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Executive summary 
The traditional focus of management in the Great Barrier Reef (GBR) catchments has been 
on reducing the loss of sediment and dissolved inorganic forms of nitrogen (DIN). The 
impact of nutrients on the Reef is dependent on their bioavailability, so as DIN is 
immediately bioavailable it was the logical fraction of total nitrogen (TN) to focus on.  Whilst 
DIN is important due to its immediate bioavailability,  monitoring of end of catchment 
nutrient loads has shown that particulate and dissolved organic nutrients comprise the 
majority of the end of catchment nutrient load (Garzon-Garcia et al. 2015, Turner et al. 
2013, Turner et al. 2012, Wallace et al. 2015, Wallace et al. 2014, Waters et al. 2016).  

Recent research, including Phase 1 of this project, indicates that a portion of the particulate 
nutrients will be transformed to DIN in short timeframes (1-7 days were chosen as 
benchmarks) both in fresh and marine waters, thereby becoming bioavailable to aquatic 
organisms such as algae (Burton et al. 2015, Garzon-Garcia 2014). It was also found that 
measurements of particulate nitrogen (PN) and particulate phosphorus (PP) are not good 
indicators of potentially bioavailable nitrogen (N) and phosphorus (P) pools (Burton et al., 
2015). As a result, Phase 2 of the Sources of Bioavailable Particulate Nutrients project 
(RP128G) was developed. The key objectives of Phase 2 were to:  

 determine which are the best indicators of particulate nutrient bioavailability to algal 
and diatom growth in fresh and marine water over a short timeframe   

 develop a new, rapid bioassay for testing the effect of particulate nutrients on algal 
growth over a short timeframe 

 provide preliminary information on whether there is an algal response to N and/or P 
along a freshwater to marine gradient. 

 

Figure 1. General experimental scheme for the rapid algal bioassays 

Using rapid algal bioassays (Figure 1) as a validation tool we found that the potential effect 

of particulate nutrients in fine sediment on algal activity in marine and freshwater 

conditions can be estimated by various indicators. In marine conditions, where algae 
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typically responded to N addition, the two selected algal response to particulate nutrient 

bioavailability indicators (PNBm) over 3 days are1:  

(1) 𝑃𝑁𝐵𝑚1 = 0.198 + 0.457 × 𝑃𝑁 + 0.004 ×
𝑃𝑂𝐶

𝑃𝑁
 

(2) 𝑃𝑁𝐵𝑚2 = 0.221 + 9.638 × 𝑁𝐻4
+𝑁 + 0.402 × 𝑃𝑂𝑁 + 0.001 ×

𝑆𝑂𝐶

𝑁𝐻4
+𝑁

 

In freshwater conditions, where algae typically responded to N, or N plus P in combination, 

the three selected algal response to particulate nutrient bioavailability indicators (PNBfw, 

PNPBfw ) are1: 

(1) 𝑃𝑁𝐵𝑓𝑤1 = 0.467 + 0.015 × 𝑃𝑂𝐶 − 0.001 ×
𝑃𝑂𝐶

𝑃𝑁
 

(2) 𝑃𝑁𝐵𝑓𝑤2 = 0.438 + 3.387 × 𝑆𝑂𝐶 + 0.001 ×
𝑆𝑂𝐶

𝑆𝑂𝑁
  

(3) 𝑃𝑁𝑃𝐵𝑓𝑤1 = 0.451 + 13.28 × 𝑁𝐻4
+𝑁 + 451.7 × 𝐷𝑅𝑃 + 0.0005 ×

𝑆𝑂𝐶

𝑆𝑂𝑁
 

The indicators for both marine and freshwater conditions included carbon (C) pools which 

are not currently considered in modelling and monitoring programs. They also included 

various fractions of particulate N, differentiating between the adsorbed ammonium-N and 

the particulate organic N, that collectively comprise particulate N, and different ratios of C 

to N, which indicate the lability (ease of degradation) of the organic matter present in the 

sediment. The freshwater N and P indicators included dissolved reactive P (DRP), which is a 

measure of the fraction of PP that is in solution. 

The key outcomes and conclusions from this project are:  

 Particulate nutrients in sediment produced algal growth in bioassays over short 

timeframes (1 to 7 days). 

 The potential effect of particulate nutrients in fine sediment on algal activity in 

marine and freshwater conditions can be estimated by various indicator equations 

calculated from a combination of bioavailable nutrient parameters (i.e. PN, POC, 

NH4
+-N extracted by 2M KCl, PON, SOC, SON, DRP) that can be measured in the 

sediment.  

 The proposed indicators include carbon pools which are not currently considered in 

monitoring or modelling programs. This project has found that the type of carbon 

present affects the bioavailability of particulate nitrogen. 

                                                      
1 Particulate organic carbon (POC); 2M KCl extractable ammonium (NH4

+N); particulate organic nitrogen (PON); 
soluble organic carbon (SOC); soluble organic nitrogen (SON); dissolved reactive phosphorus (DRP). The units 
of all equation parameters are based on a w/w basis (e.g., mg POC kg-1 sediment). 
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 The development of protocols and methodology for measuring the necessary 

bioavailable particulate nutrient parameters on soil, sediment and water samples.  

 A rapid algal bioassay technique was successfully adapted to measure the effect of 

fine sediment in suspension on short timeframe (3 days) algal growth using 

photosynthetic yield as a measure of photosynthetic activity. It was compared with a 

traditional measure, ie. chlorophyll a, and was found to be a more sensitive 

measure. This bioavailability index was used to validate selected indicator equations. 

 Algae typically responded to nitrogen (under marine conditions), or nitrogen plus 

phosphorus (under freshwater conditions), but not phosphorus alone, which 

demonstrates that nitrogen inputs from catchments are the most likely cause of an 

increase in algal growth and biomass in marine and freshwater, rather than 

phosphorus alone. 

 PN is a first approximation of the effect of particulate nutrients on marine algae, but 

it is not as good as the indicator equations proposed here, particularly for certain soil 

types. 

 Bioavailable particulate nutrient parameters used to calculate indicator equations 

can be estimated from sediment source soil properties using ‘pedo-transfer 

functions’2. Some of these parameters are routinely measured as part of soil 

mapping programs and are stored in Queensland soil databases; however, we 

recommend that some additional parameters [NH4
+-N (extracted by 2M KCl), DRP, 

SOC, SON] need to be routinely measured in order to increase our capacity for using 

this database for risk assessment.   

 Further confirmation of Phase 1 results indicate that particulate nutrients are 

producing an important fraction of the DIN monitored at end of catchments as they 

are transported in rivers, and that this contribution to the generation of DIN will 

continue in the marine environment. 

Key implications of Phase 2 include the need to: 

 improve the prioritisation of management interventions in grazing and cropping 

catchments contributing sediment and runoff to catchment nutrient loads by 

including the risk of bioavailable particulate nitrogen export and the risk of causing 

increased algae activity in the Reef as factors together with sediment quantity   

 monitor bioavailable particulate nitrogen pools exported from catchments, estimate 

their potential impact on marine algae in defined timeframes, and assess progress 

on reducing the most detrimental fraction of particulate nutrients (i.e., the fraction 

available in a short, defined timeframe)    

                                                      
2 Mathematical equations that allow to estimate the value of a bioavailable particulate nutrient parameter in 
fine sediment from one or various bioavailable nutrient parameters measured on its parent soil. 
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 monitor bioavailable particulate nutrient export from gully and channel 

rehabilitation projects, and from nested sub-catchment projects where changed land 

management practices are being trialled 

 quantify the amount of bioavailable particulate nitrogen that is associated with 

erosion from different land uses and soil types and incorporate this into 

prioritisation processes 

 define how to incorporate particulate nutrients that are bioavailable over short 

timeframes (viz. days) in Reef water quality targets, considering these pools of 

nutrients are as bioavailable as DIN, but at this time are treated as part of the PN 

pool, which has less stringent targets 

 develop a more appropriate metric than PN to use in offset trading schemes 

 rapid algal bioassays can be a management tool to provide information about 

thresholds of concentrations of N, including PN, that give a biological response. 

