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Disclaimer 

 

While reasonable efforts have been made to ensure that the contents of this document and the 

associated maps are factually correct, the authors, Griffith University, does not accept any 

responsibility for the accuracy or completeness of the contents, and shall not be liable for any loss or 

damage that may be occasioned directly or indirectly through the use of, or reliance on, the contents 

of this report or the associated maps.   
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1. Executive Summary 

Researchers at the Australian Rivers Institute (ARI), Griffith University and the Queensland 

Department of Science, Information Technology and Innovation (DSITI) have undertaken a 

collaborative study to examine the effect of different sediment types, and their associated nutrients, 

from catchments adjacent to the Great Barrie Reef (GBR) on algal growth. ARI researchers undertook 

work to adapt existing rapid algal bioassays as a tool to determine responses to fine sediment 

suspensions, and then used this technique to assess the effect of a range of sediments on algal growth 

on both marine water and freshwaters. Additionally, the increase in algal biomass (using chlorophyll a 

concentrations as a measure) and algal community structure was measured to provide additional 

information. This has complemented studies by DSITI researchers within the project focussed on 

developing sediment bioavailable nutrient indicators. 

The key findings of the study were: 

1. The rapid algal bioassay technique was successfully adapted to measure the effect of fine 

sediment suspensions on algal growth, using photosynthetic yield as in indicator. 

2. Based on using the rapid algal bioassay technique, there were statistically significant 

differences in photosynthetic yield between the suspensions of fine sediment from different 

soil and land types. Algae had a positive photosynthetic yield response to between 50 and 

60% of the 16 fine suspended sediment types tested. 

3. The photosynthetic yield and chlorophyll a (biomass) responses of marine microalgae to 

different fine sediment suspensions were similar. This contrasted with freshwater microalgae 

where the response was more variable. In freshwater, there were fewer significant increases in 

chlorophyll a concentrations compared with photosynthetic yield. This highlights the 

advantage of the rapid (3 day) bioassay method where traditional methods, i.e. biomass 

measures, may require longer incubations to measure a response. 

4. The two sediments which showed the most consistent positive algal growth responses were 

sediments #3 and #13, which are characterised as being a high erodibility sub-surface (0.1-0.5 

m) dermosol from grazing land use in the Bowen catchment and a South Johnstone surface 

(0-0.1 m) ferrosol from sugarcane land use, respectively. 

5. The response to fine sediment suspensions (generated in the laboratory from parent soil by 

fractionation) was validated against river suspended sediment samples collected with time 

integrated sediment samplers (‘rockets’) during high flow events. Marine water had a 

significant positive yield response in 62% of the river suspended sediments while freshwater 

algae had a negative or no response. 

6. Algae typically responded to nitrogen, or nitrogen plus phosphorus, but not phosphorus alone. 

This demonstrates that nitrogen inputs from catchments is the most likely cause of an increase 

in algal growth and biomass in marine and freshwater, rather than phosphorus. 
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7. There were differences in proportion of diatoms as part of the algal community (as measured 

by cell counts) for the different fine lab generated sediment and river sediment suspensions. 

However, further analysis is needed to demonstrate these differences more fully. 

 

In summary, the rapid algal bioassay method was an effective tool for identifying several soil types 

and their fine sediments as priorities for further work regarding their impact on algal responses in the 

GBR. The method could be applied to other sediment/soil types and used in other catchments as a 

rapid, cost-effective method to identify water quality risk. 
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3. Background 

Fine suspended sediment and soil, classified as the fine silt (4 – 16 µm) plus clay (<4 µm) fractions 

and associated organic matter, can have negative effects on health of the Great Barrier Reef (GBR) 

when transported downstream from catchments (De'ath and Fabricius 2010, Brodie et al. 2012). To 

date much of the research has focused on quantifying loads of suspended soils (also known as 

suspended sediments) and the links to soil erosion processes in catchments. This has identified that 

70% of sediments exported from rivers into the GBR coastal waters come from just 20% of the total 

catchment area (McKergow et al. 2005). Sediment total elemental concentrations have typically been 

measured to model nutrient exports, but little attention has been given to the bioavailability of 

particulate nutrients and organics associated with fine suspended soils. Although 80% of total 

particulate nitrogen has been shown to deposit near the river mouth (e.g the Burdekin River, 

Bainbridge et al. 2012), the remaining 20% in the flood plume disperses away from the mouth with 

organic-rich flocs forming around the fine suspended sediments which smother coral reefs and 

seagrass (Bainbridge et al. 2012).  

Nutrients released during flood events are rapidly taken up by phytoplankton and may fuel short lived 

phytoplankton blooms (Furnas et al. 2005). In addition terrestrial run-off can cause the composition of 

the phytoplankton community to shifts towards larger size classes, such as diatoms (Finkel et al. 

2009). It is unknown how the organics associated with sediments will affect marine and freshwater 

algal growth, which may have flow on impacts to the GBR ecosystems.  

Outbreaks of the coral-eating crown-of-thorn (COTS) starfish (Acanthaster planci) on the GBR have 

increased over the past 80 years and account for a significant proportion of the decline in reef 

communities, excluding climate change (Lourey et al. 2000). Multiple lines of evidence link this 

increase in COTS outbreak frequency to an increasing frequency and quantity of nutrients entering the 

GBR coastal waters in flood plumes, and subsequent occurrence of large-scale phytoplankton blooms 

(Brodie et al. 2005, Fabricius et al. 2010). COTS larvae feed on phytoplankton (Birkeland 1982) and 

research indicates that larger species of phytoplankton, such as diatoms, are a key food source (Devlin 

2012).  

This project aims to adapt a rapid algal bioassay method to test the effect of a range of suspended 

sediments from GBR catchments with differing bioavailable nutrients on algal growth measures. 

Marine and freshwater were tested. The results of these bioassays will be used to develop “indicators” 

or sediment properties that best correlate with algal growth. This project will also investigate the 

composition of the algal community to identify sediment properties that correlate with an increase in 

diatom abundance which may have flow on effects in triggering COTS starfish outbreaks. 

  



Griffith University Final Report - Sources of bioavailable nutrients: Phase 2 - 27 April 2017 

7 

4. Objectives 

The primary aims of this collaboration between ARI and DSITI are to: 

 Determine nutrient indicators from GBR catchment fine sediments that are the most 

appropriate for explaining algal responses to their associated nutrients (whole community 

and diatoms) in freshwater and marine conditions.  

  Provide preliminary information on the limiting nutrient (i.e. nitrogen or phosphorus) for 

algal communities along a freshwater to marine gradient in a wet tropics and a dry tropics 

catchment of the GBR. 

 

The specific objectives of the rapid algal bioassay component of the project being run by ARI at 

Griffith University are to: 

1. Modify the bioassay method as a measure for rapid detection of the effects of sediment 

nutrients on algal growth. 

2. Assess the photosynthetic yield and biomass (chlorophyll a) response of algal communities to 

fine suspended sediments generated from selected soil types in the lab and river suspended 

sediments to provide data to determine and assess the potential nutrient indicators. 

3. Assess the change in community composition, in particular the relative abundance of diatoms, 

in response to selected lab generated sediments and river sediments to provide data to 

determine and assess the potential nutrient indicators. 

4. Compare the response of freshwater algae and marine microalgae to incubation with the same 

lab generated sediments and river sediments. 

5. Compare the response of marine microalgae to lab generated sediments that are “not aged” 

with sediments that have been “aged” in freshwater for 3 days. 
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5. Approach 

Rapid algal bioassay experiments were used to determine growth responses of freshwater and marine 

algae to fine sediments generated from soil types of varying bioavailable nutrient concentrations and 

river sediments collected during high-flow events. Sediments were made into a suspension and 

incubated with marine and freshwater under controlled conditions in the laboratory. The response of 

the algal community was measured as chlorophyll a, photosynthetic yield and relative diatom 

abundance. These rapid algal bioassays were a modification of assays used in a range of other studies 

in the Burford lab at Griffith University (Burford et al. 2012, Muhid and Burford 2012, Saeck et al. 

2016). Photosynthetic yield is a measure of photosynthetic activity and the yield has been shown to 

respond to nitrogen (N) (Burford et al. 2012, Muhid and Burford 2012, Saeck et al. 2016). This is a 

non-biomass specific proxy for algal growth and has the advantage of being a relatively quick 

measure and only uses small sub-samples during the experiments, allowing more measurements. 

Additionally, shorter term experiments prevent artificial nutrient limitation from occurring (Posselt et 

al. 2009). The rationale is that these rapid algal bioassays provide a means of standardising conditions 

for direct comparison of treatments, whilst attempting to maintain conditions as relevant to the ‘real 

world’ as possible. 

Soil was collected in two catchments and from different geologies, soil types, land uses, erosion 

processes (surface and subsurface) and erodibilities. The fine fraction (<10 µm grain size) of each soil 

type tested was generated in the laboratory and made into “fine suspended sediment” slurries for use 

in a series of “Indicator Calibration” experiments. A second series of experiments were conducted 

using sediment samples collected in integrated sediment samplers (‘rockets’) which collect sediment 

washing off targeted sub-catchments during high-flow events. The response of algae to these “river 

suspended sediments” were tested in “Indictor Validation” experiments, these were conducted to 

provide a “real world” point of comparison to the indicator calibration experiments. 

Measures of algal growth and relative diatom abundance from the indicator calibration and indicator 

validation experiments were regressed with the range of N, phosphorus (P) and carbon (C) 

bioavailability parameters/pools measured on each sediment to determine which ones best explain 

algal and diatom growth (DSITI). 

Overview of fine suspended sediment and river suspended sediment selection, processing and 

slurry preparation (DSITI) 

The soils used to generate the fine suspended sediments and the river suspended sediments were 

collected from two catchments in northern Queensland. These were the Johnstone River catchment, 

predominantly the South Johnstone sub-catchment which is a wet tropics catchment with a significant 

area of sugarcane fields, and the Bowen River catchment, a dry tropics catchment with a significant 

area of cattle grazing. The Bowen catchment was selected as it has been identified as the sub-
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catchment of the Burdekin which delivers most sediment to the GBR (Wilkinson et al. 2013). A range 

of soil types and geologies were selected, covering a range of erodibilities, land uses, erosion 

processes and bioavailable nutrient pools/parameters (for carbon, nitrogen and phosphorus), from 

each catchment to ensure that indicators are applicable across the GBR. 

