken and filtered through 0.45 µm membrane filters (Sartorius) at regular time intervals 

of 1, 4, 24, 48 and 72 h following commencement of tumbling.  

 

Following tumbling, the soil from each sample was separated from the freshwater by 

settling and the soil was then left to air-dry in the laboratory so that the weight of soil in 

each replicate could be standardised. Approximately 25% of each sample (20-30 g dry 

weight) was placed in a clean plastic cylinder containing 1 L of natural seawater 

collected from South East Moreton Bay (temperature 23.12 °C, salinity 34.1, pH 8.00, 

dissolved oxygen 83 % saturated (5.82 mg L⁻¹)). The soil samples were subdivided to 
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dilute them beyond sediment loads typically in freshwater because once floodwaters 

reach an estuary or coastal bay, the sediment to water volume ratio decreases. Three 

splits (one dilution of each replicate used in the tumbling) of each soil type were left to 

settle in the cylinders for four weeks to simulate flood plume settling in seawater. To 

simulate water movement, the water above the soil layer in each tube was stirred briefly 

without stirring through the soil layer, once daily for the first three days then once 

weekly thereafter.  During this four week seawater exposure, filtered water samples 

were taken using plastic syringes and 0.45 µm membrane filters at regular time intervals 

of 1 h, 4 h, 24 h, 1 wk, 2 wk and 4 wk. In addition, filtered samples of RODI and 

seawater used in the experiment were collected and analyzed to determine dissolved 

nutrient concentrations prior to addition of soils. The entire experiment was carried out 

in a dark room so that microalgae would not assimilate the nutrients. All samples were 

frozen immediately for storage prior to analysis.  

 

2.2.1.3 Sample analysis 

To analyze soil nutrient composition prior to wetting, a subset of <63 µm dry soil 

samples were analyzed for total Kjeldahl nitrogen (TkN) and phosphorus 

(TkP)(digestion), organic carbon (OC) (combustion), and extractable nitrate (extNO₃) 

(Aqueous Cl). Filtered water samples were analyzed for ammonium (NH₄⁺), nitrite and 

nitrate (NO₂⁻ + NO₃⁻), phosphate (PO₄³⁻), total dissolved nitrogen (TDN) and total 

dissolved phosphorus (TDP) on a segmented flow analyzer (AA3-HR Auto Analyzer, 

Seal Analytical) and standard colorimetric methods were used (Eaton et al. 2005). In the 

case of TDN and TDP, samples were first persulfate digested (Hosomi & Sudo 1986). 

Dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) were 

calculated by subtracting inorganic dissolved nitrogen concentrations (NH₄⁺ + (NO₂⁻ + 

NO₃⁻)) from TDN and subtracting PO₄³⁻ from TDP, respectively. Dissolved organic 

carbon (DOC) content was determined for freshwater samples by high-temperature 

catalytic oxidation (HTCO) and are presented here, however a determination of DOC in 

seawater samples was confounded by enriched DOC from the soils and interference 

from salt ions in seawater, therefore there are no results reported. 
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2.2.2 Nutrient and oxygen fluxes in bay sediment with soil additions 

To study the flux of nutrients from Moreton Bay sediments after settling of the flood 

plume, catchment soil (<63 µm) was added to core samples taken from central Moreton 

Bay. Using a box corer, cores were collected in Perspex core tubes (47 mm diameter) 

from a site known to have high sediment deposition following previous floods (latitude 

27.266122°, longitude 153.339572°). The physico-chemical characteristics of the site 

were measured using a Hydrolab sensor, and subsamples were taken from bottom 

waters using a van Dorn sampler for nutrients (method of analysis outlined below). The 

site of collection was 20 m deep, salinity 35.13 PSU, bottom temperature 20.52°C, 

bottom dissolved oxygen concentrations 7.34 mg L⁻¹, and average bottom ammonium, 

nitrate plus nitrite and phosphate concentrations were 0.023, 0.001 and 0.011 mg L⁻¹ 

respectively. Cores contained approximately 5 cm of Moreton Bay bottom sediment 

with overlying water and were transported to the laboratory where they were 

equilibrated over 24 h at 24°C and kept in the dark.  

 

Approximately 3 g of topsoil of one of the three geologies, i.e. sandstone, granite and 

basalt (three replicates of each) was added to a core so that 2 cm surface layer was 

created. This depth was based on estimates of sediment deposition from the 2011 flood 

in Moreton Bay (Coates-Marnane et al. 2016). The topsoils collected and sieved (to <63 

µm) for the flood simulation experiment described above were used as additions to the 

cores collected from Moreton Bay. There was also a control with no soil addition (3 

replicates). Cores were kept in a water bath maintained at a temperature of 21°C. The 

cores were sealed with no airspace. Small circulating pumps were attached to the side of 

the core tubes for circulating water before each sampling occasion via a surface port. 

Dissolved oxygen concentrations were measured on each sampling occasion with an 

optical oxygen sensor kit (Presens) where water column oxygen could be measured 

through the Perspex wall. Water samples were taken before the soil addition and at 6, 

22, 30, 47, 53, 78, 103 and 118 h after soil addition and filtered through 0.45 µm 

membrane filters then frozen for subsequent ammonium, oxides of nitrogen and 

phosphate analysis. Removed water was replaced with water collected at the site. 

Samples were analyzed on a segmented flow analyzer (AA3-HR Auto Analyzer, Seal 

Analytical) and standard colorimetric methods were used (Eaton et al. 2005).  
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In order to calculate nutrient and oxygen fluxes, changes in concentrations were 

graphed over time. To ensure flux rates were not affected by low oxygen conditions, a 

cutoff of 2 mg L¯¹ DO was used as the minimum for rate measurements. If oxygen 

levels in the cores fell below 2 mg L¯¹, data beyond the time point at which this 

occurred was not used. The slope of the linear curve for each analyte was used to give 

an influx or efflux hourly rate (mg L⁻¹ h⁻¹), with net influx to sediments given as a 

negative rate and net efflux to the water given as a positive rate.  

 

2.2.3 Statistical methods 

For the first experiment, nutrient concentrations were standardized to micrograms of 

dissolved nutrient per gram of soil per litre of water. To visualise release of nutrients 

from each soil type over time, scatterplots were created in R. The highest rates of 

release were identified in these graphs as three different release phases: quick release in 

the first hour of exposure to freshwater (FW quick release) and saltwater (SW quick 

release), and a slower release after 1-2 weeks in saltwater (SW slow release). Release 

fluxes were calculated for these periods and general linear models (ANOVA) were used 

in R to determine differences in release rates between soil types and between release 

phases. These differences were graphed in Microsoft Excel. For the second experiment 

involving core incubations, differences in fluxes of inorganic dissolved nutrients were 

also determined using ANOVA with R software and graphed in Microsoft Excel.  

 

2.3 Results 

2.3.1 Flood simulation experiment 

2.3.1.1 Dry soil initial nutrient composition 

Analysis of initial nutrient composition in collected soils showed that extractable nitrate 

concentrations ranged from 1 to 12 mg kg-1 (Table 2.2) and total organic carbon 

concentrations ranged from 0.46 to 2.38%. Total kjeldahl nitrogen concentrations 

ranged from 0.04 to 0.16% and total kjeldahl phosphorus concentrations ranged from 

0.02 to 0.07%. 
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Table 2.2. Dry soil nutrient composition. 

Soil type and depth Extractable 

nitrate           

(mg kg-1) 

Total organic 

carbon          

(mg kg-1) 

Total 

kjeldahl 

nitrogen        

(mg kg-1) 

Total 

kjeldahl 

phosphorus  

(mg kg-1) 

Granite subsoil (GS) 1.00 4600 400 500 

Sandstone subsoil (SS) 1.00 11500 800 200 

Granite topsoil (GT) 12.0 18700 1500 200 

Sandstone topsoil (ST) 5.00 23800 1500 200 

Basalt topsoil (BT) 11.0 23400 1600 700 

 

2.3.1.2 Nutrient release during flood simulation 

Nutrients were released upon initial wetting (0-1 h) in freshwater (FW) for most soil 

types in the flood simulation experiment (Fig. 2.2-2.3). This release phase is referred to 

as the ‘FW quick release phase’ hereafter. A slight decrease in all dissolved nutrient 

water concentrations was measured for most soil types following the FW quick release 

phase (1-4 h). Further responses varied between nutrients and soil types for the 

remainder of the fresh water exposure (4-72 h), with variable responses for inorganic 

nutrients NH₄⁺, NO₂⁻ + NO₃⁻ and PO₄³⁻ (Fig. 2.2), and little to no further release of 

DON, DOP and DOC (Fig. 2.3-2.4). Basalt and sandstone subsoil initially released 

more than twice the amount of dissolved organic carbon than the other soil types (Fig 

2.4). After the first hour of exposure to freshwater, dissolved organic carbon 

concentrations in the water remained relatively constant for all soil types except basalt, 

which fell from 250 to 100 µg carbon g⁻¹ soil between 1-24 h and remained relatively 

constant after 24 h. The FW quick release phase upon initial wetting of soils with 

freshwater was the highest release rate of all dissolved nutrients measured over the 

experiment, with the exception of NH₄⁺, which exhibited release rates when first 

exposed to seawater that were more than double the NH₄⁺ FW quick release rates 

(Table 2.3). 
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Figure 2.2. Mean (±SD) inorganic dissolved nutrient concentrations (from top: ammonium 

(NH₄⁺ µg N g⁻¹), nitrite + nitrate (NO₂⁻ + NO₃⁻ µg N g⁻¹), phosphate (PO₄³⁻ µg P g⁻¹)) in the 

water for each soil type for both freshwater and saltwater addition. Different scales were used 

for ammonium and nitrite + nitrate for salt and freshwater. Basalt soils are represented by a 

solid line, topsoils of granite and sandstone are represented by a dashed line with triangle and 

square points, respectively, and subsoils of granite and sandstone are represented by dotted 

lines with triangle and square points, respectively. 
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Dissolved nutrients were also released in the first hour of exposure to saltwater (referred 

to as SW quick release phase hereafter) at a faster rate than the remainder of the 

saltwater exposure (Fig. 2.2-2.3). Similar to the freshwater exposure, a slight decrease 

in dissolved water nutrient concentrations was measured subsequent to the initial SW 

quick release phase (1-4 h). Ammonium was continually released from soil particles of 

all soil types over the remainder of the saltwater exposure (Fig. 2.2). Nitrite and nitrate 

(NO₂⁻ + NO₃⁻) concentrations remained relatively steady from 24 to 336 h, followed by 

increased release of NO₂⁻ + NO₃⁻ by basalt topsoil and both granite topsoil and subsoil, 

with sandstone topsoil and subsoil having very little release (Fig. 2.2). Phosphate 

release into saltwater was negligible after the first hour of exposure for the granite and 

sandstone topsoils and subsoils. However, the basalt soil treatment had the highest and 

most distinct continued release of PO₄³⁻ until the end of the experiment (Fig. 2.2). After 

a slight increase at 24 h, DON concentrations decreased for all soil types until 336 h, 

where basalt and granite topsoils released further DON into the water until the end of 

the experiment, and the remaining soil types did not release further DON (Fig. 2.3). 

Subsoils released little to no DOP during the saltwater exposure, and topsoils followed a 

similar pattern of release to DON, except only basalt soils exhibited substantial DOP 

release after 336 h of exposure to saltwater (Fig. 2.3). Rates of prolonged release (2-4 

wks) were calculated and are referred to hereafter as SW slow release phase.  
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Figure 2.3. Mean (±SD) organic dissolved nutrient concentrations (top: dissolved organic 

nitrogen (DON µg N g⁻¹), bottom: dissolved organic phosphorus (DOP µg P g⁻¹)) in the water 

for each soil type for both freshwater and saltwater addition. Basalt soils are represented by a 

solid line, topsoils of granite and sandstone are represented by a dashed line with triangle and 

square points, respectively, and subsoils of granite and sandstone are represented by dotted 

lines with triangle and square points, respectively.  
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Figure 2.4. Mean (±SD) dissolved organic carbon concentrations (DOC µg C g⁻¹) in the water 

for each soil type for freshwater addition. Basalt soils are represented by a solid line, topsoils 

of granite and sandstone are represented by a dashed line with triangle and square points, 

respectively, and subsoils of granite and sandstone are represented by dotted lines with triangle 

and square points, respectively. 

 

2.3.1.3 Comparison of rates of nutrient release during flood simulation 

Statistical analysis of nutrient release rates in the flood simulation experiment identified 

significant differences between release rate phases and soil types, as well as an 

interaction between release rate phase and soil type at the p < 0.001 significance level 

for all nutrients (aside from DOC, only soil type is used as a predictor due to missing 

SW data) (Table 2.3). Post-Hoc tests (Tukey’s HSD) revealed that basalt soils had 

significantly higher release rates than other soil types for all nutrients except NH₄⁺ (Fig 

S2.1-S2.3). Basalt NH₄⁺ release rates were higher than all other soil types except granite 

topsoil. Granite subsoil showed the lowest or equal lowest release rates for all nutrients 

(Table 2.3). Sandstone subsoil generally had low release rates compared to the topsoil 

types, except for DOC in FW, where sandstone subsoil had the second highest release 

rate behind basalt topsoil. The SW quick release phase had the highest release rates for 

NH₄⁺, followed by the FW quick release phase, with the SW slow release phase having 

the lowest rates of release (Table 2.3). In fact, the SW slow release phase was 

significantly lower than both the FW and SW quick release phases for all nutrients 
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(aside from DOC, for which SW data is unavailable). The FW quick release phase had 

significantly higher release rates than the SW quick and slow release phases for NO₂⁻ + 

NO₃⁻ and DON, but similar release rates to the SW quick release phase for PO₄³⁻ and 

DOP.  

 
Table 2.3. Effects of soil type and stage of flood process on the rate of release of dissolved 

nutrients from different soil type. Analysis of variance F statistics and significance levels (0.05 

= *, 0.01 = **, 0.001 = ***) are given, including Tukey HSD post-hoc examinations. Factors 

include soil type (Soiltype) and Rate. Rate refers to three stages nutrient release during the 

flood process (freshwater (FW) quick release (0-1 h), saltwater (SW) quick release (0-1 h) and 

SW slow release (1-4 weeks or 2-4 weeks). GT = Granite Topsoil, GS = Granite Subsoil, BT = 

Basalt Topsoil, ST = Sandstone Topsoil, SS = Sandstone Subsoil. 

Nutrient 

 

 

Soil type Rate (FW 

quick 

release, 

SW quick 

release, 

SW slow 

release) 

Soil type* 

Rate 

interaction 

Ranking of 

release 

rate 

(highest to 

lowest) 

Rate 

Tukey 

HSD 

Ranking 

of soil 

types 

(highest to 

lowest 

release 

rates) 

Soil 

type 

Tukey 

HSD 

NH₄⁺ 

 

 

F = 13.83 

*** 

F = 215.08 

*** 

F = 9.60 

*** 

SW quick 

release 

A BT A 

GT AB 

FW quick 

release 

B SS BC 

GS C 

SW slow 

release 

C ST C 

NOₓ 

 

 

F = 171.87 

*** 

F = 381.24 

*** 

F = 89.58 

*** 

FW quick 

release 

A BT A 

GT B 

SW quick 

release 

B ST C 

GS D 

SW slow 

release 

C SS D 
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PO₄³⁻ 

 

F = 61.56 

*** 

F = 31.33 

*** 

F = 18.76 

*** 

FW quick 

release 

A BT A 

GT B 

SW quick 

release 

A SS B 

GS B 

SW slow 

release 

B ST B 

DON 

 

 

F = 31.57 

*** 

F = 233.72 

*** 

F = 22.19 

*** 

FW quick 

release 

A BT A 

GT B 

SW quick 

release 

B SS B 

ST BC 

SW slow 

release 

C GS C 

DOP 

 

 

F = 51.45 

*** 

F = 39.40 

*** 

F = 26.40 

*** 

FW quick 

release 

A BT A 

ST B 

SW quick 

release 

A GT B 

SS B 

SW slow 

release 

B GS B 

DOC F  = 373.88 

*** 

-  -  FW quick release 

data only 

BT A 

SS B 

 GT C 

ST C 

  GS D 
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2.3.2 Inorganic nutrient fluxes from soil additions to Moreton Bay sediment 

Concentrations of NO₂⁻ + NO₃⁻ and PO₄³⁻ in the water column decreased over time in 

all treatments including the control, whereas dissolved NH₄⁺ concentrations increased 

(Fig. 2.5). Nutrient flux rates were not significantly different between soil and control 

treatments for NH₄⁺ (df = 3, F = 2.00, p = 0.202) or NO₂⁻ + NO₃⁻ (df = 3, F = 2.79, p = 

0.119), however, a difference between treatments was measured for PO₄³⁻ fluxes (df = 

3, F = 5.50, p = 0.024). Specifically, phosphate influx to sediment was higher in basalt 

compared to control and sandstone treatments, but not significantly different to the 

granite treatment (Fig. 2.5). Water column dissolved oxygen concentrations decreased 

faster in soil treatments compared to the control treatment (df = 3, F = 14.13, p = 0.002).  

 

Figure 2.5. Mean inorganic nutrient fluxes (mg⁻¹ L⁻¹ h⁻¹) in incubated Moreton Bay sediment 

cores with dry catchment soil addition. Error bars represent standard deviation. 

 

2.4 Discussion 

2.4.1 Soil nutrient composition and nutrient release  

This study showed that nutrient release from inundated soils during the experiment 

generally matched the initial nutrient content of each soil type. Consistent with general 

predictions from the literature, subsoils were observed to have the lowest initial nutrient 

composition, which is likely due to lower organic matter content than the surface layers 

and use of limiting nutrients by plant roots at greater depths causing a shallow vertical 

nutrient distribution (Jobbágy & Jackson 2001). Subsoils are dominant in the supply of 
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catchment soil to Moreton Bay and other subtropical Queensland catchments 

(Wallbrink 2004, Garzon-Garcia et al. 2017). Therefore, while our results from the 

flood simulation experiment show lower nutrient release from subsoils than topsoils, 

subsoils are still likely to be important contributors to nutrient fluxes in Moreton Bay 

during floods. Organic carbon concentrations also appeared to play a role in nutrient 

release: soils with a lowest initial organic carbon concentration had a lower release of 

nitrate, i.e. sandstone and granite subsoils compared to topsoils. In a floodplain soil re-

wetting experiment, Heffernan and Sponseller (2004) also found that soil organic matter 

was strongly correlated with nitrate losses. Even though basalt, granite and sandstone 

topsoils had similar initial nitrogen content, basalt soil released more NH₄⁺, NO₂⁻ + 

NO₃⁻ and DON during the experiment. Basalt soil also had the highest phosphorus 

content and released more PO₄³⁻ and DOP than other soil types. Basalts are among the 

most easily weathered rocks compared to other crystalline silicate rocks and are 

naturally rich in phosphorus due to their mafic igneous origins (Suchet & Probst 1993, 

Toplis et al. 1994, Porder & Ramachandran 2013). Nutrient content of eroded material 

is also likely to be affected by recent drought or flood cycles, with studies showing soil 

particles to have higher nutrient content after longer dry periods (Baldwin & Mitchell 

2000, Heffernan & Sponseller 2004, Schönbrunner et al. 2012). Prior to soil collection 

in 2016, the most recent major flood in the Brisbane River catchment occurred in 2011, 

with minor floods in 2008 and 2013. 

 

2.4.2 Nutrient release from soils during flood transport 

Similar to wetland and floodplain soil inundation experiments (Lowes et al. 2008), 

initial wetting in freshwater triggered a rapid release of all nutrient forms. A second 

rapid release occurred when the same particles are exposed to saltwater. This indicates 

that freshwater running into estuaries during flooding is likely to contain high nutrient 

concentrations. Further nutrients will be dissolved in estuarine waters once the soil 

particles reach saline water, where nutrients that are retained by soil particles through 

several days of turbulent transport in freshwater are released upon exposure to the 

different ionic composition of seawater. Release rates from the initial exposure to both 

freshwater and saltwater were significantly higher than long-term release rates (2 – 4 

weeks of saltwater exposure) for all nutrients measured. Much of these rapidly released 

nutrients are likely to be flushed out of estuaries into coastal waters, producing a short 
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peak of nutrient supply during and immediately after flooding (Mitchell et al. 1997, 

Warrick et al. 2005). This stimulates phytoplankton growth as has been demonstrated in 

Southern Moreton Bay and other estuaries (Murrell et al. 2007, Drupp et al. 2011, 

Bruesewitz et al. 2013, Saeck et al. 2013). An increase in benthic metabolism in 

Moreton Bay has also been observed following flood-induced phytoplankton blooms, 

which is likely a result of input of allochthonous organic carbon and abundant 

phytodetritus from the post-flood bloom (Ferguson et al. 2007). 

 

2.4.3 Nutrient flux in seawater following flood plume settling  

Following the initial release upon exposure to seawater, most dissolved nutrients 

appeared to be re-sorbed to soil particles or taken up by bacteria, only to be released 

again after two weeks of exposure to seawater. The exception to this was PO₄³⁻ release 

from basalt soil and NH₄⁺ release from all soils, which showed a continuing gradual 

release over the four-week seawater exposure.  

 

Addition of <63 µm soil to marine sediments (incubated cores) had a different trend, 

with an efflux of NH₄⁺ but an influx of NO₂⁻ + NO₃⁻ and PO₄³⁻ into the sediment. 

Although basalt soils showed high PO₄³⁻ release during the flood simulation 

experiment, they actually adsorbed the highest amount of PO₄³⁻ during the core 

incubations. The tendency of estuarine sediment to retain or release phosphorus will 

affect nutrient cycling in the coastal zone. This tendency depends on the physical, 

chemical and biological properties of the sediment as well as conditions at the sediment-

water interface (Maher & DeVries 1994). Under oxidizing conditions, sediments retain 

inorganic phosphorus at considerably greater concentrations than in that of sediment 

pore water because phosphorus is trapped by iron oxyhydroxides in the surface 

oxygenated layer (Pant & Reddy 2001). However, under reducing conditions or high 

carbon input, appreciable amounts of phosphorus can be released from the sediment 

(Maher & DeVries 1994). This is because of the reduction of Fe(III) to the more soluble 

Fe(II) under anaerobic conditions and consequent release of iron-bound phosphorus 

(Roden & Edmonds 1997). Reducing conditions in the water column are uncommon in 

the coastal zone and high initial oxygen levels in cores taken from Moreton Bay in this 

study indicate oxidizing conditions. Surface sediments in large tidal systems such as 

Moreton Bay are therefore more likely to sequester phosphorus. However, it is possible 
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for phosphorus to be released under oxidizing conditions through re-suspension of 

sediments in shallow areas of coastal bays, which can create sharp gradients of soluble 

phosphorus at the sediment-water interface (Pant & Reddy 2001). Phosphate sorption to 

calcium ions in carbonates within sediments may also account for some of the 

phosphate retention observed (Azzouz et al. 2012). Zessner et al. (2005) found there to 

be no immediate influence of flood events in upstream parts of the Danube River basin 

on the transport of phosphorus from the catchment to the receiving sea, due to retention 

by sedimentation.  

 

The results of this study show that catchment soils are likely to be an important 

contributor of NH₄⁺ to the saline waters of the coastal zone. Upon exposure to seawater 

in both the flood simulation and core incubation experiments, continual release of NH₄⁺ 

was measured for all soil types. These results are supported by field measurements of 

post-flood NH₄⁺ increases in estuaries and coastal bays in both modified (Eyre & Twigg 

1997, Bally et al. 2004) and natural catchments (Howley et al. 2018). Immediate release 

of NH₄⁺ upon exposure to freshwater or seawater is via chemical reactions. Salinity 

directly affects ammonium release from soil particles through ion exchange, where 

more NH₄⁺ is generally released at higher salinities (Giblin et al. 2010). Microbes are 

believed to be mostly responsible for long-term NH₄⁺ release over days to months post 

flood. Microbial processes such as nitrification, de-nitrification and dissimilatory nitrate 

reduction to ammonium contribute to nitrogen cycling in the coastal zone (Ferguson et 

al. 2007). Nitrogen cycling is complex and the prevalence of one of these processes over 

another is affected by water and sediment conditions, which determine abundances of 

bacterial communities that are present (Bernhard et al. 2007, Weston et al. 2010). 

Sediment bacteria are generally effective at mineralizing organic matter, both 

aerobically and anaerobically, releasing dissolved nutrients into the water column where 

they are taken up by algae and macrophytes and enter the food web (Sinkko et al. 2013).  

 

Primary production in Moreton Bay, like most marine coastal bays, is nitrogen limited 

(Glibert et al. 2006, Saeck et al. 2016) and identifying sources of nitrogen forms such as 

NH₄⁺ is important for understanding nitrogen cycling and coastal productivity. While 

nitrogen is essential for phytoplankton production, an overabundance of nitrogen leads 

to algal blooms and hypoxia in estuarine and coastal ecosystems (Vitousek & Howarth 
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1991, Valiela et al. 1997, Howarth et al. 2011). Although nutrient input controls the 

intensity of phytoplankton blooms, frequency of storm events, wind speed, flushing 

rates, tidal mixing, incident solar radiation and turbidity can influence whether an 

environment can initiate and sustain a bloom (Drupp et al. 2011). During base flow 

conditions, water column nitrogen is recycled in the microbial loop and is closely linked 

to the carbon cycle (Bruesewitz et al. 2013). High sedimentation rates can also reduce 

the contact time between organic matter and dissolved oxygen in the water column, 

contributing to higher concentrations of carbon and nutrients in sediment (Hilton et al. 

2008, Li et al. 2016a).  

 

This study demonstrates that newly deposited catchment-derived sediment is a more 

sustained source of NH₄⁺ than the flood itself. Post-flood resuspension of sediment 

through wind and waves or tidal mixing is likely to supply long-term fluxes of NH₄⁺ 

from sediment to the water column, particularly in areas with low water residence time 

(Morin & Morse 1999, Dunne et al. 2010). Eyre and Twigg (1997) found that sediments 

transported into the Richmond River estuary (New South Wales, Australia) from its 

catchment during a small flood supplied NH₄⁺ to the water column, sustaining primary 

production for almost 10 months after the flood.  

 

2.4.4 Experiment limitations  

The two experiments in this study were conducted simultaneously, and the soil used in 

the core incubation experiment had not undergone a flood simulation first, therefore the 

rates of NH₄⁺ release in the cores are likely to be higher than expected and may 

represent an extreme scenario. Furthermore, smothering effects on existing sediment 

and resulting death of some organisms could affect the rates of NH₄⁺ or NO₂⁻ + NO₃⁻ 

flux. However this should have little influence on our results since our cores were 

collected from a muddy prodelta with high suspended sediment loads, where many of 

the organisms would be tolerant to a fine sediment environment, and loss of abundance 

and diversity of taxa is expected to be low compared to coarser sediments (Lohrer et al. 

2006). Core incubations are useful for experimenting with microcosms of the natural 

environment and much can be learnt from these manipulations, although they have 

limitations that need to be considered. Oxygen depletion over time is expected in these 

closed systems but may have been exacerbated by microbial processes such as release 
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of nutrients from soil particles and possible smothering of existing sediment.  By ending 

measurements in each core if they reached water dissolved oxygen levels of 2 mg L⁻¹ or 

less, we ensured that anoxic conditions were not present and although sediment oxygen 

levels were not measured it is unlikely that they became anoxic. While decreases in 

sediment oxygen levels may occur during flood layer sedimentation, they can return to 

normal oxygen levels within months after a flood and it is unlikely that Moreton Bay 

surface sediments (top 5-10 mm) would become anoxic (Cathalot et al. 2010, Hanington 

et al. 2016). In addition, if sediments became anoxic, we would expect to see some 

release of phosphate into the water column, particularly by phosphorus rich soils such 

as basalt. Therefore, while rates of release in this core incubation experiment may vary 

from natural floods, we believe that the NH₄⁺ release and NO₂⁻ + NO₃⁻ and PO₄³⁻ 

retention observed is a valuable insight into the behaviour of soil bound nutrients when 

they are deposited into estuaries.  

 

2.4.5 Implications for nutrient dynamics in Moreton Bay  

Clearing of catchment vegetation and land use change associated with European 

settlement, which started in ~1840, has accelerated export of fine sediment from the 

catchment to Moreton Bay (Kemp et al. 2015, Olley et al. 2015, Coates-Marnane et al. 

2016). All of the different catchment soils used in this experiment appear to behave 

similarly in terms of timing of nutrient flux during the flood transport and deposition 

process, but differ in rates of nutrient release or retention. Our study has shown that an 

increase in the supply of sediment will also have significantly increased the bio-

available nutrients delivered in floodwaters, increasing the initial primary production in 

the bay associated with floods. Over the duration of the first experiment in this study 

(the flood simulation), we calculated the loss of phosphorus from soils to be 

approximately 0.4, 1.1, 1.2, 1 and 1.5% for GS, SS, GT, ST and BT respectively and the 

loss of nitrogen to be approximately 13, 8, 7, 6 and 12% for GS, SS, GT, ST and BT 

respectively. In the core incubation experiment, we calculated N loss from soils to be 

1.6, 2.2 and 0.9% for GT, ST and BT respectively. Phosphorus coming into the bay 

from the catchment is likely to be sequestered in the bay sediment and the remaining 

pool of nitrogen in the new sediment layer may be a significant source of nitrogen, 

particularly ammonium, to the bay for long periods following floods. Since Moreton 

Bay is a nitrogen-limited system, this prolonged release of ammonium is also likely to 
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increase primary production in the long term. The experiments conducted here therefore 

show that in both the short and long term the increase in sediment supply from the 

catchments to Moreton Bay will have significantly increased the nutrients available for 

primary production.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 
 

Chapter 3 

 

Uptake and accumulation of the trace elements 

cadmium, manganese and zinc by fisheries species: 

trophic differences in sensitivity to environmental 

metal accumulation 
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accumulation of cadmium, manganese and zinc by fisheries species: Trophic differences 

in sensitivity to environmental metal accumulation. Science of The Total 
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3.1 Introduction 

Estuaries and coastal bays are among the most biologically important habitats, and are 

some of the most degraded due to contamination from trace metals and other pollutants 

(Cearreta et al. 2000, Vasconcelos et al. 2007). Much of the world’s seafood is produced 

in estuaries and food standard regulations have helped to identify key contamination 

issues. Understanding the pathways of trace metals from source to organism is 

important for not only maintaining healthy ecosystems and biodiversity, but also for 

preventing toxic effects on human health through consumption. Shellfish, crustaceans 

and fish are commonly harvested by commercial and recreational fishers in Eastern 

Australia (ABARES 2018). Estuaries along this coastline vary in anthropogenic 

influence e.g. urban, industrial and agricultural land use, and as a result, they vary in 

contaminant form and concentration (Birch 2000, Cox & Preda 2005). Tissue metal 

concentrations of different organisms living in the same environment are often disparate 

(Dural et al. 2007, Lozano et al. 2010) and the mechanisms underlying this are poorly 

understood. Organism metal uptake and assimilation responses vary between trophic 

levels and taxa, even those that are biologically similar, complicating our understanding 

of metal cycling in food webs and organism response to contamination (Wang & Ke 

2002, Pouil et al. 2017).  

 

Aquatic organisms take up and accumulate trace metals, whether essential or not, and 

increased exposure has the potential to cause toxic effects (Marsden & Rainbow 2004, 

Rainbow 2007). Exposure to metals can originate from both dissolved and particulate 

phases. Metals dissolved in water may be accumulated by direct adsorption to body 

surfaces with subsequent uptake across permeable membranes, such as gills (Wang & 

Fisher 1999). Particulate metals can be accumulated by animals following ingestion and 

digestion of contaminated food (Mathews et al. 2008). As a result of two decades of 

research on trophic transfer of metals, dietary exposure is now considered a major route 

for metal accumulation in marine animals, including both invertebrates and fish (e.g. 