 

In summary, this project has increased our understanding of the transformations, fate and 

impacts of bioavailable particulate nutrients of terrestrial origin on the GBR; this 

understanding is essential to target priority areas for mitigation and remediation. This work 

reinforces the importance of best management practices for sugarcane and grazing that 

minimise soil loss and dissolved nutrients in runoff to waterways.  In grazing, maintaining 

good land condition with a healthy cover of perennial, productive and palatable pastures 

protects the surface soil from erosion and, together with managing sub-surface erosion 

from gullies and channel banks, would minimise loss of soil and nutrients to waterways and 

the GBR.  
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Introduction 
The traditional focus of management has been on reducing the loss of sediment and 

dissolved inorganic forms of nitrogen from catchments (dissolved inorganic nitrogen, DIN) to 

the Great Barrier Reef (GBR). It has been implicitly assumed that by prioritizing the 

management of the largest sources of sediment, the largest sources of particulate nutrients 

to the Reef would be targeted at the same time. Particulate and dissolved organic nutrients 

comprise the majority of the end of catchment loads to the GBR (Garzon-Garcia et al. 2015, 

Turner et al. 2013, Turner et al. 2012, Wallace et al. 2015, Wallace et al. 2014, Waters et al. 

2016). The contributions of particulate nutrients and organics to the bioavailable forms of 

nutrients (i.e. DIN) monitored and modelled at the end of catchments of the GBR are 

potentially important but have received little attention to date. Very little is known of the 

sources, transformations/losses and impact of particulate nutrients as they are transported 

from terrestrial to marine systems. 

The transformations and impact of particulate nutrients transported from catchments to the 

GBR is dependent on their potential bioavailability (i.e the fraction of the total N and P pools 

that have the potential to become bioavailable to phytoplankton over a specified period of 

time) (Bunemann 2008, Santiago & Thomas 1992, Wiegner et al. 2009). Recent research 

(Burton et al. 2015, Garzon-Garcia et al. 2016), including Phase 1 of this project, has tested 

the concept that the potential bioavailability of inorganic and organic nutrients associated 

with sediments in the aquatic environment depends on land use, soil type, erosion process 

(i.e. surface versus subsurface, gully stage of evolution) and particle size. Important findings 

of Phase 1 and other recent research that led to Phase 2 of the project include: 

 Measurements of particulate nitrogen (PN) and particulate phosphorus (PP) are not 

good indicators of potentially bioavailable nitrogen (N) and phosphorus (P) pools 

(Burton et al. 2015). 

 Potentially bioavailable N and P and organic carbon (C) contents in fine sediments (<10 

m) vary widely across soil types and land uses with no consistency across all 

bioavailable nutrient pools (Burton et al. 2015). 

 Fine sediment (<10 m) tends to be enriched with potentially bioavailable N and P 

compared to its parent soil (Burton et al. 2015, Garzon-Garcia et al. 2016). 

 Fine sediment (<10 m) from surface soil erosion processes is enriched with 

potentially bioavailable N and P and organic C relative to fine sediment (<10 m) of 

subsurface origin. The enrichment varied depending on the particular bioavailable 

nutrient pool and the soil type (Burton et al. 2015, Garzon-Garcia et al. 2016). 

 Particulate nutrients (in sediment) become at least partially bioavailable to algae in 

fresh and marine water (Burton et al. 2015, Garzon-Garcia 2014). 
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 The main sources of bioavailable N and P from catchments will depend on the relative 

contribution of different erosion processes (i.e. surface versus subsurface, gully stage 

of evolution) (Burton et al. 2015, Garzon-Garcia et al. 2016), soil types and land uses.  

 

These findings put into question the assumption that, by managing the largest sources of 

sediment, the largest sources of particulate nutrients would be addressed. They also 

indicate that particulate nutrients are contributing to the end of catchment monitored DIN 

load through in-stream mineralisation processes (see conceptual diagram in Figure 2). 

Additionally, they are likely contributing DIN to the GBR through estuarine and marine 

mineralisation processes that are not well understood (Brodie et al. 2015). 

 

Figure 2. Conceptual model illustrating potential in-stream N transformations influencing 
end of catchment loads (Bell et al. 2016) 

Objectives of Phase 2 were to: 

 determine which are the best indicators of particulate nutrient bioavailability to algal 
and diatom growth in fresh and marine water over a short timeframe   

 develop a new, rapid bioassay for testing the effect of particulate nutrients on algal 
growth over a short timeframe 

 provide preliminary information on whether there is an algal response to N and/or P 
along a freshwater to marine gradient. 

The outcomes of this project will also contribute to the management of nutrient pollution to 

the GBR when indicators of particulate nutrient bioavailability are used to help identify 

areas of the Reef catchments most likely to contribute large amounts of bioavailable 

particulate nutrients to waterways from erosion. Additionally, we foresee their utility to 

compare the potential impact of eroded soil and sediment on freshwater and marine algal 

primary productivity between different catchments, sampling sites, sediment types, gully 

outlets, positions in a plume etc. Findings of this project are intended to feed into current 
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research projects including NESP 2.1.5 ‘What’s really damaging the Reef? Tracing the origin 

and fate of the environmentally detrimental sediment’, NESP 2.1.4 ‘Demonstration and 

evaluation of gully remediation on downstream water quality and agricultural production in 

GBR rangelands’ and NESP 3.1.7 ‘Reducing sediment loads to the Great Barrier Reef: 

developing optimal approaches for treating alluvial gully erosion’. 

This project also contributes to understanding the transformations, fate and impacts of 

bioavailable particulate nutrients of terrestrial origin on the GBR. This reinforces the 

importance of using management practices that minimise soil erosion and sediment run-off 

to the GBR particularly in priority areas. 

Methods  

Study area and selection of sampling sites  

The work was conducted in a wet tropics catchment, the Johnstone River catchment and a 

dry tropics catchment, the Bowen River sub-catchment. Work in the Johnstone River 

catchment was predominantly in the South Johnstone sub-catchment which consists of 

conservation (84%), grazing (9.7%) and sugar cane (2.8%) land uses, while the Bowen River 

sub-catchment consists predominately of grazing land use. The Bowen Broken Bogie River 

sub-catchments of the Burdekin River catchment have been identified as major contributors 

of sediment to the GBR. 

A range of key soil types and geologies were selected for sampling, covering the main 

catchment land uses and various erodibilities (Zund & Payne 2014). This resulted in 9 

combinations for the Bowen River sub-catchment and 6 combinations for the Johnstone 

River catchment (Table 1 and Table 2). Each combination was sampled across each 

catchment in triplicate, except in some cases where circumstances prevented this. These 

criteria for selecting test samples were important to ensure that indicators are applicable 

across different land uses, climate zones and soil types found within the GBR. Sampling sites 

for the Johnstone River catchment overlayed on soil type can be observed in Figure 3. 

Sampling sites for the Bowen River sub-catchment overlayed on soil type and erodibility 

rating combined can be observed in Figure 4.  
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Table 1. Sampling site characteristics in the Johnstone River catchment 

Soil type 
Erodibility 
class Land use Geology Sample id. 

Ferrosol (FE) High Dairy Basalt FE_D1, FE_D2, FE_D3 

Ferrosol (FE) Moderate Cane Basalt (FE_C1), FE_C2, FE_C3 

Dermosol (DE) Low Cane Alluvium DE_C1, DE_C2, DE_C3 

Ferrosol (FE) High Forest Basalt FE_FH1, FE_FH2, FE_FH3 

Dermosol (DE) Low-Moderate Banana Alluvium (DE_B1), DE_B2 

Ferrosol (FE) Low-Moderate Banana Basalt FE_B1, FE_B2, FE_B3 

* Samples in parenthesis correspond to samples taken during Phase 1 that were also used in 
this study 
 
 
Table 2. Sampling site characteristics in the Bowen River sub-catchment 

Soil type 
Erodibility 

class Land use Geology Sample id 

Vertosol 
(VE) 

High 
erodibility 

Grazing 
native 

Alluvium, arenite-mudrock, 
sandstone 

VE_H1, VE_H2, 
VE_H3 

Vertosol 
(VE) 

Low 
erodibility 

Grazing 
native Basalt, colluvium (small area) VE_L2, (VE_L3) 

Sodosols 
(SO) 

High 
erodibility 

Grazing 
native 

Sedimentary 
(sandstone/mudstone)-labile 
sandstone 

SO_H1, SO_H2, 
SO_H3 

Sodosols (S) 
Low 
erodibility 

Grazing 
native 

Granitoid, sedimentary 
(sandstone) 

SO_L1, SO_L2, 
(SO_L3) 

Chromosols 
(CH) 

High 
erodibility 

Grazing 
native Alluvium  

CH_H1, CH_H2, 
CH_H3 

Chromosols 
(CH) 

Low 
erodibility 

Grazing 
native Granitoid-metaphormic CH_L1, CH_L3 

Dermosols 
(DE) 

High 
erodibility 

Grazing 
native Arenite-mudrock  

DE_H1, DE_H2, 
DE_H3 

Dermosols 
(DE) 

Low 
erodibility 

Grazing 
native Arenite-mudrock  

(DE_L1), DE_L2, 
DE_L3 

Dermosols 
(DE) 

Low 
erodibility 

Native 
forest Granitoid 

DE_LF1, 
DE_LF2,DE_LF3 

* Samples in parenthesis correspond to samples taken during Phase 1 that were also used in 
this study 
 
Time-integrated sediment samplers (‘rockets’) were installed in the Johnstone River 

catchment (5) and Bowen River (10) sub-catchment to sample transported sediment during 

high-flow events at different locations during the 2016 wet season. Most sites in the 

Johnstone River catchment were located in the South Johnstone River sub-catchment. 
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Sampling site locations were selected to sample sediment from drainage areas in 

homogeneous soil types and land uses. In addition, some sites were selected to sample 

sediment on the main branch of each river where gauging sites were present, including 

Great Barrier Reef catchment loads monitoring program (GBRCLMP) end of system sites.  