Following the chemical characterisation of a large number of sediments/soils from the South 

Johnstone and Bowen river catchments, 16 soils representing a range of bioavailable C, N and P 

concentrations were selected for use in the indicator calibration experiments (Table 1). Each soil was 

made into a sediment slurry containing a known total suspended solids (TSS) concentration of fine 

suspended sediment, <10 µm grain size. Briefly, bulk soil was suspended in deionised (DI) water, 

sonicated to break up aggregates, agitated for 60 seconds and then left undisturbed for 48 minutes. 

This was calculated based on Stokes law for the time taken for >10 µm particles to settle a specified 

distance. The liquid containing the <10 µm fraction was extracted, centrifuged at 4500 rpm for 30 

minutes and then the supernatant was removed. The remaining moist sediment was mixed with DI 

water to make a sediment slurry with a targeted TSS concentration of 3 g L-1 (dry weight). The water 

content of the centrifuged suspensions had been measured in a previous experiment and was used to 

estimate the sediment weight required to reach the target TSS concentration.  

Integrated sediment samplers (‘rockets’) were installed in the South Johnstone and Bowen River sub-

catchments to sample transported sediment during high-flow events. Sites were selected to sample 

sediment from drainage areas in homogeneous soil types and also placed at the downstream end of 

each system. Whole, dried river suspended sediment samples from 13 high-flow events/locations 

(Table 2) were made into slurries by resuspension in DI water to a concentration of 3 g L-1. Both lab 

generated sediment and river suspended sediments slurries were prepared by the Chemistry Centre at 

DSITI, then provided to the Burford lab at Griffith University to conduct the rapid algal bioassay 

experiments. 
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Table 1 - Description of the 16 soil types from which the fine suspended soils were generated and 

tested in the indicator calibration experiments. 

Fine suspended 

soil ID 
Catchment 

Land 

use 

Soil 

type 

Erosion 

process 
Erodibility Geology 

1 Bowen Grazing CH Sub High Alluvium  

2 Bowen Grazing CH Surf High Alluvium  

3 Bowen Grazing DE Sub High Arenite-Mudrock 

4 Bowen Grazing DE Surf High Arenite-Mudrock 

5 Bowen Forest DE Surf Low Granitoid 

6 Bowen Grazing SO Sub High Sedimentary  

7 Bowen Grazing SO Sub High Sedimentary  

8 Bowen Grazing SO Surf High Sedimentary  

9 Bowen Grazing VE Surf High Alluvium 

10 Bowen Grazing VE Sub High Alluvium 

11 Johnstone Banana DE Surf Low Alluvium 

12 Johnstone Cane DE Surf Low Alluvium 

13 Johnstone Cane FE Surf Low Basalt 

14 Johnstone Forest FE Surf Low Basalt   

15 Johnstone Dairy FE Surf Low Basalt 

16 Johnstone Banana FE Surf Low Basalt   

 

Table 2 - Description of the 13 river suspended sediments (collected in rocket samplers during high 

flow events) tested in the indicator validation experiments.   

River 

suspended 

sediment ID 

Catchment Land use Soil type Sample type 

1 Bowen Grazing DE Homogeneous sub-catchment 

2 Bowen Grazing CH Homogeneous sub-catchment 

3 Bowen Grazing VE Homogeneous sub-catchment 

4 Bowen Grazing VE Homogeneous sub-catchment 

5 Bowen Grazing SO Homogeneous sub-catchment 

6 Bowen Mixed Mixed End of system  

7 Johnstone Cane FE Homogeneous sub-catchment, Events 2 to 4 

8 Johnstone Cane DE Homogeneous sub-catchment, Events 2 to 4 

9 Johnstone Dairy/Forest DEFE Mixed sub-catchment Events 2 to 4 

10 Johnstone Mixed DEFE Mixed sub-catchment Events 2 to 4 

11 Johnstone Mixed Mixed End of system, Event 1 

12 Johnstone Mixed Mixed End of system, Event 2 

13 Johnstone Mixed Mixed End of system, Event 3 to 4 

 



Griffith University Final Report - Sources of bioavailable nutrients: Phase 2 - 27 April 2017 

11 

Rapid algal bioassay experimental protocol 

Bioassays were used to measure the algal response to nutrients released from the lab generated fine 

suspended sediments and river suspended sediments (Figure 1). Bulk ambient water samples were 

collected in acid-washed 20 L containers from the surface of marine and freshwater water bodies 

selected to represent the algal communities in the catchments of interest and their receiving coastal 

waters (see of Selection of source waters, below). The bulk water was collected the day prior to each 

experiment and transported to the laboratory for processing within 24 hours of collection. The 

conductivity/salinity, pH and turbidity of the bulk water was measured in the field where possible, or 

in the laboratory within 24 hours of collection, using a Hydrolab logger. Surface water temperatures 

were either measured at the time of collection or estimated from average monthly data 

(http://www.bom.gov.au and https://water-monitoring.information.qld.gov.au). The photosynthetic 

yield of the bulk water was measured in the laboratory as described below. Triplicate samples were 

collected from each bulk water source to assess the background water quality. For chlorophyll a 

analysis, 0.2 L was filtered through glass fibre filters (GF/F Whatman) and filters were stored at -

80°C for subsequent analysis using acetone extraction with fluorometry (APHA 2005). Samples for 

dissolved inorganic nitrogen (DIN, as NOx-N and NH4
+-N), soluble reactive phosphorus (SRP, PO4

--

P), dissolved organic carbon (DOC), total dissolved nitrogen (TDN) and phosphorus (TDP) analysis 

were filtered through 0.45 µm membrane filters. Samples collected for total nitrogen (TN) and 

phosphorus (TP) were not filtered. Water quality samples were stored frozen prior to analysis at the 

Chemistry Centre at DSITI (see Table C. 1 for methods and detection limits). A 300 ml subsample 

was preserved with Lugol's iodine solution to provide a full description of the algal community. 

To set up the rapid algal bioassays, the bulk water was gently homogenised then 300 ml subsamples 

placed into four replicate clear plastic bottles for each treatment. A 20 ml aliquot of each sediment 

slurry was transferred into pre-prepared dialysis tubing bags, which were sealed with a knot at each 

end and then placed in the bottles with the bulk ambient water. This ensured that the particulate 

material did not directly interact with the algae, e.g. causing flocculation, and did not interfere with 

the analysis methods (Figure 1). Cellulose membrane dialysis tubing with a high molecular weight cut 

off (14 000 Da, 16 mm diameter when full, Sigma Aldrich) was used to allow larger molecules to 

diffuse out into the bulk water. The tubing was cut into 0.25 m lengths and pre-treated to remove 

traces of glycerine, sulphur and other compounds that may negatively affect algal growth. This was 

achieved by washing the tubing in running DI water for 4 hours, soaking in 0.3% (w/v) solution of 

sodium sulphide at 80°C for 1 minute, washing with hot water (60°C) for 2 minutes, followed by 

acidification with a 0.2% (v/v) solution of sulfuric acid and then rinsed with hot water to remove the 

acid. Tubing was stored in Milliq water at 4°C prior to use. 

Control treatments with and without nutrients were included in each experiment to assess whether N 

and/or P were limiting algal growth in the ambient water. In these, 20 ml of Milliq water (control) or 
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nutrient solution were placed inside dialysis tubing and into the plastic bottles as per the sediment 

treatments. Nitrogen was added at 10 times the estimated DIN concentration in the ambient marine 

and freshwater sources, after accounting for dilution occurring when the dialysis tube was placed into 

the 300 ml of bulk water. Phosphorus was added at stoichiometrically balanced rate with N. A trace 

metal solution and an iron solution were added to all nutrient solutions to ensure trace elements and 

iron were not limiting (added to equate to 5 µg L-1 manganese, 0.25 µg L-1 copper, 0.25 µg L-1 

molybdenum, 0.5 µg L-1 zinc, 0.25 µg L-1 cobalt and 65 µg L-1 iron in bioassay bottles). The nutrient 

solutions were prepared as follows: 

 Nitrogen: N added as NH4Cl to equate to concentrations of 0.07 and 0.3 mg L-1 in the 

bioassay bottles for marine and freshwater, respectively  

 Phosphorus: P as KH2PO4 to equate to concentrations of 4 and 19 µg L-1 in the bioassay 

bottles for marine and freshwater, respectively 

Nitrogen and phosphorus: N and P added in combination as above 

 

Bioassays were incubated for 7 days (168 hours) under controlled light and temperature conditions. 

Bottles were placed on a light table fitted with fluorescence bulbs (36W Cool White Lumilux, 

Osram,12 h total dark and 12 h total light at 160-180 µmol (PAR) m-2 s-2), with new bulbs used for 

each experiment to ensure consistency of light intensity. Bioassays were incubated in a controlled 

temperature room at a temperature set to mimic the ambient water temperature at the time of 

collection (22-23 and 28 °C for marine and freshwater experiments respectively, Table 3). Each day 

all bottles were gently inverted 5 times to resuspend the sediment within the dialysis tubing. 

After 72 hours the bioassay bottles were dark adapted for 20 minutes before the photosynthetic yield 

was measured on two sub-samples. This was measured as the maximum quantum yield of PSII 

(Fv/Fm) using a PHYTO-PAM System II Emitter-Detector (PHYTO-ED) unit (Heinz Walz GmbH, 

2003) with PHYTO-WIN software version 2.10. Based on the results of pre-experiments 72 hours 

was selected as the optional time-point to compare the photosynthetic yield between treatments. This 

was a balance between the algal community having sufficient time to respond to the nutrient addition 

and sediment treatments, but not becoming artificially limited as nutrient supplies decline in the bulk 

water (see below, Pre-indicator calibration experiments). The photosynthetic yield was also measured 

after 24, 28 and 168 hours to confirm that 72 hours was an appropriate time-point for comparisons 

and as additional fluorescence data collected during the measurement process can be used to estimate 

the relative abundance of various algal taxa. 

Chlorophyll a concentrations in each bioassay bottle were measured after 7 days by filtering 

0.1-0.175 L through glass fibre filters (GF/F Whatman). Filterers were stored at -80 °C prior to 

analysis using standard acetone extraction with fluorometry (APHA 2005). In order to determine the 

shifts in the diatom community after 7 days, 40 ml samples were preserved in lugol’s iodine solution 
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for algal identification. In addition, water samples were collected after 3 and 7 days for analysis of 

TDN/TDP and TN/TP (as per the background water quality samples) to calculate the N and P content 

of the algae, in case algae were accumulating nutrients, rather than growing.  