Casado-Martinez et al. 2009; Lee et al. 2015; Zhang et al. 2011). Experimentally 

determining uptake and efflux rates, as well as assimilation efficiencies, allows 

contamination responses of wild aquatic organisms to be modelled using 

environmentally relevant metal concentrations. 
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Trace metals such as cadmium (Cd), copper (Cu), manganese (Mn), lead (Pb) and zinc 

(Zn) originate from a variety of sources including industrial production, and agricultural 

and urban pollution, making them serial pollutants in rivers and estuaries, including 

those on the East Australian coastline (Moss & Constanza 1998, Brown & Peake 2006, 

O’Mara et al. 2017). To study the sources of accumulation of these metals in a 

simplified food chain using fisheries species, a radiotracer experiment was used. The 

properties of gamma-emitting radioisotopes, also referred to as radiotracers, allow metal 

biokinetics and bioaccumulation to be modelled using data obtained from radioanalysis 

of live organisms by gamma detection under controlled laboratory conditions. Not all 

metal radioisotopes are suitable to use in live radiotracing experiments. A combination 

of 109Cd, 54Mn and 65Zn radioisotopes was used in this experiment because of their 

environmental relevance and suitability in terms of spectral emissions and half-life. Mn 

and Zn are essential elements and are required by organisms for physiological 

functioning, however in high doses can have severe toxic effects (National Research 

Council 2005). Cd is a non-essential element and only low concentrations are required 

to cause toxic effects, however the toxicity of Cd in water varies with changing 

environmental conditions such as water hardness and salinity (Engel & Fowler 1979).  

 

Stocks of commercially fished estuarine species face multiple pressures to survive. 

Therefore, understanding how they accumulate contaminants is important for improving 

fisheries management to benefit both the fishery and human health through targeted 

habitat management, ultimately enhancing seafood quality. Our study aimed to 

determine routes of metal (Cd, Mn and Zn) uptake and accumulation in commercially 

important shellfish, crustaceans and fish under normal conditions and assess their 

vulnerability to metal uptake during disturbance events such as floods. To achieve this 

we had three objectives/sources for each species:  

Objective A: to determine uptake and efflux rates upon exposure to metals dissolved in 

seawater.  

Objective B: to determine metal assimilation efficiency and efflux rates from suspended 

sediment. 

Objective C: to determine metal assimilation efficiency and efflux rates from diet. 
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Where possible, we also aimed to use this data to model metal accumulation from each 

source (seawater, suspended sediment or diet) under different environmental 

contamination scenarios.  

 

3.2 Methods 

3.2.1 Animal collection and housing 

Juvenile sand whiting (Sillago ciliata) (38-64 mm standard length, fresh weight 0.79-

3.2 g), juvenile school prawns (Metapenaeus macleayi) (9-14 mm carapace length, fresh 

weight 0.48-1.7 g) and sand clams (Katelysia scalarina) (71-84 mm shell length, fresh 

weight 88-141 g) were collected from Southern Moreton Bay (QLD), Wollumboola 

Lake (NSW) and Port Hacking (NSW), respectively. These three species were chosen 

because they are commercially and recreationally important species and are common 

and widespread in estuaries and coastal bays along the East Australian coastline from 

Southern Queensland to Victoria and occupy different trophic levels (Dent et al. 2016, 

ABARES 2018). Following collection, all organisms were held at Australia’s Nuclear 

Science and Technology Organisation (ANSTO) Aquatic Ecosystems laboratory in 

several 70-90 L aquaria (with filtration and aeration). After acclimation to laboratory 

conditions in filtered <0.45µm seawater (temperature controlled room at 23 ± 1 °C, pH 

= 8.2-8.4, salinity = 35, 12h:12h light:dark lighting regime) for 1-4 w they were 

introduced into exposure containers. Experiments were conducted in plastic containers 

and organisms were fed separate diets (Supporting Information S2.1). Background 

whole-body metal concentrations (Table 2.1) of three replicates of each species 

euthanized shortly after collection (but after depurating gut contents) were determined 

by ICP-MS. This was done using a Varian 820MS Quadropole (all samples run with 

internal standard correction i.e. Indium-115 and Rhodium-103 for matrix and drift 

correction) after microwave-assisted acid digestion (Concentrated HNO3 and HCl at 3:1 

ratio; Merck Suprapur) using a Milestone ETHOS1.  
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Table 3.1. Mean ± standard error whole organism background metal concentrations (n = 3; 

fresh weight) for each of clams, prawns and fish. 

 Cd (mg/kg) Mn (mg/kg) Zn (mg/kg) 

Clams 0.30 ±  0.068 4.7 ± 2.2 36 ± 3.5 

Prawns 1.0 ± 0.46 4.6 ± 0.89 70 ± 10 

Fish 0.12 ±  0.018 7.8 ± 0.80 157 ± 36 

 

3.2.2 Dissolved cadmium, manganese and zinc exposures (Objective A) 

A mixture of active (radioactive) radioisotopes 109Cd, 54Mn and 65Zn and their 

respective stable metal (i.e. non-radioactive carrier metal) isotopes were added to 

filtered seawater to prepare exposure concentrations of 0.7, 20 and 15 µg L-1 (at 

activities of 0.032, 0.037 and 0.034 Bq L-1, respectively). These concentrations 

represent ANZG water quality guideline 99% species protection levels for Cd and Mn 

(including coral) and 95% species protection level for Zn in marine systems (ANZG 

2018) and were chosen as they represent slightly - moderately disturbed systems. Five 

clams, seven prawns and five fish were exposed in separate containers for 7d, followed 

by rinsing and 14d depuration in clean seawater. Organisms were radioanalyzed three 

times on the first day and then daily thereafter using a LaBr probe connected to an 

InSpector1000 (Canberra) spectrometer with appropriate geometry correction 

(Supporting Information S2.7 and S2.8). The InSpector1000 was connected to a PC and 

spectrum were analyzed using the Genie 2000 software (Canberra). All radioanalytical 

measurements were corrected for background and physical isotope decay. This 

radioanalysis method was used for all exposures in this study. Since fish showed no 

uptake of metals from solution, the metal concentration in the fish exposure containers 

was increased to 36, 850 and 43 µg L-1 of Cd, Mn and Zn respectively after 4 d of 

exposure, by adding more stable metal to the solution. More details are given in 

Supporting Information (S2.2).  

 

3.2.3  Sediment radiolabelling and pulse-chase analysis of clams (Objective B) 

Fine sediment containing low metal concentrations collected from Bonnet Bay (South 

Sydney) using clean plastic falcon tubes was sieved to <63 µm using field-collected 

water and stored in a refrigerator at <4ºC until use. The sediment was radiolabelled with 

an aliquot of 109Cd, 54Mn and 65Zn, with stable stocks of Mn and Zn added to make up 

to sediment metal concentrations of 2.5, 160 and 160 mg/kg of Cd, Mn and Zn 
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respectively. These sediment metal concentrations are commonly found in Moreton Bay 

(Brisbane) and Port Jackson (Sydney), two large urbanised estuaries on the East 

Australian coast that will be referred to throughout this study (Twining et al. 2008, 

Brady et al. 2015). Sediment radiolabelling was conducted as per Cresswell et al. (2014) 

(Supporting Information S2.3). Sediment was kept in suspension in 1L of seawater in 

each container using magnetic stirrer bars at a concentration of approx. 100 mg L⁻¹. 

Five clams were left in exposure containers for 3h before being placed in clean 

containers with new water and radioanalyzed at 0, 2, 4 and 6 h in the first day, then once 

daily for 7d to assess uptake and assimilation efficiency (AE) from suspended 

sediments. Since uptake from the dissolved phase was very low for prawns and fish, 

only two prawns and two fish were used in a sediment exposure trial, using the same 

method and concentrations as the clam sediment exposures (Supporting Information 

S2.3). Since there was no metal uptake in prawns or fish after 3 h, they were left in the 

sediment exposure containers for 24 h. From this trial, fish showed no uptake after 24 h 

and prawns showed very little uptake with high detector uncertainty (>10% propagated 

counting error for 10 min count). Therefore, no further prawns or fish were used in the 

pulse-chase sediment exposure. 

 

3.2.4  Microalgae radiolabelling and pulse-chase analysis of clams (Objective 

C) 

Sand clams bury under the sediment surface and filter feed through active siphoning of 

surrounding benthic waters. They may ingest both benthic and planktonic microalgae. 

To compare dietary uptake and AE of 109Cd, 54Mn and 65Zn from various prey, two 

common microalgal species: Tetraselmis sp. (planktonic green alga) and Entomoneis cf. 

punctalata (benthic diatom), were cultured in bulk at adjacent CSIRO Land and Water 

laboratory under the same laboratory conditions in which the organisms in this 

experiment were kept. Algae were radiolabelled following a procedure adapted from 

Lee et al. (2015) (Supporting Information S2.4). Algae labelling metal concentrations 

were chosen with the aim of obtaining high enough radioactivity levels in the clams 

while ensuring that most of the algal cells remained alive and growing during the 

feeding exposure.  

 

A pulse-chase experiment of five clams fed 8 mL of either Tetraselmis or Entomoneis 

for 3 h (10 clams in total) was used to compare uptake and AE from the two different 
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food sources. After the 3 h pulse-feed, the clams were rinsed thoroughly with clean 

seawater to remove particles attached to their exterior (Supporting Information S2.7) 

and radioanalyzed at 0, 2, 4, 6 h while depurating in clean seawater to detect loss of 

unassimilated tracers as faeces and daily for 7 d thereafter to measure the efflux of 

assimilated tracers from tissues. Filtered seawater in each container was replaced daily 

and supplemented with non-active cultured microalgae (Tetraselmis sp. fed to clams in 

the Tetraselmis treatment and Entomoneis cf. punctalata fed to clams in the Entomoneis 

treatment) using 0.5 mL at a cell density of 1.21x10⁷ cells mL-1 every 2 d.  

 

3.2.5 Artificial food pellet labelling and pulse-chase analysis of prawns 

(Objective C) 

While this experiment aimed to study prawn uptake and assimilation of metals from 

sand clams, the large size of the clams made it difficult to radiolabel a portion of food 

(clam) with high enough activity to be detected in the prawns. Therefore, artificial food 

pellets (weighing 0.04 ± 0.01 g) were radiolabelled with 16.7, 9.8 and 9.5 KBq of 109Cd, 
54Mn and 65Zn, respectively (Supporting Information S2.5). Pellet radioactivity levels 

were chosen with the aim of achieving high enough activity levels for detection in both 

prawns consuming pellets and fish that consumed these prawns. One pellet was given to 

each of five prawns that were allowed to feed for up to 3 h. They were then transferred 

to clean containers with filtered clean seawater and radioanalyzed three times in the first 

24 h and daily thereafter for 8 d (Supporting Information S2.5).   

 

3.2.6 Dietary exposure pulse-chase analysis of fish (Objective C) 

To assess trophic transfer from both prawns and artificial pellets, 10 fish were randomly 

selected and fed radiolabelled pellets or radiolabelled prawns (Supporting Information 

S2.5) for 2 h before being rinsed and placed into new containers with clean seawater 

(Supporting Information S2.6). Only two of the fish fed the artificial agar-Spectrum mix 

pellets ingested the pellet, while the remaining three fish spat them out. The fish were 

radioanalyzed three times in the first 24 h and daily thereafter for 6 d. During 

depuration, the five fish fed active prawns were fed Ocean Nutrition Marine Mix (a 

frozen zooplankton/shrimp mix), while the five fish fed the artificial pellets were fed 

Spectrum 1 mm pellets, to keep the food sources consistent.  

 

3.2.7 Metal organ distribution in clams 
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In order to determine which organs assimilated the metals, active clams were dissected. 

Clams from 1) dissolved exposure (Section 3.2.2), 2) Tetraselmis pulse-chase dietary 

experiment (Section 3.2.4), and 3) clams that were fed Tetraselmis for 2 d with no 

depuration or chase periods were dissected into main organ clusters: shell; muscle 

(including foot); gills; digestive sac; heart/rectum/kidney/other. Because the shells were 

large and could not be easily acid digested, a subset of the clams were radioanalyzed 

whole by wet organ to determine if adsorption to the shell occurred for any of the 

metals. After dissection and wet organ radioanalysis, organs were oven dried at 60 °C 

for 3 d and weighed before being transferred to 10 mL vials and acid digested following 

a procedure adapted from King et al. (2004). Tissues were digested in reagent grade 

nitric acid (0.5 mL 0.1 g-1 dw tissue) for 24 h. Vials were subsequently heated in a 

domestic microwave oven for 20 min (900 W; 10% power). After cooling to room 

temperature, hydrogen peroxide (30 %, 0.5 mL/0.1g dw tissue) was added to each vial 

and left to digest for 24 h. Vials were again microwaved (as above) then cooled to room 

temperature. Samples were transferred to 6 mL glass vials via pipette and each digestion 

vial was rinsed with RO water, with each rinsing transferred to the receiving vial to a 

final volume of 5 mL. Vials were radioanalyzed via gamma spectrometer against in-

house prepared standards of the same geometry with known activity.  

 

3.2.8 Bio-kinetic modelling in clams 

 The relative importance of the aqueous phase (Rw, %), diet (Rf, %) and suspended 

sediment (Rs, %)  as sources of cadmium, manganese and zinc to the clams was 

estimated by comparing the sum of accumulation from the aqueous phase (Css,w) and  

dietary from food (Css,f) or suspended sediment (Css,s) as described by Reinfelder et al. 

(1998): 

Rw = Css,w/Css = (ku × Cw)/(kew × Css) × 100% 

Rf = Css,f/Css = (AEf × IR × Cf)/(kef × Css) × 100% 

Rs = Css,s/Css = (AEs × IR × Cs)/(kes × Css) × 100% 

And 

Css = ((ku × Cw)/kew) + ((AEf × IR × Cf)/kef) + ((AEs × IR × Cs)/kes) 

   

Where ku is the uptake rate constant from solution (mL g-1 d-1) and Cw, Cf and Cs are the 

metal concentrations in seawater (µg L-1), algae and sediment (µg g-1), respectively. AE 

is the metal assimilation efficiency from the food type (%), IR is the ingestion rate (g 
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g−1d−1) and ke is the efflux rate constant (d−1). Uptake rates were corrected for metal 

absorption to clam shells.  

 

The biokinetic model was used to predict the relative contributions of different sources 

of metal accumulation in sand clams in estuaries along the East coast of Australia, 

within the habitat range of the clams. Since estuaries vary in degree of contamination 

along this coast, a range of Cd, Mn and Zn concentrations were used to see if the main 

source of metal accumulation varies with differing contamination levels. Low, moderate 

and high seawater (Cd = 0.01, 0.1, 0.5; Mn = 2, 50, 100; Zn = 2, 10, 25 µg g-1) metal 

concentrations were used based on data from two urbanised East coast estuaries: Port 

Jackson, Sydney (Hatje et al. 2003) and Moreton Bay, Brisbane (Richardson & Hiles 

2015). Acid-extractable sediment concentrations (Cd = 0.1, 1, 3; Mn = 50, 100, 500; Zn 

= 10, 100, 500 µg g-1) from these estuaries were used (Twining et al. 2008, Brady et al. 

2015). The acid-extractable metal fraction was used because it better represents 

bioavailable metal than the total recoverable metal concentrations (Lee et al. 2015).  

 

In terms of microalgal metal concentrations, there is a lack of relevant information in 

the literature on Cd, Mn or Zn concentrations in phytoplankton. Therefore a range (low, 

moderate and high) of values were used from global literature (Knauer & Martin 1973, 

Cd = 0.1, 1, 7; Mn = 20, 100, 1000; Zn = 50, 500, 5000 µg g-1, Bobrov et al. 2005) to 

estimate different concentrations that may be experienced through clam diet. In 

addition, since clam ingestion rate could not be estimated from this experiment, a range 

of ingestion rates (0.5, 2, 10 mg h-1 g-1) were obtained from other studies that also used 

clams from the Veneridae family (Beiras et al. 1993, Zhuang & Wang 2004, Han et al. 

2008). These rates are lower than some studies reported for other bivalves (Hawkins et 

al. 1998, Navarro et al. 2000). 

 

3.2.9 Data analysis 

For dissolved exposures, uptake rates were calculated from the linear regression of the 

uptake curve over the exposure period (0 – 7d). Efflux rates from all exposures were 

calculated from the linear slope of the percentage of metal remaining in the organism 

over the slow-loss phase of depuration. The dietary slow-loss phase for clams was 

defined as days 3-7 for clams, days 2-8 for prawns and days 2-6 of depuration for fish. 

Assimilation efficiencies were calculated from pulse-chase experiments from the Y-
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intercept of the non-linear (exponential) regression of the ‘chase’ data from the 2-8d 

slow-loss phase. Statistical analyses were performed using the software R. Independent 

samples t -tests were used to test for statistical differences in prawn zinc concentrations 

between moulting and non-moulting prawns in the seawater exposure. One way 

ANOVAs with Tukey HSD post hocs were used to test for differences in assimilation 

efficiencies between sediment and diet treatments in the clam pulse-chase experiments. 

 

3.3 Results and Discussion 

Sand clams  

Four different exposure treatments were carried out on sand clams: 1) metals dissolved 

in seawater (Objective A), 2) radiolabelled sediment kept in suspension (Objective B), 

3) radiolabelled green phytoplankton (Objective C), and 4) radiolabelled benthic 

diatoms (Objective C). Using the data obtained from these experiments, a biokinetic 

model was produced to identify accumulation sources in estuaries of varying 

contamination. Organ metal distribution was also examined by dissecting, digesting and 

radioanalyzing different soft tissues from dissolved and green phytoplankton exposures.  

 

3.3.1 Dissolved exposures (Objective A) 

The sand clams accumulated Cd, Mn and Zn relative to dissolved concentrations (Fig. 

3.1), with uptake rate constants (ku L-1 g-1 d-1) of 0.0046, 0.0098 and 0.0079 for Cd, Mn 

and Zn respectively, and efflux rates (ke (d-1)) of 1.14, 0.64 and 1.68 for Cd, Mn and Zn 

respectively. There was no uptake saturation/equilibrium reached from the 

concentrations of metals used, and no significant excretion of metal tracers during the 

exposure period. Efflux rates in our study (calculated from 1-13 d depuration) were 

more than 40 times greater than reported for several other bivalve species during 

seawater depuration of these metals (e.g. Kalman et al. 2014; Metian et al. 2009; Pan 

and Wang, 2008). Zn concentrations in clams were significantly lower on the last (13th) 

day of depuration compared to the second day (df = 1, F = 38, p < 0.001), however clam 

Cd and Mn concentrations were not (Cd: df = 1, F = 2.5, p = 0.16; Mn: df = 1, F = 0.18, 

p = 0.69). Greater efflux means that species can reduce accumulated metal following 

contamination events, such as floods and chemical spills that bring temporary elevated 

seawater metal concentrations. Cd, Mn and Zn concentration factors (concentration in 

animal vs. concentration in water) were 33, 72 and 57, respectively, after 7 d of 

exposure, demonstrating that sand clams effectively bioconcentrate these metals from 



68 
 

surrounding seawater after only 7 d exposure to contaminated water. Metal uptake from 

seawater by bivalves, such as clams, may be an important link between dissolved and 

trophically available metal for predators that are more resistant to dissolved metal 

accumulation (Wang 2002). 

 

 
Figure 3.1. Uptake and depuration of dissolved cadmium, manganese and zinc by sand clams 

(Katelysia scalarina) (n = 5). Points represent mean animal metal concentrations, with bars as 

standard error. Dashed line indicates end of exposure and start of depuration.  

Tissue Mn concentrations (Fig. 3.1) are likely to be overestimated due to high Mn 

adsorption to clam shells. Post-depuration dissections and analysis of tissue versus shell 

metals showed that shells had a higher fraction of Mn tracer (24%) than Cd (7%) and 

Zn (4%). Similarly, Belivermiş et al. (2016) found that 54Mn was mainly associated 

with the shells of oysters (>94%), whereas 109Cd was equally distributed between the 

two compartments, and 65Zn was mainly found in soft tissues. Shells containing more 

calcite than aragonite are likely to adsorb more Mn (Soldati et al. 2016), and the strong 

affinity of Mn can inhibit calcite dissolution (Vinson et al. 2007). As well as adsorption, 

Mn may be biologically distributed to the shell: Mn²⁺ may be substituted into the shell 

because it has the same valence as Ca²⁺. In the case of cadmium, the ions can cause 

direct disturbance of the bivalve shell calcification mechanism, mainly in the region of 

highest growth rate on the shell border (Faubel et al. 2008), however Zn²⁺ exposure has 

been shown to have no observable effect on shell structure (Lopes-Lima et al. 2012). 

We were unable to distinguish between metal adsorption (i.e. passive sorption from the 

surrounding solution) and absorption (i.e. active biodistribution) to clam shells in this 

study. 
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Table 3.2. Mean assimilation efficiencies (AE) and mean efflux rates of test species fed various 

diets (columns). 

 Entomoneis 

sp. diatom 

Tetraselmis sp. 

chlorophyte 

Suspended 

fine sediment 

Pellet feed Prawn tissue 

Test 

Species 

Metal AE 

% 

kef (d-1) AE 

% 

kef (d-1) AE 

% 

kef (d-1) AE 

% 

kef (d-1) AE 

% 

kef (d-1) 

Sand 

Clams 

Cd 51 2.3 22 0.080 39 1.7     

Mn 43 1.4 32 1.3 43 0.70     

Zn 63 3.4 33 0.89 53 1.8     

School 

Prawns 

Cd       67 0.65   

Mn       59 3.3   

Zn       64 2.7   

Sand 

Whiting 

Cd       9.5 0.88 11 0.38 

Mn       6.7 0.46 26 1.2 

Zn       3.8 0.09 14 1.1 

 

3.3.2 Suspended sediment (Objective B) and dietary exposures (Objective C 

Cadmium, Mn and Zn was retained by sand clams from particulate sources, including 

two algal species and suspended sediment (Fig. 3.2). Cd assimilation (i.e. AEs) differed 

between algal species (df = 2, F = 9.62, p = 0.003), however when comparing AEs of 

suspended sediment to algal species, there were no significant differences (Table 3.2). 

Similar to Cd, Zn AEs from Entomoneis sp. were significantly higher than those from 

Tetraselmis sp. (df = 2, F = 7.24, p = 0.010), while neither differed from suspended 

sediment AEs. Mn AEs between diets were not significantly different (df = 2, F = 1.74, 

p = 0.216). Rainbow and Wang (2001) suggest that AE may be correlated with the 

percentage of metal in the cytoplasm of the phytoplankton cell, and these distributions 

of metal within the cell may be partially responsible for differences seen in filter feeder 

AE of different phytoplankton diets.  
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Clam efflux rates from the three particulate 

sources were similar to that from the 

dissolved exposure (Table. 3.2). This 

indicates that retention of Cd, Mn and Zn by 

clams is similar between dissolved and 

particulate exposures, and similar 

physiological processes govern the efflux of 

each metal. Our results from four different 

xposures show that sand clams accumulate 

metals from a variety of sources. 

 

3.3.3 Biokinetic modelling of metal 

accumulation by sand clams 

Biokinetic modelling showed that cadmium 

accumulation in the clam, K. scalarina is 

likely to be mostly from the diet, irrespective 

of concentration (Fig. 3.3). Zinc 

accumulation also appears to be 

predominately from diet, with a slight 

increase in this proportion as contamination 

levels increase or decrease relative to 

moderate Zn contamination concentrations. 

Similar results have been modelled for Zn 

accumulation in other bivalve species (Ke & 

Wang 2001, Lee et al. 2015). Conversely, 

manganese accumulation at moderate 

contamination levels is most likely to be rom 

seawater. In an estuary with high 

contamination (such as Port Jackson, 

Sydney), Mn accumulation is predicted to be 

spread between the sources (Fig. 3.3). The 

model predicts that in a clean (low 

contamination) estuary, suspended sediment 

Figure 3.2. Cadmium (top), manganese 

(middle) and zinc (bottom) percentage 

remaining in the sand clam Katelysia 

scalarina from filtering of suspended 

sediment (n=5: circles), Tetraselmis sp. 

(n=5: squares) and Entomoneis sp. (n=5: 

triangles) over 7 d following a pulse feed. 

Points represent means ± SE. 
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will be the main source of Mn accumulation. However, it is likely that this would only 

be true in estuaries with high turbidity or if organisms were deposit feeding. In 

scenarios where suspended sediment appears to be a dominant source of metal 

contamination, it is important to note that this is dependent on suspended sediment 

concentrations, which are influenced by weather events, tidal resuspension and human 

interference such as dredging.  

 

Figure 3.3. Biokinetic models of cadmium, manganese and zinc (left to right) accumulation in 

sand clams. Percentage contribution of accumulation by each source is depicted using high, 

moderate and low metal concentration scenarios in each source, assuming an average ingestion 

rate of 2 mg g-1 h-1. 

 

The chlorophyte Tetraselmis was used in the original model (Fig. 3.3), however when 

substituted with the diatom, Entomoneis, as the food source, Cd contribution from diet 

decreased from >90% to 40 – 60% diet contribution for the range of environmental 

concentrations used, suggesting that food quality may affect Cd accumulation. 

Modelled Zn accumulation from diet only decreased by 14 - 18% and Mn percentage 

from diet did not change when Entomoneis was used as the food source. Metian et al. 

(2009a) also found little change in Mn and Zn contribution from diet with changing 

food sources, and Ke and Wang (2001) found larger differences in Cd source 

contributions with changing AE than Zn.  Determination of model components such as 

AE and efflux rate using laboratory experiments allows for biokinetic modelling to be 

applied to particular systems to identify primary sources of accumulation, and models 

can be validated using metal concentrations from wild organisms (Griscom et al. 2002, 

Pan & Wang 2008a).  
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3.3.4 Clam organ metal distribution 

The organ distribution of Cd, Mn and Zn in the clam, K. scalarina was determined for 

the dissolved and dietary (fed on green algae) exposures. However, most of the 

stomachs of clams fed on radiolabelled algae for 2 d were used to attempt to model 

trophic transfer to prawns so percentages could only be calculated for one clam in this 

treatment, and were therefore not included in statistical tests. Organ metal distribution 

in clams was not uniform at the end of the depuration period in the dissolved exposure 

for Cd (df = 3, F = 58.2, p <0.0001, Tukey’s post-hoc: a. other, b. gills, bc. stomach, c. 

muscle), Mn (df = 3, F = 47.9, p <0.0001, Tukey’s post-hoc: a. other, gills, b. stomach, 

c. muscle) and Zn (df = 3, F = 22.7, p <0.0001, Tukey’s post-hoc: a. other, ab. gills, b. 

stomach, c. muscle). Distribution of Mn and Zn after uptake from seawater was similar, 

where both gills and ‘other’ organs (including heart, rectum and kidney) contained 30-

40% of metal in each organ, whereas Cd contained in ‘other’ organs was more than 

twice the amount in the gills (Fig. 3.4). While gills are a primary membrane across 

which dissolved metal uptake occurs (Kalman et al. 2014), clam sensitivity to dissolved 

metals may be heightened through additional uptake from filtering water through the 

digestive system for food, where metal exchange through cell walls of the organs along 

Figure 3.4. Cd, Mn and Zn (left to right) organ distribution in sand clams from three different 

treatments. Percentages for each organ group are calculated as organ metal concentration/total soft 

tissue metal concentration x 100. White bars = 7 d dissolved exposure followed by 14 d depuration 

(n=4). Black bars = 3 h pulse feed on radiolabelled Tetraselmis sp. phytoplankton followed by 7 d 

depuration (n=4). Grey bars = 2 d of feeding on radiolabelled Tetraselmis sp phytoplankton with no 

depuration period (n=1). Bars with an asterisk above represent significant organ metal 

concentration differences between treatments. Error bars are means ± SE.  Organ ‘other’ includes 

the intestine, heart and kidney. Organ ‘stomach’ includes digestive organs. 
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this passage is also likely to occur. Muscle had the lowest range of metal concentrations 

for all metals and exposures, which is a common observation in wild aquatic organisms 

(Roméo et al. 1999, Canli et al. 2001).  

 

Unlike the dissolved treatment, Cd, Mn and Zn showed similar organ distribution 

patterns in clams after 8 d of pulse-chase dietary exposure (Cd: df = 3, F = 4.6, p = 0.02, 

Mn: df = 3, F = 7.3, p = 0.005, and Zn: df = 3, F = 4.7, p = 0.02). Tukey’s post-hoc tests 

showed higher metal proportions contained in gills and ‘other’ organs than muscle, 

while metals contained in the stomach were similar to the rest of the soft tissues. These 

results suggest that Cd may be distributed differently when accumulated from seawater, 

which is supported by significantly higher Cd found in ‘other’ organs in dissolved 

compared to diet exposures (df = 6, t = -2.6, p = 0.04)(Fig. 3.4). Differential organ and 

subcellular distribution can cause dietary metal to exert toxicity via mechanisms 

different from metal in dissolved form (Fraysse et al. 2006). 

  

The low percentage distributions of radiolabelled algae signal in gills and muscle of the 

clam that was fed for 2 d before dissection shows that dietary Cd, Mn and Zn is moved 

to these organs after depuration and assimilation. Cadmium in wild K.scalarina from 

Western Australia was found to be highest in gills and lowest in muscle tissue (Hindarti 

et al. 2000). Our results suggest that these high concentrations in gills of wild clams 

could be from both dissolved and particulate sources, and that food and sediment should 

be considered as an important source of this accumulation. Metian et al. (2009b) found 

highest metal concentrations (Co, Zn, Mn) in the kidneys of scallops across dissolved, 

algal diet and sediment exposures. Since our ‘other’ organ group contained the kidney, 

it is likely that the kidney contained most of the metals found in this organ group.  

 

School prawns and sand whiting 

School prawns and sand whiting were exposed to radioactive Cd, Mn and Zn in 

seawater to study uptake from dissolved sources (Objective A). The prawns and fish 

were exposed to radiolabelled suspended sediment (Objective B), and were offered 

radiolabelled food (prawns were fed pellets and fish were fed prawns or pellets) to study 

uptake and accumulation from dietary sources (Objective C).  
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3.3.5 Dissolved exposures (Objective A) 

 

Figure 3.5. Uptake and depuration of dissolved cadmium, manganese and zinc by the school 

prawn Metapenaeus macleayi (mean whole body radiolabelled concentration). Dashed line 

indicates end of exposure and start of depuration. Black circles and grey squares represent 

mean metal concentrations for prawns that moulted during the exposure period (n=3) and did 

not moult during the exposure period (n=4), respectively. Error bars represent standard error. 

School prawns showed very low uptake of dissolved cadmium and manganese over the 

7 d exposure period, with consistently high detector uncertainty (close to or below 

radioactivity limits of detection). Uptake of zinc was measured but at low activities, 

with consistently detected radioactivity from 3 days of exposure. Although uptake of 

these metals from seawater was negligible (Cd and Mn) or very low (Zn), there was a 

difference in uptake, particularly of Mn and Zn, between prawns that moulted, and 

prawns that did not moult during the exposure period (Fig. 3.5). An increase in uptake 

of these metals during moulting is likely due to the substitution of calcium ions in the 

exoskeleton with divalent cations of similar chemistry. Notably, two of the three prawns 

that moulted during the exposure moulted again during the depuration phase at 15 d and 

18 d, and a decrease in manganese and zinc concentrations in these prawns was 

measured (Fig. 3.5). These prawns were able to form new exoskeletons in clean water 

and rid some of the metals taken up during the exposure. Zinc concentrations in moulted 

prawns were significantly higher than Zn concentrations in prawns that did not moult at 

7 d (df = 5, t = 11.09, p < 0.0001) and at the end of the depuration period (df = 5, t = 

3.12, p = 0.026). Mean efflux rates (kef d-1) of Zn were 0.04 and 0.08 for moulted and 

non-moulted prawns, respectively. Statistical tests were not performed for Cd and Mn 

due to low uptake and activity resulting in high detector uncertainty. We suggest that 
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using higher water Cd and Mn concentrations would result in higher radioactivity 

levels, clarifying trends.  

 

While moulting can be a crustacean response to stress (Rao & Anjaneyulu 2008), our 

results show that it may also be an effective means for these prawns to lose some metal 

from the exoskeleton when moving from contaminated to cleaner waters. This metal-

rich exuvium can then trophically transfer if consumed by the prawn or other 

organisms. White and Rainbow (1984) also observed rapid Zn flux into exoskeletons of 

rockpool shrimp that moulted during exposure to aqueous Zn, with similar loss of the 

zinc tracer in shrimp that moulted again during depuration. While uptake may be 

affected by the moult cycle, it is unlikely that dissolved Cd, Mn and Zn is a major 

source of metal uptake in school prawns.  