Sampling sites for the Johnstone River catchment and Bowen River sub-catchment are listed 

with land use, soil type and erodibility class in their corresponding tributary area in Table 3 

and Table 4, respectively. Sampling sites for the Johnstone River catchment overlayed on 

land use can be observed in Figure 5. Sampling sites for the Bowen River sub-catchment 

overlayed on soil type can be observed in Figure 6. Two rockets were installed at each 

sampling site. In the Bowen River sub-catchment the two rockets were installed at different 

heights relative to the channel bed (see Table 4) to capture sediments from different 

positions in the water column. In the Johnstone River catchment they were installed at the 

same height to obtain replicate samples. 

Table 3. Integrated sediment sampling sites in the South Johnstone River sub-catchment 

Sampler 
No. Soil types  Erodibility  Land use Geology Notes 

R1_FE_C Ferrosols  Moderate Cane Basalt  
R2_DE_C Dermosols Low Cane Alluvium  

R3 
Dermosols-
Ferrosols Various 

Dairy-
Forest Various  

R4 (GS) 
Dermosols-
Ferrosols Various Various Various 

Gauging site 112101B 
South Johnstone at 
UCM 

R5_EoS 
End of system 
site Various Various Various   
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Table 4. Integrated sediment sampling sites in the Bowen River sub-catchment 

Sampler No. 
Height* 

(m) 
Soil types Erodibility Land use Geology Notes 

R1_DE_G 0.5, 1.2 Dermosols Low Grazing Arenite mudrock  

R2_DE_F 0.6 Dermosols Low Forest Granitoid  

R3_CH 0.3, 0.5 Chromosols Low and high Grazing Granitoid, colluvium, alluvium  

R4_VE 0.5, 1.0 Vertosols Low Grazing Basalt, colluvium  

R5_VE 0.5, 0.8 Vertosols Medium-high Grazing 
Alluvium, arenite mudrock, 
sandstone 

 

R6_SO 1.0, 2.0 Sodosols Low Grazing Granitoid  

R7_SO 0.5, 1.5 Sodosols High Grazing 
Sedimentary 
(sandstone/mudstone) 

 

R8_DE (GS)  Dermosols Low Grazing and forest Granitoid, arenite mudrock 
Gauging site 
120207A Broken 
River at Urannah 

R9 (GS) 3.0, 4.0 
Dermosols, 
chromosols, 
rudosols,  

 Grazing and forest  
Gauging site 
120209B Bowen 
River at Jacks Creek 

R10_EoS (GS) 3.0, 4.0 Various Various Various Various 
Gauging site 
120205A Bowen 
River at Myuna 

*The height is measured relative to the channel bed
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Figure 3. Soil sampling sites and soil type in the Johnstone River catchment and South Johnstone sub-catchment (red outline) (refer to Table 
1) 
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Figure 4. Soil sampling sites and soil type in the Bowen River sub-catchment (refer to Table 2) 
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Figure 5. Time-integrated sediment sampling sites in the Johnstone River catchment (refer to Table 3). Land use data source is the 
Queensland Land use Mapping Program (2009) 
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Figure 6. Time-integrated sediment sampling sites in the Bowen River sub-catchment (refer to Table 4) 
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Sample collection  

Soil samples 

A total of 17 soil samples were collected during the first week of March 2016 from the 

Johnstone River catchment and a total of 41 soil samples were collected during the third 

week of April 2016 from the Bowen River sub-catchment (a sub-catchment of the Burdekin). 

Surface soil samples (0-10 cm) were collected at all sampling points after removing 

vegetation, loose leaves and woody litter from the surface. Subsurface soil samples were 

taken at sampling points of high erodibility (Zund & Payne 2014) (Bowen River sub-

catchment only) by sampling all vertical strata differentiated by soil colour on an exposed 

gully bank. Samples from each stratum were obtained by scraping approximately 0-20 cm of 

the exposed face of the bank across each of the vertical strata with a spade. Surface soil was 

sampled from inter-rows at cane sites and rows at banana sites. Approximately 40 kg of soil 

was sampled at each sampling point and stored in clean bags. 

Sediment samples 

High-flow event sediment was sampled from four high-flow events in the Johnstone River 

catchment (Figure 7, total of 22 sediment samples) and one high-flow event in the Bowen 

River sub-catchment (Figure 8) providing a total of 17 sediment samples. In the Johnstone 

River catchment, high-flow event sediment samples were only obtained from the end of 

system site (R5_EoS) for Event 1 and from all sampling sites from Events 2 to 4. In the 

Bowen River sub-catchment, high-flow event sediment samples were obtained from 9 out of 

the 10 rocket sites installed (except for R8_DE) for the sampled event. 

 

 

Figure 7. High-flow events (1 to 4) for which sediment was sampled in the Johnstone River 
catchment (wet season 2015-2016) 

1 

2 

3

4
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Figure 8. High-flow event for which sediment was sampled in the Bowen River sub-
catchment (wet season 2015-2016) 

Sample preparation and analysis  

Soil samples were dried at 40 °C until constant weight was achieved and then sieved to 

<2 mm or ground in a jaw crusher so that the soil would pass through a <2 mm sieve. Large 

litter fragments (>2 mm) were either removed manually or by the sieving process. A sample 

splitter was used to take representative subsamples of the soil to be used for different 

analyses in the lab. All soil samples were analysed for particulate nutrient bioavailability 

parameters used in Phase 1 (see Table 5). All bioavailable particulate nutrient parameter 

results are presented in Appendix 1. Additionally, sediments were generated from each soil 

sample in the lab by fractionation to <10 m using the settling column method.  

The process for fractionation to <10 m was as follows: 

1. A 2 kg soil subsample was placed in a 20 L clean bucket with tap and topped up with 

deionised (DI) water to a mark inside the bucket (the mark height was calculated 

based on Stoke’s Law so that a 10 m diameter particle would take 46 minutes to 

settle at 20 °C). 

2. The sample and water were sonicated for 2 minutes to break aggregates, and then 

mixed with a mixing stick for approximately 30 seconds. 

3. The sample was agitated with a plunger for 30 seconds, ensuring the sample was 

well mixed and dispersed. 

4. The sample was left undisturbed to settle for exactly 46 minutes. 

5. The bucket tap was opened and the sample was allowed to drain into a clean bucket 

through a 63 m sieve to remove floating litter fragments. 

6. The tap was closed and DI water was added to the bucket up to the mark again. 

1 
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7. Steps 2 to 5 were repeated using a clean bucket to collect the second fraction of the 

sample.  

8. The recovered supernatants (wet <10 µm fraction) were collected in 1 L plastic 

containers, washing any remaining sample from the bucket into the containers using 

a squirt bottle, and dried in an oven at 40 °C until constant weight of the recovered 

sediment was achieved. Some of the recovered supernatants were centrifuged (4800 

rpm, 20 minutes) to separate the <10 µm fraction from the water and then as much 

clear supernatant as possible was removed to speed the drying step.  

9. Once the recovered sediment was dry, sediment coming from the same soil sample 

was combined into one sample and homogenised manually using mortar and pestle. 

 
All lab-generated sediment samples were subsequently analysed for most of the particulate 

nutrient bioavailability parameters used to analyse their parent soil samples (see Table 5). 

All bioavailable particulate nutrient parameter results are presented in Appendix 1. 