Five experiments were conducted during September-November 2016 to assess the effects of the fine 

suspended soils and river suspended sediments on marine and freshwater algae, and to assess the 

effect of “aged” fine suspended soil on marine algae. Sediment aging was achieved by soaking the 

sediment in DI water for 3 days prior to the experiment. The details of each experiment are outlined in 

Table 3. 

 

 

Figure 1 - General experimental scheme for the rapid algal bioassays. 

 

Selection of marine and freshwater sources 

Preliminary tests were conducted on a range of sources of fresh and marine water to ensure the water 

selected for use in the rapid algal bioassays would have the capacity to respond to the nutrient and 

sediment treatments. Evidence from enrichment of natural algal populations in similar laboratory 

bioassays indicates that photosynthetic yield is relatively higher when nutrients are higher and that 

algal communities with yields less than 0.5 are more likely to respond to nutrients, particularly N 

(Burford et al. 2012, Muhid and Burford 2012, Saeck et al. 2016)  

A test marine water sample was collected from Bowling Green Bay in Northern Queensland during a 

period where river water was flowing into the Bay. This sample was collected ~ 5 km offshore from 

the Barratta Creek mouth on the outgoing tide under base flow conditions (8:40 am on 17/05/2016, 

19°24'742' S, 147°14'515' E). The Bowling Green Bay water had a photosynthetic yield of 0.32, 

salinity of 30.35 PSS and turbidity of 9.0 NTU. Diatoms comprised 25% of the algal community by 

cell counts, dominated by Chaetoceros and Nitzchia spp., and cyanobacteria constituted the remaining 

75%.  
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Although the photosynthetic yield of the Bowling Green Bay test sample was below 0.5, indicating 

potential to respond to N addition, it is critical that rapid algal bioassays were undertaken within a 

short time window after collection. It proved to be logistically difficult within the allocated budget to 

get samples from the coastal waters of the GBR in a timely manner, and to have the confidence that 

the algal community within the containers was not compromised by the transport process. Therefore 

the decision was made to use water collected from central Moreton Bay. The algal community in 

Moreton Bay has many genera in common with the GBR, based on a database of phytoplankton 

genera across Australian waters (Davies et al. 2016). The microplankton genus with the highest 

densities in both GBR and Moreton Bay is the diatom, Chaetoceros (Davies et al. 2016). The Moreton 

Bay water used in the rapid algal bioassays had a similar yield (Table 3) and relative diatom 

abundance (Table 4) to the test sample from Bowling Green Bay and the diatom genera, Chaetoceros 

and Nitzchia, were common in both waters (Table B. 1). Additionally both the GBR coastal waters 

and Moreton Bay have been shown to be limited by N availability (O'Donohue et al. 2000, Furnas et 

al. 2005). Therefore Moreton Bay water provides a reasonable proxy for measurement of 

phytoplankton responses to nutrients.  

Prior to the rapid algal bioassay experiments, five freshwater samples from the South Johnstone River 

and two from the Bowen River across a range of flow conditions were tested for suitability (Table A. 

1). The photosynthetic yield of a test Bowen River base flow sample was 0.54, indicating that the 

algal community may not respond to N addition. Although the photosynthetic yield of Johnstone 

River water varied between 0.1 and 0.36, it was within the potentially N responsive range, therefore 

the South Johnstone River was selected the source of freshwater for the rapid algal bioassay 

experiments. Using water from the South Johnstone River was also logistically possible considering 

the sampling point was less than an hour away from Innisfail which allowed for the water to be sent 

overnight to Brisbane for the experimental set-up. Base flow water was used for standardising 

conditions. The South Johnstone River samples collected between February and June 2016 were 

consistently dominated by diatoms, comprising 55-100% of the algal community (Table A. 1).  

Pre-indicator calibration experiments 

Before starting the indicator calibration and validation experiments, a total of seven pre-indicator 

calibration experiments were conducted to refine the rapid algal bioassay methodology. The bioassay 

method had been used previously to assess nutrient limitation by adding nutrient solutions directly to 

the bulk water (Burford et al. 2012, Muhid and Burford 2012, Saeck et al. 2016), but not with dialysis 

tubing and sediment in the bottles.  

In a series of experiments, sediment was added at TSS concentrations ranging from 100-9000 mg L-1 

to determine which TSS concentration should be used for the indicator calibration and validation 

experiments. A TSS concentration of 3000 mg L-1 was selected as an algal response was observed at 
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this level (Figure A. 1, Figure A. 2) and this was within the range of high flow fine suspended soil 

TSS concentrations in the Bowen and the South Johnstone River sub-catchments based on event 

monitoring data.  

A key finding of the pre-indicator calibration experiments was that the dialysis tubing had an 

immediate negative effect on algal growth. The photosynthetic yield of marine water incubated with 

dialysis tubing filled with Milliq water was significantly less than that of water without tubing after 24 

hours (Figure A. 3). It is possible that leaching of chemicals such as glycerine and sulphur compounds 

(which the manufacturer states may be present in more than trace amount) out of the tubing may have 

been causing this. Extensive pre-treatment of the dialysis tubing (as described in Rapid algal bioassay 

experimental protocol) significantly reduced this negative effect (Figure A. 3), therefore all dialysis 

tubing was pre-treated prior to use in the indicator calibration and validation experiments. 

Preliminary experiments also indicated that the optimal time point to assess differences in yield 

response between rapid algal bioassay treatments was 72 hours. In pre-trials we found that a response 

to added nutrients and test sediments typically occurred after 72 hours (significant increase in 

photosynthetic yield compared to the control treatment), and that the yield of the control treatment 

had not significantly declined by this stage, so conditions were not yet limiting (Figure A. 2). 

Assessing the photosynthetic yield after 72 hours of incubation was deemed a suitable balance 

between the algal community having enough time to respond to the various treatments, but not 

becoming artificially limited by declining background nutrient concentrations. In previous bioassay 

studies, the measurement time point was 24 or 48 hours, but in these bioassays we found that 72 hours 

was more appropriate, as the response to nutrients took a little longer, possibly due to some residual 

effects of the presence of the tubing.  

Data standardisation 

Data standardisation was required to compare the algal growth response (photosynthetic yield and 

chlorophyll a) between sediment treatments in the indicator calibration experiments as the TSS 

concentration varied between sediment types due likely to intrinsic variability in the fine content of 

soil subsamples and the fractionation methodology. Standardisation of TSS vs. yield response was 

achieved by dividing the photosynthetic yield by the milligrams of TSS in the dialysis tube (based on 

the measured TSS concentration of each slurry). For the purpose of creating plots of all data, control 

and nutrient addition treatments were standardised by dividing by the average TSS concentration of 

slurries tested in each experiment. Chlorophyll a data was standardised in the same manner. 

To compare the effect of each fine lab generated suspended sediment or river suspended sediment 

type on marine and freshwater algae, and to compared the effect of non-aged vs aged fine suspended 

sediment on marine algae, further standardisation was required to account for the different initial 

photosynthetic yields of the water used in each experiment and the different magnitude of response to 
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N of each water source. This was achieved through the following series of standardisations (Equations 

1-4, combined as equation 5): 

The N responsiveness factor (Nfact) for each experiment was calculated as the mean increase in yield 

in response to N addition (at 10 times the background DIN concentrations), as a proportion of the 

mean yield of the control: 

𝑁𝑓𝑎𝑐𝑡 =  
𝜇𝑌𝑁−𝜇𝑌𝐶

𝜇𝑌𝑁
         (1) 

where µYN is mean increase in yield in response to N addition and µYC is the mean yield of the 

control. 

The N correction factor (Ncor) for each experiment was calculated by subtracting from 1 the difference 

between the N responsiveness factor and the mean N responsiveness factor of the five experiments: 

𝑁𝑐𝑜𝑟 = 1 − (𝑁𝑓𝑎𝑐𝑡 − 𝜇𝑁𝑓𝑎𝑐𝑡)        (2) 

where Nfact is the N responsiveness factor for each experiment and µNfact is the mean N responsiveness 

factor of all experiments. 

A baseline corrected yield (Yb) was calculated for each replicate as the difference between the 

individual photosynthetic yield of each replicate and the mean yield of the control, as a proportion of 

the mean control yield:  

𝑌𝑏 =  
𝑌−𝜇𝑌𝐶

𝜇𝑌𝐶
          (3) 

where Y is the yield of each replicate and µYC is the mean yield of the control. 

The standardised yield (Ystd) was calculated by multiplying the baseline yield by the N correction 

factor for each experiment and dividing by the amount of TSS in the dialysis tubing for each 

treatment. 

𝑌𝑠𝑡𝑑 =  
𝑌𝑏∗𝑁𝑐𝑜𝑟

𝑇𝑆𝑆
          (4) 

where Yb is the baseline corrected yield of each replicate, Nfact is the experimental N correction factor 

and TSS is the amount of TSS (mg) in each in the dialysis tubing for each treatment. 

Therefore if we combine equations 1-4 the standardised yield was calculated as follows: 

𝑌𝑠𝑡𝑑 =

𝑌−𝜇𝑌𝐶

𝜇𝑌𝐶
×(1−(

𝜇𝑌𝑁−𝜇𝑌𝐶

𝜇𝑌𝑁
 − 𝜇

𝜇𝑌𝑁−𝜇𝑌𝐶

𝜇𝑌𝑁
) )

𝑇𝑆𝑆
         (5) 
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Statistical methods 

Photosynthetic yield (measured at 24, 48, 72 and 168 hours) and chlorophyll a data were analysed 

using Analysis of Variance (ANOVA). The models included treatment (control, three nutrient 

treatments and 13 or 16 sediment treatments for indicator calibration and validation experiments, 

respectively) and experimental replicate as a random additive effect. Statistics were performed in R 

version 3.0.1 (R Development Core Team, 2010, Vienna, Austria, http://www.r-project.org/). 
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6. Results and Discussion  

Background conditions 

Marine water was collected from three locations in Moreton Bay (Table 3). The water used in 

Experiment 2 was collected near the southern tip of Moreton Island, around 20 km from the collection 

locations for Experiment 1 and 3, which were within 3 km of each other in central Moreton Bay 

(Table 3). Turbidity was <1.0 NTU in all marine water collected and the salinity ranged 34.6-35.3 

PSS (Table 3). Water was collected from the South Johnstone River from the bridge at South 

Johnstone Mill for the freshwater experiments on two occasions within a fortnight (Table 3). The 

turbidity of Experiments 4 and 5 water was <1.0 and 2.8 NTU respectively and the conductivity 0.057 

and 0.78 (Table 3). Surface water temperatures at the Moreton Bay collection sites were 22-23 °C, 

while the South Johnstone River in northern Queensland was considerably warmer, 28°C (Table 3). 