 

No detectable uptake of dissolved Cd, Mn or Zn by sand whiting was observed after 6 d 

of exposure, with consistently low counts and high detector uncertainty, even after 

seawater metal concentrations were increased to 36, 850 and 43 µg L⁻¹ of Cd, Mn and 

Zn respectively. Creighton and Twining (2010) found low Cd uptake by estuarine 

glassfish at low Cd concentrations (5 µg L⁻¹), however uptake was observed at 10 and 

50 µg L⁻¹ Cd, and uptake of Zn at 5, 10 and 50 µg L⁻¹ Zn water concentrations. 

Although uptake from the dissolved phase is not considered the primary source of metal 

accumulation in marine fish (Jeffree et al. 2006, Mathews et al. 2008), previous studies 

have always observed metal uptake, usually at a rate relative to water metal 

concentrations (Xu & Wang 2002, Zhang et al. 2011). Sand whiting also showed no 

detectable uptake of Cd, Mn or Zn from suspended sediment exposure, therefore our 

results suggest that sand whiting may be particularly tolerant to metal uptake across 

permeable membranes, such as gills. 

 

3.3.6 Suspended sediment (Objective B) and dietary exposures (Objective C) 

Suspended sediment exposure (using two prawns and two fish) had similar trends to 

exposure to dissolved metal with no clear indication of uptake (high detector 

uncertainty). Therefore, this exposure was not carried out with more fish and prawns. 

This result validates our hypothesis that suspended sediments are not directly ingested 

by prawns or fish. Any measured radiotracer uptake is likely to be from attachment to 
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gills and other body surfaces, but our results suggest uptake via these pathways by these 

two species is negligible. These trial results reveal that pulse uptake of metals by school 

prawns and sand whiting from suspended sediments is unlikely, based on the particulate 

metal concentrations we used. This suggests that these species are resilient to floods, 

storm events, dredging and tidal sediment re-suspension.  

 

Exposure to radiolabelled dietary 

sources of metals using school prawns 

and sand whiting resulted in clear 

differences in metal retention between 

the species (Fig. 3.6-3.7, Table. 3.2), 

highlighting a difference in 

physiological responses. Previous 

studies also report AEs for Cd and Mn 

higher than 40% for prawns (Nunez-

Nogueira et al. 2006, Seebaugh & 

Wallace 2009), and less than 40% for 

fish (Wang et al. 2012, Pouil et al. 

2017). In our experiment, only two out of seven fish ate the pellets that were offered to 

them, providing limited data. However, it shows that the retention of Cd, Mn and Zn by 

sand whiting from different diets is variable (Fig. 3.7).  

 

Figure 3.7. Retention of tracers by sand whiting fed radiolabelled prawns (n=5) or pellets 

(n=2). Points are means ± SE. 

 

Figure 3.6. Retention of tracers by school prawns fed 

radiolabelled pellets (n=5). Points are means ± SE. 
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Cadmium AE of school prawns fed pellets fell within reported values for other prawn 

species fed a range of diets (Nunez-Nogueira et al. 2006, Rainbow et al. 2006, Metian et 

al. 2010). High Cd AE (67%) and relatively low efflux rate (0.65 kef (d-1)) compared to 

Mn (3.28 kef (d-1)) and Zn (2.66 kef (d-1)) suggests prawns may be particularly 

susceptible to accumulation in Cd enriched areas. However, Cd accumulation from diet 

is also likely to be influenced by prey availability, since AE has been shown to vary 

between food sources (Nunez-Nogueira et al. 2006). While Mn and Zn are essential 

elements for prawn growth, such high AEs may cause rapid accumulation to a threshold 

level, above which negative effects such as decreased growth are likely to be 

experienced (Shiau & Jiang 2006, Cai et al. 2017). At moderate concentrations, the 

presence of Zn in prawn diet may also help to mitigate Cd toxicity through competition 

for binding sites on cell membrane surfaces (Wright & Welbourn 1994, Yu et al. 2015).  

 

3.3.7 Organism-level responses to metal exposure 

Requiring only minimal organism numbers, radiotracer experiments are an effective 

way to study metal accumulation and have fast tracked the filling of knowledge gaps 

about biological interactions with trace metals in the environment, though they are not 

without limitations (Wang & Fisher 1999). Because of the size limit of the detector 

used, juvenile fish and prawns were collected. However, difficulties associated with 

collecting desired size ranges of wild organisms meant that we were unable to collect 

clams that were small enough to hold enough activity per quantity of tissue edible to the 

prawns to model trophic transfer, limiting our multi-trophic level experiment design.  

Because of this, we were forced to feed prawns only an artificial diet, thereby lacking a 

natural diet comparison to compare assimilation efficiencies from different food 

sources.   

 

Our results from multiple exposures showed that sand clams accumulated metals from 

seawater, food and sediment. Most of the metals were contained in the gills and ‘other’ 

organs, including the heart and kidneys. Biokinetic modelling for clams showed that in 

East Australian estuaries of moderate contamination, accumulation of Cd and Zn is 

likely to be from diet, whereas Mn is likely to be sourced mostly from seawater. Uptake 

from seawater and suspended sediment was negligible for school prawns and sand 

whiting, but was significant from diet, with higher assimilation efficiencies for the 

prawns than the fish.  
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Taxa specific accumulation of metals are common findings in the scientific literature 

(e.g. Weeks & Rainbow 1994, Wang & Ke 2002). Previous studies have shown uptake 

of metals by saltwater prawns and fish from seawater (e.g. Xu & Wang 2002, Nunez-

Nogueira & Rainbow 2005,  Jeffree et al. 2006). However, the fish in our study showed 

no measured uptake while uptake by school prawns was very low, suggesting that the 

general permeability of gill membranes and other external surfaces of these species to 

metal ions is quite low. Although it is unlikely that the dissolved Cd concentration that 

prawns were exposed to in our study (0.7 µg L⁻¹) was too low for significant uptake, 

future work may benefit from exposing the prawns to a range of dissolved 

concentrations. The ANZG (2018) 95% species protection guideline for Cd is 5.5 μg 

L⁻¹, however toxicity testing largely focusses on dissolved metal toxicity. In light of our 

results, we suggest dietary toxicity should also be taken into consideration, particularly 

for saltwater prawn species since prawn AEs from diet were high.  

 

Taxa specific accumulation responses raise concerns for the effectiveness of 

environmental monitoring to assess estuary health and have implications for assessing 

human health effects. Biokinetic models can be used to assess how much metal is 

actually accumulated from the environment and predict which fisheries species may 

pose the highest risks to human health. Biokinetic models can also be used to predict 

how sensitive species such as bivalves may respond to disturbance events, for example 

floods and dredging, to better advise where and when food safety testing should be 

applied. Organ distribution of metals in seafood is also important for assessing human 

health risks. While all the soft tissue is usually consumed from bivalves, muscle tissue 

is often the only part of fish and prawns that is consumed. Muscle generally contains the 

lowest concentrations of metals per gram of tissue (Canli et al. 2001), however it is 

commonly consumed in larger quantities, therefore there is still a risk of accumulation 

to toxic concentrations.   

 

Bivalves are often heavily impacted by floods, mostly by smothering and physiological 

stress caused by high turbidity loads, which can force them to lower filtering rates and 

consequently reduce feeding and breathing efficiency (Norkko et al. 2006).  

Accumulation of metals from contaminated water and suspended sediment carried in 
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floodwaters presents additional stress, suggesting that bivalves living in estuaries in 

metal-enriched catchments may be more vulnerable to flood events. Since bivalves are 

known to improve water quality, a reduction in bivalve populations may further degrade 

these estuaries (Officer et al. 1982). Our results suggest that the prawns and fish studied 

here would be unlikely to display any significant uptake of Cd, Mn and Zn from turbid 

floodwaters, which may be an advantage when coping with rapid water quality changes 

that occur during flooding. 
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Chapter 4 

 

Condition response of brown tiger prawns in Moreton 

Bay to a large cyclone driven flood 

 

 

 

 

 

 

 

This chapter has been submitted to Estuaries and Coasts for publishing. 
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4.1 Introduction 

Floods occur when heavy rainfall causes the inundation of normally dry areas. In 

subtropical regions, floods are unpredictable and episodic, and are usually driven by 

extreme weather events such as cyclones. Floodwaters are a turbulent mixture of 

sediment, dissolved substances, and debris and can rapidly change receiving water and 

habitat quality (Day & Grindley 1981). The unpredictable and extreme nature of floods 

generally makes them difficult to study. For this reason, it remains unclear how and 

when they may benefit organisms in receiving waters. Conversely, in urbanized 

catchments, where excess sediments and pollutants are moved into estuaries during 

floods, impacts may be negative rather than positive (Einsporn et al. 2005).  

 

Studies on organismal responses to floods are mostly focused on migration of mobile 

organisms and survival of sessile organisms (Pollack et al. 2011, Sommer et al. 2014). 

Many fish and prawn species migrate out of rivers and into estuaries and coastal waters 

during floods, following a salinity gradient (Williams et al. 2017). However, research 

into the effects of floods on organism condition is scarce and warrants further 

investigation. Adams et al. (2003) observed a negative effect of an estuary in flood on 

two fish species compared to a reference estuary, which was supported by the use of 

multiple condition indices. They suggested these condition changes were due to hypoxic 

exposure and alterations in prey and habitat availability. Similarly, Einsporn et al. 

(2005) found that the livers from flounder from the Elbe River estuary had significant 

detoxification impairment in response to pollutants delivered in floodwater, with liver 

cell recovery occurring five months post-flood. The time scale on which flood effects 

are experienced by organisms is likely to be dependent on flood duration and 

magnitude, as well as the intrinsic properties of each system.  

 

This study aimed to investigate the condition response of the commercially caught 

brown tiger prawn, Penaeus esculentus (Haswell) inhabiting Moreton Bay, an urbanized 

subtropical bay, to a large cyclone-driven flood (Cyclone Debbie, March-April 2017). 

Since other global flood condition studies have found negative responses of fish to 

floods in urbanized areas, we hypothesized that prawns throughout Moreton Bay would 

also respond negatively in terms of condition to a flood.  
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4.2 Methods 

4.2.1 Study site and species 

Moreton Bay is situated in South East Queensland, a 22,600 km2 catchment in which 

over 60% of the land has been modified for grazing, development, agriculture and 

managed plantations (Bunn et al. 2007, Leigh et al. 2013).  The bay provides diverse 

and ecologically important habitats to a variety of endangered or economically 

important species of wildlife, ranging from migrating wetland birds to commercially 

harvested fish and prawns, to larger protected species, such as turtles and dugongs 

(Leigh et al. 2013). Modification of the natural landscape has caused the decline of 

water and habitat quality over the last 50 years, including the two-fold expansion of 

mud coverage in the bay since 1970 (Lockington et al. 2017). Delivery of large amounts 

of fine sediments in the major 1974 and 2011 floods also caused seagrass loss and coral 

bleaching in Moreton Bay (Olds et al. 2014, Hanington et al. 2015). 

 

The Brisbane and Logan Rivers are the largest of several rivers feeding freshwater into 

Moreton Bay. The Cyclone Debbie flood in Moreton Bay was a 1 in 20-30 year event, 

with record river heights observed in many areas of the Logan River catchment (BOM 

2017a). While the previous major flood (2011) plume was most prominent in central 

Moreton Bay, the 2017 flood was more prominent in the southern bay. River heights in 

the lower Brisbane River were minor during the 2017 flood, with major levels reached 

in 2011 and 1974 (BOM 2017b). River heights at Waterford in the Logan River were 

major during the 2017 flood for the first time since 1976 (BOM 2017a). This was 

because rainfall was heaviest in the southern region of the South East Queensland 

catchments near the New South Wales border, and resulted in extensive flooding in the 

Logan River (BOM 2017a). Due to a network of islands in front of the Logan River, 

when floods occur most of the flood plume slowly moves out into the ocean through 

Jumpinpin channel between North and South Stradbroke Islands and northward through 

Moreton Bay (TERN 2014, Morelli & Gasparon 2015, HW 2018). 

 

Since the late 20th century, a 70% reduction in the number of vessels in the Moreton 

Bay prawn fishery has decreased landings from 600-1000 to 300-600 tonnes y-1 

(Courtney et al. 2012, Kienzle et al. 2014). A size related change in market value shifted 

the dominant catch from smaller bay prawns (Metapenaeus bennettae) and eastern king 

prawns (Melicertus plebejus) to a catch now dominated by brown tiger prawns (P. 
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esculentus) (Courtney et al. 2012, Kienzle et al. 2014). Brown tiger prawns are endemic 

to tropical and subtropical Australia and have a relatively short life span of 

approximately two years (O’Connor 1979). After peak spawning occurs in October-

November, P. esculentus larvae settle in shallow seagrass beds where their temperature-

dependent growth rate can exceed 1 mm wk-1 carapace length (CL) in water above 25°C 

(O’Brien 1994). Once they have grown to sub-adult size of 15 to 20 mm CL, they move 

into deeper bare sediment areas of the bay or nearby oceanic waters where they remain 

hidden in the sediment during the day, and emerge at night to feed on mostly bivalves, 

gastropods, ophiuroids, crustaceans and polychaetes in the benthos (Wassenberg & Hill 

1987, O’Brien 1994).  

 

 

Figure 4.1. Map of Moreton Bay, Queensland, Australia showing study sites (numbered 1 to 5). 

4.2.2 Sample collection 

Brown tiger prawns (penaeid prawn, P. esculentus) were collected from three areas of 

Moreton Bay (Brisbane, Australia). These areas are commercially trawled by the prawn 

trawl fishery (Moreton Bay Marine Park General Use Zone). There were two sites in the 

western central area of the bay (Bramble Bay, Sites 1 & 2, Fig. 4.1) where sediments 

from the Brisbane River catchment accumulate (Stevens et al. 2014, Lockington et al. 
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2017). In the southern central area of the bay, there were two sites (S Central Bay, Sites 

3 & 4, Fig. 4.1) adjacent to seagrass beds to ensure that areas of riverine/marine 

influence were adequately sampled. A fifth site (Site 5, Fig.4.1) was added near 

Moreton Island because of its oceanic influence and position between the two central 

bay areas of interest mentioned above. Prawns were collected approximately one week 

before the flood (21 March 2017), two weeks after the flood plume entered Moreton 

Bay (11 April 2017), and six weeks after the flood plume entered the bay (24 May 

2017). Water quality measurements were not taken when the flood initially occurred, 

and floodwaters would have been well mixed in the bay by the time measurements were 

taken 11 d after the flood. Physicochemical water measurements taken during sampling 

(using a Hydrolab probe) showed that salinity in the bay was still lower (28-30) than 

normal (35-36) on 11 April 2017, with minor stratification present throughout the water 

column. Salinity in the bay returned to seawater salinity (35, no stratification) by the 

May sampling trip. Predicting a timeframe for possible flood effects to be detected in 

the prawns was difficult, therefore, these two after-flood dates were chosen based on 

assumed turnover rates of prawn tissue isotopes. Prawns were collected at night from 

each site by roller beam trawl aboard the FRV Tom Marshal. Prawns were quickly 

euthanized in an ice slurry and snap frozen on dry ice before being stored in a -20°C 

freezer at Griffith University, Brisbane, Australia.  

 

Physicochemical water parameters (using a Hydrolab probe) and water depth were 

recorded at each site. Intact surface cores were collected using a spring loaded box corer 

so that the top 1.5 cm of sediment could be retained for chlorophyll a determination (n = 

2-3 cores per site for each of the three sampling dates). The surface sediment samples 

were placed on dry ice and stored in a -80°C freezer until analyzed.  

 

4.2.3 Sample analysis 

4.2.3.1 Sample preparation 

Approximately 12-20 prawns from each site were measured and weighed in the 

laboratory. Muscle tissue from six larger prawns from each site for each sampling date 

was dissected and either oven dried at 60°C and ground using a stainless steel ball mill 

grinder for stable isotopes or freeze-dried and ground using a zirconia ring mill 

(Rocklabs) for lipid determination. 
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4.2.3.2 Stable isotopes and carbon nitrogen ratios (C:N ratios) 

To determine nitrogen (N) and carbon (C) stable isotope ratios, and C and N content, 1-

2 mg of dried ground tissue was weighed into tin capsules and analyzed using a Sercon 

Europa EA-GSL elemental analyzer coupled to a Hydra-20-20 continuous flow isotope 

ratio mass spectrometer. Stable isotope ratios were expressed in δ notation as deviations 

from standards in per mil (‰):  

δX = [(Rsample/Rstandard)-1] x 1000 

Where X is 13C or 15N 

Rsample is the ratio (13C /12C or 15N/14N) in the sample 

Rstandard is the ratio in the standard.  

Sucrose and ammonium sulfate were used as standards, and analytical precision and 

accuracy were estimated by the analysis of these standards and standards from the 

National Institute of Standards and Technology (NIST). Precision was <0.2‰ for δ13C 

and δ15N. Ratios of C:N were calculated after conversion to molar values. C:N ratios 

can be used as a condition index of lipid content. Carbon isotopes are heavily influenced 

by lipids because lipids are carbon-rich, therefore animals with higher lipid content will 

have higher C:N ratios (Barnes et al. 2007, Dempson et al. 2010). 

 

4.2.3.3 Whole muscle lipid 

Since no change in length-weight condition (K) and C:N molar ratios was observed in 

prawns from Site 5 (SW Moreton Is), only samples from Bramble Bay (Sites 1 & 2) and 

the S Central Bay area (Sites 3 & 4) were lipid extracted. Lipid content of prawn muscle 

tissue was determined gravimetrically. Extraction methods employed a combination of 

Folch et al. (1957) and Bligh and Dyer (1959) methods, using chloroform:methanol 2:1 

(CMS) as a solvent, which has acceptable percentage recovery of lipid from muscle 

tissue (Gunnlaugsdottir & Ackman 1993, Honeycutt et al. 1995). Distilled water (0.25 

mL) and 6 mL of CMS was added to each glass tube containing 200 mg of dried, 

ground and weighed prawn muscle tissue. The mixture was vortexed, left to sit for 30 

mins and gravity filtered through GF/C filter paper. Tissues were rinsed with another 6 

mL of CMS to ensure all lipid was extracted and filtered. Three mL of sodium chloride 

(NaCl) was then added to each filtered solution, mixed by inversion and centrifuged to 

separate the water from the solvent. The supernatant was removed by vacuum, 2.5 mL 

of 1:1 MeOH:NaCl (1%) was added and the mixing by inversion, then centrifugation 
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and vacuum removal process was repeated. The remaining solution was then filtered 

through sodium sulfate (Na2SO4) salts to remove any remaining water and flushed with 

3 mL of chloroform. Finally, the solvent was evaporated under a stream of nitrogen gas 

and the vials were re-weighed. 

 

4.2.3.4 Length weight condition 

Fulton’s condition factor (K) to estimate length–weight condition of the prawns was 

estimated from the equation: 

K = 100*W/ Lb 

Where W = individual weight (g) 

 L = individual total length (cm)  

b = allometric scaling value (b = 2.79 

(error ± 0.02)) derived from the equation W 

= a × Lb (Fig. 4.2).  

While a cubic length-weight relationship (b = 

3) is often used in Fulton’s K, a more robust 

approach is to derive the value for a 

particular species if the sample size is large 

enough, to account for different body shapes 

(Safran 1992, Richter et al. 2000). Similar 

exponent b values have been reported for the 

same species (Courtney et al. 2012) and similar 

species (Li et al. 2016b). 

 

4.2.3.5 Chlorophyll a 

Chlorophyll a (chl a) concentrations in surface sediments were determined by extraction 

of a known weight of sediment with 90% acetone. Samples containing sediment and 

acetone were sonicated using a probe sonicator (Branson) at 50/50 pulse on maximum 

setting for 30 sec before mixing the sediment, then sonicated for a further 30 sec. 

Samples were kept in an ice bath throughout the procedure and refrigerated overnight to 

allow additional extraction. Then samples were filtered through glass fibre (GF75, 

Advantec, Japan) filters and the filtrate was stored on ice in the dark before reading the 

Figure 4.2. Length vs. weight of P. esculentus 

measured in this study (n = 267). The equation on 

the figure represents the power line of best fit. 
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absorbance on a spectrophotometer at wavelengths of 630, 647, 664, 665 and 750 nm 

(Strickland & Parsons 1972). Samples were then acidified by adding 50 µL of 2 mol L-1 

hydrochloric acid (HCl), and absorbance was read at wavelengths of 665 and 750 nm. 

Concentrations were calculated using methods from Jeffrey (1997) and standardized by 

area.  

 

4.2.4 Data analysis 

Tiger prawn residency in study areas within the bay was determined from δ13C and δ15N 

values using SIBER in R by p = 0.75 ellipses for each site, meaning that ellipses contain 

approximately 75% of the data for each group. Since this analysis showed an overlap of 

values for sites in close proximity, these sites were grouped together, now referred to as 

“areas” (Area 1 (Bramble Bay: Site 1 &2), Area 2 (S Central Bay: Site 3 & 4) and Area 

3 (SW Moreton Island: Site 5)). Sample values that fell well out of the ellipses for each 

site were removed from the dataset for the next analysis, because they may have 

indicated prawns that had recently immigrated to the site from elsewhere (referred to as 

“migrants”). Prawns that fell close to or within the ellipses are referred to as “residents”. 

To explore isotope changes in southern sites before and after the flood, a second SIBER 

analysis was performed using prawns only from the S Central Bay area, grouped by date 

(p = 0.75).  

 

Statistical differences between areas and sampling dates were examined using ANOVA 

with R software. Normality assumptions were satisfied through visual assessment of Q-

Q plots and Shapiro-Wilk p values > 0.05. Type III sum of squares ANOVA was used 

for chl a, length-weight (K) comparisons and C:N molar ratios of all data to account for 

uneven sample numbers at sites over sampling dates. Since prawn length is accounted 

for in the calculation of K, but not lipid and C:N molar ratios, an ANCOVA with prawn 

length as a covariate was used for determining date and area difference in lipids and 

C:N molar ratios. Type II ANOVA was used for K and type I ANCOVA was used for 

C:N molar ratios and lipids when testing differences between prawns caught on 

different dates from the S Central Bay area only.  
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4.3 Results 

4.3.1 Algal response to floods 

A spike in benthic chlorophyll a 

concentrations was measured in two of 

the three areas sampled. A significant 

interaction (df = 4, F = 3.9, p = 0.014) 

between date and area can be explained 

by an increase in benthic chl a shortly 

after the flood in SW Moreton Island 

(Area 3, Site 5) and S Central Bay (Area 

2, Sites 3 & 4) with a return to pre-flood 

concentrations in samples collected 53 d 

after the flood (Fig. 4.3). Mean sediment 

chl a concentrations in Bramble Bay did not 

increase after the flood.  

 

4.3.2 Stable isotopes and flood signal 

Tiger prawns analyzed for carbon and nitrogen stable isotopes showed a spread in δ15N 

values of 6 – 8 per mil (Fig. 4.4). Prawns from Bramble Bay (Sites 1 & 2) were 

characterized by higher δ15N values, while prawns from the S Central Bay area (Sites 3 

& 4) were characterized by lower δ15N (<10), and prawns from W Moreton Island (Site 

5) had a signal between the two. Prawn δ13C values had a narrower spread of values, i.e. 

3-4 per mil, compared to δ15N. There is no clear distinction between sites based on δ13C 

values, aside from a trend of higher values in some of the prawns from Site 3.  

Figure 4.3. Mean (±SE) benthic chlorophyll a 

concentrations in each area sampled within 

Moreton Bay before and after the flood. 
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Figure 4.4. SIBER plot of δ13C and δ15N from tiger prawn muscle. Prawns from different sites 

are separated by colour and symbol and corresponding ellipses contain 75% of the data from 

each group. 

 

The SIBER analysis of P. esculentus collected from the S Central Bay area (Sites 3 & 4) 

showed no change in δ15N values between sampling dates (df = 2, F = 0.35, p = 0.71), 

however a shift to significantly lower δ13C values was observed after the flood (df = 2, 

F = 5.36, p < 0.01) (Fig. 4.5). This shift was not observed in the other areas sampled 

(Table 4.1).  

 

Figure 4.5. SIBER plot of δ13C and δ15N of tiger prawns from S Central Bay area only (Sites 3 

& 4). Prawns from this area caught at different dates (before or after flood) are separated by 

colour and symbol and corresponding ellipses contain 75% of the data from each group.  
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Table 4.1. Mean (SD) δ13C and δ15N for tiger prawns from each area and date from all data (n 

= 89) and data including only resident prawns (n = 75). 

  

Area 

All data Migrant data removed 

March April May March April May 

δ¹³C 1. Bramble Bay -15.9 (0.5) -15.5 (0.5) -15.8 (0.6) -16.0 (0.3) -15.7 (0.4) -16.0 (0.3) 

2. S Central Bay -14.9 (0.7) -15.7 (0.7) -15.6 (0.6) -14.9 (0.7) -15.5 (0.6) -15.6 (0.6) 

3. W Moreton Is -16.1 (0.8) -15.9 (0.5) -15.8 (0.8) -15.8 (0.3) -15.9 (0.5) -15.8 (0.8) 

δ¹⁵N 1. Bramble Bay 12.2 (1.3) 12.2 (1.3) 11.1 (0.9) 12.5 (1.1) 12.2 (1.4) 11.4 (0.4) 

2. S Central Bay 8.7 (0.9) 9.0 (0.6) 8.9 (0.9) 8.8 (0.9) 9.0 (0.6) 8.9 (0.9) 

3. W Moreton Is 10.4 (0.7) 9.7 (0.6) 10.0 (0.9) 10.2 (0.6) 9.7 (0.6) 10.0(0.9) 

  

4.3.3 Prawn condition 

Statistical analyses show a significant interaction between the date and area in which 

prawns were caught in two out of three condition indices (Table 4.2). A consistent trend 

is evident in the S Central Bay area showing a short-term increase in condition 

occurring in prawns collected 11 d post-flood (Fig. 4.6). From this analysis, it is unclear 

whether a trend of decline in condition over time is occurring in Bramble Bay prawns, 

and there appears to no apparent conditional change occurring in the W Moreton Island 

area over time. For this reason, S Central Bay (sites 3 & 4) and Bramble Bay (sites 1 & 

2) prawns were further analyzed individually to better identify responses in these 

separate resident groups. 

 

Table 4.2. ANOVA/ANCOVA F-statistics for each prawn condition index comparing sampling 

date with area prawns were collected from. * represent significant p-values (* = p < 0.05, ** = 

p < 0.01, *** = p < 0.001). 

Variable df K C:N ratio Lipid 

Prawn length 1  9.34** 2.76 

Date 2 2.38 16.39*** 2.63 

Area 2 0.41 0.97 1.09 

Date*Area 4 2.65* 8.45*** 1.65 
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Figure 4.6. Means ± SE of brown tiger prawn condition in each area sampled in Moreton Bay 

before and after the flood. Left to right: length-weight condition factor K (n = 267), muscle C:N 

molar ratios derived from stable isotope analysis (n = 89), Muscle whole lipid content (n = 46) 

determined by solvent extraction. 

Further analysis of prawns caught only from Bramble Bay (using date as a factor and 

prawn length as a covariate) showed a decline in the condition of prawns in this area 

over time based on C:N molar ratios (df = 2, F = 30.48, p < 0.001). However, length-

weight condition K (df = 2, F = 0.63, p = 0.08) and muscle lipid measures (df = 2, F = 

0.50, p = 0.61) showed no significant change between sampling dates. In contrast, 

prawns from only the S Central Bay area (using date as a factor and prawn length as a 

covariate) showed an increase in length-weight condition (df = 2, F = 12.43, p < 0.001), 

C:N molar ratios (df = 2, F = 9.36, p < 0.001) and muscle lipids (df = 2, F = 9.61, p = 

0.001) 11 d after the flood occurred. Post-hoc Tukey’s HSD tests show that condition 

was statistically highest 11 d after the flood, and decreased to similar pre-flood levels by 

53 days post-flood (Fig. 4.7).  

 

Figure 4.7. Mean ± SE condition indices for S Central Bay brown tiger prawns over time, 

before and after the flood, for each condition index (left to right: length-weight condition K, 
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C:N molar ratios, muscle lipid %). Post-hoc Tukey’s statistical differences between sampling 

dates are denoted by the letters a and b. 

 

4.4 Discussion 

4.4.1 Benthic algal biomass 

An increase in benthic chl a concentrations, as a measure of benthic algal biomass, 1-2 

weeks after the flood was likely due to an influx of nutrients in floodwater from the 

Logan River moving northwards through the bay. Floodwater moves from the Logan 

River northward through the bay and through Jumpinpin channel because of a network 

of islands in front of the river mouth, and tidal circulation (TERN 2014, Morelli & 

Gasparon 2015, HW 2018). Bloom initiation and collapse has been documented on a 

similar time scale for this estuary (Saeck et al. 2013, HW 2018), and a nearby estuary 

(Eyre & Ferguson 2006) following previous floods. This trend was not observed in 

Bramble Bay, suggesting that the floodwaters were quickly flushed from this area or 

there was not enough dissolved nutrients coming out of the adjacent Brisbane River 

during the flood to stimulate a measurable increase in benthic algal production in 

Bramble Bay. Flood levels during the 2017 cyclone were only considered ‘minor’ in the 

Brisbane River, but reached ‘major’ and highest ever recorded levels in parts of the 

Logan River (BOM 2017a). 

 

4.4.2 Flood isotope signals 

Stable isotopes show resident groups of brown tiger prawns in Bramble Bay with a 

different signal to S Central Bay area (resident refers to prawns that have an isotope 

signal similar to other prawns from the same site, indicating that they have been feeding 

and residing in the same area, as seen in the first SIBER plot). The asymmetry of tides 

through the different sized passages between the bay and the ocean results in a 

clockwise water circulation in the central part of Moreton Bay, with southward water 

movement on the eastern side and northward water movement on the western side of the 

bay (Dennison and Abal 1999, Gibbes et al. 2014). Since the construction of 

Fisherman’s Island (Port of Brisbane) at the mouth of the Brisbane River, very little of 

the water and sediment exiting the river moves in a south or southeast direction. For this 

reason, prawns living in Bramble Bay are likely to be influenced by the Brisbane River 

more so than prawns living south of the river mouth, where river inputs are much lower. 
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This is reflected by high δ15N in Bramble Bay prawns, which is reflective of 

anthropogenic nitrogen inputs (Schlacher et al. 2005). The prawns in the W Moreton 

Island site had a mix between the Bramble Bay and S Central Bay stable isotope 

signals, suggesting that this site receives some anthropogenic influence from the 

Brisbane River. This is surprising given that this area of the bay is well flushed with 

oceanic water and floodwater does not reach this far across the bay. Another 

explanation is that prawns are moving to this site from Bramble Bay.  

 

Higher δ13C values of pre-flood prawns from the S Central Bay areas are consistent with 

seagrass influence, which is to be expected because the site is adjacent to a large area of 

seagrass beds. The shift towards lower δ13C values observed post-flood in prawns from 

the same area (the most southern Sites (3 & 4) closest to the Logan River) is consistent 

with a freshwater signal that would be expected from a flood (Gaston et al. 2006, Peer et 

al. 2013). This suggests that an increased supply of dissolved freshwater nutrients from 

the flood has triggered a bloom in basal food web sources, which may be consumed by 

prawns directly or indirectly through organisms that prawns eat, such as small bivalves 

(Wassenberg & Hill 1987). Similar δ15N pre and post-flood indicate that it is unlikely 

that prawns have migrated in the direction of a salinity gradient to the S Central Bay 

area from further south around the Logan River mouth. We would expect post-flood 

δ15N values to be higher and closer to those of prawns in Bramble Bay if this were true 

(Van De Merwe et al. 2016).  

 

4.4.3 Prawn condition 

Significant interactions between sampling date and area in which prawns were caught 

indicate that a change in prawn condition over time may be dependent on where the 

prawns were living. C:N ratios were significantly lower in prawns from Bramble Bay 

post-flood, though the same was not true for the other condition indices (K and muscle 

lipid). So this correlation may indicate a weak or false-positive relationship. Condition 

can vary due to several factors including moult cycle, reproduction, food availability 

and presence of parasites or diseases, therefore the reliability of results is improved if 

several condition indices agree (Oliver & MacDiarmid 2001, Adams et al. 2003). 