High-flow event sediment samples were dried in the oven at 40 °C until constant weight was 

achieved, sieved to <2 mm and analysed for their total nutrient pools (PC, PN, POC, PP, 

105 °C air-dry moisture) and particle size (laser sizer). High-flow event sediment samples 

selected for validation experiments were analysed later for the necessary additional 

particulate nutrient bioavailability parameters to calculate the selected indicators. All 

bioavailable particulate nutrient parameter results are presented in Appendix 1. 

Approach to select indicators of bioavailability of particulate nutrients 

using algal bioassays 

The approach to select the best indicators of the bioavailability of particulate nutrients in 

freshwater and marine conditions was the following: 

1. Bulk soil and lab-generated fine sediment (<10 m) was characterised using the 

bioavailable nutrient parameters applied in Phase 1 for a selected range of land uses, 

soil types, climate zones and erosion processes (surface and subsurface).  

2. Sixteen soil/sediment types were selected to represent the whole spectrum of 

variability of the bioavailable nutrient parameters applied in Phase 1. They were 

used in a series of “indicator calibration” experiments to determine how algal 

growth responds to sediments with varying bioavailable nutrient concentrations 

both in freshwater and marine conditions.  

Note that in order to select the 16 fine sediment samples to be introduced to the 

algae in the indicator calibration experiments, a larger number of soils (58) were 

sampled and characterised to ensure that the algae were being exposed to the full 

range of bioavailable particulate nutrient concentrations. The sediments used in the 

indicator calibration experiments were generated in the lab to ensure the full range 

of soil types, land uses, climate zones and erosion processes was covered at a 
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reasonable cost (i.e. to achieve the same range of characteristics by field sampling 

would be prohibitive in cost and time). 

3. A second series of experiments was conducted using real sediment samples (as 

opposed to lab-generated samples) collected in time-integrated sediment samplers 

(‘rockets’) during high-flow events. These have been called “indicator validation” 

experiments as they were used to ensure that the results generated in the lab are 

applicable to the real world and also to test the sample collection methods to allow 

the most appropriate sampling method to be recommended in the protocol 

document for end-users. A second component of the “indicator validation” work was 

to collect samples of water from each catchment during high-flow 

events to characterise the algal community for comparison with the algal community 

that grew in the laboratory experiments.   

4. The algal growth and diatom count results from the indicator calibration 

experiments were regressed against the range of bioavailable nutrient parameters 

tested in Phase 1 to determine which combination of parameters (“indicators”) best 

explained algal and diatom growth. 

5. The indicators were applied to the real high-flow event sediment samples using 

bioavailable nutrient parameters directly measured on this sediment in the lab. The 

estimated indicators were compared to algal growth from the “indicator validation” 

experiment to validate the selected indicators. 

Sediment selection for algal bioassays 

A reduced number of sediments covering the whole spectrum of variability in particulate 

nutrient bioavailability parameters were selected for the algal bioassays. Non-metric multi-

dimensional scaling (NMDS) mapping was used to make this selection using the vegan 

package (Oksanen et al. 2017) in R statistical software version 3.4.0 (R Core Team 2017). 

This statistical method of ordination, which is similar to principal component analysis, 

utilises matrix algebra to derive unique, successive linear axes such that distances among 

objects (in this case, parent soils sampled or lab sediment samples) in multivariate space (all 

particulate nutrient bioavailability parameters) are well represented in a low-dimensional 

ordination space (e.g., two dimensional graphs). 

Bioavailable particulate nutrient parameters were log-transformed except for potentially 

mineralisable N (PMN), which was power transformed (elevated to the 1/3 power). All 

bioavailability nutrient parameters were standardised for analysis. Six NMDS maps were 

generated, two for parent soils, two for lab-generated sediments and two for high-flow 

event sampled sediments, one for each of the two studied catchments. Using these maps, 

16 lab-generated sediments were selected for the “indicator calibration” algal bioassays and 

13 high-flow event sediments were selected for the “indicator validation” algal bioassays.  

The NMDS plots for lab-generated sediments and selected sediments can be seen in Figure 

9.  The parent soil maps (not presented here) were used to verify that the selection of 
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sediments covered the whole spectrum of variability in particulate nutrient bioavailability 

parameters measured on the parent soils of these sediments. The selection also aimed to 

include a representation of the main combinations of soil types, land uses and erosion 

processes sampled. 

Table 5. Nutrient bioavailability parameters analysed for soil and lab-generated sediment 

*Only analysed on bulk soil 
**For detailed description of methods for each of the parameters in Table 5, see Appendix 2. 

 

 

 

Nitrogen (N) Phosphorus (P) Carbon (C)/ organics
Other possible 

explanatory measures
Ratios

Total particulate N 

(PN) (refers to the 

total N pool)

Total particulate P (PP) 

(refers to the total P 

pool)

Total particulate C (PC) Particle size* (hydrometer 

and laser diffraction)
POC/PN

Total particulate 

organic N (PON) 

(refers to the total 

organic N pool = PN- 

Mineral N)

Sorbed P (refers to the P 

sorbed to the 

soil/sediment surface 

that is extracted by the 

Colwell-P method)

Total particulate organic 

carbon (POC)

R1/R2* (dispersion ratio) POC/PON

Ammonium-N (NH4
+-

N) and Nitrate-N 

(NO3
--N)  extracted 

by 2M KCl 

Mineral P (refers to P 

that is part of the 

soil/sediment mineral 

matrix. It is calculated 

as BSES-P minus 

Colwell-P) 

Soluble organic carbon 

(SOC) (water 

extractable)

Clay activity ratio* PN/PP

Soluble organic N 

(SON) (water 

extractable)

Phosphorus Buffer Index 

(PBI) (an indicator of 

how tightly sorbed P is 

bound to the 

soil/sediment surface)

Potential production of 

soluble organic C 

(PPSOC) (1d, 3d, 7d)

Exchangeable cations* POC/PN/PP

Potentially 

mineralisable N 

(PMN) under aerobic 

conditions (1d, 3d, 

7d)

Dissolved reactive P 

(DRP) (calculated as 

Colwell-P/PBI) 

 Exchangeable aluminium 

and acidity*

SOC/mineral N

Aqueous extractable 

NO3--N

 Effective cation exchange 

capacity*
SOC/SON

  pH

EC

Chloride

Oven dry moisture (105)
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Figure 9. NMDS maps of lab-generated sediments for nutrient bioavailability parameters 
in the Johnstone River catchment (a), and Bowen River sub-catchment (b).  Numbers in 
maps represent each sediment sample (See Appendix 1 for identification).  Blue axes 
represent the direction each bioavailable particulate nutrient parameter increases in the 
NMDS space. Selected sediments for algal bioassays are in red circles (see Table 6 for 
identification). 

The 16 selected lab-generated sediments and 13 selected high-flow event sediments can be 

seen in Table 6 and Table 7, respectively. Particulate nutrient bioavailability parameter 

TC, TOC 

a 

b 

Stress = 0.043 

Stress = 0.072 

PON, PN, PMN1, PMN3 

PP, PMN7  

Colwell P  BSES-P, DRP 

BSES-P 

PP, PMN7  

Colwell P, DRP  

13  

PON, PMN3 

PN, PMN1 
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values and some parameter plots for the selected sediments can be observed in Appendix 1 

and Appendix 3, respectively.  

Table 6. Lab-generated sediments selected for "indicator calibration" algal bioassays 

 

*Sub: Subsurface soil sample, Surf: Surface soil sample 

Table 7. High-flow event sediments selected for "indicator validation" algal bioassays 

 

 

Rapid algal bioassay methodology  

Algal bioassay experiments consisted of a three day assay measuring photosynthetic yield, 

and a seven day incubation, measuring chlorophyll a response, of either river or marine 

water with selected sediments (different sediment treatments) under controlled conditions 

in the laboratory (see Figure 10). Sediments were made into slurries of a defined 

concentration and contained within dialysis tubes surrounded by river or marine water. 