The background chlorophyll a concentration and photosynthetic yield in the bulk water varied 

between the five experiments. The chlorophyll a concentrations of ambient marine water at the start 

of Experiments 2 and 3 were around 10 and 20 fold greater respectively to that of Experiment 1 

(Table 3). Total cell densities in water used for Experiments 2 and 3 were around 2 and 5 times higher 

compared with Experiment 1 (Table 4). The initial photosynthetic yield of ambient marine water 

(measured within 2 hours of collection) was highest for Experiment 3, on the upper limit of suitability 

for the experiment (waters with yields between 0.2 and 0.5 are more suitable for the rapid algal 

bioassay) and lowest for Experiment 1 (Table 3). Chlorophyll a concentrations (Table 3) and total cell 

densities (Table 4) were each around 25% higher in freshwater collected for Experiment 4 compared 

with Experiment 5. However, the initial photosynthetic yield of ambient water used in Experiment 4 

(measured within 24 hours of collection following overnight transport) was more than double that of 

Experiment 2, close to the upper limit of suitability. Cell densities were higher in freshwater 

compared with marine water. 

The algal communities in marine water used for Experiments 1 and 2 were dominated by 

cyanobacteria (picoplankton), whereas in Experiment 3, diatoms made up just over 50 % of the 

community, based on cell counts (Table 4). The cyanobacteria were largely picoplankton (0.2-2.0 µm 

diameter) within the order Chroococcales (Table B. 1). They are tentatively identified as 

Synechococcus sp. Picoplankton have a very low surface area relative to that of other algal taxa 

present in these samples, such as diatoms, so their role in nutrient utilisation is likely to be very small, 

even though they are present in high cell densities. In Experiments 1 and 2, diatoms comprised 10 and 

29% of the total cell count respectively, and pennate diatoms were dominant (Table 4). In Experiment 

3, the centric diatom, Chaetoceros spp. made up almost 70% of the diatom cells present (Table 4). 

This is consistent with previous studies (Davies et al. 2016).  
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Table 3 - Background water source conditions for all experiments. * indicates the incubation 

temperature also corresponds to the measured surface water temperature in the field during collection. 

Chlorophyll a, photosynthetic yield and water quality data are mean values from triplicate samples 

with standard error in brackets. Water quality parameters are, dissolved organic carbon (DOC), 

dissolved nitrate + nitrite (NOx-N) , dissolved ammonium (NH4
+-N), soluble reactive phosphorus 

(PO4
--P), total dissolved nitrogen (TDN) and phosphorus (TDP), total nitrogen (TN) and phosphorus 

(TP) 

Expt. no. 1 2 3 4 5 

Experiment 

description 

Marine + 16 

fine 

suspended 

soils 

Marine + 16 

fine 

suspended 

soils - aged 

Marine + 13 

river 

suspended 

sediments 

Freshwater + 

16 fine 

suspended 

soils 

Freshwater + 

13 river 

suspended 

sediments 

Water Source Moreton Bay Moreton Bay Moreton Bay 
South 

Johnstone 

South 

Johnstone 

Co-ordinates 
27°17'4.72'S 

153°15'5.49'E 
27°22'17.00'S 

153°24'14.76'E 
27°18'26.65'S 

153°13'57.74'E 
17°36'23.8'S 

145°59'22.4'E 
17°36'23.8'S 

145°59'22.4'E 

Collection Date 19/09/16 4/10/16 24/10/16 8/11/16 22/11/16 

Incubation 

Temp (°C) 
22* 22 23* 28 28* 

Conductivity 

(mS cm-1) 
55.2 53.3 52.6 0.057 0.078 

pH 7.68 8.02 8.21 6.64 7.41 

Turbidity 

(NTU) 
<1.0 <1.0 <1.0 <1.0 2.8 

Salinity (PSS) 35.3 34.98 34.62 0.03 0.04 

Chlorophyll a 

(µg L-1) 
0.21 (0.02) 1.4 (0.02) 2.9 (0.3) 2.2 (0.05) 1.6 (0.04) 

Pre-trial 

Photosynthetic 

yield (Fv/Fm) 
0.27 (0.01) 0.41 (0.005) 0.48 (0.01) 0.42 (0.01) 0.19 (0.01) 

DOC (mg L-1) 1.9 (0.06)  1.9 (0.03) 1.3 (0.03)  

NH4
+-N (mg L-1) 0.07 (0.003)   0.01 (0) 0.019 (0) 

NOX-N (mg L-1) 0.007 (0.001)   0.018 (0.001) 0.027 (0.001) 

TN (mg L-1) 0.10 (0.003)  0.22 (0.03) 0.202 (0.009) 0.123 (0.003) 

TDN (mg L-1) 0.12 (0.007)  0.31 (0.01) 0.133 (0.003) 0.147 (0.009) 

PO4
--P (mg L-1) 0.01 (0.0003)   0.007 (0) 0.008 (0) 

TP (mg L-1) 0.03 (0)  0.013 (0.003) 0.01 (0.006) 0.02 (0) 

TDP (mg L-1) <0.01 (0)  <0.01 (0) 0.02 (0) 0.01 (0.006) 
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Table 4 - Background composition of algal groups for marine experiments. 

Expt. no. 1 2 3 

Experiment description 
Marine + 16 fine 

suspended soils 

Marine + 16 fine 

suspended soils - 

aged 

Marine + 13 river 

suspended sediments 

Total cell count (cell ml-1) 384 784 1939 

    

 % of total cell count % of total cell count % of total cell count 

Chlorophyta (Green algae) 0 <1% 0 

Bacillariophyta (Diatoms) 10 29 56 

Cryptophyta (Cryptomonads) 0 1 0 

Dinophyta (Dinoflagellates) 1 2 1 

Cyanobacteria (Blue green algae) 86 60 42 

Other 3 7 <1% 
    

Dominant diatom group Pennate species Pennate species 
Centric diatom species 

Chaetoceros spp. 

% of total cell counts that are 

diatoms 38 38 67 

 

The algal community composition in each batch of freshwater was relatively similar (Table 5). 

Diatoms comprised 33 and 25% of the community in Experiments 4 and 5 respectively, based on cell 

counts, while cyanobacteria made up 28 and 22% (Table 5). Chlorophyta and other unidentified algae 

(largely unicellular motile algae) made up the majority of the other algae in each batch of water 

(Table 5, Table B. 2). In water used for Experiments 4, Pediastrum was the dominant diatom genus, 

while Dictyosphaerium spp. was dominant in Experiment 5 (Table 5). 

Table 5 - Background composition of algal groups for freshwater experiments. 

Expt. no. 4 5 

Experiment description 

Freshwater + 16 fine 

suspended soils 

Freshwater + 13 river 

suspended sediments 

Total cell count (cell ml-1) 4307 3457 

   

 % of total cell count % of total cell count 

Chlorophyta (Green algae) 11 19 

Bacillariophyta (Diatoms) 33 25 

Chrysophyta (Golden brown algae) 0 <1% 

Cryptophyta (Cryptomonads) 1 2 

Dinophyta (Dinoflagellates) <1% <1% 

Euglenophyta (Euglenoids) 0 0 

Cyanobacteria (Blue green algae) 28 22 

Other 26 31 

   

Dominant diatom group Pediastrum spp. Dictyosphaerium spp. 

% of total cell counts that are diatoms 42 27 
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Nutrient limitation in experimental water 

The photosynthetic yield was measured after 72 hours for both the control and treatments where 

nutrients were added (N, P and N+P) to assess whether N and P were the nutrient most likely to be 

limiting or co-limiting algal growth in the bulk water. The study showed that the marine water 

collected from Moreton Bay consistently increased in photosynthetic yield and chlorophyll a 

concentration in response to N compared with the control treatments (Figure 2), irrespective of the 

starting yield or chlorophyll a concentration. This is consistent with the study by Saeck et al. (2016). 

In Experiments 1 and 3, this N response occurred after 72 hours of incubation, whereas in Experiment 

2 the yield of the N treatment had increased significantly after only 24 hours (Figure C. 1). The 

findings suggest the marine water used in the rapid algal bioassays was N limited, which is consistent 

with previous studies in Moreton Bay (and many coastal waters throughout the world) where N 

addition stimulates algal growth (O'Donohue et al. 2000, Saeck et al. 2016). There was also a 

significant yield response when N was applied in combination with P (N+P) in Experiments 1 and 2, 

but the response was not higher than for N alone, suggesting that there was no P limitation (Figure 2). 

In Experiments 1 and 2 there was a negative yield response to P addition (Figure 2, Figure C. 1). This 

is consistent with previous studies which often show a negative response to P addition alone (e.g. 

Burford et al. 2012). 
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Figure 2 - Mean (±SE) photosynthetic yield after 72 hours incubation, and mean chlorophyll a after 7 

days incubation for control treatments with and without nutrients in the three marine rapid algal 

bioassays (Experiment 1, 2 and 3). For each treatment, means which share a letter in common are not 

significantly different at p<0.05. 

 

Chlorophyll a concentrations in freshwater from the South Johnstone River significantly increased in 

response to N addition in both Experiments 4 and 5, however photosynthetic yield only increased 

significantly following N addition in Experiment 4 (Figure 3). The magnitude of the yield increase in 

response to N addition was less in the freshwater experiments compared to the marine water, 

suggesting that limitation was more extreme in the marine system. Photosynthetic yield increased 

further when N was added in combination with P in Experiment 4 (Figure 3), suggesting N and P 

were co-limiting. There is increasing evidence of N limitation as well as N+ P co-limitation in 

freshwater systems throughout the world (e.g. Elser et al. 2007, Sterner et al. 2008). 