Multiple lines of evidence show a short-term increase in condition of brown tiger 

prawns in the S Central Bay area of Moreton Bay following a large flood in the Logan 

River catchment. This was matched by a pulse increase in benthic chl a concentrations 
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in this area, suggesting that nutrients delivered to the bay in floodwaters stimulated a 

phytoplankton bloom. Previous studies have shown a pulse of dissolved nutrients in 

estuaries during floods (Mitchell et al. 1997, Warrick et al. 2005, Saeck et al. 2013), and 

this was also measured in a complementary study in the estuary during the same 2017 

flood (M. Burford, unpublished data). It appears that the benefits of this pulse increase 

in basal food sources associated with the flood are then transferred through the food 

web to prawns. While newly deposited catchment-derived sediment has been shown to 

supply ongoing nutrients, such as ammonium, to estuaries following a flood (O’Mara et 

al. 2019b), the chl a concentrations measured here at 53 d post-flood show that these 

sediments did not release enough nutrients to sustain the flood bloom.  

 

An increase in length-weight condition (K) shows that at 11 d post-flood, prawns 

weighed more than prawns of the same length collected before the flood. Fast growing 

juvenile prawns preferentially put resources into growth to minimise the increased 

likelihood of predation when smaller (Sogard 1997). Therefore, K for juvenile prawns 

can often be difficult to interpret since a long, thin juvenile prawn may be a fast 

growing prawn, and may not be indicative of a prawn in poor condition. Prawns 

collected in this study were all adult and sub-adult prawns, therefore their use of energy 

stores is likely to be split between growth, respiration, and reproduction, so we interpret 

a higher K as better condition for these prawns. Other condition indices used in this 

study show that the weight gain measured in 11 d post-flood prawns from the S Central 

Bay area is due to increased lipid storage. Muscle lipid content and C:N molar ratios are 

two different measures of lipid content: carbon isotopes are heavily influenced by lipids 

because lipids are carbon-rich, therefore animals with higher lipid content will have 

higher C:N ratios (Barnes et al. 2007, Dempson et al. 2010). Reasons for discrepancies 

in the data between C:N ratios and lipid content (%) in prawns from Area 1 analyzed 

from the March sampling trip are unclear. The individual prawns analyzed for lipids 

were not all the same individuals used in stable isotope analyses. Even so, means of the 

same individuals differ for the two indices. These discrepancies may be due to error in 

the analyses, or may indicate that C:N ratios may not reflect the lipid content as well as 

presumed.  It is a well-established concept that individuals with a higher lipid content 

are at an advantage, since lipids provide energy stores for periods of low food 

availability (Whyte et al. 1986). Prawn tissue turnover rates are thought to be higher 

than fish, and are a function of animal size and weight gain, whereby prawns gaining 
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weight after the flood are likely to have faster turnover rates as the lipids are 

metabolized for growth or reproduction (Fry & Arnold 1982, Van De Merwe et al. 

2016). Consequently, the return to normal pre-flood condition measured in prawns 

caught 53 d post-flood is not thought to be a loss in condition, but rather a utilization of 

the benefits received from the flood. 

 

We interpret a short-term increase in condition of prawns to be a positive response to a 

flood and suggest that this is a response to increased food availability, however, a 

change in food quality or predator-prey interactions could also be viable explanations. 

Weight gain and the ratio of weight to length increases as more food becomes available 

to an organism (Oliver & MacDiarmid 2001). Barclay et al. (1983) showed that whole 

body lipid and body weight (%) of brown tiger prawns responded to increased food or 

starvation within 7-14 days, validating the timeline of our condition results and 

supporting our hypothesis for increased food availability. If the condition increase is a 

response to increased food availability, this explanation infers that brown tiger prawns 

are somewhat food limited in this area under normal pre-flood conditions. Glencross et 

al. (2002) showed that weight gain in another penaeid species, Penaeus monodon, is 

related to the amount of lipid and essential fatty acids in the diet. It is therefore possible 

that the nutrients delivered in the flood provided better quality food for the prawns in 

terms of lipid content and fatty acid composition. We did not determine the fatty acid 

composition of prawns or food sources in this study so we cannot provide evidence to 

this explanation. However, Taylor et al. (2019) found that the fatty acid composition of 

school prawns Metapenaeus macleayi from a South East Australian estuary changed 

following a flood, with a higher overall total fatty acid concentration in post-flood 

prawns that could be indicative of better nutrition.  

 

In terms of predator-prey interactions, Hill and Wassenberg (1987) observed brown 

tiger prawns to be selective in their choice of prey, however similar prawn δ15N values 

before and after the flood do not support a significant shift in prey selection, instead 

indicating that prawns are feeding at the same trophic level. The other explanation is 

immigration of prawns from areas closer to the Logan River during the flood, however, 

this would be reflected by higher (anthropogenic) δ15N values, and since no change in 

δ15N values was measured, it is unlikely that the condition changes measured in this 

study are due to migration.  



96 
 

 

This study shows a short-term increase in productivity driven by a flood, demonstrating 

that floods may be beneficial for coastal food webs and fisheries, even in urbanized 

areas. However long-term flood effects are not well understood, including the effects of 

the infilling of catchment sediment in Moreton Bay. It is therefore important to 

understand both short and long-term effects of floods on estuarine ecosystems to ensure 

productivity pulses continue while effectively mitigating against detrimental effects 

associated with erosion.   
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Chapter 5 

 

Catchment influences on estuarine prodelta food webs  
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5.1 Introduction 

Prodeltas are formed by the deceleration and deposition of river-derived sediment at the 

furthest offshore portion of the estuary delta (Wright 1982). Prodeltas lie in a mixing 

zone between ocean and river water, and can support a diversity of both estuarine and 

marine fish species (Blaber et al. 1989). Turbidity in prodelta areas can be high due to 

resuspension of fine sediment particles by tidal water movement (Ayranci et al. 2012). 

The effect of catchment material on food webs in prodelta environments is poorly 

studied, especially in tropical and subtropical areas. Some studies have shown that 

increased primary productivity and benthic fauna diversity is linked to organic matter 

deposition from terrestrial sources (Alongi & Robertson 1995, Mojtahid et al. 2009). In 

fact, the rates of primary productivity and sediment deposition in these offshore estuary 

margins are among the highest of all marine systems (Mckee et al. 2004). Identifying 

productive environments and understanding how organisms interact with these 

environments is important for predicting how they may be affected by anthropogenic 

modifications to a system. For example, several rivers in Northern Australia remain 

mostly unmodified, but the potential ecosystem effects of proposed damming along the 

rivers need to be considered. Dams trap sediment and alter nutrient dynamics in 

downstream ecosystems (Nixon 2003). Downstream ecosystems in modified and 

unmodified catchments were studied here by using stable isotopes and trace elements to 

trace catchment influences on common prodelta fish and prawn species. 

 

Stable isotopes and trace elements are often utilized individually as ecological tracers, 

though the applications of their combination have seldom been investigated. Stable 

isotopes are useful tools for studying food webs in aquatic systems (Peterson & Fry 

1987), and standardization of isotopes to correct for different baseline values in separate 

systems is recommended as an effective way to compare the diet of organisms between 

locations (Fry & Davis 2015). Trace elements, particularly metals, are usually studied in 

contaminated environments, with focus on their toxicity at high concentrations and risks 

to human health (Monferrán et al. 2016). In addition, there is expanding evidence in the 

scientific literature for diet as a primary route for trace element accumulation in marine 

organisms, particularly those at higher trophic levels (O’Mara et al. 2019a: Chapter 3). 

This evidence supports the idea that the use of trace elements may not be limited to 

toxicology and bioaccumulation studies, but may also be of use in food web studies.  
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Stable isotopes have been used to establish trophic position in metal bioaccumulation 

studies (Dehn et al. 2006, Jara-Marini et al. 2009), however the utility of trace elements 

in food web studies, and conversely the use of dietary tracers to understand trace 

element accumulation, is only recently emerging (Le Croizier et al. 2016, Soto et al. 

2016). The recent emergence of trace element use in multi-tracer studies is likely to be 

associated with an increase in knowledge of the processes of trace element 

accumulation. There are several diverse factors that influence organism accumulation of 

trace elements, including the bioavailability of elements in the environment, 

physiological processes that differ between animal classes and species, the primary 

routes for uptake of elements by particular species, and organism diet (Rainbow et al. 

1990). In spite of this complexity, Soto et al. (2016) demonstrated that the addition of 

trace element information as priors in stable isotope mixing models could help clarify 

source contributions to consumers. For this analysis to be successful however, trace 

element concentrations for both the consumer and the sources are required, and since a 

larger sample volume (~500 mg) is needed for trace elemental determination in 

comparison to stable isotopes (<10 mg), obtaining sufficient sample to determine both 

stable isotope and trace element composition of sources is often not feasible.  

 

Here we explore relationships between trace elements and stable isotopes in a food web 

context with the aim of determining catchment input effects on fish and prawn species 

living on flood prodeltas in urban and non-urban catchments. Specifically, we aimed to 

determine if: (1) fish and prawn food web energy flow was different between estuary 

prodeltas, (2) animal trace elements matched sediment trace elements, and (3) there 

were correlations between animal trace elements and diet. It was hypothesized that the 

diet of common taxa would be similar between estuary prodeltas, because during the 

dry season (when the study was conducted), there is typically little discharge from the 

rivers and coastal waters usually have a marine salinity (Staples 1983).  

 

 

5.2 Methods 

5.2.1 Study sites 

To study catchment influences and food web energy flow to organisms living on flood 

prodeltas in urbanized and non-urbanized catchments, similar fish and prawn species 

were collected for stable isotope and trace element analysis. Fish and prawn species 
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common to flood prodeltas were caught in South East Queensland near the mouth of the 

Brisbane River in Moreton Bay. Moreton Bay is a large coastal bay estuary situated in 

South East Queensland, an urban area with a population of ~3.6 million people (ABS 

2016). Similar species were also caught in unmodified non-urban catchments in the 

Gulf of Carpentaria at the mouth of the Mitchell, Gilbert and Flinders Rivers (Fig. 5.1).  

 

Tropical Gulf of Carpentaria estuaries have a tidal range of 2-3 m, whereas subtropical 

Moreton Bay has a smaller tidal range of 1.5-2 m. The subtropical climate means that 

flooding usually only occurs in the Moreton Bay region when tropical cyclones or rain 

bearing depressions travel down the east coast of Queensland (BOM 2017b). As a 

result, there can be several consecutive years without flooding in Moreton Bay (Saxton 

et al. 2012). In contrast, annual floods are more common in the Gulf of Carpentaria, 

which has a monsoonal summer wet season (Staples 1983). Moreton Bay is sheltered by 

several large sand islands that prevent open-ocean swell from reaching the river mouth 

(Dennison & Abal 1999). Similarly, the Mitchell, Gilbert and Flinders Rivers are 

somewhat sheltered from open ocean swell because they are located on the western side 

of the Cape York Peninsula and are blocked from swell by the neighbouring islands of 

Papua/Papua New Guinea (Wolanski 1993). The rivers/estuaries in the Gulf of 

Carpentaria are also located on the western side of the Great Dividing Range where the 

catchment is comprised mostly of flat, arid land (Rhodes 1982). All these factors 

contribute to shaping the rivers in this area as long winding rivers, with mudflats along 

the estuary and turbid water that reaches out into the Gulf of Carpentaria beyond each 

estuary mouth (Rhodes 1982).  
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Figure 5.1. Sediment and animal collection locations. Diamond symbols represent locations 

where samples were collected from flood prodelta areas, which were the focus of this study and 

were used for trace element (TE) and stable isotope (SI) analyses. Samples locations within the 

estuaries are depicted by crosses. These samples include sediments used to obtain an average 

TE sediment signal for each estuary, and animals used to obtain a community mean for SI 

values in each estuary, so that rescaling could be performed.  

 

5.2.2 Sample collection 

Due to the large geographical distance between Moreton Bay and the Gulf of 

Carpentaria, prevalent fish and crustacean species differed between the two regions. 

Species with taxonomically and functionally similar physiology were instead chosen, as 

they were suitable for use in food web comparisons between the locations.  

 

Fish and prawns were collected at night from the Brisbane River flood prodelta 

(Bramble Bay) in Moreton Bay, Brisbane, in March, April and May 2017 by roller 

beam trawl on board the FRV Tom Marshall. Samples were snap frozen on dry ice on 

the ship and then stored in a -20°C freezer at Griffith University until they were 

processed and analyzed. Species collected from the Brisbane River estuary prodelta in 

Moreton Bay were sand whiting Sillago ciliata, Moreton Bay ponyfish Equulites 
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moretoniensis, blue catfish Neoarius graeffei, rusty flathead Inegocia japonica and 

brown tiger prawns Penaeus esculentus.  

 

Fish and prawns were collected during the day in the nearshore coastal waters (prodelta) 

of the Mitchell, Gilbert and Flinders Rivers in November 2017 by small otter trawl. 

Samples were stored on ice during sampling, transferred to a freezer onboard the charter 

boat and shipped to Griffith University where they were stored in a -20°C freezer until 

they were processed and analyzed. Species collected from the Mitchell, Gilbert and 

Flinders River estuary prodeltas in the Gulf of Carpentaria were northern whiting 

Sillago sihama, common ponyfish Leiognathus equulus, catfish Neoarius sp., yellowtail 

croaker Austronibea oedogenys and banana prawns Penaeus merguiensis. Other species, 

such as mullet Planiliza subviridis and barred javelin Pomadasys kaakan, were 

collected from the lower reaches of these estuaries by the same methods. The Mitchell 

and Gilbert Rivers supported the highest diversity of fish species (16 and 15 different 

species caught, respectively) in comparison to the Flinders River prodelta, on which 

only six different fish species were caught. Despite having low diversity, densities of 

banana prawns, yellowtail croaker and small catfish were high at the Flinders River 

prodelta site. In the Brisbane River prodelta, trawls were performed at night with a 

different style of trawl net to the one used in the Gulf of Carpentaria, therefore densities 

and diversity estimates were not comparable. However, 10 fish species were caught 

with this net at the Brisbane River prodelta sites.  

 

The whiting, ponyfish and catfish species caught in the Gulf of Carpentaria and 

Moreton Bay were considered comparable in this study because they are very similar 

species with common life history, diet and habitat preferences (FishBase.org). Although 

the prawn species collected in the two regions share fewer life history similarities, they 

were compared in this study because the same life stages were collected from similar 

environments (sub-adult and adult prawns were collected from estuarine flood prodeltas 

in both regions). Earlier life stages of the two prawn species differ where tiger prawn 

juveniles mature in estuarine seagrass beds while banana prawn juveniles live in 

mangrove areas of estuarine creeks (Munro 1968, Haywood et al. 1995). The groups of 

similar species used in this study will hereafter be referred to as ‘taxa’.  
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Physico-chemical water parameters were recorded at each site using a Hydrolab 

datalogger (Table 5.1), and sediment samples were collected with a spring-loaded box 

corer (Wildco) in Moreton Bay and an Eckman grab at the Gulf of Carpentaria sites. 

The estuary geomorphology and water quality was similar in the Gilbert and Flinders 

Rivers, which were characterized by long sinuous channels with few small side creeks, 

and high salinity and high turbidity throughout the estuary. At the time of our study, the 

Mitchell River had a salinity gradient due to freshwater inflow from a side creek in the 

upper estuary, and consisted of wider channels with multiple mangrove-lined side 

creeks and sand bars throughout the estuary.  

 
Table 5.1. Physical characteristics and prodelta physico-chemical water quality for each of the 

rivers studied. Secchi depth was not measured at the Brisbane sites (nd), since sampling was 

performed at night at that location. 

 Brisbane Mitchell Gilbert Flinders 

Catchment area (km2) 13 600 72 000 47 000 109 000 

Average depth of sampling site (m) 7 3.8 3 3 

Salinity 37 34 35 35 

Secchi depth (m) nd 0.72 0.9 0.2 

Water temperature (°C) 27 30 29 28 

 

5.2.3 Sample analysis 

In the laboratory, fish and prawns were measured, weighed and dissected to obtain 

muscle tissue before being freeze-dried and ground using a zirconia ring mill at the 

Queensland Department of Environment and Science, Brisbane. Ground samples were 

stored in plastic specimen jars. Smaller ponyfish from the Mitchell and Gilbert Rivers 

were combined to make composites with samples from the same sites in order to obtain 

sufficient sample weight for stable isotope and trace element analysis. Where possible, 

at least two composites from each site were used. The fine fraction (<10 µm) of 

sediment samples was obtained by particle separation using plastic measuring cylinders 

with decanting taps as settling columns with a settling time of 65 min based on Stokes’ 

Law and oven dried at 60°C. All animal and sediment samples were rinsed before 

drying. Animal samples were rinsed by immersing dissected muscle tissue in a beaker 

of deionized water for 10 sec before placing in individual sample containers. Sediment 
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samples were rinsed during the particle separation process by immersing approximately 

10g of sediment in 1 L of deionized water for at least 1 h.  

 

5.2.4 Stable isotopes 

To determine nitrogen and carbon stable isotopes, 1-2 mg of dried ground tissue was 

weighed into tin capsules and analysed using a Sercon Europa EA-GSL elemental 

analyzer coupled to a Hydra-20-20 continuous flow isotope ratio mass spectrometer. 

Stable isotope ratios were expressed in δ notation as deviations from standards in per 

mil (‰): δX = [(Rsample/Rstandard)-1] x 1000, where X is 13C or 15N, Rsample is the ratio (13C 

/12C or 15N/14N) in the sample, and Rstandard is the ratio in the standards VPDB for carbon 

and air N2 for nitrogen. Sucrose and ammonium sulfate were used as standards, and 

analytical precision and accuracy was estimated by analysis of these standards and 

standards from the National Institute of Standards and Technology (NIST). Precision 

(SD) was <0.2‰ for δ13C and δ15N.  

 

5.2.5 Trace elements 

Animal and sediment samples were analysed for trace elemental composition at the 

Queensland Government, Department of Environment and Science Chemistry Centre in 

Brisbane, Australia. Animal tissue samples were microwave digested with nitric acid 

and determined via inductively coupled plasma mass spectrometry (ICP-MS). Element 

concentrations in animal tissue were determined for major (Al, Ca, Fe, K, Mg, Na, S), 

minor (Mn, P, Ti), and trace (As, B, Ba, Be, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Ga, Gd, 

Hg, Ho, La, Lu, Mo, Nd, Ni, P, Pb, Pr, Rb, S, Sb, Sc, Se, Sm, Sr, Tb, Th, Tm, U, V, Y, 

Yb, Zn) elements. Throughout this chapter, the term “trace elements” includes these 

entire major, minor and trace elements. Sediments (<10 µm) were prepared with lithium 

metaborate fusion and trace elements (same elements as determined for animals, less B, 

Cd, Ga, Hg, Pb, S, Se) were determined by inductively coupled plasma optical 

emissions spectrometry (ICP-OES). Concentrations are expressed as % or mg kg-1.  

 

5.2.6 Data analysis 

Some trace elements in several samples were below detection limits for several taxa so 

were excluded from analysis. Analyses using all taxa included elements with some 

samples below detection limit by setting the concentration value as the detection limit. 
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Analyses using individual taxa (e.g. catfish) excluded elements if >5% of samples were 

below detection limit.  

 

Using the software Primer 6 + Permanova, trace elements were normalized (log(x+1)) 

and a Euclidean distance resemblance matrix was applied before performing a principal 

co-ordinate analysis (PCO) to visualize grouping and separations between taxa and 

rivers for animals, and between rivers for sediments (normalizing and standardizing 

produced similar results). Separate PCOs were performed for animals and sediments, 

and then separately for ponyfish, catfish, whiting and prawns. Matching of animal 

elemental chemistry to sediment geochemistry was assessed visually by observing 

clustering of samples from the same estuary and position on the PCO plot in relation to 

other estuaries. Permanovas were performed to identify statistical differences in trace 

element composition between rivers for sediments, all taxa combined and individual 

taxa. Tiger and banana prawns were analyzed together to compare the Brisbane River 

prodelta with Gulf of Carpentaria prodeltas, and are referred to collectively as ‘prawns’ 

hereafter.  

 

Differences between taxa and rivers for individual elements were visualized by creating 

boxplots in the software, R, which are provided for elements that were accumulated by 

one or more taxa in the Supporting Information S3.1. Concentration factors (given by 

organism element concentration/sediment element concentration) for these elements are 

also provided in Supporting Information S3.2. Correlations between sediment trace 

element concentrations and animal tissue concentrations for the same element were 

calculated separately for catfish, ponyfish, whiting and prawns using Pearson’s Product 

Moment Correlation in R. Since sediment samples were collected throughout the 

estuary and prodelta and were not aligned to sampling of individual animals (Fig. 5.1), 

mean sediment element concentrations for each location were used in the correlation. 

Elements that were not normally distributed were log transformed prior to analysis. 

 

To compare the diet of prodelta fish and prawns between the Brisbane, Flinders, Gilbert 

and Mitchell River estuaries, stable isotope carbon (δ13C) and nitrogen (δ15N) ratios 

were standardized as per Fry and Davis (2015) Supplement 2 methods, in Microsoft 

Excel, giving taxa values as z-score based ‰ deviations from community isotope 

means. The community mean was calculated by taking the mean of the mean δ13C and 
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δ15N values for each taxa caught in each estuary. We determined the baseline δ13C and 

δ15N values for each estuary by including values in the community mean from taxa 

other than the taxa of interest. Using a greater number of taxa increases the probability 

of capturing the true community mean, rather than just using the mean of the prodelta 

taxa of interest. Taxa included in the community mean for the Mitchell River were 

mullet, barred javelin, ponyfish, whiting, catfish and banana prawns. Taxa included in 

the community mean for the Gilbert River were mullet, barred javelin, croaker, 

ponyfish, whiting, catfish and banana prawns. Taxa included in the community mean 

for the Flinders River included mullet, croaker, ponyfish, catfish and banana prawns. 

Taxa included in the community mean for the Brisbane River included rusty flathead, 

ponyfish, whiting, catfish and brown tiger prawns. Plots showing raw (measured) 

isotope values are given in Supporting Information S3.3.  

 

To integrate trace elements and stable isotopes, linear discriminant analyses (LDAs) and 

multiple linear regressions were performed in R. An LDA for the community was 

performed in R on fish and prawns combined (98 samples, 4.3x more samples than 

variables) using 23 (z-score standardized) trace elements (As, Ce, Co, Cu, Fe, Ga, Hg, 

K, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Sr, U, V, Y, Zn). The most accurate model 

was determined for the LDA by step-wise leave-one-out methods based on F-statistic 

differences between elements, and accuracy was determined by cross validation. LDA 

plots were created in R and were visually compared to standardized stable isotope 

biplots. Multiple regressions were used to identify correlations between δ13C or δ15N, 

and a combination of trace elements. Since the number of samples needs to be greater 

than the number of variables in a multiple regression, we were able to perform multiple 

regressions only for prawns and catfish, because ponyfish and whiting sample numbers 

were too low. We used 23 trace elements for prawns (same elements used in the LDA), 

however since the number of samples for catfish was close to the number of variables, 

for the catfish multiple regressions we only used elements that were accumulated by the 

catfish (As, Ce, Co, Cu, Fe, Hg, K, Mn, Mo, Rb, S, Se, Sr, V, Zn). These elements were 

chosen from individual taxa boxplots (Supporting Information S3.1) where catfish had 

higher element concentrations than one or more other taxa.   

 

 

 



107 
 

5.3 Results 

5.3.1 Trace elements 

5.3.1.1 Fish and prawns 

Trace element composition of fish and prawns from the Brisbane, Flinders, Gilbert and 

Mitchell Rivers was significantly different between taxa (df = 8, Pseudo-F = 40.2, p- 

perm = 0.58: Fig. 5.2b), but not between rivers (df = 3, Pseudo-F = 0.8, p-perm = 0.58: 

Fig. 5.2a). There was also a significant interaction between the factors ‘river’ and ‘taxa’ 

(df = 11, Pseudo-F = 5.8, p = 0.001). Principal co-ordination (PCO) plots (Fig. 5.2) 

show a strong taxa accumulation effect with clear separation between fish and prawns, 

and as a result, any location effects were undetectable when all taxa were analyzed 

together.  

 

 

Figure 5.2. Principal co-ordination (PCO) plots of log(x+1) trace element concentrations with 

Euclidean distance resemblance matrix for all fish and prawn taxa (a) labelled by river and (b) 

labelled by taxa. Ponyfish, catfish and whiting include separate species from each region. 
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Elements such as cadmium, mercury 

and nickel appear to be only 

accumulated by a small number of 

different taxa (Fig. S3.1). Physiological 

differences in copper accumulation 

between fish and prawns are clear, with 

prawns accumulating ~ 20 times more 

copper than fish. Some elements (e.g. 

Hg, Mn) were in lower concentrations 

in prawns than fish, while some were 

higher (e.g. Cu) and others (e.g. K, Se) 

had similar concentrations. Most major 

elements were more concentrated in 

organisms than in sediment (Table 

S3.1). Phosphorus was 30 to 60 times 

more concentrated in animals than in 

sediment. Arsenic, Sr and Zn were the 

only trace elements that were found in 

similar concentrations in animals to 

sediment across all taxa, whereas Cu 

sediment concentrations were similar to 

prawn Cu concentrations, but fish Cu 

concentrations were lower (Table S3.1). 

Because of these differences for 

individual elements, much of the 

 

Figure 5.3. Principal co-ordination (PCO) plots of 

trace elements (log(x+1)) transformed with a 

Euclidean distance resemblance matrix applied for 

(a) sediments with trace elements overlaid as 

vectors, (b) ponyfish, (c) whiting, (d) catfish and (e) 

prawns. 
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analyses focused on a multi-element aggregated assessment.  

 

5.3.1.2 Sediment and animal tissue elemental chemistry 

Principal co-ordinations of 21 trace elements, and Pearson’s product moment of 

individual elements, were used to explore animal–sediment correspondence across 

estuaries. Elemental composition of sediments was significantly different between 

estuaries (df = 3, Pseudo-F = 8.5, p = 0.001), with the exception of the Flinders and 

Gilbert Rivers (t = 1.4, p = 0.10), which had sediments of similar elemental composition 

and are the closest in geographical distance. This is reflected in grouping of Flinders 

and Gilbert sediment samples on the PCO plot (Fig. 5.3a). Flinders River sediments also 

appeared to have low within-location variation. Brisbane River prodelta sediment 

samples appeared to have the highest within-location variation, and were well separated 

from Gulf of Carpentaria estuary sediments by the elements nickel, phosphorus, sodium 

and strontium. Mitchell River estuary sediments were separated from other estuaries by 

arsenic, copper and manganese levels and Flinders/Gilbert sediments were most 

influenced by cerium, iron, lanthanum, rubidium, uranium, vanadium and yttrium (Fig. 

5.3a).  

 

Trace elements for Mitchell River animals were in the same position on the bottom right 

of each PCO plot. In addition, Mitchell River samples were tightly grouped in 

comparison to the other rivers, showing a consistently unique trace element signal 

similar to the sediment geochemistry (Fig. 5.3). Flinders and Gilbert River sediments 

were geochemically similar, however only ponyfish reflected this, as catfish and prawn 

trace element compositions appear to be different between the Flinders and Gilbert 

Rivers, and whiting were not caught in the Flinders River. Brisbane River animals 

appear to match positioning of sediments on PCO plots with the exception of catfish. 

Catfish trace element samples from the Gilbert and Flinders Rivers had poor within-

river grouping, and there was poor separation between the Gilbert, Flinders and 

Brisbane Rivers. In fact, Flinders River catfish were more similar to catfish from the 

Brisbane River than the other Gulf of Carpentaria estuaries (Fig. 5.3d).  

 

Trace element composition of catfish was significantly different between each estuary 

(df = 3, Pseudo-F = 12.4, p = 0.001), but visually did not appear to match sediment 

geochemistry (Fig. 3d). Ponyfish data on the PCO plot closely match those on the 
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sediment trace element PCO plots, and show tighter grouping of within river samples 

and separation of between river samples (Fig. 5.3b). Pairwise tests show that only 

Mitchell and Brisbane River ponyfish were significantly different (Mitchell-Gilbert t = 

3.5, p = 0.35, Mitchell-Flinders t = 3.1, p = 0.32, Mitchell-Brisbane t= 3.1, p = 0.08, 

Gilbert-Flinders = No test, Gilbert-Brisbane t = 2.2, p = 0.22, Flinders-Brisbane t = 2.1, 

p = 0.21). The lack of difference between the Brisbane and the Flinders/Gilbert Rivers, 

as well as between the Mitchell and Flinders/Gilbert rivers is likely due to small sample 

size, resulting in a low number of permutations in the analysis. While there is only a 

single ponyfish (n = 1) data point for the Flinders River, the points for the Mitchell and 

Gilbert Rivers were from composite samples.  

 

Whiting were reasonably well grouped (i.e. close together in ordination space) by 

location on the PCO (Fig. 5.3c), with positioning corresponding to those of the same 

river on the sediment PCO plot (Fig. 5.3a), though location groups were not well 

separated. Whiting elemental composition was different between Brisbane and Gulf of 

Carpentaria Rivers (Gilbert-Brisbane t = 3.0, p = 0.02, Mitchell-Brisbane t = 1.9, p = 

0.001), but similar between the Gilbert and Mitchell Rivers (t = 1.0, p = 0.41). Prawn 

elemental composition was different between estuaries (df = 3, Pseudo-F = 14.9, p = 

0.001). Specifically, prawns differed between all estuaries except for prawns from the 

Gilbert and Mitchell Rivers which were similar (t = 1.3, p = 0.25). Similar to catfish, 

visual assessment of PCO plots indicate that prawns do not appear to match sediment 

chemistry (Fig. 5.3a & 5.3e). 

 

Pearson product moment correlations show that some individual elements, such as iron 

and manganese, were significantly correlated with mean sediment element 

concentrations for catfish and prawns, however these correlations were weaker (r < 

0.65, Table 5.2) than ponyfish and whiting sediment correlations. Ponyfish only had 

three elements significantly correlated with mean sediment concentrations (K, Na, As), 

but these were strong correlations (r > 0.65). Whiting were strongly correlated with 

mean K, Na, P, Ba, U and V sediment concentrations.  
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Table 5.2. Pearson correlation coefficients (r) between animals and mean estuary sediment 

concentrations for each element. Asterisks indicate correlations significantly different from 0: * 

< 0.05, ** < 0.01, *** < 0.001. <dl = below detection limit for >5% of samples. 

 Catfish Ponyfish Whiting Prawns 

Ca 0.01 -0.19 0.16 0.09 

K 0.32 -0.69* -0.91*** 0.27* 

Mg -0.07 0.50 0.14 0.19 

Na 0.39* -0.85** -0.89*** -0.21 

P 0.12 -0.23 0.78*** 0.27* 

Al -0.08 0.30 0.26 -0.10 

As 0.30 0.90** 0.37 0.07 

Ba 0.17 0.41 0.74*** <dl 

Ce -0.09 0.32 <dl <dl 

Co -0.07 0.07 -0.02 -0.11 

Cu -0.15 0.55 0.21 -0.16 

Fe -0.35* 0.23 0.001 0.44*** 

La 0.09 0.05 <dl <dl 

Mn -0.36* 0.14 0.47* 0.51*** 

Rb 0.13 0.15 0.33 0.27* 

Sr 0.11 -0.40 -0.17 -0.35** 

U -0.25 -0.23 0.67*** <dl 

V -0.14 0.30 0.73*** 0.09 

Y -0.32 0.21 <dl <dl 

Zn 0.21 -0.48 -0.05 0.32 

 

5.3.2 Carbon and nitrogen stable isotopes  

5.3.2.1 Standardized isotope values for individuals of each taxa 

When comparing measured isotope plots (Fig. S3.2) with standardized isotope plots 

(Fig. 5.4), it is evident that standardization by rescaling taxa means had little effect on 

the position of individual points on the carbon and nitrogen biplots. When taxa were 

standardized and corrected for baseline differences, the spread of samples on the 

nitrogen axis was larger in the Brisbane and Flinders Rivers than the Gilbert and 

Mitchell Rivers (Fig. 5.4). On the carbon scale, tiger prawn samples from the Brisbane 

River all had values greater than 0‰, whereas banana prawns from the Mitchell, Gilbert 

and Flinders Rivers had a broader range of carbon isotope values. Individual banana 
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prawns from the Gilbert River had points spread above and below the standardized δ13C 

mean of 0‰, whereas most of the prawns (12/13) from the Flinders River had 

standardized δ13C values greater than 0‰.  

 

Figure 5.4. Baseline standardized carbon and nitrogen stable isotopes of similar fish and prawn 

taxa in flood prodeltas in four estuaries: (a) Brisbane River (b) Mitchell River (c) Flinders 

River and (d) Gilbert River. Points represent individuals with the exception of ponyfish in the 

Mitchell and Gilbert Rivers, which were composite samples.  