Dialysis tubes allow diffusion of soluble compounds, including nutrients, between the 

slurries and the surrounding water. The response of the algal community was measured as 

Treatment name NMDS id Catchment Land use Soil type Erosion process Erodibility Geology Code

1 1 Bowen Grazing CH Sub High Alluvium CHg-sb

2 3 Bowen Grazing CH Surf High Alluvium CHg-s

3 9 Bowen Grazing DE Sub High Arenite-Mudrock DEg-sb

4 13 Bowen Grazing DE Surf High Arenite-Mudrock DEg-s

5 19 Bowen Forest DE Surf Low Granitoid DEf-s

6 21 Bowen Grazing SO Sub High

Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor) SOg-sb

7 23 Bowen Grazing SO Sub High

Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor) SOg-sb

8 27 Bowen Grazing SO Surf High

Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor) SOg-s

9 32 Bowen Grazing VE Surf High Alluvium, arenite mudrock, sandstone VEg-s

10 35 Bowen Grazing VE Sub High Alluvium, arenite mudrock, sandstone VEg-sb

11 2 Johnstone Banana DE Surf Low Alluvium DEb-s

12 4 Johnstone Cane DE Surf Low Alluvium DEc-s

13 10 Johnstone Cane FE Surf Low Basalt FEc-s

14 12 Johnstone Forest FE Surf Low Basalt  FEf-s

15 16 Johnstone Dairy FE Surf Low Basalt FEd-s

16 7 Johnstone Banana FE Surf Low Basalt  FEb-s

Treatment name Catchment Land use Soil type Erodibility

1 Bowen Grazing DE Low

2 Bowen Grazing CH Low-High

3 Bowen Grazing VE Low

4 Bowen Grazing VE High

5 Bowen Grazing SO Low

6 Bowen Combined Combined Combined End of System site

7 Johnstone Cane FE Low Events 2 to 4 combined

8 Johnstone Cane DE Low Events 2 to 4 combined

9 Johnstone DairyForest DEFE Low Events 2 to 4 combined

10 Johnstone Combined DEFE Low Events 2 to 4 combined

11 Johnstone Combined Combined Low End of System site Event 1

12 Johnstone Combined Combined Low End of System site Event 2

13 Johnstone Combined Combined Low End of system site Events 3 to 4 combined

Description
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chlorophyll a, photosynthetic yield and relative diatom abundance (after seven days). 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 & Burford 2012, Saeck et al. 

2016). Photosynthetic yield is a measure of photosynthetic activity (electron transfer from 

PSII to PSI) after a pulse of light using a PHYTOPAM (Walz). It is non-biomass specific and so 

identifies maximum photosynthetic response to light irrespective of how many cells are 

present. Photosynthetic yield has been shown to increase in response to nitrogen (N) 

(Burford et al. 2012, Muhid & Burford 2012, Saeck et al. 2016). This method is used as a 

proxy for algal growth based on the principle that growth is linked to photosynthesis. It has 

the advantage of being a relatively quick measure (3 days) 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, while attempting to maintain conditions as relevant to the 

‘real world’ as possible. 

 

Figure 10. General experimental scheme for the rapid algal bioassays 

 

The objective of the incubations was to quantify the effect of the different sediment 

treatments on algal growth/activity and subsequently carry out regressions of algal 

growth/activity measurements against the range of bioavailable nutrient parameters 

measured using the sediment to determine which combination of parameters (“indicators”) 

best explained algae activity. 

Several aspects of the algal bioassays needed to be tested and refined before carrying out 

the final experiments (“indicator calibration” and “indicator validation” experiments). 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 & Burford 2012, Saeck et al. 
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2016), but not with dialysis tubing and sediment in the bottles. Seven pre-trial experiments 

were carried out to define the following aspects among others: 

 Sediment suspension concentration 

 Sediment suspension method  

 Selection of marine and freshwater sources 

 Pre-treatment of the dialysis tubing required to reduce negative effect on algal 

growth 

 Incubation time to assess effect of sediment treatments on algae activity 

The following sections briefly describe the decision process and final refinements to the 

methodology resulting from the seven pre-experiments. 

Sediment suspension concentration 

One of the pre-trial experiments was specifically carried out to define the optimal 

suspension concentration to use in the bioassays. In this pre-experiment, four total 

suspended solid concentrations (ranging from 100 to 9000 mg L-1) were assessed for two 

sediments of different properties (sediment 1: subsurface Sodosol–high erodibility, 

sediment 2: surface Vertosol–low erodibility) (Figure 11). Based on the pre-experiment 

results, a suspension concentration of 3.0 g L-1 was selected. This is approximately 

equivalent to 200 mg L-1 of <10 m suspended sediment in river or marine water, 

considering the dialysis tube volume of 20 mL was surrounded by approximately 300 mL of 

water for the incubation (15 x dilution). This concentration was selected as it resulted in a 

well-differentiated effect on algae activity between the two sediments and is likely to occur 

for high-flow conditions in the Johnstone River catchment [we estimated a concentration of 

134 mg L-1 of <10 m suspended sediments for a flow of 325 m3 s-1 (median of historic high-

flows) and 324 mg L-1 for a flow of 750 m3 s-1 (average of peak flows 2014-2016) using a 

regression between fine sediment concentration and flow data developed from three high-

flow events sampled in 2016 by the Great Barrier Catchment Loads Monitoring Program].  

Although we did not have access to particle size/flow relationships for the Bowen sub-

catchment, we believe 3.0 g L-1 also lies within the range of fine sediment concentrations in 

the Bowen River. 

Sediment suspension method  

Another pre-trial experiment was specifically carried out to assess the significance of the 

most soluble fraction of particulate nutrients produced during the generation of sediment 

slurries to be used in the final experiments. The soluble fraction was defined as that which 

dissolves in water during over 48 minutes in a fine sediment fractionation process. Results 

from that experiment and a comparative analysis between the bioavailable nutrient 

contents of this soluble fraction and the total suspension (soluble fraction + suspended 

sediment) for two sediments of different properties (sediment 1: subsurface Sodosol–high 

erodibility, sediment 2: surface Vertosol–low erodibility) led to the conclusion that it was 

best to remove this soluble fraction from the <10 m suspension for the final experiments. 
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The soluble fraction varies between sediment types and bioavailable nutrient parameters 

and can be an important component of what is transported in water when a soil is eroded 

(Figure 12). The aim of this study was to assess the potential effect of fine sediment so for 

the purposes of this experiment, the soluble component was removed and only the 

sediment suspensions used. 

 

Figure 11. Subsurface Sodosol suspensions at four different concentrations used in pre-
experiment to determine final bioassay concentration to use. From left to right 
concentrations are 1, 5, 10 and 20 g L-1. 

 

Figure 12. Bioavailable nutrient concentrations in the soluble fraction and total <10 μm 
suspensions of two different sediments 

The final method to generate the sediment slurries from each selected soil to be used in the 

“indicator calibration” algal bioassays was as follows: 

NH4
+-N 
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1. A 200 g soil subsample was placed in a 2 L clean settling tube and filled with DI water 

to the 400 mL mark.  

2. The sample and water were sonicated for 2 minutes to break aggregates 

3. Additional DI water was added to the 1800 mL mark. 

4. The sample was then agitated with a plunger for 60 seconds, ensuring the sample 

was well mixed and dispersed. 

5. The sample was left undisturbed to settle for exactly 48 minutes (based on Stoke’s 

Law for a 10 m diameter particle settling through a 26 cm height at 20 °C).  

6. At 48 minutes a side opening probe connected to a vacuum flask was used to 

carefully withdraw all the liquid above the 400 mL mark (disturbing the sample as 

little as possible). The liquid was transferred through a 63 m sieve (to remove 

floating litter fragments) to a 700 mL centrifuge container. 

7. The suspension was centrifuged at 4500 rpm for 30 minutes and the supernatant 

was removed completely and disposed.  

8. The recovered fine sediment (<10 m) weight was recorded and the sediment was 

dried in the oven at 105 °C for two days and re-weighed to calculate the recovered 

fine sediment water content (See Table 8).  

9. For each “indicator calibration” experiment steps 1 to 7 were carried out and the 

recovered sediment dry weight calculated using the previously estimated water 

content of the recovered wet sediment (Table 8). Using this estimated dry weight 

the necessary volume of DI water to make a 3 g/L suspension was calculated and 

added to the sediment to constitute the final slurry for the experiment. 

*For the aged sediment experiment, steps 1 to 6 were carried out and the sediment was left 

in water for 3 days to age (simulating the role of stream transport before delivery to the 

marine environment), before following with step 7 and step 9. 