 



Griffith University Final Report - Sources of bioavailable nutrients: Phase 2 - 27 April 2017 

23 

 

Figure 3 - Mean (±SE) photosynthetic yield after 72 hours incubation and mean chlorophyll a (±SE) 

after 7 days incubation for control treatments with and without nutrients in the two freshwater rapid 

algal bioassays (Experiment 4 and 5). For each treatment, means which share a letter in common are 

not significantly different at p<0.05, where no letters are present treatment had no significant effect in 

the ANOVA model. 
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Algal growth response to incubation with sediments 

In order to assess whether the algal growth response was positive, negative or there was no response 

with sediment addition, the photosynthetic yield (after 72 hours) and chlorophyll a concentrations 

(after 7 days) of marine or freshwater incubated with each sediment were compared to that of the 

control at the same time point.  

Photosynthetic yield response 

Algae had a positive photosynthetic yield response to between 50 and 60% of the 16 fine suspended 

sediment types tested, across the marine, freshwater and aged soil bioassays (Table 6). Marine 

microalgae had a positive yield response to 56% of the sediments tested, while freshwater algae 

responded positively to 63% (Table 6). Following sediment aging, 50% of fine suspended sediments 

induced a positive yield response (Table 6). Only one negative yield response was recorded for fine 

suspended sediments, marine microalgae had a negative yield response to fine suspended sediment 

#16 (a South Johnstone surface ferrosol from banana plantation land use), but only when aged (Table 

6). 

Fine suspended sediment #3 (high erodibility subsurface dermosol from grazing land use in the 

Bowen catchment) and #13 (a South Johnstone ferrosol from sugarcane land use) consistently induced 

a significant positive photosynthetic yield response in both marine and freshwater, and in marine 

water following aging (Table 6). The magnitude of yield response to incubation with sediment #3 was 

also greater than for other sediment types in all three experiments (Figure C. 3, Figure C. 4, Figure C. 

6). No significant yield responses were observed for sediment #9 (a high erodibility surface vertosol 

from grazing land use in the Bowen catchment) (Table 6). The response of algal communities to the 

other sediments varied across marine, freshwater and aged sediment bioassays. For example, 

sediments #6, #10 and #16 only provoked a positive yield response in freshwater (Table 6). 
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Table 6 - Summary of photosynthetic yield response of algal communities exposed to 16 fine 

suspended sediments generated from 16 different soil types (see Table 1 for details) after 72 hours. 

Marine and freshwater algae were exposed to the fine suspended sediments in separate rapid algal 

bioassays, and marine water was exposed to sediment that had been “aged” in DI water for 3 days. 

The photosynthetic yield of each treatment was compared to the yield of the control treatment after 

standardising for variable TSS concentrations. A + signifies a significant increase in yield compared 

to the control, - is a significant negative response, and O indicated no significant difference in yield 

compared to the control. The proportion of the 16 sediments which were associated with a positive 

and negative algal response have been tallied. 

Sediment ID 1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0

 

1
1

 

1
2

   
1

3
  

1
4

  
1

5
  

1
6

  

Prop 

+ve 

Prop 

-ve Experiment 

1 Marine + + + o + o o o o o + + + + + o 0.56 0 

2 
Marine 

+ aged 
o o + + + o + + o o o + + + o - 0.5 0.06 

4 
Fresh-

water 
o + + + o + + o o + + o + o + + 0.63 0 

 

 

Marine microalgae had a significant positive yield response to incubation with 62 % of the river 

suspended sediments collected in rocket samplers during high flow events, while freshwater algae 

showed no positive responses. Freshwater algae had a significant negative response to 46% of the 

river suspended sediments tested (Table 7). Marine microalgae had the greatest yield increase in 

response to river suspended sediment #9 (a combination of three high flow events draining mixed 

dairy and native forest land use in the Johnstone catchment) (Figure C. 5). Marine microalgae had a 

positive yield response to river suspended sediment collected in the lower South Johnstone catchment 

(“End of system”) during high flow events 2-4, but not 1 (sediments #12 and #13 but not #11) (Table 

7). More South Johnstone river suspended sediments were associated with a positive yield response 

(85%) in marine microalgae than Bowen sediments (50%) (Table 7). In the freshwater experiment, 

algae had a significant negative response to more of the Bowen river suspended sediments (66%) than 

those from the South Johnstone (29%) (Table 7). In contrast to the freshwater used in Experiment 4, 

the bulk water in Experiment 5 did not have a positive photosynthetic yield response to N addition 

after 72 hours (Figure 3), suggesting that this water was not N limited and may not have had the 

capacity to respond to the river suspended sediment treatments. This may be contributing to the lack 

of positive yield responses in Experiment 5.  
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Table 7 - Summary of photosynthetic yield response of algal communities exposed to 13 different 

“river suspended sediments” collected in “rocket” samplers in the Bowen(1-6) and South Johnstone 

(7-13) rivers (see Table 2) for 72 hours. Marine and freshwater algae were exposed to the river 

suspended sediments in separate rapid algal bioassays. The photosynthetic yield of each treatment was 

compared to the yield of the control treatment after standardising for variable TSS concentrations. + 

signifies a significant increase in yield compared to the control, - is a significant negative response, 

and O indicated no significant difference in yield compared to the control. The proportion of the 16 

sediments which were associated with a positive and negative algal response have been tallied. 

Sediment ID 1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0

 

1
1

 

1
2

   
1

3
  

Prop 

+ve 

Prop 

-ve 
Experiment 

3 Marine + o + o + o + + + + o + + 0.62 0 

5 Freshwater o - - o - - - o o o - o o 0 0.46 

 

Chlorophyll a response 

There were fewer significant increases in algal growth following incubation with the fine lab 

generated suspended sediments and river suspended sediments when chlorophyll a concentrations 

were used as the metric (0-38%) compared with photosynthetic yield (Table 8). The response pattern 

of marine microalgae was broadly similar for photosynthetic yield and chlorophyll a (Table 8, Table 

9, Figure C. 3, Figure C. 5, Figure C. 5). Sediment treatments associated with a significant increase in 

chlorophyll a also had a significant increase in photosynthetic yield (comparing Table 8 with Table 6, 

and Table 7 with Table 9, with the exception of sediment 15 following aging). In addition, the 

magnitude of response had similarities between the two metrics, for example, incubation with fine 

suspended sediment #3 lead to a greater increase in both yield and chlorophyll a concentration 

compared to other sediment types in marine water (for both non-aged, Figure C. 3 and aged sediment, 

Figure C. 4). These results suggest that for marine water, the response of photosynthetic activity 

(yield) and biomass accumulation (chlorophyll a) are relatively well coupled.  

No significant increases in chlorophyll a concentration compared to the control were observed when 

the 16 fine suspended sediments were incubated with freshwater (Table 8), which contrasts the 

photosynthetic yield results (Table 6). Chlorophyll a data for Experiment 4 was highly variable across 

replicates within treatments (Figure C. 6) and no significant differences were observed for sediments, 

although there was a significant increase in response to the N+P nutrient treatment. The chlorophyll a 

response of freshwater to river suspended sediments (Experiment 5) also contrasted that of 

photosynthetic yield. Chlorophyll a concentrations significantly increased on incubation with river 

suspended sediments #8 and #9 (South Johnstone event 2-4 samples from dermosol in sugarcane land 

use and mixed soil type in diary/native forest respectively) (Table 9), whereas the photosynthetic yield 

for these treatments was not different to the control and many river suspended sediments were 
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associated with a negative yield response (Table 7). In the freshwater bioassays the photosynthetic 

yield data provided valuable information about the state of the algae exposed to each treatment, and 

how photosynthesis is responding more rapidly than a subsequent increase in biomass. 

Table 8 - Summary of chlorophyll a response of algal communities exposed to 16 different fine 

suspended sediments generated from 16 different soil types (see Table 1) after 7 days. Marine and 

freshwater algae were exposed to the fine suspended sediments in separate rapid algal bioassays, and 

marine water was exposed to sediment that had been “aged” in DI water for 3 days. The 

photosynthetic yield of each treatment was compared to the yield of the control treatment after 

standardising for variable TSS concentrations. A + signifies a significant increase in yield compared 

to the control, - is a significant negative response, and O indicated no significant difference in yield 

compared to the control. The proportion of the 16 sediments which were associated with a positive 

and negative algal response have been tallied. 

Sediment ID 1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0

 

1
1

 

1
2

   
1

3
  

1
4

  
1

5
  

1
6

  

Prop 

+ve 

Prop 

-ve Experiment 

1 Marine o o + o + o o o o o o + + + + o 0.38 0 

2 
Marine 

+ aged 
o o + o o o o + o o o o + + + o 0.31 0 

4 
Fresh-

water 
o o o o o o o o o o o o o o o o 0 0 

 

Table 9 - Summary of chlorophyll a response of algal communities exposed to 13 different “river 

suspended sediments” collected in “rocket” samplers in the Bowen (1-6) and South Johnstone (7-13) 

(see Table 2). Marine and freshwater algae were exposed to the river suspended sediments in separate 

rapid algal bioassays. The photosynthetic yield of each treatment was compared to the yield of the 

control treatment after standardising for variable TSS concentrations. A + signifies a significant 

increase in yield compared to the control, - is a significant negative response, and O indicated no 

significant difference in yield compared to the control. The proportion of the 13 sediments which 

were associated with a positive and negative algal response have been tallied. 

Sediment ID 1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0
 

1
1
 

1
2
   

1
3
  

Prop 

+ve 

Prop 

-ve 
Experiment 

3 Marine o o o o + o + o + o o + + 0.38 0 

5 Freshwater o o o o o o o + + o o o o 0.15 0 
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Algal community response to incubation with sediments 

The composition of both marine and freshwater algal communities changed in response to N and P 

addition and incubation with different types of sediment. This report focuses on the changes in diatom 

densities. At this point, only one replicate has been counted per treatment for each experiment. 

Comprehensive data for the samples analysed is provided in Appendix B - Additional algal 

community data (Table B. 3-7). 