5.3.2.2 Standardized isotope values - taxa means 

When standardized taxa means from each river were plotted together, there was no 

uniform overlap of each polygon, indicating there may be differences in the diet of 

some taxa between rivers (Fig. S3.3). Food webs based on standardized carbon and 

nitrogen stable isotope values were significantly different between each river prodelta 

for some taxa (river*taxa: df = 8, Pseudo-F = 4.0, p = 0.001, taxa: df = 3, Pseudo-F = 

29.0, p = 0.001, river: df = 3, Pseudo-F = 0.8, p = 0.54). Specifically, whiting from the 

Mitchell River prodelta had higher δ13C values than whiting from the Gilbert and 

Brisbane River prodeltas (Fig. 5.5, Table 5.2). Ponyfish diet was similar between 
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estuary prodeltas, and catfish had a different diet for all prodeltas except between the 

Flinders and Brisbane Rivers (Table 5.2). This difference was measured for both δ13C 

and δ15N. Catfish appeared to be a top predator in the Mitchell, Flinders and Brisbane 

River prodeltas, as indicated by higher δ15N values than the other taxa. Brisbane River 

catfish had the highest δ15N (Fig. 5.6), which is supported by the presence of small 

crabs and prawns observed in the stomachs of some Brisbane River prodelta catfish. A 

smaller catfish was also found in the stomach of one of the Flinders River prodelta 

catfish. However, Mitchell River catfish stomachs were empty, and some Gilbert River 

catfish stomachs contained detritus but lacked larger prey such as shrimp, crabs or fish. 

Prawn diet was significantly different between the Brisbane River prodelta and the Gulf 

of Carpentaria rivers, but not between each of the Gulf of Carpentaria rivers. This 

difference was apparent for δ13C more so than nitrogen isotopes (Fig. 5.5-5.6), and high 

δ13C suggest a benthic diet in Brisbane prodelta prawns.  

 

Table 5.3. Pairwise Permanova tests for differences in δ13C and δ15N between river prodeltas 

for each taxa. 

 Catfish Whiting Ponyfish Prawns 

t p t p t p t p 

Brisbane, Mitchell 5.7 0.001 2.1 0.03 0.7 0.88 2.0 0.05 

Brisbane, Gilbert 7.2 0.001 0.4 0.78 0.3 0.31 2.0 0.04 

Brisbane, Flinders 1.4 0.12   1.9 0.20 2.3 0.01 

Mitchell, Gilbert 3.9 0.008 2.2 0.03 1.1 0.67 0.7 0.60 

Mitchell, Flinders 2.8 0.01   1.4 0.36 0.9 0.33 

Gilbert, Flinders 3.9 0.008   0.9 0.67 1.0 0.36 
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Figure 5.5. Carbon isotopes standardized to correct for location specific salinity and baseline 

conditions. Error bars represent rescaled standard deviation. 

 

Figure 5.6. Nitrogen isotopes standardized to correct for location specific baseline conditions. 

Error bars represent rescaled standard deviation. 

 

5.3.3 Correlations between diet and trace element accumulation 

Prawn trace element concentrations were significantly correlated with standardized 

carbon isotope values (R2 = 0.89, df = 23, F = 5.1, p < 0.001), but not with nitrogen 

isotope values (R2 = 0.52, df = 23, F = 0.7, p = 0.78) (Fig. 5.7a & 5.7b). Trace elements 

used in the multiple linear regressions for prawns were As, Ce, Co, Cu, Fe, Ga, Hg, K, 
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Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Sr, U, V, Y and Zn. Stepwise regression found 

that the elements Ga, Ni, S, K, and V best fitted the δ13C regression (R2 = 0.75, df = 6, F 

= 17.0, p < 0.001). Only the element As significantly contributed to the prawn δ15N 

regression (R2 = 0.13, df = 1, F = 5.6, p = 0.024). Catfish trace element concentrations 

were significantly correlated with standardized δ13C (R2 = 0.97, df = 15, F = 8.9, p = 

0.024) and nitrogen (R2 = 0.99, df = 15, F = 21.1, p = 0.005) isotope values (Fig. 5.7c & 

5.7d). Trace elements used in the catfish multiple linear regressions were As, Ce, Co, 

Cu, Fe, Hg, K, Mn, Mo, Rb, S, Se, Sr, V, and Zn. However, stepwise regressions 

identified the elements Cu, Sr, Rb, and Mn as the only important contributors to the 

catfish δ13C regression (R2 = 0.92, df = 4, F = 43.5, p < 0.001), and Zn, Sr, Hg as 

important contributors to the catfish δ15N regression (R2 = 0.77, df = 3, F = 17.5, p < 

0.001). Trace element concentration boxplots for prawns, catfish and other fish showed 

that the range of Mn, V and Zn values for catfish fall between that of prawns and other 

fish collected in this study, where prawns represent a lower trophic level than prey fish 

(Fig. S3.4). Conversely, catfish had mostly higher Co and Hg concentrations than both 

prawns and other fish.  

 

Multiple linear regressions of the prodelta community (catfish, ponyfish, whiting, 

croaker, and prawns) showed that tissue trace elements were correlated with carbon (R2 

= 0.58, df = 23, F = 4.3, p < 0.001) and nitrogen (R2 = 0.76, df = 23, F = 9.7, p < 0.001) 

isotope values, using the same 23 trace elements as the prawn regressions (Fig. 5.7e & 

5.7f). Stepwise regression showed that V, Ni, Cu, and As were the elements that 

significantly contributed to the δ13C regression (R2 = 0.49, df = 4, F = 21.7, p < 0.001), 

and Cu, Ni, Co, Sr, Pb, Zn, Mg, and Zn contributed the most to the community δ15N 

regression (R2 = 0.73, df = 8, F = 29.9, p < 0.001).  

 

Including both fish and prawns, the linear discriminant analysis (LDA) of 23 trace 

elements was 81% accurate (after removing the element yttrium), and As, Se and Ce 

were the best contributors to the model (Supporting Information S3.4, Fig. S3.5). 

Adding standardized stable isotopes to the LDA had very little effect on the accuracy of 

the model, in fact removing the nitrogen isotope variable improved model accuracy, 

giving an accuracy of 82% to the best model, with As, Se and Ce remaining as the best 
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contributors. When animals from each estuary in Figure S3.4 were plotted separately, a 

community-scale pattern emerges similar to that of the stable isotope biplots (Fig. 5.4). 

 

Figure 5.7. Stepwise multiple regression standardized (a) carbon and (b) nitrogen isotopes vs. 

trace element concentrations for prawns, standardized (c) carbon and (d) nitrogen isotopes vs. 

trace element concentrations for catfish, and (e) carbon and (f) nitrogen isotopes vs. trace 

element concentrations for the community (prodelta fish and prawn taxa including catfish, 

ponyfish, whiting, croaker, and prawns).  
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Since the LDA points were plotted from the linear separations of multiple variables, 

each estuary plot can be slightly rotated to match that of the two-variable isotope biplots 

(example of Brisbane River prodelta food web given in Fig. 5.8, see Supporting 

Information Fig. S3.6-S3.8 for other location plots). Thus, two distinctly different 

analyses with no overlapping variables show similar visual patterns in the data. The 

regressions of Figure 5.7e and 5.7f quantify these visual community-level similarities 

between isotopes and trace elements.  

 

 

Figure 5.8. Example of prodelta fish and prawn (combined) plots from the Brisbane River using 

(a) LDA and (b) standardized carbon and nitrogen stable isotopes. Plot (c) shows plot (a) 

rotated and plot (b) superimposed over the top of plot (a). 

 

5.4 Discussion 

This study found a recurring correlation between animal diet and trace element 

composition, using several different data analysis methods of both individual taxa and 

communities from multiple locations. Firstly, stable isotopes were used to show a 

difference between trophic level and benthic/pelagic prey selection that was also evident 

in animal trace element composition. Secondly, since trace elements were linked to diet, 

sediment trace elements did not match the trace element composition of taxa in this 

study that were shown to have a flexible diet, such as catfish. These taxa may be useful 

for determining whether food quality or availability varies between locations, as they 

appear to be indicators of differences in energy flow between locations.  
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Conversely, taxa in this study with a rigid diet (i.e. ponyfish) had a narrower range of 

trace element concentrations and were a better match to sediment chemistry, and thus 

are useful for mapping the extent of geochemical influences. This is because there are 

several factors that influence trace element accumulation (Rainbow et al. 1990), and we 

have shown that when some of these factors are controlled, patterns emerge on a large 

scale. Specifically, when the same (or taxonomically similar) species were used to 

compare locations, physiological differences were controlled, and by confirming diet 

similarities of taxa between locations, diet was controlled. Hence, taxa with a relatively 

fixed diet, such as ponyfish and whiting, were a better match to sediment trace elements 

than those with a flexible diet. The results presented here show that trace elements and 

stable isotopes can be combined to map the extent of catchment influences and assess 

food quality in prodelta environments. While the findings of this study suggest that 

trace elements may be useful for distinguishing between prey sources in food web 

studies, they also highlight the importance of considering diet in trace element 

accumulation studies. In the following sections, the patterns and interpretations of the 

patterns identified here will be discussed in more detail.  

 

5.4.1 Trace element accumulation by different taxa 

Principal co-ordination analysis of the fish and prawn communities showed trace 

element differences between taxonomic classes and between taxa, indicating an 

overarching physiological response. While fish and prawns are both likely to 

accumulate most of their trace elements from diet, the differences in diet accumulation 

kinetics between fish and prawns have been shown to be large (O’Mara et al. 2019a 

(Chapter 3)). Analysis of concentration factors show that most elements were less 

concentrated in organisms compared to sediments, indicating that bioavailability 

differed between elements. While some elements appear to be accumulated differently 

between banana and brown tiger prawns, it is unclear whether this was due to a taxa or 

location effect, since brown tiger prawns were caught in the Brisbane River prodelta and 

banana prawns were caught in Gulf of Carpentaria prodeltas. 

 

While no taxa mirrored the trace element composition of the sediment, some taxa were 

better matched to the sediment than others. Ponyfish were the closest match to 

sediment, while whiting somewhat reflected sediments. The PCO of sediment trace 

elements showed a clear separation between the Brisbane River prodelta and the rest of 
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the prodeltas, as well as similar signals in the Flinders and Gilbert River prodeltas. If 

trace elements were accumulated in all organisms relative to the geochemistry of the 

surrounding environment, Brisbane and Flinders prodelta organisms should be clearly 

separated on the PCO, however this was not observed for catfish and prawns. 

Differences in diet (using standardized stable isotopes) across the four estuaries 

appeared to influence the trace element composition of taxa. Taxa with rigid diet 

(ponyfish and whiting) were better matched to sediment chemistry than taxa with 

flexible diet (catfish and prawns). Diet is a primary source of trace element 

accumulation for prawns and fish (O’Mara et al. 2019a). In this study, trace element 

composition of taxa with a flexible diet appeared to reflect the diet rather than location. 

These taxa are therefore not suitable for mapping catchment chemistry influences. Thus, 

understanding the dietary versatility (in relation to prey selection) of a taxa is important 

for determining if the taxa of interest is suitable for mapping catchment geochemistry 

influences.    

 

There was no correlation between most of the elements in sediments and animal trace 

elements for catfish, aside from a limited number of elements with weak correlations 

(arbitrarily defined as r2 < 0.5). This contrasts with whiting and ponyfish, which had 

strong correlations to some elements. Additionally, the elements that were strongly 

correlated were not all the same elements for ponyfish and whiting, indicating a 

difference in accumulation between the two taxa. Since a low proportion of elements for 

each taxa had correlations with sediments, it is clear that animals were not good 

indicators of sediment trace element concentrations. In fact, only a few elements 

significantly contributed to the similarities observed in PCO plots between ponyfish and 

whiting elemental chemistry and sediment geochemistry. Even so, the taxa with strong 

correlations to some elements, such as ponyfish and whiting, may be useful for mapping 

catchment influences, since they give a better representation of bioavailability of local 

trace elements than sediment geochemistry analyses, and are therefore a better indicator 

of true catchment influences on biota. Studies in freshwater environments have also 

found that only a small proportion of elements in organisms (shrimp and mussels) were 

correlated with sediment geochemistry (Ravera et al. 2003, Munroe et al. 2018). This is 

likely to be dependent on element bioavailability, as well as animal physiology and diet.   
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5.4.2 Stable isotopes 

Differences in standardized nitrogen isotope values suggest variations in the trophic 

level of a taxa between locations, and differences in standardized carbon isotope values 

can be explained by consumption of benthic or pelagic prey (Fry & Davis 2015). In 

standardized isotope plots, the larger spread of individual animals on the nitrogen axis 

in the Brisbane and Flinders prodeltas compared to the Gilbert and Mitchell prodeltas 

suggests that trophic level variation in prey in the Gilbert and Mitchell prodeltas was 

lower. On the carbon scale, higher carbon isotope values for tiger prawns from the 

Brisbane River prodelta show that these prawns had a predominately benthic diet. 

Banana prawns had a larger range of carbon values, particularly in the Gilbert and 

Mitchell Rivers, suggesting both benthic and pelagic prey. Prawns from the Flinders 

River appeared to have a mostly benthic diet. A mixed benthic and pelagic signal in 

prawns is likely due to prawns consuming both benthic feeders, such as polychaetes and 

gastropods, and filter feeders such as small bivalves (Wassenberg & Hill 1987, 1993).  

 

Standardized isotope plots and statistical differences in standardized isotope values for 

each taxa among the four estuary prodeltas showed a clear pattern for ponyfish and 

catfish. There were no significant differences in ponyfish diet, and highly significant 

differences in catfish diet between locations. A more random pattern was evident for 

prawns and whiting, that was caused by slight variations in benthic or pelagic carbon 

isotope signals. Analysis of standardized nitrogen isotopes showed that there was little 

variation in the trophic level of ponyfish, whiting and prawn diet between locations. 

However, catfish appeared to show feeding flexibility between locations that is likely to 

be a response to food availability. Nitrogen isotope values show that catfish were the 

top predator of all the taxa collected in this study in all prodeltas except for the Gilbert 

River prodelta. In the Gilbert River, catfish had a mean δ15N lower than whiting, 

indicating a poor quality diet compared to the other locations. In addition, the 

urbanization of the Brisbane River catchment does not appear to have a negative effect 

on fish food webs in Moreton Bay, since catfish were found to be feeding on prey from 

higher trophic levels, such as prawns and crabs. A range of catfish sizes were collected, 

however δ15N did not increase with size in each location, and if δ15N was influenced by 

size, we would expect larger catfish to have higher δ15N (Kadye & Booth 2012), which 

was not observed. Soto et al. (2016) also found that of four fish taxa studied, catfish 
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showed the highest intraspecific variability in diet. Catfish are known to be abundant 

throughout rivers and estuaries around the world (Diogo 2004, Wright 2009), and their 

flexible diet is likely to be an important contributing factor to their persistence in a 

range of environments. Organisms that show flexibility in diet, such as catfish, may be 

effective indicators of prey abundance and food quality in different locations (Ley et al. 

1994) or in the same location over time (Wen et al. 2016). For example, Wen et al. 

(2016) found a shift in prey selection in juvenile coral trout at the Keppel Islands, 

Queensland in the two years following a large flood, with a reduction in the proportion 

of crustaceans in trout gut content.  

 

Tissue turnover rates of isotopes in fish are slow compared to prawns (Van De Merwe 

et al. 2016), therefore the isotope values measured in catfish in this study are likely to 

be a diet integration spanning several months. Differences in the diet of some taxa in 

this study suggests that prey availability varied between locations, which is likely to be 

a result of flooding in the catchment. Low salinity and bed instability during flooding 

can rapidly deplete benthic fauna diversity, which may take several months to recover 

(Aller & Stupakoff 1996). In addition, previous work has shown nitrogen limitation in a 

Gulf of Carpentaria estuary (Burford et al. 2012), and more recent work has shown that 

the estuaries in this study are nutrient limited (M. Burford, unpublished data). 

Therefore, sediment-bound nutrients brought into the estuary during floods may be 

integrated into the food web over the dry season (Atwood et al. 2012). Nutrients 

released from catchment soils vary with geology (O’Mara et al. 2019b), and terrestrial 

organic matter content is likely to influence the diversity and abundance of prey in 

estuaries (Hermand et al. 2008, Fujibayashi et al. 2019). Hence, sediment-bound 

nutrients from the catchment may greatly influence the diversity and quality of prey in 

prodelta environments.  

 

5.4.3 Relationships between trace elements and diet 

Correlations between trace elements and food web position were identified at the taxa 

and community level. Trophic level and benthic/pelagic influences appear to be 

underlying axes structuring both trace element and stable isotope distributions, 

accounting for correlations in multiple regressions and similarities between isotope food 

webs and trace element community structure seen in community LDA and PCO plots. 

The community trace element PCO shows a clear separation between fish and prawns 
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that may be attributed to trophic level, and benthic/pelagic differences within fish and 

prawn groups. This benthic/pelagic difference in trace element composition on the PCO 

is highlighted in the clear separation between ponyfish and whiting, which had pelagic 

and benthic δ13C values, respectively.  

 

The correlation of trace elements with δ13C is likely to be associated with predation on 

benthic and pelagic basal food web sources (Martinetto et al. 2006), which may be 

differentiated by accumulation of trace elements primarily from sediment (benthic) or 

water (pelagic). In this study, the range of δ13C values found in prawns over the four 

locations suggest that pelagic feeders, such as bivalves, and benthic feeders, such as 

polychaetes and gastropods, were consumed (Wassenberg & Hill 1987, 1993). Bivalves 

can bioconcentrate trace elements from the water column and ingest phytoplankton and 

detritus that have also taken up trace elements from the water column (O’Mara et al. 

2019a). Therefore, they are likely to have a different trace element signature to 

organisms that feed on sediments such as polychaetes (Jara-Marini et al. 2009). This 

hypothesis suggests that the availability of trace elements through pelagic food webs 

may be different to the availability of elements in benthic food webs (Woodland & 

Secor 2013, Le Croizier et al. 2016), and may help to explain differences in trace 

element composition seen between pelagic and benthic feeders (e.g. ponyfish and 

whiting) in this study. Thus, catfish are likely to show large variations in trace element 

concentrations if they switch between benthic (e.g. crabs) and pelagic (e.g. fish) prey.  

 

The mechanisms behind the correlation between community/catfish δ15N and trace 

element composition are unclear. While trophic level itself is unlikely to control trace 

element concentrations in animals, some elements may be influenced by the number of 

trophic interactions involved, and the functional group (group of species classified 

based on similar function (Dumay et al. 2004)) from which the prey is derived (Wang 

2002). Some elements, such as Hg, may also be biomagnified up the food chain (Chen 

et al. 2000). In our study, catfish Hg concentrations were mostly higher than “prawns” 

and “other fish”, suggesting bioaccumulation. Conversely, for some elements, such as 

Mn, V and Zn, catfish had concentrations intermediate between “prawns” and “other 

fish”, suggesting a possible difference due to prey selection, whereby lower trophic 

level prey such as crustaceans have different trace element composition to fish (Diop et 
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al. 2015). Correlations between trace element composition and prey choice are likely to 

be influenced by several factors specific to taxonomic classes, functional feeding groups 

and species: Firstly, accumulation from diet (assimilation efficiency and efflux) can 

vary between prey sources (Nunez-Nogueira et al. 2006). Secondly, the transfer of trace 

elements, in particular metals, from prey to predator is dependent on the 

compartmentalization of elements by the prey into soluble (metallothionein-like 

proteins and heat sensitive proteins) and insoluble forms (metal-rich granules, cellular 

debris, and organelles) (Wallace & Luoma 2003). Accumulation by the predator is 

higher if the metal is in soluble form, and sometimes organelle bound (previously 

referred to as ‘trophically available metal’ by Wallace and Luoma (2003)), however this 

differs between organisms (Rainbow et al. 2011). If one prey choice has a high 

proportion of whole-body element bound in soluble form, and another prey choice can 

bind the element as an insoluble form, then there will be non-uniform accumulation of 

the element by the predator species between prey choices (Zhang & Wang 2006). 

Thirdly, different organisms have different “regulatory” abilities for various elements 

(Rainbow 1995), where one prey source may be a poor regulator of a certain element in 

comparison to another prey source, exposing the predator to different concentrations of 

elements in different prey. These explanations are likely to be oversimplified, and the 

uncertainty behind these processes calls for more research into links between organism 

diet and trace element composition. Even so, these correlations highlight the potential 

use of trace elements to distinguish prey sources in food web studies (Soto et al. 2016). 

 

While mercury has been shown to increase with trophic level and dependence on 

benthic prey (Ofukany et al. 2014, Goutte et al. 2015), few studies have explored 

correlations between animal tissue δ13C/δ15N and trace element concentrations for 

elements other than Hg (Le Croizier et al. 2016). Briand et al. (2018) found that some 

trace elements were associated with a benthic sedimentary organic matter diet in a coral 

reef food web, and others were associated with the benthic algal turf diet. In addition, 

Le Croizier et al. (2016) found correlations between some stable isotopes and trace 

element concentrations, and demonstrated that fatty acids revealed further correlations. 

The fatty acids also gave a better resolution on the relationships between trace elements 

and diet, including the identification of a benthic pathway for the accumulation of some 

elements, and a pelagic pathway for others (Le Croizier et al. 2016). They concluded 

that in an urban coastal area on the Senegal coast, benthic sediment pollution was the 
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main source of trace elements in fish (Le Croizier et al. 2016), however, sediment–

animal trace element correlations would have been useful to confirm their conclusions.  

 

5.4.4 Research directions and limitations  

This study was well replicated spatially over four large estuaries and in terms of the 

number of taxa used. However, there would be benefits in using additional biomarkers, 

such as fatty acids, and sampling over multiple wet and dry seasons. The emerging 

patterns identified here provide insight into the complex interactions between organisms 

and the chemistry of the surrounding environment, highlighting the advantages of 

undertaking laboratory experiments to understand the mechanisms that underpin 

measurements made in the field (Rainbow 1995). This type of study relies on collecting 

the same or similar species from each location and is therefore limited when this is not 

achievable, for instance when we were unable to catch whiting from the Flinders River. 

We found that the taxa used had an effect on the outcome of our hypotheses and suggest 

that choice of taxa should be carefully considered in future studies, and that using 

multiple taxa will increase the likelihood of capturing true catchment influences on a 

system.  
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Chapter 6 

 

Synthesis of results 
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The current understanding on the role of floods in estuarine food web productivity and 

effects on fisheries species is limited. There is predicted increases in flooding globally 

under a changing climate, and a current trend of rising global human population living 

around the coastline. Therefore, knowledge gaps on flooding in the coastal zone need to 

be filled with a sense of urgency to inform land and water management decisions to 

protect critical fisheries habitats. This multidisciplinary thesis linking soil and water 

chemistry with marine ecology aims to fill some of these knowledge gaps and improve 

the understanding of the ecological significance of floods from the catchment to the 

coast.  

 

The flood simulation and core incubation experiments in Chapter 2 (O’Mara et al. 2019) 

give insight into the response of sediment-bound nutrients upon exposure to the extreme 

hydrological and chemical changes of flood erosion, transport and deposition from 

catchments to the coastal zone. These experiments demonstrated the processes of 

nutrient release from soil, which had not previously been explored, providing evidence 

of the contribution of catchment sediments to the overall dissolved nutrient pulse that 

has been measured in estuaries along the East Australian coastline during floods. Three 

phases of nutrient release were identified; rapid release in freshwater and saltwater 

because of chemical release of nutrients bound to sediment particles and slower long-

term release from deposited sediment, which is likely to be by microbial processes. 

Soils from the Moreton Bay catchments appear to be an important contributor of 

nutrients, particularly ammonium, to the receiving coastal waters. Moreton Bay is a 

nitrogen-limited system, therefore prolonged release of ammonium is an important 

source of nitrogen to primary producers. However, prolonged release of nutrients from 

the deposition of soils on marine sediments was a relatively small contribution to 

nutrient loads within Moreton Bay, compared to the nutrient cycling within the bay, and 

it is therefore unlikely that prolonged nutrient release from sediment will be able to 

sustain phytoplankton blooms that may occur as floods subside. The physico-chemical 

properties of estuary water are likely to affect the influx or efflux of nutrients from 

newly deposited catchment sediment following floods. For example, although basalt-

derived soils have a high phosphorus content, sediments in the bay appear to sequester 

phosphorus under oxidizing conditions, which are common in Moreton Bay. A 

difference in nutrient release between soil types highlights the importance of the link 
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between coastal productivity and biogeochemical cycling, which is influenced by 

catchment geology.  

 

Along with nutrients, other substances are transported into estuaries during floods. Just 

as dissolved nutrients are rapidly taken out of the water by phytoplankton, so too are 

trace elements. Many trace elements are accumulated because they are essential for 

metabolic functioning in organisms, though non-essential elements are also 

accumulated. Trace elements were explored in this study because of their widespread 

nature, geological affiliations, potential for use in food web studies, and suitability for 

tracing catchment effects. Radioisotopes have gamma-emitting properties that enable 

tracing of elements through a live organism, and hence were used to study the sources 

for trace element (using cadmium, manganese and zinc as model elements) 

accumulation in estuarine organisms occupying different trophic levels (Chapter 3, 

O’Mara et al. 2019). The results demonstrated that diet is the main source for 

assimilation and hence accumulation of Cd, Mn and Zn, particularly in the higher 

trophic level organisms used here. Uptake of dissolved trace elements by fish (sand 

whiting Sillago ciliata) and prawns (school prawns Metapenaeus macleayi) was 

negligible, and even though significant uptake from seawater was observed in filter 

feeding clams (sand clams Katelysia scalarina), diet was still found to be the primary 

source of clam Cd and Zn. In addition, the results showed large differences in 

accumulation between trophic levels, with fish found to accumulate only small amounts 

of these trace elements. Prawns showed significant accumulation from diet with high 

assimilation efficiencies and low efflux rates, particularly for Cd. Since prawns also 

have faster element turnover rates in muscle tissue than most fish, they are likely to 

quickly change chemical composition when moving from one location to another, and 

may rapidly accumulate elements to toxic thresholds in contaminated environments. 

These findings have implications for fisheries management because many prawn species 

develop in estuaries as juveniles and recruitment success may be impacted by the 

quality of the surrounding environment. In addition, sand clams accumulated Cd, Mn, 

and Zn from suspended sediment, whereas uptake from suspended sediment by fish and 

prawns was negligible. Therefore, clams may be sensitive to trace element accumulation 

during floods as an additional stress to high turbidity. Management of sediment loads 

delivered to estuaries has implications for water quality since a reduction in bivalve 

fitness or density will decrease the biological filtering capacity.  The outcomes 
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described here of the research in Chapter 3 reveal new information about the 

accumulation kinetics of several fisheries species occupying different trophic levels that 

can be applied in bioaccumulation models using environmental concentrations of trace 

elements in local waterways. This new information also improves understanding of the 

role of diet in the accumulation of trace elements, thereby indicating the potential utility 

of trace elements in advancing food web studies. 

 

The results from Chapter 2 and 3 provide a solid theoretical framework for interpreting 

stable isotope and trace element concentrations, and condition responses in organisms 

collected in the field. These studies improved understanding of the mechanisms that 

determine the fate of catchment-derived nutrients and trace elements in estuarine food 

webs. By collecting a common commercially harvested prawn species, the brown tiger 

prawn Penaeus esculentus, throughout central Moreton Bay before and after a large 

flood caused by a cyclone, we were able to find evidence for the flood stimulating 

productivity in the bay (Chapter 4). These in situ studies of a flood in Moreton Bay are 

supported by the results from the laboratory study in Chapter 2 demonstrating the 

capacity for soils to release ammonium into the water column and cause an influx of 

ammonium into the estuary during flooding. Condition indices from prawns and benthic 

chlorophyll-a concentrations from sediments, measured from simultaneous sampling at 

each site showed that prawns closest to the river with the most severe flooding (the 

Logan River) responded positively to the flood. Multiple lines of evidence indicated that 

prawns in this area increased in condition, which peaked two weeks after the flood in 

correspondence with the peak of the measured algal biomass. The short pulse in algal 

production measured two weeks after the flood returned to pre-flood conditions when 

sampling was repeated seven weeks after the flood. Algal biomass increases have been 

measured on similar time scales in the same estuary during previous floods. This is 

consistent with the results from the flood simulation experiment (Chapter 2) that 

showed significantly higher rates of nutrient release from catchment soils upon initial 

exposure to both freshwater and seawater than from settled flood sediment. Prawns 

collected from other areas further away from the Logan River showed no response to 

the flood, and there were no consistent negative condition responses, suggesting that 

any contaminants brought into the bay during the flood were not accumulated by 

prawns to toxic threshold concentrations. Collecting animal tissue samples before and 

after a flood has seldom been done successfully because of the difficulty in predicting 
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when floods are going to occur and the findings of this study (Chapter 4) are therefore 

unique. Physico-chemical water conditions in estuaries, particularly oxic state, can 

affect the availability of nutrients (Chapter 2) and the physiological response of biota. 

Some previous flood studies (using spatial comparisons between flooded and non-

flooded areas) have found negative condition responses to flooding, including fish kill 

events, as a result of contamination or hypoxia caused by poor water quality in modified 

catchments. On the contrary, the results of Chapter 4 show that floods can be beneficial 

for fisheries, even in a modified catchment surrounded by a capital city that is home to 

~3.6 million people.  

 

Dissolved nutrients that are quickly taken up by primary producers are likely to be 

responsible for the short-term beneficial flood pulse response (Chapter 4). Water quality 

conditions in this study returned to normal within two months after the flood (Chapter 

4). Long-term effects of floods on fisheries are likely to be associated with sediments 

and their potential to continue supplying nutrients to the food web for extended periods 

after flooding occurs. Because low river flow conditions are prevalent during the dry 

season in the tropics and subtropics, we would expect marine influences on prodelta 

food webs to be dominant, and similar between estuary prodeltas, particularly those 

located along the same coastline. However, differences in diet of some species between 

estuaries (Chapter 5) indicated that prodeltas are influenced by material from the 

catchments, since sediments from each catchment vary in nutrient composition, which is 

linked to catchment geology (Chapter 2). In three out of four estuary prodeltas studied, 

catfish were the top predator, but in one of the wet-dry tropical estuaries (i.e. the Gilbert 

River prodelta), they fed at a lower trophic level than whiting. Stable isotope 

composition of several common fish and prawn species from four estuary prodeltas in 

urbanized and non-urbanized catchments suggested that prodelta food quality in 

Moreton Bay was not affected by catchment urbanization. An expanding literature on 

the importance of diet to trace element accumulation (Chapter 3, O’Mara et al. 2019) 

and emerging studies combining trace elements with stable isotopes in food web studies 

(e.g. Soto et al., 2016) suggest that the contribution of diet to trace element composition 

is important and perhaps often overlooked in past studies. In Chapter 5, several different 

statistical and visual analyses showed that fish and prawn diet was correlated with trace 

element composition. Because accumulation of trace elements from diet can vary 

between prey sources, it was therefore also observed that the suitability of a species for 



130 
 

mapping catchment chemistry influences appeared to be determined by whether the 

species had a rigid or flexible diet. Species that this study showed to have a rigid diet, 

such as ponyfish, were better matched to sediment geochemistry than species that had a 

flexible diet, such as catfish. Species such as catfish are therefore useful for determining 

whether food availability varies between locations because they can switch prey sources 

based on prey availability. The results of this study highlight the advantages of using 

laboratory experiments to understand the assumptions that underpin the elemental 

chemical composition of organisms. It is also clear that using multiple species over 

multiple locations is required to identify broad-scale community and species level 

trends when studying links between catchments and coastal food webs. It is proposed 

that future studies should use additional biomarkers, such as fatty acids, to aid in 

identifying areas of valuable fisheries production, as well as urban areas that could 

benefit from revised management strategies. 