 

Table 8. Water content (%) of fine sediment recovered to generate slurries for "indicator 
calibration" algal bioassays 

 

*Sub: Subsurface soil sample, Surf: Surface soil sample 

 

Treatment name Catchment Land use Soil type Erosion process Erodibility Water content (105C) (%)

1 Bowen Grazing CH Sub High 52%

2 Bowen Grazing CH Surf High 53%

3 Bowen Grazing DE Sub High 26%

4 Bowen Grazing DE Surf High 57%

5 Bowen Forest DE Surf Low 58%

6 Bowen Grazing SO Sub High 51%

7 Bowen Grazing SO Sub High 61%

8 Bowen Grazing SO Surf High 54%

9 Bowen Grazing VE Surf High 52%

10 Bowen Grazing VE Sub High 58%

11 Johnstone Banana DE Surf Low 53%

12 Johnstone Cane DE Surf Low 50%

13 Johnstone Cane FE Surf Low 55%

14 Johnstone Forest FE Surf Low 70%

15 Johnstone Dairy FE Surf Low 78%

16 Johnstone Banana FE Surf Low 88%



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
22 
 

For the “validation experiments” where high-flow event sediment samples were used, the 

soluble fraction of bioavailable nutrients was retained. The rationale was that 

biogeochemical processes had already occurred to this water, likely reducing dissolved 

nutrient concentrations such that a whole water sample was a more appropriate 

comparison with the sediment slurries in our study. To constitute the sediment suspensions 

for these experiments, 3 g of sediment was suspended in 1 L of DI water.  

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 

nutrient and sediment treatments. Evidence from enrichment of natural algal populations in 

similar laboratory bioassays indicates that photosynthetic yield increases as nutrient 

concentrations increase up to a maximum (typically 0.6 – 0.7), and that algal communities 

with yields less than 0.5 are more likely to respond to nutrients, particularly N (Burford et al. 

2012, Muhid & Burford 2012, Saeck et al. 2016).  

A test marine water sample was collected from Bowling Green Bay in northern Queensland 

during a period when Barratta Creek 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 

spp and Nitzchia spp., and cyanobacteria constituted the remaining 75%.  

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 

impossible within the allocated budget for this project 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 (note that marine 

algae are much more fragile than freshwater algae). 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 (Appendix 4) and relative 

diatom abundance (Appendix 4) to the test sample from Bowling Green Bay and the diatom 

genera, Chaetoceros and Nitzchia, were common in both waters (Appendix 4). Additionally, 

both the GBR coastal waters and Moreton Bay have been shown to be limited by N 

availability (Furnas et al. 2005b, O'Donohue et al. 2000). Therefore, Moreton Bay water 

provides a reasonable proxy for measurement of phytoplankton responses to nutrients.  
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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 (Appendix 4). 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, and therefore the South Johnstone River was 

selected as 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 experiment 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 

(Appendix 4). 

Pre-treatment of the dialysis tubing required to reduce negative effect on algal 

growth 

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 Milli-Q® water was significantly less than that of 

water without tubing after 24 hours, even though washing of the dialysis tubing was done 

prior to the experiment. It is possible that leaching of chemicals, such as glycerine and 

sulphur compounds (which the manufacturer states may be present in more than trace 

amounts), out of the tubing may have been causing this. A more extensive pre-treatment of 

the dialysis tubing (as described below in the section Experimental protocol for algal 

incubations) significantly reduced this negative effect, and therefore all dialysis tubing was 

pre-treated prior to use in the “indicator calibration” and “indicator validation” 

experiments. 

Incubation time to assess effect of sediment treatments on algae activity 

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. 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, or the time taken for particles to move across the dialysis tubing. 
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Experimental protocol for algal incubations  

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 Selection of marine and 

freshwater sources, above). 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 calibrated 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 followed by 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 Appendix 

5) 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 PHYTOPAM method (Figure 

10). 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 Milli-Q® 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 

Milli-Q® water (control) or nutrient solution were placed inside dialysis tubing and into the 
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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 300 mL of bulk 

water. Phosphorus was added at a stoichiometrically balanced rate with N (approximately 

Redfield molar ratio of 16:1). 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 (36 W 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 °C and 28 °C for marine and 

freshwater experiments respectively, Appendix 4). Each day all bottles were gently inverted 

5 times to re-suspend 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 on a PhytoPam 

machine 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 sections). 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). Analysis of filters is outlined above. 

In order to determine the shifts in the diatom community after 7 days, 40 mL samples were 

preserved in Lugol’s iodine solution for algal identification. Water samples were 

subsequently placed into Sedgewick Rafter cells and cells settled prior to enumeration 
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under a compound microscope at 400x magnification. 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. This has previously been demonstrated in a 

range of studies, particularly for P.  

Final experiments 

The following algal bioassay experiments were carried out between September and 

November 2016 to quantify the effect of the different sediment treatments on algal 

growth/activity in marine and freshwater conditions and to assess the effect of “aged” 

(sediment that has previously been in contact with freshwater as it is transported in rivers) 

fine suspended sediment on marine algae: 

“Indicator calibration” experiments 

 Experiment 1 – 16 lab generated sediments x marine water 

 Experiment 2 – 16 lab generated sediments aged (3d) in DI water x marine water 

 Experiment 4 – 16 lab generated sediments x freshwater 

“Indicator validation” experiments 

 Experiment 3 – 13 high-flow event sediments x marine water 

 Experiment 5 – 13 high-flow event sediments x freshwater 

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 were 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 compare 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 N of each water source. This was achieved 

through the following series of standardisations (Equations 1-4, combined as equation 5): 
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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, Ncor 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) 

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 
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effect. Statistics were performed in R version 3.0.1 (R Development Core Team, 2010, 

Vienna, Austria, http://www.r-project.org/). 

The best indicators of the bioavailability of particulate nutrients were selected using all-

subsets step-up regressions using the leaps package in R (Lumley 2017) to determine which 

combination of the bioavailable nutrient parameters tested in Phase 1 (“indicators”) best 

explained algal and diatom growth/activity that resulted in the bioassay experiments. This 

type of regression tests all the possible combinations of parameters and reports on the best 

subsets for each size (number of explanatory variables used in the regression). Step-up 

regressions were run for algal activity (photosynthetic yield) at 3 days, and chlorophyll a and 

diatom counts at the end of the incubation as dependent variables and bioavailable nutrient 

parameters as independent variables for Experiment 1 to select marine water indicators and 

for Experiment 4 to select freshwater indicators. The selection of “indicators” using the 

analysis of regression outputs (significance of independent variables and R2) considered that 

the number of bioavailable nutrient parameters in the equation was reasonable (preferably 

less than 3) and that the combination of parameters and the type of relationship with algal 

activity (positive or negative) made sense in terms of the biogeochemical explanatory 

processes which may be driving it. 

To validate the indicators, the selected multiple linear model equations (“indicators”) were 

applied to the 13 high-flow event sediments used in the “validation experiments” and the 

predicted algal and diatom growth/activity results were regressed against the actual algal 

and diatom growth/activity measured in the bioassay experiments.    
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Results and Discussion 

Nutrient limitation for algal communities in marine and freshwater 

conditions  

A detailed analysis of physico-chemical characteristics, initial algae activity (chlorophyll a 

and photosynthetic yield), total cell counts, and algae community composition in the 

background water used for the 5 algal bioassay experiments are documented in Appendix 4. 

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 nutrients 

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 13), 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. 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 the Great Barrier Reef (and many coastal waters throughout the world) 

where N addition stimulates algal growth (Furnas et al. 2005a, Furnas et al. 2013, 

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 13). In 

Experiments 1 and 2 there was a negative yield response to P addition (Figure 13). This is 

consistent with previous studies, which often show a negative response to P addition alone 

(e.g. Burford et al. 2012). 

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 14). 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 14), 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). 
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Figure 13. 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 
that share a letter in common are not significantly different at p<0.05. 
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Figure 14. 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 that 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. 

Algal growth response to incubation with sediments  

In order to assess whether the algal growth response was positive, negative or whether 

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.  

A caveat on our study is that it was not possible to completely standardise the TSS 

concentrations in the treatments, due to methodological issues. As outlined in the Methods, 

we attempted to deal with this by dividing yield data by TSS concentrations. The 

bioavailable nutrient content in each treatment, which is both a function of sediment type 
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and total suspended solids concentration, would be the main factor determining algae 

activity for each treatment. 

Photosynthetic yield response 

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

suspended sediment types tested, across the marine, freshwater and aged soil bioassays 

(Table 9). Marine microalgae had a positive yield response to 56% of the sediments tested, 

while freshwater algae responded positively to 63% (Table 9). Following sediment aging, 

50% of fine suspended sediments induced a positive yield response (Table 9). Only one 

negative yield response was recorded for fine suspended sediments; marine microalgae had 

a negative yield response to fine suspended sediment #16, but only when aged (Table 9). 

Fine suspended sediment #3   and #13 consistently induced a significant positive 

photosynthetic yield response in both marine and freshwater, and in marine water following 

aging (Table 9). The magnitude of yield response to incubation with sediment #3 was also 

greater than for other sediment types in all three experiments. No significant yield 

responses were observed for sediment #9 (Table 9). 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 9). 