Nitrogen addition alone, and in combination with P, lead to an increase in the relative abundance of 

diatoms compared to the control in two of the three marine water experiments, but a decrease in 

freshwater (Table 10, Table 11). For marine water, this increase was greater for Experiment 1 

(nutrient treatments had a 2-3 fold increase in relative abundance) than Experiment 3. The background 

bulk water relative diatom abundance was higher in Experiment 2 (56%) than Experiment 1 (10%) 

(Table 4), and after 7 days incubation the control treatment in Experiment 3 was 92% diatoms (Table 

B. 5). Despite this higher baseline, a small increase in relative diatom abundance was observed in 

response to N addition in Experiment 3 (Table 11). Whereas in Experiment 2, the relative diatom 

abundance decreased by 36 % in response to N addition, despite 73 % relative abundance in the 

control treatment (Table B. 4, Table 10). The relative abundance of diatoms increased with P addition 

in marine water in Experiments 1 and 2, and the first of the freshwater experiments (Table 10, Table 

11). These results suggest that enrichment with both N and P may shift the marine microalgal 

community towards greater diatom dominance. Other studies have shown that diatoms are capable of 

rapid growth compared with many other species when sufficient nutrients are available (Finkel et al. 

2009). 

In marine water, the algal community shifted towards greater diatom dominance in response to 

incubation with fine suspended sediments #1-3, #5 and #7 (sediments from the Bowen catchment 

under grazing and forest land use) (Table 10). Sediments #3 and #7 had a strong positive effect on 

relative diatom abundance, promoting an increase of approximately 50% (Table 10). In contrast, when 

freshwater algae were exposed to the same fine suspended sediment, soils #3 and #8 (both high 

erodibility Bowen soils under grazing land use) promoted a shift towards diatom dominance (Table 

10). Incubation with sediment #3 led to increase in relative diatom abundance both with and out prior 

aging in DI water (Table 10). While the other sediments had contrasting effects on relative diatom 

abundance with and without aging (Table 10). In combination with the photosynthetic yield and 

chlorophyll a data, these results imply that fine suspended sediment #3, a high erodibility sub-surface 

dermosol from grazing land in the Bowen catchment is of particular concern in terms of promoting 

diatom growth and potential flow on effects to COTS starfish outbreaks. Not only did this sediment 

type promote photosynthetic activity and biomass accumulation when considering the algal 

community as a whole, but it also promoted the growth of diatoms over other algal taxa. This implies 

that erosion of soil #3 may lead to a greater increase in total diatom abundance in GBR coastal waters 
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compared with other sediment types and that sediment #3 could be first targeted for erosion control 

measures. 

Incubation with river suspended sediments collected in rocket samplers led to either a decrease or 

relatively little change in relative diatom abundance in the marine microalgal community (Table 11). 

In contrast, relative diatom abundance in freshwater increased 3 fold in response to river suspended 

sediments #3, #12 and #13, while water exposed to the other river suspended sediments had relatively 

little change in diatom abundance or a decrease of up to 5% (Table 9). 

Algal phosphorus storage 

It is well established that the addition of N in N limited systems typically leads to an increase in 

photosynthesis, and ultimately growth rates. However, in the case of P, it is often stored in the cells 

rather than promoting growth (Dyhrman 2016). Therefore in this study the particulate P was 

measured, as an indicator of P content of algal cells. The concentration of particulate P was below or 

close to the detection limit (0.01 mg L-1) for many samples making it difficult to use this measure to 

infer P accumulation. To compare the effects of the nutrient and sediment treatments on P storage in 

algal biomass in a standardised way, the mean algal P concentration of the control treatment was 

subtracted from the mean algal P concentration for each treatment, after dividing by the mean 

chlorophyll a concentration for each treatment.  

Phosphorus accumulation was observed in response to the P and N+P nutrient treatments both in 

marine and freshwater experiments, but this was not consistent across all experiments (Table 12, 

Table 13). Phosphorus storage by marine microalgae increased in response to incubation with the 

majority of non-aged lab generated fine suspended sediments and river suspended sediments tested 

(compared to the control, Table 12, Table 13). More P was accumulated by marine microalgae 

exposed to fine suspended sediment #16 (South Johnstone ferrosols from banana plantation land use) 

compared with other sediment types, both with and without aging (Figure C. 3, Figure C. 4). A 

significant increase in photosynthetic yield compared with the control was not observed for 

sediment #16 (Table 6). Marine microalgae exposed to sediment 16 may have a delayed growth 

response as a result of the P accumulation. In contrast to marine microalgae, for freshwater algae, P 

accumulation in excess of the control treatment occurred after incubation with fewer fine suspended 

sediments and no river suspended sediments (Table 12, Table 13). 
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Table 10 - Summary of changes in the relative abundance of diatoms (as a percent of algal cells present) compared to the control treatment (Milliq water) for marine 

and freshwater exposed to nutrient treatments (nitrogen (N), phosphorus (P) and N and P in combination) and fine suspended sediments  generated from 16 different 

soil types (see Table 1) for 7 days. Marine water was also exposed to sediment that had been “aged” in Milliq water for 3 days. NOTE: Only one replicate was 

counted for each treatment. 

Sediment ID N
 

P
 

N
+

P
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0

 

1
1

 

1
2
   

1
3

  

1
4

  

1
5

  

1
6

  

Experiment 

1 Marine 18 19 37 26 25 49 -1 16 -17 47 -12 1 -8 -12 -15 -1 -10 -10 -6 

2 
Marine + 

aged 
-36 -8 -11 -20 -29 8 25 -43 20 -39 10 -6 4 -1 -15 7 -10 -20 6 

4 
Fresh-

water 
-11 5 -10 4 -8 13 4 -3 -6 0 23 -3 -4 -9 -2 0 -7 0 -7 

 

Table 11 - Summary of changes in the relative abundance of diatoms (as a percent of algal cells present) compared to the control treatment (Milliq water) for marine 

and freshwater exposed to nutrient treatments (nitrogen (N), phosphorus (P) and N and P in combination) and to 13 different “river suspended sediments” collected 

in “rocket” samplers in the Bowen (1-6) and South Johnstone (7-13) (see Table 2) for 7 days. Marine water was also exposed to sediment that had been “aged” in DI 

water for 3 days. NOTE: Only one replicate was counted for each treatment. 

Sediment ID N
 

P
 

N
+

P
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0

 

1
1

 

1
2

   

1
3

  

Experiment   

3 Marine 3 6 2 -8 -14 0 -23 2 -32 1 -29 -1 -34 4 -12 2 

5 Freshwater -5 1 -6 -1 -5 11 2 -1 -5 -2 0 -5 -3 -2 11 10 
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Table 12 - Summary of treatments where an algal phosphorous storage response was observed, calculated as the standardised mean algal phosphorus of each 

treatment minus the standardised mean algal phosphorus control treatment, for marine and freshwater exposed to nutrient treatments (nitrogen (N), phosphorus (P) 

and N and P in combination) and fine suspended sediments generated from 16 different soil types (see Table 1) for 7 days. Marine water was also exposed to 

sediment that had been “aged” in DI water for 3 days. A + indicates that mean algal particulate P was greater than the control and n.d indicates that there was either 

no difference, the difference was below detection limits or both were below detection limits. NOTE: Only two replicates were analysed for each treatment. 

Sediment ID N
 

P
 

N
+

P
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0
 

1
1
 

1
2
   

1
3
  

1
4
  

1
5
  

1
6
  

Experiment 

1 Marine n.d. + + + + + n.d. + + + + + + + n.d. + n.d. + + 

2 
Marine + 

aged 
n.d. + n.d. n.d. n.d. n.d. + + n.d. n.d. n.d. n.d. n.d. n.d. + n.d. n.d. n.d. + 

4 
Fresh-

water 
n.d. + + + n.d. + + n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. 

 

Table 13 - Summary of treatments where an algal phosphorous storage response was observed, calculated as the standardised mean algal phosphorus of each 

treatment minus the standardised mean algal phosphorus control treatment, for marine and freshwater exposed to nutrient treatments (nitrogen (N), phosphorus (P) 

and N and P in combination) and to 13 different “river suspended sediments” collected in “rocket” samplers in the Bowen(1-6) and South Johnstone (7-13) (see 

Table 2) for 7 days. A + indicates that mean algal particulate P was greater than the control and n.d indicates that there was either no difference, the difference was 

below detection limits or both were below detection limits. Only two replicates were analysed for each treatment. 

Sediment ID N
 

P
 

N
+

P
 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

1
0
 

1
1
 

1
2

   

1
3
  

Experiment   

3 Marine n.d. n.d. + + + n.d. + n.d. n.d. + n.d. + + + + + 

5 Freshwater n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Comparison of marine and freshwater photosynthetic yield response to lab generated fine 

suspended sediments and river sediments 

Incubation with lab generated fine suspended sediments had a greater net positive effect on algal 

photosynthetic yield in freshwater compared with marine water (Figure 4, after data standardisation 

for baseline yield and bulk water N responsiveness, significant effect of water source, p < 0.001 and 

water source x treatment interaction, p < 0.05). In particular, the sediments #4-7, and #9 increased 

yield to a greater degree in freshwater (Figure 4). 

 

Figure 4 - Mean (±SE) standardised yield (Ystd) for marine and freshwater incubated for 72 hours 

with fine suspended sediments generated from 16 different soil types, see Table 1 for sediment details. 

For treatment pairs marked with * there was a significant difference in standardised yield between 

marine and freshwater (p > 0.05). 
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In contrast to the lab generated fine suspended sediments, incubation with river suspended sediment 

(collected in rocket samplers) had a greater net positive effect on photosynthetic yield in marine 

compared with freshwater (Figure 5, after data standardisation for baseline yield and bulk water N 

responsiveness, significant effect of water source and water source x treatment interaction at 

p < 0.01). The water used for experiment 5 was not N responsive, which explains the lower 

standardised response values. Standardised photosynthetic yield increased in response to all river 

suspended sediments (except S4) to greater degree in marine water (Figure 5).  

Figure 5 - Mean (±SE) standardised yield (Ystd) for marine and freshwater incubated for 72 hours 

with 13 different “river suspended sediments” collected in “rocket” samplers in the Bowen (1-6) and 

South Johnstone (7-13), see table 2 for further details. For treatment pairs marked with * there was a 

significant difference in standardised yield between marine and freshwater (p > 0.05). 
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Effect of sediment aging on marine photosynthetic yield 

Incubation with aged sediment had a greater net positive effect on photosynthetic yield in marine 

water compared with non-aged sediment (Figure 6, after data standardisation for baseline yield and 

bulk water N responsiveness, effect of “aging” significant at p<0.001). Photosynthetic yield increased 

in response S2, S4, and S8 to S13-15 to greater degree when aged compared with not aged (Figure 6). 