 

This thesis has demonstrated that floods in South East Queensland can be beneficial for 

fisheries and food webs in Moreton Bay. Nutrients and trace elements are transported 

from the catchments into Moreton Bay during floods, taken up by primary producers 

and transferred through the food web to higher trophic level organisms such as prawns 

and fish. Not only were short-term nutrient benefits to fisheries species observed in 

terms of condition, but sediment that is deposited during floods may also sustain 

productive food webs in the long term, which is evident in the quality of the food that is 

consumed by top predators on the Brisbane River prodelta. Even though excess nitrogen 

delivered to the bay via the Brisbane River is transferred through the food web, it does 

not appear to reduce the quality of food available to fisheries species, suggesting that 

the high human population density and degradation of the Moreton Bay catchments 

does not negatively affect food web energy flow. However, the rate of sediment infilling 

in Moreton Bay has accelerated due to catchment erosion, caused by land use change 

and degradation of riparian zones. Hence, the long-term indirect effects of increased 

turbidity on fisheries in the bay (e.g. loss of seagrass that provides habitat and food for 

juvenile prawns and fish) are still of concern, and warrant further investigation.  

 

Floods in the tropics are also likely to influence productivity and food web energy flow 

in estuaries, such as those in the Gulf of Carpentaria, Australia. Proposed damming 

along the Mitchell, Gilbert and Flinders Rivers in the Gulf of Carpentaria could be 



131 
 

detrimental to the food webs in the coastal zone because the amount of nutrients 

exported from the catchments during annual flooding is likely to be reduced. This thesis 

provides a suitable broad-scale methodology that is useful for identifying impacts of 

catchment land- and water-use change on food webs in the coastal zone, an area of high 

importance for fisheries production. The results of this thesis therefore have 

implications for catchment land- and water-use management and riparian zone 

remediation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 
 

References 
ABARES (2018) Australian fisheries and aquaculture statistics 2017. Canberra, Australia. 

ABS (2016) Population Census 2016. Australian Bureau of Statistics. 

Adams MS, Stauber JL (2004) Development of a whole-sediment toxicity test using a benthic 

marine microalga. Environ Toxicol Chem 23:1957–1968. 

Adams SM, Greeley MS, Law JM, Noga EJ, Zelikoff JT (2003) Application of multiple 

sublethal stress indicators to assess the health of fish in Pamlico Sound following 

extensive flooding. Estuaries 26:1365–1382. 

Aller JY, Stupakoff I (1996) The distribution and seasonal characteristics of benthic 

communities on the Amazon shelf as indicators of physical processes. Cont Shelf Res 

16:717–751. 

Alongi DM, Robertson AI (1995) Factors regulating benthic food chains in tropical river deltas 

and adjacent shelf areas. Geo-Marine Lett 15:145–152. 

Alquezar R, Markich SJ, Booth DJ (2006) Effects of metals on condition and reproductive 

output of the smooth toadfish in Sydney estuaries, south-eastern Australia. Environ Pollut 

142:116–122. 

Alves VEN, Patricio J, Dolbeth M, Pessanha A, Palma ART, Dantas EW, Vendel AL (2016) Do 

different degrees of human activity affect the diet of Brazilian silverside Atherinella 

brasiliensis? J Fish Biol 89:1239–1257. 

Amara R, Selleslagh J, Billon G, Minier C (2009) Growth and condition of 0-group European 

flounder, Platichthys flesus as indicator of estuarine habitat quality. Hydrobiologia 

627:87–98. 

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful algal blooms and eutrophication: 

Nutrient sources, composition, and consequences. Estuaries 25:704–726. 

Anderson MJ, Ford RB, Feary DA, Honeywill C (2004) Quantitative measures of sedimentation 

in an estuarine system and its relationship with intertidal soft-sediment infauna. Mar Ecol 

Prog Ser 272:33–48. 

ANZG (2018) Australian and New Zealand Guidelines for Fresh and Marine Water Quality. 

Australian and New Zealand Governments and Australian state and territory governments, 

Canberra ACT, Australia. Available at www.waterquality.gov.au/anz-guidelines. 

Asselman NEM, Middelkoop H (1995) Floodplain sedimentation: quantities, patterns and 



133 
 

processes. Earth Surf Process Landforms Landforms 20:481–499. 

Atwood TB, Wiegner TN, MacKenzie RA (2012) Effects of hydrological forcing on the 

structure of a tropical estuarine food web. Oikos 121:277–289. 

Ayranci K, Lintern DG, Hill PR, Dashtgard SE (2012) Tide-supported gravity flows on the 

upper delta front, Fraser River delta, Canada. Mar Geol 326–328:166–170. 

Azzouz S, Meribout R, Boukhalfa C (2012) Characterization of Phosphate Adsorption on 

Sediments. Procedia Eng 33:285–292. 

Baeta A, Niquil N, Marques JC, Patrício J (2011) Modelling the effects of eutrophication, 

mitigation measures and an extreme flood event on estuarine benthic food webs. Ecol 

Modell 222:1209–1221. 

Bainbridge ZT, Wolanski E, Álvarez-Romero JG, Lewis SE, Brodie JE (2012) Fine sediment 

and nutrient dynamics related to particle size and floc formation in a Burdekin River flood 

plume, Australia. Mar Pollut Bull 65:236–248. 

Baldwin DS, Mitchell AM (2000) The effects of drying and re-flooding on the sediment and 

soil nutrient dynamics of lowland river-floodplain systems: A synthesis. Regul Rivers-

Research Manag 16:457–467. 

Bally G, Mesnage V, Deloffre J, Clarisse O, Lafite R, Dupont JP (2004) Chemical 

characterization of porewaters in an intertidal mudflat of the Seine estuary: Relationship to 

erosion-deposition cycles. Mar Pollut Bull 49:163–173. 

Barclay MC, Dall W, Smith DM (1983) Changes in lipid and protein during starvation and the 

moulting cycle in the tiger prawn, Penaeus esculentus Haswell. J Exp Mar Bio Ecol 

68:229–244. 

Barnes C, Sweeting CJ, Jennings S, Barry JT, Polunin NVC (2007) Effect of temperature and 

ration size on carbon and nitrogen stable isotope trophic fractionation. Funct Ecol 21:356–

362. 

Barton C, Wallace S, Syme B, Wong WT, Onta P (2015) Brisbane River Catchment Flood 

Study : Comprehensive Hydraulic Assessment Overview. 1–7. 

Bastos RF, Calliari LJ, Garcia AM (2014) Marine intrusion and freshwater discharge as 

opposite forces driving fish guilds distribution along coastal plain streams. Hydrobiologia 

726:245–258. 

Beiras R, Pérez-Camacho A, Albentosa M (1993) Influence of food concentration on energy 

balance and growth performance of Venerupis pullastra seed reared in an open-flow 



134 
 

system. Aquaculture 116:353–365. 

Belivermiş M, Warnau M, Metian M, Oberhänsli F, Teyssié JL, Lacoue-Labarthe T (2016) 

Limited effects of increased CO2 and temperature on metal and radionuclide 

bioaccumulation in a sessile invertebrate, the oyster Crassostrea gigas. ICES J Mar Sci 

73:753–763. 

Bernhard AE, Tucker J, Giblin AE, Stahl DA (2007) Functionally distinct communities of 

ammonia-oxidizing bacteria along an estuarine salinity gradient. Environ Microbiol 

9:1439–1447. 

Birch GF (2000) Marine pollution in Australia, with special emphasis on central New South 

Wales estuaries and adjacent continental margin. Int J Environ Pollut 13:573. 

Birch GF, Olmos MA (2008) Sediment-bound heavy metals as indicators of human influence 

and biological risk in coastal water bodies. ICES J Mar Sci 65:1407–1413. 

Blaber SJM, Brewer DT, Salini JP (1989) Species composition and biomasses of fishes in 

different habitats of a tropical Northern Australian estuary: Their occurrence in the 

adjoining sea and estuarine dependence. Estuar Coast Shelf Sci 29:509–531. 

Blewett D, Stevens P, Carter J (2017) Ecological effects of river flooding on abundance and 

body condition of a large, euryhaline fish. Mar Ecol Prog Ser 563:211–218. 

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can J 

Biochem Physiol 37:911–917. 

Bobrov VA, Phedorin MA, Leonova GA, Kolmogorov YP (2005) SR XRF element analysis of 

sea plankton. Nucl Instruments Methods Phys Res Sect A Accel Spectrometers, Detect 

Assoc Equip 543:259–265. 

BOM (2017a) Flood warning system for the Logan & Albert Rivers. 

http://www.bom.gov.au/qld/flood/brochures/logan_albert/logan_albert.shtml (accessed 24 

November 2017) 

BOM (2017b) Known floods in the Brisbane & Bremer basin. 

http://www.bom.gov.au/qld/flood/fld_history/brisbane_history.shtml (accessed 20 May 

2019) 

Boucek RE, Rehage JS (2013) A Tale of Two Fishes: Using Recreational Angler Records to 

Examine the Link Between Fish Catches and Floodplain Connections in a Subtropical 

Coastal River. Estuaries and Coasts:1–12. 

Brady JP, Ayoko GA, Martens WN, Goonetilleke A (2015) Weak acid extractable metals in 



135 
 

Bramble Bay, Queensland, Australia: Temporal behaviour, enrichment and source 

apportionment. Mar Pollut Bull 91:380–388. 

Briand MJ, Bustamante P, Bonnet X, Churlaud C, Letourneur Y (2018) Tracking trace elements 

into complex coral reef trophic networks. Sci Total Environ 612:1091–1104. 

Brinkmann M, Hudjetz S, Kammann U, Hennig M, Kuckelkorn J, Chinoraks M, Cofalla C, 

Wiseman S, Giesy JP, Schäffer A, Hecker M, Wölz J, Schüttrumpf H, Hollert H (2013) 

How flood events affect rainbow trout: Evidence of a biomarker cascade in rainbow trout 

after exposure to PAH contaminated sediment suspensions. Aquat Toxicol 128–129:13–

24. 

Brown JN, Peake BM (2006) Sources of heavy metals and polycyclic aromatic hydrocarbons in 

urban stormwater runoff. Sci Total Environ 359:145–155. 

Bruesewitz DA, Gardner WS, Mooney RF, Pollard L, Buskey EJ (2013) Estuarine ecosystem 

function response to flood and drought in a shallow, semiarid estuary: Nitrogen cycling 

and ecosystem metabolism. Limnol Oceanogr 58:2293–2309. 

Bunn SE, Abal EG, Greenfield PF, Tarte DM (2007) Making the connection between healthy 

waterways and healthy catchments: South East Queensland, Australia. Water Sci Technol 

Water Supply 7:93–100. 

Bunn SE, Abal EG, Smith MJ, Choy SC, Fellows CS, Harch BD, Kennard MJ, Sheldon F 

(2010) Integration of science and monitoring of river ecosystem health to guide 

investments in catchment protection and rehabilitation. Freshw Biol 55:223–240. 

Burford MA, Webster IT, Revill AT, Kenyon RA, Whittle M, Curwen G (2012) Controls on 

phytoplankton productivity in a wet–dry tropical estuary. Estuar Coast Shelf Sci 113:141–

151. 

Cai HR, Yang QH, Tan BP, Dong XH, Chi SY, Liu HY, Zhang S (2017) Effects of dietary 

manganese source and supplemental levels on growth performance, antioxidant enzymes 

activities, tissue Mn concentrations and cytosolic manganese superoxide dismutase 

(cMnSOD) mRNA expression level of juvenile Litopenaeus vannamei. Aquac Nutr 

23:603–610. 

Canli M, Kalay M, Ay O (2001) Metal (Cd, Pb, Cu, Zn, Fe, Cr, Ni) Concentrations in Tissues of 

a Fish Sardina pilchardus and a Prawn Penaeus japonicus from Three Stations on the 

Mediterranean Sea. Bull Environ Contam Toxicol 67:75–82. 

Casado-Martinez MC, Smith BD, DelValls TA, Rainbow PS (2009) Pathways of trace metal 



136 
 

uptake in the lugworm Arenicola marina. Aquat Toxicol 92:9–17. 

Cathalot C, Rabouille C, Pastor L, Deflandre B, Viollier E, Buscail R, Grémare A, Treignier C, 

Pruski A (2010) Temporal variability of carbon recycling in coastal sediments influenced 

by rivers: Assessing the impact of flood inputs in the Rhône River prodelta. 

Biogeosciences 7:1187–1205. 

Cearreta A, Irabien MJ, Leorri E, Yusta I, Croudace IW, Cundy AB (2000) Recent 

Anthropogenic Impacts on the Bilbao Estuary, Northern Spain: Geochemical and 

Microfaunal Evidence. Estuar Coast Shelf Sci 50:571–592. 

Chaston KA V, Moody PW, Dennison WC (2008) Nutrient bioavailability of soils and 

sediments in an Australian estuary influenced by agriculture: linking land to sea. In: 

Coastal Watershed Management. Fares A, ElKadi AI (eds) Wit Press, Southampton, p 37–

64 

Chen CY, Stemberger RS, Klaue B, Blum JD, Pickhardt PC, Folt CL (2000) Accumulation of 

heavy metals in food web components across a gradient of lakes. Limnol Oceanogr 

45:1525–1536. 

Clark Barkalow SL, Bonar SA (2015) Effects of Suspended Sediment on Early-Life Stage 

Survivalof Yaqui Chub, an Endangered USA–Mexico Borderlands Cyprinid. Trans Am 

Fish Soc 144:345–351. 

Cloern JE (2001) Our evolving conceptual model of the coastal eutrophication problem. Mar 

Ecol Prog Ser 210:223–253. 

Coates-Marnane J, Olley J, Burton J, Sharma A (2016) Catchment clearing accelerates the 

infilling of a shallow subtropical bay in east coast Australia. Estuar Coast Shelf Sci 

174:27–40. 

Couillard CM, Ouellet P, Verreault G, Senneville S, St-Onge-Drouin S, Lefaivre D (2017) 

Effect of Decadal Changes in Freshwater Flows and Temperature on the Larvae of two 

Forage Fish Species in Coastal Nurseries of the St. Lawrence Estuary. Estuaries and 

Coasts 40:268–285. 

Courrat A, Lobry J, Nicolas D, Laffargue P, Amara R, Lepage M, Girardin M, Le Pape O 

(2009) Anthropogenic disturbance on nursery function of estuarine areas for marine 

species. Estuar Coast Shelf Sci 81:179–190. 

Courtney AJ, Kienzle M, Pascoe S, O’Neill MF, Leigh GM, Wang Y-G, Innes J, Landers M, 

Braccini JM, Prosser AJ (2012) Harvest strategy evaluations and co-management for the 



137 
 

Moreton Bay Trawl Fishery. Aust Seaf CRC Final Rep:1–202. 

Cox ME, Preda M (2005) Trace Metal Distribution Within Marine and Estuarine Sediments of 

Western Moreton Bay, Queensland, Australia: Relation to Land Use and Setting. Geogr 

Res 43:173–193. 

Creighton N, Twining J (2010) Bioaccumulation from food and water of cadmium, selenium 

and zinc in an estuarine fish, Ambassis jacksoniensis. Mar Pollut Bull 60:1815–1821. 

Cresswell T, Metian M, Golding LA, Wood MD (2017) Aquatic live animal radiotracing studies 

for ecotoxicological applications: Addressing fundamental methodological deficiencies. J 

Environ Radioact 178–179:453–460. 

Cresswell T, Simpson SL, Mazumder D, Callaghan PD, Nguyen AP (2015) Bioaccumulation 

kinetics and organ distribution of cadmium and zinc in the freshwater decapod crustacean 

Macrobrachium australiense. Environ Sci Technol 49:1182–1189. 

Cresswell T, Simpson SL, Smith REW, Nugegoda D, Mazumder D, Twining J (2014) 

Bioaccumulation and retention kinetics of cadmium in the freshwater decapod 

Macrobrachium australiense. Aquat Toxicol 148:174–183. 

Le Croizier G, Schaal G, Gallon R, Fall M, Le Grand F, Munaron J-M, Rouget M-L, Machu E, 

Le Loc’H F, Laë R (2016) Trophic ecology influence on metal bioaccumulation in marine 

fish: Inference from stable isotope and fatty acid analyses. Sci Total Environ 573:83–95. 

Darnaude AM, Salen-Picard C, Polunin NVC, Harmelin-Vivien ML (2004) Trophodynamic 

linkage between river runoff and coastal fishery yield elucidated by stable isotope data in 

the Gulf of Lions (NW Mediterranean). Oecologia 138:325–332. 

Davis B, Johnston R, Baker R, Sheaves M (2012) Fish Utilisation of Wetland Nurseries with 

Complex Hydrological Connectivity. PLoS One 7:e49107. 

Day JH, Grindley JR (1981) The estuarine ecosystem and environmental constraints. Estuar 

Ecol with Part Ref to South Africa:345–372. 

Dehn LA, Follmann EH, Thomas DL, Sheffield GG, Rosa C, Duffy LK, O’Hara TM (2006) 

Trophic relationships in an Arctic food web and implications for trace metal transfer. Sci 

Total Environ 362:103–123. 

Dempson JB, Braithwaite VA, Doherty D, Power M (2010) Stable isotope analysis of marine 

feeding signatures of Atlantic salmon in the North Atlantic. ICES J Mar Sci 67:52–61. 

Dennison WC, Abal EG (1999) Moreton Bay Study: A Scientific Basis for the Healthy 

Waterways Campaign, Brisbane, South East Queensland. Reg Water Qual Manag 



138 
 

Strateg:245. 

Dent J, Mayfield S, Carroll J (2016) Harvestable biomass of Katelysia spp. in the South 

Australian commercial mud cockle fishery : report to PIRSA Fisheries and Aquaculture. 

SARDI Aquatic Sciences, West Beach SA. 

Diogo R (2004) Morphological Evolution, Adaptations, Homoplasies, Constraints, and 

Evolutionary Trends: Catfishes as a Case Study on General Phylogeny & Macroevolution. 

CRC Press. 

Diop M, Howsam M, Diop C, Goossens JF, Diouf A, Amara R (2015) Assessment of trace 

element contamination and bioaccumulation in algae (Ulva lactuca), mussels (Perna 

perna), shrimp (Penaeus kerathurus), and fish (Mugil cephalus, Saratherondon 

melanotheron) along the Senegalese coast. Mar Pollut Bull 103:339–343. 

Drupp P, de Carlo EH, Mackenzie FT, Bienfang P, Sabine CL (2011) Nutrient Inputs, 

Phytoplankton Response, and CO2 Variations in a Semi-Enclosed Subtropical Embayment, 

Kaneohe Bay, Hawaii. Aquat Geochemistry 17:473–498. 

Duggan M, Connolly RM, Whittle M, Curwen G, Burford MA (2014) Effects of freshwater 

flow extremes on intertidal biota of a wet-dry tropical estuary. Mar Ecol Prog Ser 502:11–

23. 

Dumay O, Tari PS, Tomasini JA, Mouillot D (2004) Functional groups of lagoon fish species in 

Languedoc Roussillon, southern France. J Fish Biol 64:970–983. 

Dunne EJ, Clark MW, Mitchell J, Jawitz JW, Reddy KR (2010) Soil phosphorus flux from 

emergent marsh wetlands and surrounding grazed pasture uplands. Ecol Eng 36:1392–

1400. 

Dural M, Göksu MZL, Özak AA (2007) Investigation of heavy metal levels in economically 

important fish species captured from the Tuzla lagoon. Food Chem 102:415–421. 

Dyer DC, Perissinotto R, Carrasco NK (2013) Post-flood dietary variation in the Mozambique 

tilapia Oreochromis mossambicus in the St Lucia estuary, South Africa. Mar Ecol Prog Ser 

476:199–214. 

Eaton AD, Clesceri LS, Rice EW, Greenberg AE, Franson MAH (2005) APHA: standard 

methods for the examination of water and wastewater. Centen Ed APHA, AWWA, WEF, 

Washington, DC. 

Einsporn S, Broeg K, Koehler A (2005) The Elbe flood 2002 - Toxic effects of transported 

contaminants in flatfish and mussels of the Wadden Sea. Mar Pollut Bull 50:423–429. 



139 
 

Elliott M, Whitfield AK, Potter IC, Blaber SJM, Cyrus DP, Nordlie FG, Harrison TD (2007) 

The guild approach to categorizing estuarine fish assemblages: A global review. Fish Fish 

8:241–268. 

Engel DW, Fowler BA (1979) Factors influencing cadmium accumulation and its toxicity to 

marine organisms. Environ Health Perspect Vol. 28:81–88. 

Eyre B, Twigg C (1997) Nutrient behaviour during post-flood recovery of the richmond river 

estuary northern NSW, Australia. Estuar Coast Shelf Sci 44:311–326. 

Eyre BD, Ferguson AJP (2006) Impact of a flood event on benthic and pelagic coupling in a 

sub-tropical east Australian estuary (Brunswick). Estuar Coast Shelf Sci 66:111–122. 

Farrell JM, Mead J V, Murry BA (2006) Protracted spawning of St Lawrence River northern 

pike (Esox lucius): Simulated effects on survival, growth, and production. Ecol Freshw 

Fish 15:169–179. 

Faubel D, Lopes-Lima M, Freitas S, Pereira L, Andrade J, Checa A, Frank H, Matsuda T, 

Machado J (2008) Marine and Freshwater Behaviour and Physiology Effects of Cd2+ on 

the calcium metabolism and shell mineralization of bivalve Anodonta cygnea. 

Ferguson A, Eyre B, Gay J, Emtage N, Brooks L (2007) Benthic metabolism and nitrogen 

cycling in a sub-tropical coastal embayment: Spatial and seasonal variation and controlling 

factors. Aquat Microb Ecol 48:175–195. 

Fielder DS, Heasman MP (2011) Hatchery Manual for the production of Australian Bass, 

Mulloway and Yellowtail Kingfish. 176. 

Folch J, Lees M, Stanley GHS (1957) A simple method for the isolation and purification of total 

lipides from animal tissues. J Biol Chem 226:497–509. 

Fonseca V, Serafim A, Company R, Bebianno MJ, Cabral H (2009) Effect of copper exposure 

on growth, condition indices and biomarker response in juvenile sole Solea senegalensis. 

Sci Mar 73:51–58. 

Fonseca VF, Franca S, Serafim A, Company R, Lopes B, Bebianno MJ, Cabral HN (2011) 

Multi-biomarker responses to estuarine habitat contamination in three fish species: 

Dicentrarchus labrax, Solea senegalensis and Pomatoschistus microps. Aquat Toxicol 

102:216–227. 

Forrester GE, Fredericks BI, Gerdeman D, Evans B, Steele MA, Zayed K, Schweitzer LE, 

Suffet IH, Vance RR, Ambrose RF (2003) Growth of estuarine fish is associated with the 

combined concentration of sediment contaminants and shows no adaptation or acclimation 



140 
 

to past conditions. Mar Environ Res 56:423–442. 

Foster IDL, Charlesworth SM (1996) Heavy metals in the hydrological cycle: Trends and 

explanation. Hydrol Process 10:227–261. 

Fraysse B, Geffard O, Berthet B, Quéau H, Biagianti-Risbourg S, Geffard A (2006) Importance 

of metallothioneins in the cadmium detoxification process in Daphnia magna. Comp 

Biochem Physiol Part C Toxicol Pharmacol 144:286–293. 

Fry B, Arnold C (1982) Rapid 13C/12C turnover during growth of brown shrimp (Penaeus 

aztecus). Oecologia 54:200–204. 

Fry B, Davis J (2015) Rescaling stable isotope data for standardized evaluations of food webs 

and species niches. Mar Ecol Prog Ser 528:7–17. 

Fujibayashi M, Sakamaki T, Nishimura O (2019) Effect of sedimentary organic matter on 

species richness of deposit feeders in enclosed bay ecosystems: Insight from fatty acid 

nutritional indicators. Mar Environ Res 149:1–6. 

Garzon-Garcia A, Laceby JP, Olley JM, Bunn SE (2017) Differentiating the sources of fine 

sediment, organic matter and nitrogen in a subtropical Australian catchment. Sci Total 

Environ 575:1384–1394. 

Gaston TF, Schlacher TA, Connolly RM (2006) Flood discharges of a small river into open 

coastal waters: Plume traits and material fate. Estuar Coast Shelf Sci 69:4–9. 

Geoscience (2015) Geoscience Australia (2015). The Australian Atlas of Mineral Resources, 

Mines, and Processing Centres. http://www.australianminesatlas.gov.au/?site=atlas 

(accessed 26 February 2018) 

Gibbes B, Grinham A, Neil D, Olds A, Maxwell P, Connolly R, Weber T, Udy N, Udy J (2014) 

Moreton Bay and its estuaries: a sub-tropical system under pressure from rapid population 

growth. In: Estuaries of Australia in 2050 and beyond. Springer, p 203–222 

Giblin AE, Weston NB, Banta GT, Tucker J, Hopkinson CS (2010) The Effects of Salinity on 

Nitrogen Losses from an Oligohaline Estuarine Sediment. Estuaries and Coasts 33:1054–

1068. 

Gilliers C, Le Pape O, Desaunay Y, Morin J, Guerault D, Amara R (2006) Are growth and 

density quantitative indicators of essential fish habitat quality? An application to the 

common sole Solea solea nursery grounds. Estuar Coast Shelf Sci 69:96–106. 

Gillson J (2011) Freshwater flow and fisheries production in estuarine and coastal systems: 

Where a drop of rain is not lost. Rev Fish Sci 19:168–186. 



141 
 

Gillson J, Suthers I, Scandol J (2012) Effects of flood and drought events on multi-species, 

multi-method estuarine and coastal fisheries in eastern Australia. Fish Manag Ecol 19:54–

68. 

Glencross B., Smith D., Thomas M., Williams K. (2002) Optimising the essential fatty acids in 

the diet for weight gain of the prawn, Penaeus monodon. Aquaculture 204:85–99. 

Glibert PM, Heil CA, O’Neil JM, Dennison WC, O’Donohue MJH (2006) Nitrogen, 

phosphorus, silica, and carbon in Moreton Bay, Queensland, Australia: Differential 

limitation of phytoplankton biomass and production. Estuaries and Coasts 29:209–221. 

Glibert PM, Madden CJ, Boynton WR, Flemer DA, Heil C, Sharp JH (2010) Nutrients in 

estuaries: a summary report of the National Estuarine Experts Workgroup (2005–2007). 

washington, DC. 

Górski K, de Leeuw JJ, Winter H V, Vekhov DA, Minin AE, Buijse AD, Nagelkerke LAJ 

(2011) Fish recruitment in a large, temperate floodplain: The importance of annual 

flooding, temperature and habitat complexity. Freshw Biol 56:2210–2225. 

Goutte A, Cherel Y, Churlaud C, Ponthus JP, Massé G, Bustamante P (2015) Trace elements in 

Antarctic fish species and the influence of foraging habitats and dietary habits on mercury 

levels. Sci Total Environ 538:743–749. 

Greene CM, Jensen DW, Pess GR, Steel EA, Beamer E (2005) Effects of environmental 

conditions during stream, estuary, and ocean residency on Chinook salmon return rates in 

the Skagit River, Washington. Trans Am Fish Soc 134:1562–1581. 

Griscom SB, Fisher NS, Luoma SN (2002) Kinetic modeling of Ag, Cd and Co 

bioaccumulation in the clam  Macoma balthica: quantifying dietary and dissolved sources. 

Mar Ecol Prog Ser 240:127–141. 

Gunnlaugsdottir H, Ackman RG (1993) Three extraction methods for determination of lipids in 

fish meal: Evaluation of a hexane/isopropanol method as an alternative to chloroform-

based methods. J Sci Food Agric 61:235–240. 

Halliday IA, Robins JB, Mayer DG, Staunton-Smith J, Sellin MJ (2008) Effects of freshwater 

flow on the year-class strength of a non-diadromous estuarine finfish, king threadfin 

(Polydactylus macrochir), in a dry-tropical estuary. Mar Freshw Res 59:157–164. 

Hammock BG, Hobbs JA, Slater SB, Acuña S, Teh SJ (2015) Contaminant and food limitation 

stress in an endangered estuarine fish. Sci Total Environ 532:316–326. 

Han KN, Lee SW, Wang SY (2008) The effect of temperature on the energy budget of the 



142 
 

Manila clam, Ruditapes philippinarum. Aquac Int 16:143–152. 

Hanington P, Hunnam K, Johnstone R (2015) Widespread loss of the seagrass Syringodium 

isoetifolium after a major flood event in moreton bay, australia: Implications for benthic 

processes. Aquat Bot 120:244–250. 

Hanington P, Rose A, Johnstone R (2016) The potential of benthic iron and phosphorus fluxes 

to support the growth of a bloom forming toxic cyanobacterium Lyngbya majuscula, 

Moreton Bay, Australia. Mar Freshw Res 67:1918–1927. 

Hatje V, Apte SC, Hales LT, Birch GF (2003) Dissolved trace metal distributions in Port 

Jackson estuary (Sydney Harbour), Australia. Mar Pollut Bull 46:719–730. 

Hawkins AJ., Bayne B., Bougrier S, Héral M, Iglesias JI., Navarro E, Smith RF., Urrutia M. 

(1998) Some general relationships in comparing the feeding physiology of suspension-

feeding bivalve molluscs. J Exp Mar Bio Ecol 219:87–103. 

Haywood MDE, Vance DJ, Loneragan NR (1995) Seagrass and algal beds as nursery habitats 

for tiger prawns (Penaeus semisulcatus and P. esculentus) in a tropical Australian estuary. 

Mar Biol 122:213–223. 

Heffernan JB, Sponseller RA (2004) Nutrient mobilization and processing in Sonoran desert 

riparian soils following artificial re-wetting. Biogeochemistry 70:117–134. 

Henry F, Filipuci I, Billon G, Courcot L, Kerambrun E, Amara R (2012) Metal concentrations, 

growth and condition indices in European juvenile flounder (Platichthys flesus) relative to 

sediment contamination levels in four Eastern English Channel estuaries. J Environ Monit 

14:3211–3219. 

Hermand R, Salen-Picard C, Alliot E, Degiovanni C (2008) Macrofaunal density, biomass and 

composition of estuarine sediments and their relationship to the river plume of the Rhone 

River (NW Mediterranean). Estuar Coast Shelf Sci 79:367–376. 

Hewitt JE, Norkko J (2007) Incorporating temporal variability of stressors into studies: An 

example using suspension-feeding bivalves and elevated suspended sediment 

concentrations. J Exp Mar Bio Ecol 341:131–141. 

Hill BJ, Wassenberg TJ (1987) Feeding behaviour of adult tiger prawns, Penaeus esculentus, 

under laboratory conditions. Mar Freshw Res 38:183–190. 

Hilton RG, Galy A, Hovius N, Chen MC, Horng MJ, Chen HY (2008) Tropical-cyclone-driven 

erosion of the terrestrial biosphere from mountains. Nat Geosci 1:759–762. 

Hindarti D, Spickett JT, Evans LH (2000) Distribution of cadmium in the cockle (Katelysia 



143 
 

scalarina) in Princess Royal Harbour, Albany, Western Australia. Environ Toxicol 15:40–

47. 

Honeycutt ME, McFarland VA, McCant DD (1995) Comparison of three lipid extraction 

methods for fish. Bull Environ Contam Toxicol 55:469–472. 

Horowitz AJ, Elrick KA (1987) The relation of stream sediment surface area, grain size and 

composition to trace element chemistry. Appl Geochemistry 2:437–451. 

Hosomi M, Sudo R (1986) Simultaneous determination of total nitrogen and total phosphorus in 

freshwater samples using persulfate digestion. Int J Environ Stud 27:267–275. 

Howarth R, Chan F, Conley DJ, Garnier J, Doney SC, Marino R, Billen G (2011) Coupled 

biogeochemical cycles: Eutrophication and hypoxia in temperate estuaries and coastal 

marine ecosystems. In: Frontiers in Ecology and the Environment. p 18–26 

Howarth RW, Sharpley A, Walker D (2002) Sources of nutrient pollution to coastal waters in 

the United States: Implications for achieving coastal water quality goals. Estuaries 

25:656–676. 

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. Mar 

Freshw Res 69:859–873. 

HW (2018) Summary report of the flood event in the catchment of the Logan and Albert Rivers, 

January 2008. South East Queensland Healthy Waterways Partnership, Brisbane. 

Jara-Marini ME, Soto-Jiménez MF, Páez-Osuna F (2009) Trophic relationships and 

transference of cadmium, copper, lead and zinc in a subtropical coastal lagoon food web 

from SE Gulf of California. Chemosphere 77:1366–1373. 

Jardine TD, Pusey BJ, Hamilton SK, Pettit NE, Davies PM, Douglas MM, Sinnamon V, 

Halliday IA, Bunn SE (2012) Fish mediate high food web connectivity in the lower 

reaches of a tropical floodplain river. Oecologia 168:829–838. 