Table 9. Summary of photosynthetic yield response of algal communities exposed to 16 
fine suspended sediments generated from 16 different soil types (see Table 6 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 that were associated with a positive 
and negative algal response have been tallied. 
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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, whereas 

freshwater algae showed no positive responses. Freshwater algae had a significant negative 

response to 46% of the river suspended sediments tested (Table 10). 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 

River catchment, R3 sampling point). Marine microalgae had a positive yield response to 

river suspended sediment collected in the lower South Johnstone River sub-catchment 

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

#11) (Table 10). More South Johnstone River suspended sediments were associated with a 

positive yield response (85%) in marine microalgae than Bowen River sediments (50%) 

(Table 10). 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 River 

(29%) (Table 10). 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 14), 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.  

Table 10. Summary of photosynthetic yield response of algal communities exposed to 13 
different “river suspended sediments” collected in “rocket” samplers in the Bowen River 
(1-6) and South Johnstone River (7-13) (see Table 7) 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 soils which were associated with a positive and negative algal response have been 
tallied. 
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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 

11). The response pattern of marine microalgae was broadly similar for photosynthetic yield 
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and chlorophyll a (Table 9 and Table 11). Sediment treatments associated with a significant 

increase in chlorophyll a also had a significant increase in photosynthetic yield (comparing 

Table 11 with Table 9, and Table 12 with Table 10, 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 led to a greater increase 

in both yield and chlorophyll a concentration compared to other sediment types in marine 

water (for both non-aged and aged sediment). 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 

11), which contrasts the photosynthetic yield results (Table 9). Chlorophyll a data for 

Experiment 4 were highly variable across replicates within treatments 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 River event 2-4 samples from Dermosol in sugarcane 

land use, R2 sampling site; and mixed soil type in diary/native forest, R3 sampling site; 

respectively) (Table 12), whereas the photosynthetic yield for these treatments was not 

different to the control and many river suspended sediments were associated with a 

negative yield response (Table 10). 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. 

Diatom 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. At this point, only one 

replicate has been counted per treatment for each experiment. Comprehensive data for the 

samples analysed are provided in Appendix 4. 

Nitrogen addition alone, and in combination with P, led 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 13 and Table 14). 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%) (Appendix 4), and 

after 7 days incubation the control treatment in Experiment 3 was 92% diatoms (Appendix 

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

in response to N addition in Experiment 3 (Table 14). Whereas in Experiment 2, the relative 

diatom abundance decreased by 36 % in response to N addition, despite 73 % relative 
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abundance in the control treatment (Table 13, Appendix 4). 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 13 and Table 14). 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). 

Table 11. Summary of chlorophyll a response of algal communities exposed to 16 different 
fine suspended sediments generated from 16 different soil types (see Table 6) 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. 
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1
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1
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1
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+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 12. Summary of chlorophyll a response of algal communities exposed to 13 different 
“river suspended sediments” collected in “rocket” samplers in the Bowen River (1-6) and 
South Johnstone River (7-13) (see Table 7). 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. 
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In marine water, the algal community shifted towards greater diatom dominance in 

response to incubation with fine suspended sediments #1-3, #5 and #7 (Table 13). 

Sediments #3 and #7 had a strong positive effect on relative diatom abundance, promoting 

an increase of approximately 50% (Table 13). In contrast, when freshwater algae were 

exposed to the same fine suspended sediment, soils #3 and #8 promoted a shift towards 

diatom dominance (Table 13). Incubation with sediment #3 led to increase in relative 

diatom abundance both with and without prior aging in DI water (Table 13). While the other 

sediments had contrasting effects on relative diatom abundance with and without aging 

(Table 13).  

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 14). In contrast, relative diatom abundance in freshwater increased 3 fold 

in response to river suspended sediments #3, #12 and #13, whereas water exposed to the 

other river suspended sediments had relatively little change in diatom abundance or a 

decrease of up to 5% (Table 14). 

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 15 and Table 16). 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 15, Table 

16). More P was accumulated by marine microalgae exposed to fine suspended sediment 

#16 (South Johnstone River sub-catchment Ferrosols from banana plantation land use) 

compared with other sediment types, both with and without aging. A significant increase in 

photosynthetic yield compared with the control was not observed for sediment #16 (Table 

9). 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 15 and Table 16). 
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All results for the algal bioassay experiments are presented in Appendix 6.  
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Table 13. Summary of changes in the relative abundance of diatoms (as a per cent of algal cells present) compared to the control treatment 
(Milli-Q® 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 6) for 7 days. Marine water was also exposed to sediment that 
had been “aged” in Milli-Q® water for 3 days. NOTE: Only one replicate was counted for each treatment. 

Sediment ID N
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1
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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 14. Summary of changes in the relative abundance of diatoms (as a per cent of algal cells present) compared to the control treatment 
(Milli-Q® 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 River (1-6) and South Johnstone River (7-13) (see 
Table 7) 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. 
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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 15. Summary of treatments where an algal phosphorus 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 6) 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. 
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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 16. Summary of treatments where an algal phosphorus 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 River (1-6) and South Johnstone River (7-13) (see Table 7) 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. 
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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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Recommended indicator equations of algal response to the bioavailability 

of terrestrially sourced particulate nutrients in freshwater and marine 

conditions  

Marine conditions 

The selection of indicator equations to estimate algal response to the potential 

bioavailability of fine sediment particulate nutrients in marine conditions is based on the 

concept that there is a link between source soil properties, sediment properties and the 

effect of different sediments on aquatic algae. Bioavailable particulate nutrient parameters 

measured on the sediment that explain algal response (activity and community 

composition) should be predictable from source soil properties through the use of ‘pedo-

transfer’ functions3 (Figure 17). In this study, we found that a combination of bioavailable 

particulate nutrient parameters are the best indicators of algal response to the 

bioavailability of particulate nutrients rather than a single parameter on its own.  

In marine water, where the algal community typically responded positively to N addition, 

two indicator equations of algal response to particulate nutrient bioavailability in marine 

conditions (PNBm) were selected. These two indicator equations were the best combination 

of bioavailable particulate nutrient parameters measured on the sediment to explain algal 

activity at 3 days (photosynthetic yield measured by Phytopam) using multiple linear 

equations. Other combination results are presented in Appendix 7. The selected indicator 

equations included the following bioavailable particulate nutrient parameters (see Figure 15 

and Table 17 for multiple linear equation parameters and R2) 4: 

(1) PNBm1: PN and POC/PN  

(2) PNBm2: NH4
+-N (extracted by 2M KCl), PON and SOC/NH4

+-N (extracted by 2M KCl).  

A linear equation using PN is presented for reference in Figure 15 and Figure 16. Similar 

regressions (including the same combination of bioavailable particulate nutrient parameters 

measured on the sediment) were the best to explain chlorophyll a concentration measured 

at the end of the algal bioassays (see Figure 16 and Table 17 for multiple linear equation 

parameters and R2). 

 

                                                      
3 Mathematical equations that allow to estimate the value of a bioavailable particulate nutrient parameter in 
fine sediment from one or various bioavailable nutrient parameters measured on its parent soil. 
4 Particulate organic carbon (POC); 2M KCl extractable ammonium N (NH4

+N); particulate organic nitrogen 

(PON); soluble organic carbon (SOC). The units of all equation parameters are based on a w/w basis (e.g., mg 
POC/kg sediment) 
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Figure 15. Linear regressions between modelled and measured algal response to 
particulate nutrient bioavailability in marine conditions (PNBm) (as measured by 
phytopam in algal bioassay – Experiment 1). The first indicator (PNBm1) includes PN and 
POC/PN (diamonds in blue) and the second (PNBm2) includes NH4

+-N, PON and SOC/NH4
+-N 

(squares in red). The linear model using PN is presented for reference (green triangles). 
Lines represent a linear regression (y=ax+b) with b=0. Multiple linear equation parameters 
and R2 are presented in Table 17. 

 

Figure 16. Linear regressions between modelled and measured chlorophyll a in algal 
bioassay – Experiment 1 using the same combination of bioavailable nutrient parameters 
in selected indicators. The first regression includes PN and POC/PN (diamonds in blue) and 
the second includes NH4

+-N, PON and SOC/NH4
+-N (squares in red). The linear model using 

PN is presented for reference (green triangles). Lines represent a linear regression 
(y=ax+b) with b=0. Multiple linear equation parameters and R2 are presented in Table 17. 