Figure 6 - Mean (±SE) standardised yield (Ystd) for marine water incubated for 72 hours with lab 

generated fine suspended sediments with (aged) and without (not aged) “aging” in DI water for 3 days 

prior to the experiment. Treatment fine suspended sediments were generated from 16 different soil 

types (S1-16), see Table 1 for sediment details. For treatment pairs marked with * there was a 

significant difference in standardised yield of marine water exposed to sediments with (aged) and 

without (not aged) “aging” (p > 0.05). 
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Effectiveness of the rapid algal bioassay technique 

The modified rapid algal bioassay technique developed in this project provides a tool to rapidly 

compare the effects of many types of sediment on both marine and freshwater algal growth. The 

method is suitable for making direct comparisons between many treatments (up to 20 in our study) in 

a single experiment. A key advantage of this method is that it minimises artificial nutrient limitation 

which can occur in longer term experiments, which can confound interpretation of results. In our 

study, we found that the combination of algal growth response metrics (yield and chlorophyll a) and 

community composition analysis used in these bioassays were able to identify one sediment type that 

could lead to a greater increase in diatom abundance in coastal waters compared with other sediment 

types. Therefore, the rapid algal bioassay technique was able to detect differences in algal growth 

measures on a time-frame that was meaningful to real world conditions, and also provides valuable 

additional information on the relative effects on the algal community. 

7. Conclusions 

This study modified an existing algal bioassay method to develop an effective and rapid tool for 

measuring algal responses to sediment suspensions from the GBR catchments. A number of sediments 

promoting algal growth were identified that may warrant further management attention to reduce their 

impact on the GBR. Additionally, the study used more traditional methods to complement the rapid 

algal bioassay technique, providing a useful approach where multiple soil and land use types can be 

compared. 
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Appendix A - Key findings of the pre-indicator calibration experiments  

 

 

 

Figure A. 1- The mean (±SE) photosynthetic yield of water collected from the upper Brisbane River 

(26°45'30.9"S 152°14'17.0"E) after incubated for 48 hours with Milliq water (MQ, control treatment) 

and a test sediment at a range of TSS concentrations in g l-1. * indicates a significantly difference from 

the control treatment at p<0.05. 
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Figure A. 2 - The mean (±SE) photosynthetic yield of Moreton Bay test marine water after incubation 

for 24, 48, 72 and 144 hours with Milliq water (MQ, control treatment), nitrogen (N) and phosphorus 

(P) addition treatments and two sediment types (S1 and S2) at 3.0 g l-1. Bars which share a letter in 

common are not significantly different at p<0.05. Where no letters are present treatment did not have 

a significant effect in the ANOVA model. 
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Table A. 1 - Conditions and algal community composition of samples from the South Johnstone and 

Bowen Rivers collected under a range of flow regimes. Discharge values are daily means measured at 

Upstream Central Mill, 17°36'32.0'S 145°58'44.6'E (South Johnstone) and Munya, 20°34'55.5'S 147°35'53.2'E 

(Bowen River) (data collected from Queensland Government, Water Monitoring Information Portal, https://. 

water-monitoring.information.qld.gov.au). 

Water Source South Johnstone River Bowen River 

Discharge 

(m3s−1) 
19.9 45.0 45.6 46.9 58.6 3.6 32.2 

Collection 

Date 
29/6/2016 2/3/2016 7/3/2016 10/3/2016 11/2/2016 20/4/2016 11/2/2016 

Turbidity 

(NTU) 
9.0 5.1 9.1 74.2 9.4 15.4 26.6 

Conductivity 

(mS cm-1) 
0.058 0.057 0.056 0 9.14 0.201 0.261 

pH 7.0 6.8 7.8 6.6 6.5 7.7 6.9 

Salinity (PSS) 0.03 0.03 0.03 0.001 6.28 0.1 0.13 

Photosynthetic 

yield (Fv/Fm) 
0.1 0.36 0.22 NR 0.34 0.54 NR 

Total cell 

count 

(cell ml-1) 

1798 220 113 513 100 1423 400 

Dominant taxa Diatom Diatoms Diatom Diatom Diatom 
Green 

algae 
Cyanobact

eria 

Diatoms % of 

total count 
89 88 100 55 100 11 0 

 

 

Figure A. 3 - The mean (±SE) photosynthetic yield of Moreton Bay water incubated for 24 hours 

without dialysis tubing (Blank) and with untreated and pre-treated dialysis tubing filled with millq 

water. Bars which share a letter in common are not significantly different at p<0.05.



Griffith University Final Report - Sources of bioavailable nutrients: Phase 2 - 27 April 2017 

41 

 

Appendix B - Additional algal community data 

 

Table B. 1- Full algal counts for background marine water samples 

  

Expt. 1 

Cells mL-1 

Expt. 2 

Cells mL-1 

Expt. 3 

Cells mL-1 

Total Algae 384 784 1,939 

        

Chlorophyta (Green Algae) 0 5 0 

Cosmarium spp. 0 5 0 

Unid. unicellular chlorophytes  0 0 0 

        

Bacillariophyta (Diatoms) 39 227 1,092 

Centrics (small) 0 13 2 

Pennates (small) 15 86 25 

Bellerochea spp. 0 3 0 

Chaetoceros spp. 13 48 733 

Cocconeis spp.  0 0 0 

Cyclotella spp. 0 3 0 

Dactyliosolen spp. 1 0 2 

Eucampia spp. 0 0 0 

Fragilaria spp.  5 10 20 

Guinardia spp. 0 0 0 

Gyrosigma spp. 1 1 0 

Hemiaulus spp. 0 0 161 

Leptocylindricus spp. 0 33 0 

Navicula spp. 1 10 1 

Nitzchia spp.  3 15 100 

Pinnularia spp. 0 0 2 

Rhizosolenia spp. 0 0 45 

Suriella spp. 0 7 0 

Thalassionema spp. 3 0 0 

        

Cryptophyta (Cryptomonads) 0 10 0 

Cryptomonas spp. 0 10 0 

        

Dinophyta (Dinoflagellates) 3 18 20 

Ceratium spp.  0 1 0 

Unknown Dinofagellates 3 18 20 

        

Cyanobacteria (Blue Green Algae) 329 471 824 

Chroococcales       

Unidentified Chroococcales  329 56 50 
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Nostocales 0 0 0 

        

Oscillatoriales 0 415 774 

Oscillatoriales 0 415 774 

        

Raphidophyta 0 0 0 

Unidentified Raphidophytes 0 0 0 

        

Other 13 53 2 

Unidentified unicelluar motile algae 5 28 2 

Unidentified unicelluar algae 8 25 0 

 

Table B. 2 - Full counts for freshwater ambient water 

  
Expt. 4 

Cells mL-1 
Expt. 5 

Cells mL-1 

Total Algae 4,307 3,457 

      

Chlorophyta (Green Algae) 486 669 

Ankistrodesmus spp. 0 0 

Chlamydomonas spp. 51 50 

Chlorogonium spp. 51 75 

Dictyosphaerium spp. 0 180 

Kirchneriella spp. 51 100 

Monoraphidium spp. 5 25 

Oocystis spp. 0 40 

Pediastrum spp. 202 0 

Scenedesmus spp. 127 175 

Spondylosium spp. 0 25 

      

Bacillariophyta (Diatoms) 1,412 879 

Achnanthidium spp. 506 375 

Centric diatom  25 5 

Cocconeis spp. 0 10 

Cymbella spp. 5 10 

Fragilaria spp.  0 25 

Navicula spp. 76 50 

Nitzchia spp.  278 300 

Meloseira spp. 15 0 

Pinnularia spp. 0 5 

Synedra spp. 25 0 

Other Pennates 481 100 

Suriella spp.     

      

Chrysophyta (Golden Brown Algae) 0 5 

Dinobryon spp. 0 5 
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Cryptophyta (Cryptomonads) 51 75 

Cryptomonas spp. 51 75 

      

Dinophyta (Dinoflagellates) 5 5 

Gymnodinium spp. (<25um) 5 5 

      

Euglenophyta (Euglenoids) 0 0 

      

Cyanobacteria (Blue Green Algae) 709 375 

Chroococcales     

Chroococcus spp. 202 0 

      

Nostocales 0 0 

      

Oscillatoriales 506 375 

Planktolyngbya spp. 506 375 

      

Raphidophyta 0 0 

      

Xanthophyta 0 0 

      

Other 1,139 1,074 

Unidentified unicelluar motile algae 987 899 

Unidentified unicelluar algae 152 175 
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Table B. 3 - Cell density and community composition (% of cell count) for marine water incubated for 

7 days with nutrient controls and fine suspended soils generated from different types of soil 

(Experiment 1). Treatments are control (MQ), nitrogen (N) and phosphorus (P) added separately and 

together (N+P) and the 16 types of fine suspended soil tested, see Table 1 for details of these 

sediments types. 

Treatment 

name 

Cell 

density 
(cells ml-1) 

Diatoms 

(%) 

Cryptophyta 

(%) 

Dinoflagellates 

(%) 

Cyanobacteria 

(%) 

Other 

(%) 

Control 968 19 0 30 0 52 

N 6086 36 0 1 52 10 

P 393 38 0 14 0 48 

N+P 2284 56 0 14 0 30 

S1 568 45 0 22 33 0 

S2 2802 44 0 1 45 9 

S3 955 67 0 7 0 26 

S4 2695 18 0 7 70 5 

S5 6088 34 0 2 51 12 

S6 8448 2 0 0 96 2 

S7 1094 65 0 17 0 17 

S8 2822 7 0 2 71 20 

S9 2530 20 0 5 50 25 

S10 3846 11 0 1 81 5 

S11 4574 7 0 3 73 18 

S12 8741 4 0 3 86 8 

S13 4308 18 0 3 73 6 

S14 21472 8 0 1 87 4 

S15 13727 8 0 2 78 12 

S16 10159 13 1 1 74 9 
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Table B. 4 - Cell density and community composition (% of cell count) for marine water incubated for 

7 days with nutrient controls and fine suspended soils generated from different types of soil which had 

been aged for 3 days prior (Experiment 2). Treatments are control (MQ), nitrogen (N) and phosphorus 

(P) added separately and together (N+P) and the 16 types of fine-aged sediment tested, see Tabel 1 for 

details of these sediments types. 