Jeffree RA, Warnau M, Teyssié JL, Markich SJ (2006) Comparison of the bioaccumulation 

from seawater and depuration of heavy metals and radionuclides in the spotted dogfish 

Scyliorhinus canicula (Chondrichthys) and the turbot Psetta maxima (Actinopterygii: 

Teleostei). Sci Total Environ 368:839–852. 

Jeffrey SW (1997) Spectrophotometric and fluorometric equations in common use in 

oceanography. Phytoplankt Pigment Oceanogr:597–615. 

Jenkins GP, Conron SD, Morison AK (2010) Highly variable recruitment in an estuarine fish is 



144 
 

determined by salinity stratification and freshwater flow: Implications of a changing 

climate. Mar Ecol Prog Ser 417:249–261. 

Jenkins GP, Spooner D, Conron S, Morrongiello JR (2015) Differing importance of salinity 

stratification and freshwater flow for the recruitment of apex species of estuarine fish. Mar 

Ecol Prog Ser 523:125–144. 

Jobbágy EG, Jackson RB (2001) The distribution of soil nutrients with depth: Global patterns 

and the imprint of plants. Biogeochemistry 53:51–77. 

Kadye WT, Booth AJ (2012) Integrating stomach content and stable isotope analyses to 

elucidate the feeding habits of non-native sharptooth catfish Clarias gariepinus. Biol 

Invasions 14:779–795. 

Kalman J, Smith BD, Bury NR, Rainbow PS (2014) Biodynamic modelling of the 

bioaccumulation of trace metals (Ag, As and Zn) by an infaunal estuarine invertebrate, the 

clam Scrobicularia plana. Aquat Toxicol 154:121–130. 

Karimaee Tabarestani M, Zarrati AR (2014) Sediment transport during flood event: a review. 

Int J Environ Sci Technol 12:775–788. 

Kaushal SS, Groffman PM, Band LE, Shields CA, Morgan RP, Palmer MA, Belt KT, Swan 

CM, Findlay SEG, Fisher GT (2008) Interaction between urbanization and climate 

variability amplifies watershed nitrate export in Maryland. Environ Sci Technol 42:5872–

5878. 

Kaushal SS, Pace ML, Groffman PM, Band LE, Belt KT, Mayer PM, Welty C (2010) Land use 

and climate variability amplify contaminant pulses. Eos (Washington DC) 91:221–222. 

Ke C, Wang W-X (2001) Bioaccumulation of Cd, Se, and Zn in an estuarine oyster 

(Crassostrea rivularis) and a coastal oyster (Saccostrea glomerata). Aquat Toxicol 56:33–

51. 

Kemp J, Olley JM, Ellison T, McMahon J (2015) River response to European settlement in the 

subtropical Brisbane River, Australia. Anthropocene 11:48–60. 

Kerambrun E, Henry F, Cornille V, Courcot L, Amara R (2013) A combined measurement of 

metal bioaccumulation and condition indices in juvenile European flounder, Platichthys 

flesus, from European estuaries. Chemosphere 91:498–505. 

Kerr JG, Burford M, Olley J, Udy J (2010) The effects of drying on phosphorus sorption and 

speciation in subtropical river sediments. Mar Freshw Res 61:928–935. 

Kerr JG, Burford MA, Olley JM, Bunn SE, Udy J (2011) Examining the link between terrestrial 



145 
 

and aquatic phosphorus speciation in a subtropical catchment: The role of selective erosion 

and transport of fine sediments during storm events. Water Res 45:3331–3340. 

Khosmanesh A, Lawson F, Prince IG (1996) Cadmium uptake by unicellular green microalgae. 

Chem Eng J Biochem Eng J 62:81–88. 

Kienzle M, Courtney AJ, O’Neill MF (2014) Environmental and fishing effects on the dynamics 

of brown tiger prawn (Penaeus esculentus) in Moreton Bay (Australia). Fish Res 155:138–

148. 

King CK, Dowse MC, Simpson SL, Jolley DF (2004) An Assessment of Five Australian 

Polychaetes and Bivalves for Use in Whole-Sediment Toxicity Tests: Toxicity and 

Accumulation of Copper and Zinc from Water and Sediment. Arch Environ Contam 

Toxicol 47:314–323. 

Kjelland ME, Woodley CM, Swannack TM, Smith DL (2015) A review of the potential effects 

of suspended sediment on fishes: potential dredging-related physiological, behavioral, and 

transgenerational implications. Environ Syst Decis 35:334–350. 

Knauer GA, Martin JH (1973) Seasonal Variations of Cadmium, Copper, Manganese, Lead, and 

Zinc in Water and Phytoplankton in Monterey Bay, California. Limnol Oceanogr 18:597–

604. 

Lee J-H, Birch GF, Cresswell T, Johansen MP, Adams MS, Simpson SL (2015) Dietary 

ingestion of fine sediments and microalgae represent the dominant route of exposure and 

metal accumulation for Sydney rock oyster (Saccostrea glomerata): A biokinetic model 

for zinc. Aquat Toxicol 167:46–54. 

Leigh C, Burford MA, Connolly RM, Olley JM, Saeck E, Sheldon F, Smart JCR, Bunn SE 

(2013) Science to Support Management of Receiving Waters in an Event-Driven 

Ecosystem: From Land to River to Sea. Water 5:780–797. 

Ley JA, Montague CL, Mclvor CC (1994) Food habits of mangrove fishes: a comparison along 

estuarine gradients in northeastern Florida Bay. Bull Mar Sci 54:881–899. 

Li Y, Zhang HB, Tu C, Fu CC, Xue Y, Luo YM (2016a) Sources and fate of organic carbon and 

nitrogen from land to ocean: Identified by coupling stable isotopes with C/N ratio. Estuar 

Coast Shelf Sci 181:114–122. 

Li YD, Zhou FL, Ma ZH, Huang JH, Jiang SG, Yang QB, Li T, Qin JG (2016b) Length-weight 

relationship and condition factor of giant tiger shrimp, Penaeus monodon (Fabricius, 1798) 

from four breeding families. Springerplus 5:1279. 



146 
 

Livingston RJ (2007) Phytoplankton bloom effects on a Gulf estuary: Water quality changes 

and biological response. Ecol Appl 17:S110–S128. 

Lockington JR, Albert S, Fisher PL, Gibbes BR, Maxwell PS, Grinham AR (2017) Dramatic 

increase in mud distribution across a large sub-tropical embayment, Moreton Bay, 

Australia. Mar Pollut Bull 116:491–497. 

Lohrer AM, Thrush SF, Lundquist CJ, Vopel K, Hewitt JE, Nicholls PE (2006) Deposition of 

terrigenous sediment on subtidal marine macrobenthos: Response of two contrasting 

community types. Mar Ecol Prog Ser 307:115–125. 

Loneragan NR, Bunn SE (1999) River flows and estuarine ecosystems: Implications for coastal 

fisheries from a review and a case study of the Logan River, southeast Queensland. 

Austral Ecol 24:431–440. 

Lopes-Lima M, Freitas S, Pereira L, Gouveia E, Hinzmann M, Checa A, Machado J (2012) 

Ionic regulation and shell mineralization in the bivalve Anodonta cygnea (swan mussel) 

following heavy-metal exposure. Can J Zool 90:267–283. 

Lowe ML, Morrison MA, Taylor RB (2015) Harmful effects of sediment-induced turbidity on 

juvenile fish in estuaries. Mar Ecol Prog Ser 539:241–254. 

Lowes AG, Southwell MR, Thoms MC (2008) Flood plain nutrient dynamics: Patterns, controls 

and the influence of changing hydrology. In: IAHS-AISH Publication, 325th ed. p 68–75 

Lozano G, Herraiz E, Hardisson A, Gutiérrez AJ, González-Weller D, Rubio C (2010) Heavy 

and trace metal concentrations in three rockpool shrimp species (Palaemon elegans, 

Palaemon adspersus and Palaemon serratus) from Tenerife (Canary Islands). Environ 

Monit Assess 168:451–460. 

MacIntyre HL, Lomas MW, Cornwell J, Suggett DJ, Gobler CJ, Koch EW, Kana TM (2004) 

Mediation of benthic-pelagic coupling by microphytobenthos: an energy- and material-

based model for initiation of blooms of Aureococcus anophagefferens. Harmful Algae 

3:403–437. 

Maher WA, DeVries M (1994) The release of phosphorus from oxygenated estuarine sediments. 

Chem Geol 112:91–104. 

Mallin MA, Posey MH, McIver MR, Parsons DC, Ensign SH, Alphin TD (2002) Impacts and 

recovery from multiple hurricanes in a Piedmont-coastal plain river system. Bioscience 

52:999–1010. 

Manzo S, De Luca Picione F, Rocco A, Carotenuto R, Maisto G (2010) Urban and agricultural 



147 
 

soil ecotoxicity and heavy metal contamination. Fresenius Environ Bull 19:1749–1755. 

Marais JFK (1982) The effects of river flooding on the fish populations of two eastern Cape 

estuaries. South African J Zool 17:96–104. 

Marsden I., Rainbow P. (2004) Does the accumulation of trace metals in crustaceans affect their 

ecology—the amphipod example? J Exp Mar Bio Ecol 300:373–408. 

Marshall HG, Burchardt L, Lacouture R (2005) A review of phytoplankton composition within 

Chesapeake Bay and its tidal estuaries. J Plankton Res 27:1083–1102. 

Martinetto P, Teichberg M, Valiela I (2006) Coupling of estuarine benthic and pelagic food 

webs to land-derived nitrogen sources in Waquoit Bay, Massachusetts, USA. Mar Ecol 

Prog Ser 307:37–48. 

Mathews T, Fisher NS, Jeffree RA, Teyssié JL (2008) Assimilation and retention of metals in 

teleost and elasmobranch fishes following dietary exposure. Mar Ecol Prog Ser 360:1–12. 

Mckee BA, Aller RC, Allison MA, Bianchi TS, Kineke GC (2004) Transport and 

transformation of dissolved and particulate materials on continental margins influenced by 

major rivers: benthic boundary layer and seabed processes. Cont Shelf Res 24:899–926. 

McKinley AC, Miskiewicz A, Taylor MD, Johnston EL (2011) Strong links between metal 

contamination, habitat modification and estuarine larval fish distributions. Environ Pollut 

159:1499–1509. 

Van De Merwe JP, Lee SY, Connolly RM, Pitt KA, Steven ADL (2016) Assessing temporal 

and spatial trends in estuarine nutrient dynamics using a multi-species stable isotope 

approach. Ecol Indic 67:338–345. 

Metian M, Bustamante P, Hedouin L, Oberhansli F, Warnau M (2009a) Delineation of heavy 

metal uptake pathways (seawater and food) in the variegated scallop Chlamys varia, using 

radiotracer techniques. Mar Ecol Prog Ser 375:161–171. 

Metian M, Hedouin L, Eltayeb MM, Lacoue-Labarthe T, Teyssie JL, Mugnier C, Bustamante P, 

Warnau M (2010) Metal and metalloid bioaccumulation in the Pacific blue shrimp 

Litopenaeus stylirostris (Stimpson) from New Caledonia: Laboratory and field studies. 

Mar Pollut Bull 61:576–584. 

Metian M, Warnau M, Hedouin L, Bustamante P (2009b) Bioaccumulation of essential metals 

(Co, Mn and Zn) in the king scallop Pecten maximus: seawater, food and sediment 

exposures. Mar Biol 156:2063–2075. 

Mitchell AW, Bramley RG V, Johnson AKL (1997) Export of nutrients and suspended sediment 



148 
 

during a cyclone-mediated flood event in the Herbert River catchment, Australia. Mar 

Freshw Res 48:79–88. 

Mojtahid M, Jorissen F, Lansard B, Fontanier C, Bombled B, Rabouille C (2009) Spatial 

distribution of live benthic foraminifera in the Rhône prodelta: Faunal response to a 

continental–marine organic matter gradient. Mar Micropaleontol 70:177–200. 

Monferrán M V., Garnero P, de los Angeles Bistoni M, Anbar AA, Gordon GW, Wunderlin DA 

(2016) From water to edible fish. Transfer of metals and metalloids in the San Roque 

Reservoir (Córdoba, Argentina). Implications associated with fish consumption. Ecol Indic 

63:48–60. 

Montagna P, Palmer TA, Pollack J (2012) Hydrological changes and estuarine dynamics. 

Springer Science & Business Media. 

Morelli G, Gasparon M (2015) Depositional variability of estuarine intertidal sediments and 

implications for metal distribution: An example from Moreton Bay (Australia). Cont Shelf 

Res 108:41–54. 

Morin J, Morse JW (1999) Ammonium release from resuspended sediments in the Laguna 

Madre estuary. Mar Chem 65:97–110. 

Moses BS (2001) The influence of hydroregime on catch, abundance and recruitment of the 

catfish, Chrysichthys nigrodigitatus (Bagridae) and the bonga, Ethmalosa fimbriata 

(Clupeidae) of southeastern Nigeria’s inshore waters. Environ Biol Fishes 61:99–109. 

Moss A, Constanza S (1998) Levels of heavy metals in the sediments of Queensland rivers, 

estuaries and coastal waters, Environment technical report No . 20, Department of 

Environment [North Quay, QLD]. 

Munro ISR (1968) The prawn, its habitat and life. The life of the banana prawn. Predicting 

when to catch banana prawns. Aust Fish Newsl 27:25–28. 

Munroe S, Fry B, Olley J (2018) Underutilized biogeochemical tracers distinguish invertebrate 

populations in a complex river system. Limnol Oceanogr Methods 16:444–458. 

Murrell MC, Hagy JD, Lores EM, Greene RM (2007) Phytoplankton production and nutrient 

distributions in a subtropical estuary: Importance of freshwater flow. Estuaries and Coasts 

30:390–402. 

National Research Council (2005) Mineral Tolerance of Animals: Second Revised Edition. The 

National Academies Press, Washington, DC. 

Navarro JM, Leiva GE, Martinez G, Aguilera C (2000) Interactive effects of diet and 



149 
 

temperature on the scope for growth of the scallop Argopecten purpuratus during 

reproductive conditioning. J Exp Mar Bio Ecol 247:67–83. 

Newcombe CP, Jensen JOT (1996) Channel suspended sediment and fisheries: A synthesis for 

quantitative assessment of risk and impact. North Am J Fish Manag 16:693–727. 

Newham MJ, Fellows CS, Sheldon F (2011) Functions of riparian forest in urban catchments: A 

case study from sub-tropical Brisbane, Australia. Urban Ecosyst 14:165–180. 

Nixon SW (1995) Coastal marine eutrophication: A definition, social causes, and future 

concerns. Ophelia 41:199–219. 

Nixon SW (2003) Replacing the Nile: Are anthropogenic nutrients providing the fertility once 

brought to the Mediterranean by a great river? Ambio 32:30–39. 

Nodo P, James NC, Childs A-R, Nakin MD V. (2018) Response of demersal fish assemblages 

to an extreme flood event in a freshwater-deprived estuary in South Africa. Mar Freshw 

Res 69:253. 

Norkko J, Hewitt JE, Thrush SF (2006) Effects of increased sedimentation on the physiology of 

two estuarine soft-sediment bivalves, Austrovenus stutchburyi and Paphies australis. J 

Exp Mar Bio Ecol 333:12–26. 

Nunez-Nogueira G, Rainbow PS (2005) Kinetics of zinc uptake from solution, accumulation 

and excretion by the decapod crustacean Penaeus indicus. Mar Biol 147:93–103. 

Nunez-Nogueira G, Rainbow PS, Smith BD (2006) Assimilation efficiency of zinc and 

cadmium in the decapod crustacean Penaeus indicus. J Exp Mar Bio Ecol 332:75–83. 

O’Brien CJ (1994) Population dynamics of juvenile tiger prawns Penaeus esculentus in south 

Queensland, Australia. Mar Ecol Prog Ser 104:247. 

O’Connor C (1979) Reproductive periodicity of a Penaeus esculentus population near Low 

Islets, Queensland, Australia. Aquaculture 16:153–162. 

O’Connor JM, Ne umann DA, Sherk JA (1976) Lethal effects of suspended sediments on 

estuarine fish. Maryl Univ Solomons Nat Resour Inst. 

O’Mara K, Adams M, Burford MA, Fry B, Cresswell T (2019a) Uptake and accumulation of 

cadmium, manganese and zinc by fisheries species: Trophic differences in sensitivity to 

environmental metal accumulation. Sci Total Environ 690:867–877. 

O’Mara K, Miskiewicz A, Wong MYL (2017) Estuarine characteristics, water quality and 

heavy metal contamination as determinants of fish species composition in intermittently 



150 
 

open estuaries. Mar Freshw Res 68:941–953. 

O’Mara K, Olley JM, Fry B, Burford M (2019b) Catchment soils supply ammonium to the 

coastal zone - Flood impacts on nutrient flux in estuaries. Sci Total Environ 654:583–592. 

Officer C, Smayda T, Mann R (1982) Benthic Filter Feeding: A Natural Eutrophication Control. 

Mar Ecol Prog Ser 9:203–210. 

Ofukany AFA, Wassenaar LI, Bond AL, Hobson KA (2014) Defining fish community structure 

in Lake Winnipeg using stable isotopes (δ13C, δ15N, δ34S): Implications for monitoring 

ecological responses and trophodynamics of mercury & other trace elements. Sci Total 

Environ 497:239–249. 

Olds AD, Pitt KA, Maxwell PS, Babcock RC, Rissik D, Connolly RM (2014) Marine reserves 

help coastal ecosystems cope with extreme weather. Glob Chang Biol 20:3050–3058. 

Oliver MD, MacDiarmid AB (2001) Blood refractive index and ratio of weight to carapace 

length as indices of nutritional condition in juvenile rock lobsters (Jasus edwardsii). Mar 

Freshw Res 52:1395–1400. 

Olley J, Burton J, Hermoso V, Smolders K, Mcmahon J, Thomson B, Watkinson A (2015) 

Remnant riparian vegetation, sediment and nutrient loads, and river rehabilitation in 

subtropical Australia. Hydrol Process 29:2290–2300. 

Overland H, Kleeberg HB (1991) Influence of land use change on discharge and sediment 

transport of floods. In: IAHS Publication (International Association of Hydrological 

Sciences), 203rd ed. p 83–92 

Painting SJ, Devlin MJ, Malcolm SJ, Parker ER, Mills DK, Mills C, Tett P, Wither A, Burt J, 

Jones R, Winpenny K (2007) Assessing the impact of nutrient enrichment in estuaries: 

Susceptibility to eutrophication. Mar Pollut Bull 55:74–90. 

Pan K, Wang W-X (2012) Trace metal contamination in estuarine and coastal environments in 

China. Sci Total Environ 421–422:3–16. 

Pan K, Wang W-X (2008a) Validation of Biokinetic Model of Metals in the Scallop  Chlamys 

nobilis  in Complex Field Environments. Environ Sci Technol 42:6285–6290. 

Pan K, Wang WX (2008b) Allometry of cadmium and zinc concentrations and bioaccumulation 

in the scallop Chlamys nobilis. Mar Ecol Prog Ser 365:115–126. 

Pant HK, Reddy KR (2001) Phosphorus sorption characteristics of estuarine sediments under 

different redox conditions. J Environ Qual 30:1474–1480. 



151 
 

Papiri S, Ciaponi C, Capodaglio A, Collivignarelli C, Bertanza G, Swartling F, Crow M, 

Fantozzi M, Valcher P (2003) Field monitoring and evaluation of innovative solutions for 

cleaning storm water runoff. Water Sci Technol 47:327–334. 

Patricio J, Magalhaes Neto J, Teixeira H, Salas F, Carlos Marques J (2009) The robustness of 

ecological indicators to detect long-term changes in the macrobenthos of estuarine 

systems. Mar Environ Res 68:25–36. 

Peer N, Carrasco NK, Perissinotto R, du Plooy SJ (2013) Flood effects on trophic linkages of 

selected fish species in the littoral zone of the St Lucia estuarine system, South Africa. 

African J Aquat Sci 38:341–347. 

Peterson BJ, Fry B (1987) Stable Isotopes in Ecosystem Studies. Annu Rev Ecol Syst 18:293–

320. 

Pollack JB, Kim H-C, Morgan EK, Montagna PA (2011) Role of Flood Disturbance in Natural 

Oyster (Crassostrea virginica) Population Maintenance in an Estuary in South Texas, 

USA. Estuaries and Coasts 34:187–197. 

Porder S, Ramachandran S (2013) The phosphorus concentration of common rocks-a potential 

driver of ecosystem P status. Plant Soil 367:41–55. 

Pouil S, Teyssie JL, Rouleau C, Fowler SW, Metian M, Bustamante P, Warnau M (2017) 

Comparative study of trophic transfer of the essential metals Co and Zn in two tropical 

fish: A radiotracer approach. J Exp Mar Bio Ecol 486:42–51. 

Preen AR, Lee Long WJ, Coles RG (1995) Flood and cyclone related loss, and partial recovery, 

of more than 1000 km2 of seagrass in Hervey Bay, Queensland, Australia. Aquat Bot 

52:3–17. 

Quiñones RA, Montes RM (2001) Relationship between freshwater input to the coastal zone 

and the historical landings of the benthic/demersal fish Eleginops maclovinus in central-

south Chile. Fish Oceanogr 10:311–328. 

Rabeni CF (1997) Sediment in Streams: Sources, Biological Effects, and Control. Trans Am 

Fish Soc 126:1048–1051. 

Rainbow P, Wang W (2001) Comparative assimilation of Cd, Cr, Se, and Zn by the barnacle 

Elminius modestus from phytoplankton and zooplankton diets. Mar Ecol Prog Ser 

218:239–248. 

Rainbow PS (1995) Biomonitoring of heavy metal availability in the marine environment. Mar 

Pollut Bull 31:183–192. 



152 
 

Rainbow PS (2007) Trace metal bioaccumulation: Models, metabolic availability and toxicity. 

Environ Int 33:576–582. 

Rainbow PS, Luoma SN, Wang WX (2011) Trophically available metal - A variable feast. 

Environ Pollut 159:2347–2349. 

Rainbow PS, Phillips DJH, Depledge MH (1990) The significance of trace metal concentrations 

in marine invertebrates: a need for laboratory investigation of accumulation strategies. Mar 

Pollut Bull 21:321–324. 

Rainbow PS, Poirier L, Smith BD, Brix K V, Luoma SN (2006) Trophic transfer of trace 

metals: subcellular compartmetalization by a polychaete and assimilation by a decapod 

crustacean. Mar Ecol Prog Ser 308:91–100. 

Ramos S, Amorim E, Elliott M, Cabral H, Bordalo AA (2012) Early life stages of fishes as 

indicators of estuarine ecosystem health. Ecol Indic 19:172–183. 

Rao MS, Anjaneyulu N (2008) Effect of copper sulfate on molt and reproduction in shrimp 

Litopenaeus vannamei. Int J Biol Chem 2:35–41. 

Ravera O, Cenci R, Beone GM, Dantas M, Lodigiani P (2003) Trace element concentrations in 

freshwater mussels and macrophytes as related to those in their environment. J Limnol 

62:61–70. 

Reinfelder JR, Fisher NS (1994) Retention of elements absorbed by juvenile fish (Menidia 

menidia, Menidia beryllina) from zooplankton prey. Limnol Oceanogr 39:1783–1789. 

Reinfelder JR, Fisher NS, Luoma SN, Nichols JW, Wang W-X (1998) Trace element trophic 

transfer in aquatic organisms: A critique of the kinetic model approach. Sci Total Environ 

219:117–135. 

Rhodes EG (1982) Depositional model for a chenier plain, Gulf of Carpentaria, Australia. 

Sedimentology 29:201–221. 

Richardson D, Hiles B (2015) Port of Brisbane - Water Quality Monitoring Report 2014, BMT 

WBM Consulting Pty Ltd. Available at https://www.portbris.com.au/getmedia/adac3ce9-

8075-447e-b573-6e7ae4050aed/2015-01-27-Final-Water-Quality-Monitoring-Report-

RB2025901102WQ-2014.pdf. 

Richter H, Lückstädt C, Ulfert, Focken L, Becker K (2000) An improved procedure to assess 

fish condition on the basis of lenth-weight relationships. Arch Fish Mar Res 48:255–264. 

Robins J, Mayer D, Staunton-Smith J, Halliday I, Sawynok B, Sellin M (2006) Variable growth 

rates of the tropical estuarine fish barramundi Lates calcarifer (Bloch) under different 



153 
 

freshwater flow conditions. J Fish Biol 69:379–391. 

Roden EE, Edmonds JW (1997) Phosphate mobilization in iron-rich anaerobic sediments: 

Microbial Fe(III) oxide reduction versus iron-sulfide formation. Arch Fur Hydrobiol 

139:347–378. 

Roelfsema CM, Phinn SR, Udy N, Maxwell P (2009) An integrated field and remote sensing 

approach for mapping seagrass cover, moreton bay, Australia. J Spat Sci 54:45–62. 

Roméo M, Siau Y, Sidoumou Z, Gnassia-Barelli M (1999) Heavy metal distribution in different 

fish species from the Mauritania coast. Sci Total Environ 232:169–175. 

Saeck EA, Hadwen WL, Rissik D, O’Brien KR, Burford MA (2013) Flow events drive patterns 

of phytoplankton distribution along a river-estuary-bay continuum. Mar Freshw Res 

64:655–670. 

Saeck EA, O’Brien KR, Burford MA (2016) Nitrogen response of natural phytoplankton 

communities: a new indicator based on photosynthetic efficiency F-v/F-m. Mar Ecol Prog 

Ser 552:81–92. 

Safran P (1992) Theoretical analysis of the weight-length relationship in fish juveniles. Mar 

Biol 112:545–551. 

Salen-Picard C, Darnaude AM, Arlhac D, Harmelin-Vivien ML (2002) Fluctuations of 

macrobenthic populations: A link between climate-driven river run-off and sole fishery 

yields in the Gulf of Lions. Oecologia 133:380–388. 

Sapozhnikova Y, Bawardi O, Schlenk D (2004) Pesticides and PCBs in sediments and fish from 

the Salton Sea, California, USA. Chemosphere 55:797–809. 

Saxton NE, Olley JM, Smith S, Ward DP, Rose CW (2012) Gully erosion in sub-tropical south-

east Queensland, Australia. Geomorphology 173–174:80–87. 

Schiedek D, Sundelin B, Readman JW, Macdonald RW (2007) Interactions between climate 

change and contaminants. Mar Pollut Bull 54:1845–1856. 

Schlacher TA, Liddell B, Gaston TF, Schlacher-Hoenlinger M (2005) Fish track wastewater 

pollution to estuaries. Oecologia 144:570–584. 

Schleuter D, Eckmann R (2008) Generalist versus specialist: The performances of perch and 

ruffe in a lake of low productivity. Ecol Freshw Fish 17:86–99. 

Schönbrunner IM, Preiner S, Hein T (2012) Impact of drying and re-flooding of sediment on 

phosphorus dynamics of river-floodplain systems. Sci Total Environ 432:329–337. 



154 
 

Seebaugh DR, Wallace WG (2009) Assimilation and subcellular partitioning of elements by 

grass shrimp collected along an impact gradient. Aquat Toxicol 93:107–115. 

Shiau SY, Jiang LC (2006) Dietary zinc requirements of grass shrimp, Penaeus monodon, and 

effects on immune responses. Aquaculture 254:476–482. 

Sinkko H, Lukkari K, Sihvonen LM, Sivonen K, Leivuori M, Rantanen M, Paulin L, Lyra C 

(2013) Bacteria Contribute to Sediment Nutrient Release and Reflect Progressed 

Eutrophication-Driven Hypoxia in an Organic-Rich Continental Sea. PLoS One 8:e67061. 

Slattery MC, Burt TP (1997) Particle size characteristics of suspended sediment in hillslope 

runoff and stream flow. Earth Surf Process Landforms 22:705–719. 

Smith S V., Chambers RM, Hollibaugh JT (1996) Dissolved and particulate nutrient transport 

through a coastal watershed—estuary system. J Hydrol 176:181–203. 

Sogard SM (1997) Size-selective mortality in the juvenile stage of teleost fishes: a review. Bull 

Mar Sci 60:1129–1157. 

Sommer TR, Harrell WC, Feyrer F (2014) Large-bodied fish migration and residency in a flood 

basin of the Sacramento River, California, USA. Ecol Freshw Fish 23:414–423. 

Soto DX, Benito J, Gacia E, García-Berthou E, Catalan J (2016) Trace metal accumulation as 

complementary dietary information for the isotopic analysis of complex food webs. 

Methods Ecol Evol 7:910–918. 

Souza IC, Duarte ID, Pimentel NQ, Rocha LD, Morozesk M, Bonomo MM, Azevedo VC, 

Pereira CDS, Monferran M V, Milanez CRD, Matsumoto ST, Wunderlin DA, Fernandes 

MN (2013) Matching metal pollution with bioavailability, bioaccumulation and 

biomarkers response in fish (Centropomus parallelus) resident in neotropical estuaries. 

Environ Pollut 180:136–144. 

Staples DJ (1983) Environmental monitoring: climate of Karumba and hydrology of the 

Norman River estuary, south-east Gulf of Carpentaria. CSIRO Marine Laboratories. 

Stevens A, Revill A, Carlin G, McLaughlin J, Chotikarn P, Fry G, Moeseneder C, Franklin H 

(2014) Distribution, volume and impact of sediment deposited by 2011 and 2013 floods on 

marine and estuarine habitats in Moreton Bay. Final Rep Heal Waterw Ltd:72. 

Strickland JDH, Parsons TR (1972) A practical handbook of seawater analysis. 

Suchet PA, Probst JL (1993) Modelling of atmospheric CO2 consumption by chemical 

weathering of rocks: application to the Garonne, Congo and Amazon basins. Chem Geol 

107:205–210. 



155 
 

Sumpton W, Greenwood J (1990) Pre- and post-flood feeding ecology of four species of 

juvenile fish from the logan-albert estuarine system, moreton bay, queensland. Mar 

Freshw Res 41:795–806. 

Taylor MD, Moltschaniwskyj NA, Crompton MJ, Dunstan RH (2019) Environmentally Driven 

Changes in Fatty Acid Profiles of a Commercially Important Penaeid Prawn. Estuaries and 

Coasts 42:528–536. 

TERN (2014) Improving understanding of extreme coastal events. 

https://www.tern.org.au/Newsletter-2014-Jan-ACEF-Floods-King-Tides-pg27754.html 

(accessed 22 August 2019) 

Thompson B, Adelsbach T, Brown C, Hunt J, Kuwabara J, Neale J, Ohlendorf H, Schwarzbach 

S, Spies R, Taberski K (2007) Biological effects of anthropogenic contaminants in the San 

Francisco Estuary. Environ Res 105:156–174. 

Tolan JM (2008) Larval fish assemblage response to freshwater inflows: A synthesis of five 

years of ichthyoplankton monitoring within Nueces bay, Texas. Bull Mar Sci 82:275–296. 

Toplis MJ, Libourel G, Carroll MR (1994) The role of phosphorus in crystallisation processes 

of basalt: An experimental study. Geochim Cosmochim Acta 58:797–810. 

Twining J, Creighton N, Hollins S, Szymczak R (2008) Probabilistic risk assessment and risk 

mapping of sediment metals in Sydney Harbour embayments. Hum Ecol Risk Assess 

14:1202–1225. 

Tyagi AP, Saxena R (1979) Zoological evidence to the origin of flood-waters and their role in 

vector distribution. Hydrobiologia 66:275–277. 

Uncles RJ (2003) From catchment to coastal zone: examples of the application of models to 

some long-term problems. Sci Total Environ 314:567–588. 

Valiela I, McClelland J, Hauxwell J, Behr PJ, Hersh D, Foreman K (1997) Macroalgal blooms 

in shallow estuaries: Controls and ecophysiological and ecosystem consequences. Limnol 

Oceanogr 42:1105–1118. 

Vasconcelos RP, Reis-Santos P, Fonseca V, Maia A, Ruano M, França S, Vinagre C, Costa MJ, 

Cabral H (2007) Assessing anthropogenic pressures on estuarine fish nurseries along the 

Portuguese coast: A multi-metric index and conceptual approach. Sci Total Environ 

374:199–215. 

Vinagre C, Salgado J, Cabral HN, Costa MJ (2011) Food Web Structure and Habitat 

Connectivity in Fish Estuarine Nurseries-Impact of River Flow. Estuaries and Coasts 



156 
 

34:663–674. 

Vinson MD, Arvidson RS, Luttge A (2007) Kinetic inhibition of calcite (1 0 4) dissolution by 

aqueous manganese(II). J Cryst Growth 307:116–125. 

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in the sea: How can it 

occur? Biogeochemistry 13:87–115. 

Voigt HR (2007) Heavy metal (Hg, Cd, Zn) concentrations and condition of eelpout (Zoarces 

viviparus L.), around Baltic Sea. Polish J Environ Stud 16:909–917. 

Wallace WG, Luoma SN (2003) Subcellular compartmentalization of Cd and Zn in two 

bivalves. II. Significance of trophically available metal (TAM). Mar Ecol Prog Ser 

257:125–137. 

Wallbrink PJ (2004) Quantifying the erosion processes and land-uses which dominate fine 

sediment supply to Moreton Bay, Southeast Queensland, Australia. J Environ Radioact 

76:67–80. 

Wang W-X, Fisher NS (1999) Delineating metal accumulation pathways for marine 

invertebrates. Sci Total Environ 237–238:459–472. 

Wang WX (2002) Interactions of trace metals and different marine food chains. Mar Ecol Prog 

Ser 243:295–309. 

Wang WX, Ke C (2002) Dominance of dietary intake of cadmium and zinc by two marine 

predatory gastropods. Aquat Toxicol 56:153–165. 

Wang WX, Onsanit S, Dang F (2012) Dietary bioavailability of cadmium, inorganic mercury, 

and zinc to a marine fish: Effects of food composition and type. Aquaculture 356–357:98–

104. 

Warrick JA, Washburn L, Brzezinski MA, Siegel DA (2005) Nutrient contributions to the Santa 

Barbara Channel, California, from the ephemeral Santa Clara River. Estuar Coast Shelf Sci 

62:559–574. 

Warry FY, Reich P, Cook PLM, Mac Nally R, Thomson JR, Woodland RJ (2016) Nitrogen 

loads influence trophic organization of estuarine fish assemblages. Funct Ecol 30:1723–

1733. 

Wassenberg TJ, Hill BJ (1993) Diet and feeding behaviour of juvenile and adult banana prawns 

Penaeus merguiensis in the Gulf of Carpentaria, Australia. Mar Ecol Prog Ser 94:287. 

Wassenberg TJ, Hill BJ (1987) Natural diet of the tiger prawns Penaeus esculentus  and P. 



157 
 

semisulcatus . Mar Freshw Res 38:169–182. 

Weeks JM, Rainbow PS (1994) Interspecific comparisons of relative assimilation efficiencies 

for zinc and cadmium in an ecological series of talitrid amphipods (Crustacea). Oecologia 

97:228–235. 

Weis JS, Smith GM, Zhou T (1999) Altered predator prey behavior in polluted environments: 

implications for fish conservation. Environ Biol Fishes 55:43–51. 

Wen CKC, Bonin MC, Harrison HB, Williamson DH, Jones GP (2016) Dietary shift in juvenile 

coral trout (Plectropomus maculatus) following coral reef degradation from a flood plume 

disturbance. Coral Reefs 35:451–455. 

Weston NB, Giblin AE, Banta GT, Hopkinson CS, Tucker J (2010) The effects of varying 

salinity on ammonium exchange in estuarine sediments of the Parker River, 

Massachusetts. Estuaries and Coasts 33:985–1003. 

Wetz MS, Hutchinson EA, Lunetta RS, Paerl HW, Taylor JC (2011) Severe droughts reduce 

estuarine primary productivity with cascading effects on higher trophic levels. Limnol 

Oceanogr 56:627–638. 

Wetz MS, Yoskowitz DW (2013) An ‘extreme’ future for estuaries? Effects of extreme climatic 

events on estuarine water quality and ecology. Mar Pollut Bull 69:7–18. 

White SL, Rainbow PS (1984) Zinc flux in Palaemon elegans (Crustacea: Decapoda): 

Moulting, individual variation and tissue distribution. Mar Ecol Prog Ser Oldend 19:153–

166. 

Whitfield AK (1986) Fish community structure response to major habitat changes within the 

littoral zone of an estuarine coastal lake. Environ Biol Fishes 17:41–51. 

Whitfield AK (2005) Fishes and freshwater in southern African estuaries – A review. Aquat 

Living Resour 18:275–289. 

Whitfield AK, Harrison TD (2003) River flow and fish abundance in a South African estuary. J 

Fish Biol 62:1467–1472. 

Whyte JNC, Englar JR, Carswell BL, Medic KE (1986) Influence of starvation and subsequent 

feeding on body composition and energy reserves in the prawn Pandalus platyceros . Can 

J Fish Aquat Sci 43:1142–1148. 

Wilber DH, Clarke DG (2001) Biological effects of suspended sediments: A review of 

suspended sediment impacts on fish and shellfish with relation to dredging activities in 

estuaries. North Am J Fish Manag 21:855–875. 



158 
 

Williams J, Hindell JS, Jenkins GP, Tracey S, Hartmann K, Swearer SE (2017) The influence of 

freshwater flows on two estuarine resident fish species show differential sensitivity to the 

impacts of drought, flood and climate change. Environ Biol Fishes 100:1121–1137. 

Wolanski E (1993) Water circulation in the Gulf of Carpentaria. J Mar Syst 4:401–420. 

Wolanski E, Spagnol S (2000) Environmental degradation by mud in tropical estuaries. Reg 

Environ Chang 1:152–162. 

Wong CK, Pak IAP, Jiang Liu X (2013) Gill damage to juvenile orange-spotted grouper 

Epinephelus coioides (Hamilton, 1822) following exposure to suspended sediments. 

Aquac Res 44:1685–1695. 

Woodland RJ, Secor DH (2013) Benthic‐pelagic coupling in a temperate inner continental shelf 

fish assemblage. Limnol Oceanogr 58:966–976. 

Worrall F, Davies H, Burt T, Howden NJK, Whelan MJ, Bhogal A, Lilly A (2012) The flux of 

dissolved nitrogen from the UK - Evaluating the role of soils and land use. Sci Total 

Environ 434:90–100. 

WQG (2017) Australian and New Zealand Guidelines for freshwater and marine water quality, 

Guidelines for the protection of aquatic ecosystems, Default guideline values for toxicants, 

Manganese – marine water. 

Wright DA, Welbourn PM (1994) Cadmium in the aquatic environment: a review of ecological, 

physiological, and toxicological effects on biota. Environ Rev 2:187–214. 

Wright JJ (2009) Diversity, phylogenetic distribution, and origins of venomous catfishes. BMC 

Evol Biol 9:282. 

Wright LD (1982) Deltas. In: Beaches and Coastal Geology. Encyclopedia of Earth Science. 

Springer, Boston, MA. Springer US, Boston, MA, p 358–369 

Xian G, Crane M, Su J (2007) An analysis of urban development and its environmental impact 

on the Tampa Bay watershed. J Environ Manage 85:965–976. 

Xu Y, Wang WX (2002) Exposure and potential food chain transfer factor of Cd, Se and Zn in 

marine fish Lutjanus argentimaculatus. Mar Ecol Prog Ser 238:173–186. 

Yu Y-Y, Chen S-J, Chen M, Tian L-X, Niu J, Liu Y-J, Xu D-H (2015) Effect of cadmium-

polluted diet on growth, salinity stress, hepatotoxicity of juvenile Pacific white shrimp 

(Litopenaeus vannamei): Protective effect of Zn(II)-curcumin. Ecotoxicol Environ Saf 

125:176–183. 



159 
 

Zessner M, Postolache C, Clement A, Kovacs A, Strauss P (2005) Considerations on the 

influence of extreme events on the phosphorus transport from river catchments to the sea. 

Water Sci Technol 51:193–204. 

Zhang L, Wang W-X (2006) Significance of subcellular metal distribution in prey in 

influencing the trophic transfer of metals in a marine fish. Limnol Oceanogr 51:2008–

2017. 

Zhang W, Huang L, Wang WX (2011) Arsenic bioaccumulation in a marine juvenile fish 

Terapon jarbua. Aquat Toxicol 105:582–588. 

Zhuang SH, Wang ZQ (2004) Influence of size, habitat and food concentration on the feeding 

ecology of the bivalve, Meretrix meretrix Linnaeus. Aquaculture 241:689–699. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



160 
 

Supporting Information 

S1. Supporting information for Chapter 2 
 

 

Figure S1.1. Mean (±SD) dissolved nutrient release rates (from top left: ammonium (NHx), 

nitrite + nitrate (NO₂⁻ + NO₃⁻), phosphate (PO₄³⁻), dissolved organic nitrogen (DON), 

dissolved organic phosphorus (DOP), dissolved organic carbon (DOC), expressed as µg g⁻¹ 

sediment h⁻¹) for each soil type in the first hour of exposure to freshwater. GT = Granite 

Topsoil, GS = Granite Subsoil, BT = Basalt Topsoil, ST = Sandstone Topsoil, SS = Sandstone 

Subsoil. Error bars represent standard deviation. 
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Figure S1.2. Mean (±SD) dissolved nutrient release rates (from left: ammonium (NHx), nitrite + 

nitrate (NO₂⁻ + NO₃⁻), dissolved organic nitrogen (DON), phosphate (PO₄³⁻), dissolved 

organic phosphorus (DOP), expressed as µg g⁻¹ sediment h⁻¹) for each soil type in the first hour 

of exposure to saltwater. GT = Granite Topsoil, GS = Granite Subsoil, BT = Basalt Topsoil, ST 

= Sandstone Topsoil, SS = Sandstone Subsoil. Error bars represent standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 
 

S2. Supporting information for Chapter 3 
S2.1 Animal housing conditions 

Clams and prawns were maintained in 1.125L polypropylene containers (Décor, 

Tellfresh) during exposures and fish were maintained in 1.125L polypropylene 

containers during dissolved and sediment exposures, and 3.5L polypropylene containers 

(Décor, Tellfresh) during dietary exposures. All exposure and housing containers were 

detergent and acid (acetic) washed followed by rinsing in DI water prior to use.  

Exposure and housing containers were aerated with submerged silicone tubing. All 

organisms were introduced into exposure containers 3 d before starting exposures to 

allow them to acclimate. Average background dissolved metal concentrations of the 

seawater used for animal housing and treatments (collected at Oak Park, Cronulla, 

NSW, Australia) were determined by ICP-MS after filtration (<0.45 µm) and 

acidification (0.2% HNO3) and are given in Table S2.1. 

Aside from those in dietary exposures, clams were fed a mixture of cultured green 

microalgae (planktonic green alga, Tetraselmis sp.) and brown microalgae (benthic 

diatom, Entomoneis cf. punctalata) (0.5 mL of each daily at cell density 1.21x10⁷ cells 

mL-1). Prawns and fish were fed a mixture of Ocean Nutrition Marine Mix frozen food 

(containing shellfish, mysis shrimp and brine shrimp) and artificial pellets (Spectrum 

Marine 1mm pellet, New Life). Organisms used in dietary exposures were fed non-

active versions of the same food to be used in the exposure for at least 3 d prior to being 

offered active food. 

Table S2.1. Metal elemental composition (determined by ICPMS, expressed in µg L-1) of filtered 

(0.45µm) seawater used throughout the experiment. 

As Cd Co Cu Mn Ni Pb Se V Zn 

<10 <5 <5 <5 <5 <5 <5 <10 <25 <5 - 42 

 

S2.2 Dissolved Exposures 

A mixture of active (radioactive) radioisotopes 109Cd, 54Mn and 65Zn and their 

respective stable metal (i.e. non-radioactive carrier metal) isotopes were added to 

filtered seawater to prepare exposure concentrations of 0.7, 20 and 15 µg L-1.  

Seventeen litres of dissolved treatment solution was prepared for distribution into 17 x 1 

L portions in 1.125 L polypropylene containers. Five clams, seven prawns and five fish 
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were introduced into the exposure solution containers after 3 d of acclimation to the 

containers, and were exposed for 7 d while exposure solution was replenished every 

second day. Following this exposure period, all organisms were rinsed and placed in 

clean containers with clean seawater for depuration. A larger number of prawns was 

chosen so that uptake and depuration patterns related to moulting could be examined 

with replication as moulting has been shown to influence the accumulation kinetics of 

Cd and Zn (Cresswell et al. 2015).  

 

Clams were rinsed and radioanalyzed three times on the first day of exposure and then 

daily for 20 d (Supporting Information S2.7). Since it is possible for some of the 

dissolved metals to be adsorbed to the shell of the clams, some of the clams were 

dissected and radioanalyzed by body parts at the completion of the exposure. Although 

prawns and fish showed little to no uptake from the dissolved phase, the uptake and 

depuration of prawns varied between prawns that moulted during exposure and those 

that didn’t, and were therefore radioanalyzed daily for 21 d (7 d of exposure and 14 d of 

depuration). This was sufficient time as the slope of depuration remained constant after 

2 d for clams and 5-7 d depuration for prawns. Uptake from solution by fish was very 

low, with large detector uncertainty due to low activity. Therefore, the metal 

concentration in the fish exposure solution was increased to 36, 850 and 43 µg L-1 of 

Cd, Mn and Zn respectively after 4 d of exposure, by adding more stable metal to the 

solution. This addition increased the concentrations from 95-99 % species protection to 

the 80 % species protection level (ANZG 2018). After 3 d of no significant uptake 

following concentration increase, the fish were no longer radioanalyzed as detector 

uncertainty was too high (>5% propagated counting error) for confidence in readings.  

 

S2.3 Sediment radiolabelling and pulse-chase method 

In a 50 mL polypropylene centrifuge tube, 1g of wet sediment was radiolabelled with an 

aliquot of 109Cd, 54Mn and 65Zn, with stable stocks of Mn and Zn added to make up to 

sediment metal concentrations of 2.5, 160 and 160 mg/kg of Cd, Mn and Zn 

respectively, and made up to 50 mL using filtered seawater. A 1 mL sub-sample of the 

active solution was collected using a 10 mL plastic syringe and filtered through a 0.45 

µm filter into a 20 mL scintillation vial and made up to 10 mL using filtered clean 

seawater to determine initial dissolved gamma activity. The 50 mL sediment slurry tube 

was shaken for 3 d using an automatic shaker, with filtered 1 mL subsamples (made up 
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to 10 mL in a 20 mL scintillation vial) taken and analyzed daily to determine how much 

activity was lost from solution and therefore absorbed to the sediment. After 3 d, there 

was less than 7, 3 and 4 % of Cd, Mn and Zn activity remaining in solution, 

respectively. The slurry tube was then left to settle and the solution decanted to waste. 

The remaining sediment pellet was rinsed with clean seawater by making the volume up 

to 50 mL and shaking the tube using a vortex mixer for 20 s before centrifuging at 2500 

rpm for 4 min, decanting and repeating. A filtered 10 mL subsample was taken after 

each rinse before decanting and analyzed for activity coming off into solution. Loss of 

tracers was insignificant by the third rinse. The slurry was made up to 50 mL again 

using clean filtered seawater and shaken. 

 

Radiolabelled sediment slurry (5 mL) was added to five separate 1.125 L polypropylene 

containers holding one clam in 1 L of water per container (with the clam housed in a 

polypropylene basket inside the container), so that suspended sediment concentration 

was approx. 100 mg L⁻¹. This suspended sediment concentration is often found in 

estuaries following heavy rainfall and flooding (Bainbridge et al. 2012), and studies 

have shown that clam filtering rate is unlikely to be affected until suspended sediment 

concentrations of 400 mg L⁻¹ or above (Hewitt & Norkko 2007). Magnetic stirrers were 

used in each container under the polypropylene baskets to keep most of the sediment in 

suspension during the pulse sediment exposure. After 3 h, the clams were rinsed 

thoroughly with clean seawater to remove particles attached to their exterior, transferred 

to clean seawater and radioanalyzed at 0, 2, 4 and 6 h of depuration to detect loss of 

unassimilated tracers as faeces, then daily for 7 d thereafter to measure the efflux of 

assimilated tracers from tissues. Filtered seawater in each container was replaced daily 

and supplemented with cultured microalgae (Tetraselmis sp. and Entomoneis cf. 

punctalata) at 0.5 mL cell density 1.21x10⁷ cells per mL every 2 d.  

 

S2.4 Algae radiolabelling method 

Algae were cultured for 6 d to reach cell densities of 3.17x10⁷ and 9.94 x 10⁷ cells mL-1 

for Tetraselmis and Entomoneis, respectively. The radiotracer labelling concentrations 

were determined by known algal toxicity concentrations of each metal, and since the 

Entomoneis algae was generally more sensitive to each of the metals than Tetraselmis, 

both of the algae species were labelled with Entomoneis based sensitivity concentrations 
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of 210, 900 and 614 µg L-1 of Cd, Mn and Zn respectively. These concentrations were 

lower than the Entomoneis EC10 toxicity values for Cd and Mn and between EC10 and 

EC50 toxicity values for Zn (Adams & Stauber 2004, WQG 2017), ensuring that most 

of the algal cells remained alive and growing during the feeding exposure.  

 

A mixture of radiotracers and stable metal was added to 2 x 40 mL of clean seawater in 

50 mL centrifuge tubes, and pH was brought up to 8.1 ± 0.1 using 0.1 M NaOH. A 1 

mL subsample was collected from each tube and made up to 10 mL in 20 mL 

scintillation vials for radioanalysis to determine initial dissolved activity in solution. 

The Tetraselmis and Entomoneis cultures were then added to a tube and made up to 50 

mL. The cultures were left to equilibrate under lights in the temperature-controlled 

laboratory for 3 d and filtered 1 mL subsamples were collected from each and 

radioanalyzed daily to detect changes in dissolved tracer concentrations. Uptake of all 

three metals was observed in Tetraselmis with 4, 31 and 7 % of 109Cd, 54Mn and 65Zn 

respectively, remaining in solution after 3 d. Similar uptake of 109Cd and 65Zn was 

observed in Entomoneis, with 24 % and 0.3 % of 109Cd and 65Zn, respectively, 

remaining in solution after 3 d. However, Entomoneis appeared to take in and lose the 
54Mn tracer, with 77 % remaining in solution after 1 d and 126 % remaining in solution 

after 3 d of equilibration. Interestingly, we noticed 100% and 98% of the 65Zn tracer to 

be removed from solution by Tetraselmis and Entomoneis, respectively, after only 30 

mins of exposure. Metal uptake by living algal cells usually occurs by two sequential 

processes: an initial rapid passive uptake due to surface binding of ions to charged algal 

cell walls and a subsequent slower active membrane transport of the metal ions through 

the wall into the cytoplasm of the cell (Khosmanesh et al. 1996). After 3 d of 

equilibration, active solution was decanted from the labelling tubes and the labelled 

microalgae rinsed of externally bound radiotracer in 40 mL filtered seawater using a 

vortex mixer for 20 s, then centrifuged at 1000 rpm for 4 min and 2500 rpm for 7 min 

for Tetraselmis and Entomoneis, respectively. Loss of tracers from rinsing was 

insignificant by the third rinse. 

 

A preliminary flow-cytometer experiment (feeding a combination of both algal species 

(non-radioactive) to three separate clams for 3 h) indicated very little difference in 

preference between the two algal species. However, the first radioanalysis after the 

pulse-feeding period of the radiolabelled algae exposure showed that clams in the 
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Entomoneis exposure had much lower activity than those fed Tetraselmis, resulting in 

higher than ideal (> 10 %) detector uncertainty for 109Cd and 65Zn counts after 24 h of 

the chase period. This could be due to a slower ingestion rate by the clams or a loss of 

tracer during labelling and rinsing of the Entomoneis algae.  

 

S2.5 Prawn dietary exposure and radiolabelling of pellets and prawns 

A mixture of nutrient agar (Agar No.1, Sigma-Aldrich) solution, crushed Spectrum 1 

mm pellets and active tracers were pipetted into 0.04 mL pellets. Pellets weighed 0.04 ± 

0.01 g with 16.7, 9.8 and 9.5 KBq of 109Cd, 54Mn and 65Zn, respectively. Pellets were 

weighed and radioanalyzed before feeding to prawns. In a pulse-chase exposure, five 

prawns were fed one pellet each for 3 h, followed by rinsing and radioanalysis 

(Supporting Information S2.7). The prawns were transferred to clean containers with 

filtered clean seawater after feeding and radioanalyzed three times in the first 24 h and 

daily thereafter for 8 d. This was sufficient time to purge school prawn digestive 

systems of unassimilated labelled food (egested in faeces, representing rapid loss phase) 

and to follow the more gradual loss of assimilated metal over time (slower loss phase 

from tissues). During depuration, prawns were fed non-active Spectrum 1 mm pellets. 

To assess metal trophic transfer from prawns to fish, five prawns were allowed to feed 

on two pellets each for 5 h to provide them with sufficient activity for detection in sand 

whiting once ingested by the fish. The prawns that had ingested sufficient quantities of 

radiolabelled pellets were rinsed, radioanalyzed and euthanised in an ice slurry. 

 

S2.6 Fish dietary exposure method 

Ten fish were randomly selected from the holding tanks and acclimated for 3 d to 

separate 3.5 L polypropylene containers in 2.5 L of clean filtered (<0.45 µm) seawater. 

The active prawns were fed to five fish (one prawn per fish). Prawns were peeled before 

feeding to the fish since crustacean prey have chitinous exoskeletons that are difficult to 

digest, and thus much of the metal associated with the carapace may pass through the 

gut of predator fish unassimilated (Reinfelder & Fisher 1994). The remaining five fish 

were offered one radiolabelled pellet (Supporting Information S2.5) each and allowed to 

feed for 2 h. After feeding, the fish were rinsed to remove any external activity, 

radioanalyzed and placed in 2.5 L of clean seawater in separate 3.5 L polypropylene 

containers. The fish were radioanalyzed three times in the first 24 h and daily thereafter 

for 6 d. Since most of the ingested metal was lost in the first 1-2 d, this was sufficient 
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time to purge the digestive systems of sand whiting  of unassimilated labelled food 

(egested in faeces, representing rapid loss phase), and to follow the more gradual loss of 

assimilated metal over time (slower loss phase).  

 

S2.7 Rinsing and radioanalysis 

Rinsing of animals was used during the dissolved exposure before each radioanalysis 

and after the pulse exposure in all other treatments, to remove externally attached active 

particles. 3-4 × 1.125 L polypropylene containers were filled with 1 L of clean filtered 

seawater and animals were transferred from their exposure containers by lifting the 

strainer baskets out of the containers and moving the strainer baskets up and down 10-

15 times in each container in the same consecutive order. The prawns and fish were then 

transferred to radioanalysis containers (100 mL plastic containers with minimal water; 

10-15 mL clean seawater) and clams transferred to plastic sample bags (containing no 

water) by tilting the baskets. This method also reduced risk of damage to the shells or 

scales of the animals. To minimise errors in gamma counting due to different sample 

orientation on the detector, animal orientation was kept the same for each radioanalysis. 

Fish and prawns were immobilised on the bottom of the containers by constraint with a 

semi-circular tube held in place by a sponge (Fig. S2.1-S2.2). Counting times were 

adjusted to yield counting errors <5 % where possible, or to a maximum of 10 min for 

live organisms. All organisms were counted with a LaBr probe connected to a Canberra 

InSpector1000 spectrometer. Filtered (<0.45 µm) water samples were collected and 

radioanalyzed during the pulse feed in each particulate exposure to ensure dissolution of 

activity from sediment, algae or food particles did not occur. 

 

S2.8 Geometry corrections 

The irregular geometries of radioanalyzed organisms were corrected using phantoms 

and exposed whole-organism acid digestion as described by Cresswell et al. (2017). The 

clam size and difficulty of whole organism digestion (including shell), and the loss of 

most of the metals from the fish producing high detector uncertainty made these 

organisms unsuitable for acid digestion and counting in a standard geometry. Therefore, 

phantoms were created by spiking known concentrations of 109Cd, 54Mn and 65Zn onto 

filter paper and inserting the paper into euthanised non-active clams and fish (Fig S2.3). 

The organs were dissected out of the fish and the active paper replaced the organs. The 

clams were left intact and opened to insert the active paper before taping shut and 
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radioanalysing. Prawns from the dietary feeding exposure were radioanalyzed, dried and 

weighed before being acid digested (following the procedure outlined in section 2.7 for 

clam organ digestion) and made up to 10 mL in a 20 mL scintillation vial and 

radioanalyzed again in this standard geometry. Counts from digested prawns were 

compared to in-house prepared standards in the same geometry of known activities of 

each radioisotope. 

 

S2.9 Metal analysis QA/AC 

Dissolved, particulate and organism tissue metal concentrations for experimental 

organisms were determined from gamma spectrometry analysis of samples and 

converted to mass of respective metals associated with the radiotracer parent stock 

solutions, correcting for physical decay.  Total metal concentrations of 109Cd, 54Mn and 
65Zn in parent stock solutions were determined via ICP-MS (Varian 820MS 

Quadropole; all samples run with internal standard correction i.e. Indium-115 and 

Rhodium-103 for matrix and drift correction).  Certified reference materials (CRM) 

were analysed for metals to ensure sample preparation and analytical QA.  Recoveries 

of water (NASS-5; National Research Council Canada), organism tissue (DORM-3, fish 

protein; Environment Canada) and sediment (PACS-2; National Research Council 

Canada) CRMs were within 5, 4 and 8% of their certified values respectively. 
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Figure S2.1. View from the front (left) and side (right) of radioanalysis container with 

fish inside, held in a constant position by cut clear plastic tubing and an aquarium 

sponge. 

 

Figure S2.2. View from the front of radioanalysis container with prawn inside, held in a 

constant position y cut clear plastic tubing and an aquarium sponge. 
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Figure S2.3. Phantom euthanised clam (left) and fish (right) with paper spiked with 

known radiotracer activity in place of organs for geometry corrections.  
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S3. Supporting information for Chapter 5 
S3.1 Species specific trace element accumulation 

  

  

  



172 
 

  

  

 
 

  

 



173 
 

  
Figure S3.1. Boxplots of individual element (As, Cd, Cu, K, Hg, Mn, Na, Ni, Rb, Se, Sr, U, V, 

Zn) distributions for different species. These elements were chosen as examples of difference in 

accumulation between prawns and fish, and between species. BP = banana prawn, BTP = 

brown tiger prawn, CF = catfish, CR = croaker, M = mullet, PF = ponyfish and WH = whiting. 

 

S3.2 Concentration factors (animal:sediment trace element ratios) 

Table S3.1. Mean(SD) concentration factors for fish and prawn species. BP = banana prawn, 

BTP = brown tiger prawn, CF = catfish, CR = croaker, M = mullet, PF = ponyfish and WH = 

whiting. 

 
BP BTP CF CR  M PF WH 

Al 3.1(2.7) 0.8(1.1) 2.7(2.2) 2.6(2.8)  4.9(4.2) 2.9(1.9) 0.6(0.8) 

Ca 0.3(0.3) 0.4(0.2) 1.3(2.1) 0.9(1.0)  1.3(1.0) 4.4(2.2) 0.9(1.2) 

Fe 7.8(7.2) 3.5(3.5) 10.7(9.0) 6.3(4.8)  17.5(13.5) 10.9(6.0) 3.0(2.9) 

K 1.1(0.2) 1.7(0.2) 1.5(0.3) 1.4(0.2)  1.1(0.1) 1.3(0.5) 1.8(0.5) 

Mg 0.1(0.02) 0.2(0.02) 0.2(0.2) 0.1(0.01)  0.1(0.02) 0.2(0.03) 0.1(0.02) 

Na 2.2(1.1) 0.2(0.04) 0.6(0.5) 0.9(0.4)  0.6(0.2) 0.8(0.8) 0.6(0.6) 

P 32.9(6.9) 26.4(1.9) 32.2(10.0) 36.4(8.2)  34.6(9.9) 58.3(24.3) 29.2(9.6) 

As 1.8(0.5) 3.1(0.9) 3.9(5.3) 1.1(0.6)  0.3(0.1) 0.9(0.6) 2.9(1.9) 

Ba 0.002(0.002) 0.002(0.002) 0.2(0.9) 0.01(0.005)  0.0072(0.004) 0.03(0.02) 0.002(0.002) 

Ce 0.001(0.003) 0.0003(0.0003) 0.08(0.4) 0.0003(0.0003)  0.002(0.002) 0.0007(0.0005) 0.0005(0.002) 

Co 0.009(0.008) 0.005(0.007) 0.04(0.2) 0.004(0.002)  0.008(0.004) 0.006(0.003) 0.003(0.003) 

Cu 0.9(0.4) 1.0(0.4) 0.1(0.3) 0.03(0.03)  0.04(0.01) 0.06(0.01) 0.03(0.007) 

La 0.001(0.002) 0.0004(0.0003) 0.09(0.5) 0.0004(0.0003)  0.002(0.002) 0.0009(0.0007) 0.0007(0.002) 
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Mn 0.005(0.003) 0.003(0.002) 1.0(5.7) 0.006(0.003)  0.01(0.01) 0.1(0.1) 0.005(0.004) 

Ni 0.02(0.02) 0.003(0.001) 0.05(0.3) 0.003(0.0006)  0.005(0.002) 0.004(0.0016) 0.003(0.001) 

Rb 0.05(0.01) 0.1(0.009) 0.09(0.08) 0.05(0.01)  0.06(0.01) 0.05(0.08) 0.06(0.03) 

Sr 0.3(0.3) 0.3(0.1) 0.9(2.9) 0.4(0.4)  0.4(0.2) 2.2(1.1) 0.3(0.5) 

U 0.001(0.0009) 0.001(0.001) 0.2(1.2) 0.001(0.0007)  0.003(0.002) 0.006(0.002) 0.002(0.002) 

V 0.0007(0.0007) 0.0005(0.0004) 0.07(0.4) 0.0009(0.0007)  0.004(0.002) 0.004(0.002) 0.0007(0.0005) 

Y 0.0007(0.0008) 0.001(0.005) 0.07(0.4) 0.0004(0.0002)  0.001(0.001) 0.0008(0.0004) 0.0004(0.0005) 

Zn 0.7(0.08) 0.8(0.2) 0.5(0.5) 0.2(0.04)  0.2(0.04) 0.8(0.2) 0.3(0.09) 

 

S3.3 Measured carbon and nitrogen stable isotopes 

 

Figure S3.2. Raw carbon and nitrogen stable isotopes of similar fish and prawn species living 

on flood prodeltas in four estuaries: (a) Brisbane River (b) Mitchell River (c) Flinders River 

and (d) Gilbert River. Points represent individuals with the exception of ponyfish in the Mitchell 

and Gilbert Rivers, which were composite samples.  
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Figure S3.3. Carbon and nitrogen stable isotopes of prodelta animals, standardized for baseline 

effect. Error bars have been omitted for clarity. 

 

S3.4 Measured trace elements for prawns, catfish, and other fish 
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Figure S3.4. Boxplots of individual element (Mn,V, Zn, Sr, Co, Hg) distributions for prawns 

(representing a lower trophic level prey for catfish), catfish and other fish species grouped 

(representing a higher trophic level prey for catfish). These elements were chosen as examples 

of difference in accumulation between catfish prey groups. 

 

 

 

 

 

 

 

 



177 
 

S3.5 Linear discriminant analysis (LDA) and similarities between LDA and isotope 

biplots for each estuary 

 

Figure S3.5. Linear discriminant analysis (LDA) best model plot of fish and prawns from the 

four estuary prodeltas. The amount of variation explained by the first and second linear 

discriminants are given on the x and y axes, respectively. Points are individual samples, except 

for ponyfish from the Gilbert and Mitchell Rivers, which were composite samples. 

 

 

Figure S3.6. Gilbert River prodelta fish and prawn (combined) plots from (a) LDA and (b) 

standardized carbon and nitrogen stable isotopes. Plot (c) shows plot (a) rotated and plot (b) 

superimposed over the top of plot (a). 
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Figure S3.7. Flinders River prodelta fish and prawn (combined) plots from (a) LDA and (b) 

standardized carbon and nitrogen stable isotopes. Plot (c) shows plot (a) rotated and plot (b) 

superimposed over the top of plot (a).  

 

Figure S3.8. Mitchell River prodelta fish and prawn (combined) plots from (a) LDA and (b) 

standardized carbon and nitrogen stable isotopes. Plot (c) shows plot (a) rotated and plot (b) 

superimposed over the top of plot (a). 

  

 

 

 

 

 

 