Treatment 

name 

Cell 

density 
(cells ml-1) 

Diatoms 

(%) 

Cryptophyta 

(%) 

Dinoflagellates 

(%) 

Cyanobacteria 

(%) 

Other 

(%) 

Control 2522 73 0 1 11 15 

N 3956 37 0 <1% 55 7 

P 3042 65 0 1 14 21 

N+P 1970 62 0 3 16 19 

S1 5163 53 0 1 36 10 

S2 5118 44 0 <1% 49 6 

S3 2004 81 0 1 16 3 

S4 3971 98 0 1 0 2 

S5 12312 30 0 <1% 66 4 

S6 1797 93 0 0 0 7 

S7 4414 34 0 0 57 10 

S8 3675 83 0 5 10 2 

S9 4991 67 0 1 25 6 

S10 5520 77 0 1 17 5 

S11 2035 72 0 1 21 6 

S12 4865 58 0 1 39 1 

S13 1236 80 0 0 10 10 

S14 3214 63 0 0 30 8 

S15 4814 53 0 <1% 39 8 

S16 3277 79 0 <1% 19 2 
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Table B. 5 - Cell density and community composition (% of cell count) for marine water incubated for 

7 days with nutrient controls and river suspended sediment collected in rocket samplers (Experiment 

3). Treatments are control (MQ), nitrogen (N) and phosphorus (P) added separately and together 

(N+P) and the 13 types of river suspended sediment tested, see Table 2 for details of these sediments 

types. 

Treatment 

name 

Cell 

density 
(cells ml-1) 

Diatoms 

(%) 

Cryptophyta 

(%) 

Dinoflagellates 

(%) 

Cyanobacteria 

(%) 

Other 

(%) 

Control 4751 92 0 0 0 8 

N 6306 95 0 0 0 5 

P 3178 98 0 0 0 2 

N+P 11848 94 0 0 0 6 

S1 3453 84 0 0 0 16 

S2 3226 78 0 1 12 10 

S3 2316 92 0 3 0 5 

S4 5020 69 0 1 25 5 

S5 7591 94 0 1 0 5 

S6 7062 60 0 0 35 4 

S7 9615 93 1 0 0 7 

S8 9241 63 0 0 34 3 

S9 20354 91 0 0 6 3 

S10 9767 58 1 1 39 3 

S11 5838 96 0 2 0 2 

S12 11576 80 0 0 16 3 

S13 8685 94 0 0 3 3 
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Table B. 6 - - Cell density and community composition (% of cell count) for freshwater incubated for 7 days with nutrient controls and fine suspended soils 

generated from different types (Experiment 4). Treatments are control (MQ), nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types 

of fine suspended soil tested, see Table 1 for details of these sediments types. 

Treatment 

name 

Cell 

density 
(cells ml-1) 

Diatoms 

(%) 

Chlorophyta 

(%) 

Chrysophyta 

(%) 

Cryptophyta 

(%) 

Euglenophyta 

(%) 

Cyanobacteria 

(%) 

Raphidophyta 

(%) 

Other 

(%) 

Control 17008 14 16 0 0 0 65 <1 5 

N 75792 2 32 0 <1 0 65 <1 1 

P 10533 18 31 0 0 0 49 0 2 

N+P 101345 4 9 0 <1 <1 86 0 <1 

S1 9653 18 27 0 0 0 45 0 11 

S2 38753 5 6 0 0 0 87 <1 2 

S3 7749 27 34 <1 0 0 35 0 3 

S4 7028 18 24 0 0 0 54 0 4 

S5 23801 10 10 0 0 0 79 0 1 

S6 22198 7 10 0 0 0 83 0 0 

S7 10714 14 18 0 0 0 66 0 2 

S8 5915 36 26 0 0 0 32 0 5 

S9 10190 10 12 <1 0 0 77 0 1 

S10 27758 10 8 0 <1 0 80 <1 2 

S11 26854 5 8 0 0 0 87 <1 0 

S12 11077 12 29 <1 0 0 58 0 1 

S13 9416 14 23 <1 0 0 60 0 3 

S14 52850 6 5 0 0 0 88 <1 <1 

S15 17227 13 18 <1 <1 0 65 0 3 

S16 36165 7 9 <1 0 0 82 0 2 
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Table B. 7 - Cell density and community composition (% of cell count) for freshwater incubated for 7 days with nutrient controls and river suspended sediments 

collected in rocket samplers (Experiment 5). Treatments are control (MQ), nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types of 

fine suspended soil tested, see Table 2 for details of these sediments types. 

Treatment 

name 

Cell 

density 
(cells ml-1) 

Diatoms 

(%) 

Chlorophyta 

(%) 

Chrysophyta 

(%) 

Cryptophyta 

(%) 

Euglenophyta 

(%) 

Cyanobacteria 

(%) 

Raphidophyta 

(%) 

Other 

(%) 

Control 8367 7 38 0 0 <1 48 0 7 

N 37645 2 21 <1 0 0 76 <1 1 

P 17514 8 18 0 0 0 71 <1 3 

N+P 67308 1 11 0 0 0 87 0 2 

S1 21185 5 20 0 0 0 71 <1 4 

S2 48362 2 5 <1 0 0 92 0 2 

S3 6500 18 25 0 <1 0 48 <1 8 

S4 14113 9 18 0 <1 0 63 <1 11 

S5 18407 6 11 <1 0 0 78 <1 5 

S6 56794 1 3 0 0 0 95 0 <1 

S7 18438 4 14 0 0 0 78 <1 4 

S8 25221 6 18 <1 <1 0 73 <1 3 

S9 81469 1 5 <1 <1 0 92 0 1 

S10 26442 4 7 <1 <1 0 85 <1 4 

S11 25569 5 9 0 <1 0 84 0 2 

S12 5145 17 47 0 2 0 24 0 8 

S13 7869 16 22 0 <1 0 1 0 0 
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Appendix C - Additional information on rapid algal bioassay methodology 

and results 

 

Table C. 1 - Uncertainty, detection limit and methods used in the analysis of water quality samples at 

the Chemistry Centre, DSITI. 

Analyte 
Uncertainty 

(±%) 

Detection 

limit 
Unit Method Description 

Dissolved organic 

carbon 
8 0.5 mg/L Water: C organic dissolved NDIR 

Ammonium 

nitrogen as N 
8 0.002 mg/L 

Water: Nutrients (NH4
+, NOX, PO4

-) 

dissolved segmented flow analysis 

Oxidised nitrogen 

as N (NOx) 
8 0.001 mg/L 

Water: Nutrients (NH4
+, NOX, PO4

-) 

dissolved segmented flow analysis 

Phosphate 

phosphorus as P 
8 0.001 mg/L 

Water: Nutrients (NH4
+, NOX, PO4

-) 

dissolved segmented flow analysis 

Total Dissolved 

Nitrogen 
10 0.02 mg/L 

Water: Nutrients (DPN, DPP) low 

level dissolved by persulphate by AA 

Total Dissolved 

Phosphorus 
10 0.01 mg/L 

Water: Nutrients (DPN, DPP) low 

level dissolved by persulphate by AA 

Total Nitrogen 10 0.02 mg/L 
Water: Nutrients (TPN, TPP) low 

level total by persulphate by AA 

Total Phosphorous 10 0.01 mg/L 
Water: Nutrients (TPN, TPP) low 

level total by persulphate by AA 
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Figure C. 1 - Mean (± SE) photosynthetic yield standardised by TSS concentration, after 24, 48, 72 and 168 hours incubation with fine suspended sediments in rapid 

algal bioassay indicator calibration experiments. Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 

0.001. Treatments are control (MQ), nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see 

Table 1, for details of these sediments types. 
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Figure C. 2 - Mean (± SE) photosynthetic yield standardised by TSS concentration, after 24, 48, 72 

and 168 hours incubation with river suspended sediments in rapid algal bioassay indicator validation 

experiments. Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - 

p > 0.01 and *** - p > 0.001. Treatments are control (MQ), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 13 types of fine suspended sediment tested, see Table 2 for 

details of these sediments types. 
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Figure C. 3 - Mean (± SE) photosynthetic yield (72 hours) (a) and extracted chlorophyll a (b) standardised by TSS concentration, relative diatom abundance (c) and 

algal particulate phosphorus (d) of each treatment in Experiment 1, 16 types of fine suspended sediment incubated with marine water in a rapid algal bioassay. 

Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (MQ), nitrogen (N) 

and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 1for details of these sediments types. 
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Figure C. 4 - Mean (± SE) photosynthetic yield (72 hours) (a) and extracted chlorophyll a (b) standardised by TSS concentration, relative diatom abundance (c) and 

algal particulate phosphorus (d) of each treatment in Experiment 2, 16 types of fine suspended sediment aged for 3 days and incubated with marine water in a rapid 

algal bioassay. Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (MQ), 

nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 1 for details of these sediments 

types. 
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Figure C. 5 - Mean (± SE) photosynthetic yield (72 hours) (a) and extracted chlorophyll a (b) standardised by TSS concentration, relative diatom abundance (c) and 

algal particulate phosphorus (d) of each treatment in Experiment 3, 13 types of river suspended sediment incubated with marine water in a rapid algal bioassay. 

Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (MQ), nitrogen (N) 

and phosphorus (P) added separately and together (N+P) and the 13 types of fine suspended soil tested, see, Table 2 for details of these sediments types. 
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Figure C. 6 - Mean (± SE) photosynthetic yield (72 hours) (a) and extracted chlorophyll a (b) standardised by TSS concentration, relative diatom abundance (c) and 

algal particulate phosphorus (d) of each treatment in Experiment 4, 16 types of fine suspended sediment incubated with fresh water in a rapid algal bioassay. 

Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (MQ), nitrogen (N) 

and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 1for details of these sediments types. 
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Figure C. 7 - Mean (± SE) photosynthetic yield (72 hours) (a) and extracted chlorophyll a (b) standardised by TSS concentration, relative diatom abundance (c) and 

algal particulate phosphorus (d) of each treatment in Experiment 5, 13 types of river suspended sediment incubated with freshwater in a rapid algal bioassay. 

Significant differences from the control treatment (MQ) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (MQ), nitrogen (N) 

and phosphorus (P) added separately and together (N+P) and the 13 types of fine suspended sediment tested, see Table 2 for details of these sediments types. 
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