 

NH4+-N, PON, 

SOC/NH4+-N 

NH4
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Table 17. Multiple linear equation parameters and fit for selected indicators to estimate 
algal response to particulate nutrient bioavailability in marine conditions (PNBm) and 
chlorophyll a using algal bioassay results and bioavailable particulate nutrient parameters 

Dependent 
variable 

(Indicator)  Parameter 1 Parameter 2 Parameter 3 b R2 

PNBm1 
(phytopam 
at 3d) 

+0.457 PN*** +0.004 POC/PN  +0.198 0.88 

PNBm2 
(phytopam 
at 3d) 

+9.638 NH4
+-N** +0.402 PON*** +0.001 SOC/NH4

+-N +0.221 0.93 

Phytopam at 
3d 

+0.469 PN ***   +0.233 0.87 

Chlorophyll 
a 

+3.131 PN*** +0.025 POC/PN  +0.334 0.86 

Chlorophyll 
a 

+64.61 NH4
+-N**  +2.714 PON*** -0.0005 SOC/NH4

+-N +0.554 0.91 

Chlorophyll 
a 

+3.210 PN***   +0.562 0.85 

(***) p<0.001, (**) p<0.01, (*) p<0.05, (.) p<0.1 
The units of all equation parameters are based on a w/w basis (e.g., mg POC/kg sediment) 

 

It is important to note that the proposed indicator equations include C, which is not 

currently measured in the GBR water quality monitoring or modelling programs. The first 

indicator equation (PNBm1) was selected because it includes bioavailable nutrient 

parameters measured on sediment that can be easily estimated from source soil properties 

using pedo-transfer functions (see conceptual diagram in Figure 17). These source soil 

properties (i.e., TOC and TN) are routinely measured and mapped for soils, which will 

facilitate the generation of potential risk maps for the nutrient bioavailability to algal activity 

of fine sediment eroded from different soil types in the landscape. 

The second indicator equation (PNBm2), which had a slightly higher explanatory power, 

includes parameters that measure the fraction of the PN which is in mineral form (as 

adsorbed ammonium-N) and the fraction of the PN which is in organic form (PON). These 

two fractions collectively comprise PN but have different bioavailability potential, which 

justifies their inclusion as part of the indicator equation. Adsorbed ammonium-N 

bioavailability is determined by adsorption/desorption processes that depend on physico-

chemical conditions of the surrounding water, whereas PON bioavailability is determined by 

microbial mineralisation processes that depend among other external factors (e.g. 
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temperature, moisture) on the ease of degradation (lability) of the organic matter in the 

sediment (see Figure 18).  

 

 

Figure 17. Conceptual diagram of the link between soil properties, sediment properties 
and the effect of different sediments on aquatic algae activity. Bioavailable particulate 
nutrient parameters measured on the sediment and that explain algae response should be 
predictable from soil properties through the use of pedo-transfer functions. 
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Figure 18. Conceptual diagram of the processes and controls that determine the 
bioavailability of the different fractions of particulate nitrogen in sediment 

The C to N ratios, POC/PN and SOC/ NH4
+-N, are included as a component of the indicator 

equations because they relate to how labile the organic matter in the sediment is; this 

lability ultimately determines the potential mineralisation of the PON (conversion to 

inorganic nitrogen which is readily bioavailable).   

Particulate N had a good explanatory power (R2) of algal response measurements but was 

slightly lower than the explanatory power of the two selected indicator equations (Figure 15 

and Figure 16). We carried out a comparative analysis to understand what the improved fit 

by the proposed indicator equations means in terms of reducing the error in algal response 

than when using PN alone. To do so, we estimated the reduction in the error between 

measured and predicted chlorophyll a by the two proposed indicator equations compared 

to that of the obtained linear equation using PN only. The added reduction in error for 

estimated chlorophyll a from all the 16 sediments used in the bioassay was close to 0 g L-1 

for PNBm1, meaning this indicator equation is not very different to using PN alone on 

average.  None the less, for two of the sediments the reduction in error for estimated 

chlorophyll a was significant, around 0.13 g L-1 of chlorophyll a. The added reduction in 

error for estimated chlorophyll a from all the 16 sediments used in the bioassay was close to 

0.34 g L-1 for PNBm2, which is significant considering the eReefs scale for monitoring 

chlorophyll a in the Reef ranges from 0 to 1.0 g L-1. For one sediment in particular, the 

reduction in error was very high (0.48 g L-1). 

We believe that the reason PN has, in general, a good explanatory power of algal response 

is because it is an integrative measure of the various relevant bioavailable particulate 

nutrient parameters including fractions of PN with different bioavailability potential and 

carbon content. Despite this, the results indicate that PNBm2 is superior to PN alone. 
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Validation of indicators for marine conditions   

Good regressions (R2 ~ 0.75) were found between the indicator equations of algal response 

to particulate nutrient bioavailability in marine conditions (PNBm) calculated for high-flow 

event sampled sediment and the algal activity (photosynthetic activity) at 3 days measured 

in the “validation experiment” for marine conditions (Experiment 3). This means that the 

indicator equations had a very good performance in estimating the outcomes of this 

experiment. The same was the case when applying the chlorophyll a equations (Figure 19). 

PNBm2 had a lower R2 than the PNBm1 because there was not enough sample left for one of 

the sediments (the one that caused the highest algal activity) to quantify the former. When 

removing that same sample for PNBm1, the levels of R2 were similar between both indicator 

equations. This implies that similar R2 values to PNBm1 would be expected for PNBm2 if the 

omitted sample had been included in the analysis. 

It is important to consider that although the high-flow event sediment had different particle 

sizes to the lab-generated sediments (Figure 20), which were fractionated to <10 m, the 

indicator equations had very good performance. This increases the confidence in using the 

indicator equations to evaluate the potential bioavailability of fine sediment particulate N in 

marine conditions from sediment samples that have been transported and collected under 

natural conditions. Sampled high-flow event sediment in both catchments was 

predominantly fine, with an average of 85-88% of the particles in each sample below <63 

m and 36-58% below <16 m. High-flow event sediments in Great Barrier Reef end of 

catchments have been reported to have more than 90% of the particles in the <63 m 

fraction (Turner et al. 2013). Although further testing around particle size is required, the 

results above provide a reasonable level of confidence that the indicator equations can be 

used on the <63 m fraction even though they were derived from laboratory experiments 

conducted on the <10 m fraction. 

 

 



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
46 
 

 

 

Figure 19. Linear regressions between modelled and measured algal response to 
particulate nutrient bioavailability in marine conditions (PNBm) (based on photosynthetic 
yield data) (a) and chlorophyll a (b) in the marine “validation experiment” – Experiment 3. 
The first indicator equation (PNBm1) includes PN and POC/PN (diamonds in blue) and the 
second (PNBm2) includes NH4

+-N, PON and SOC/Mineral N (squares in red). Lines represent 
a linear regression (y=ax+b) with b=0.  
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Figure 20. Fine particle size distribution statistics (<63um and <16 um) for high-flow event 
sampled sediment in the Bowen River sub-catchment and Johnstone River catchment 
during the wet season 2016-2016. 
 

Freshwater conditions 

In freshwater, where algae responded to both N and N plus P addition, two sets of indicator 

equations were selected; two indicator equations to estimate the algal response to 

particulate nutrient bioavailability in freshwater conditions with N as limiting element 

(PNBfw) and one indicator equation to estimate the algal response to particulate nutrient 

bioavailability in freshwater conditions with both N and P as the limiting elements 

(PNPBfw). These three indicator equations were the best combinations of bioavailable 

particulate nutrient parameters measured on the sediment to explain algal activity at 3 days 

(photosynthetic activity) using multiple linear equations. Other combination results are 

presented in Appendix 7. The selected indicator equations included the following 

bioavailable particulate nutrient parameters (see Figure 21 and Table 18 for multiple linear 

equation parameters and fit)5: 

(1) PNBfw1: POC and POC/PN 

(2) PNBfw2: SOC and SOC/SON  

(3) PNPBfw1: NH4
+-N (extracted by 2M KCl), DRP and SOC/SON  

Particulate N as a single parameter in the equations did not have a good explanatory power 

(R2) of algal response measurements in freshwater conditions when compared to the two 

                                                      
5 Particulate organic carbon (POC); 2M KCl extractable ammonium N (NH4

+N); particulate nitrogen (PN); 

soluble organic carbon (SOC); soluble organic nitrogen (SON); dissolved reactive phosphorus (DRP). The units 
of all equation parameters are based on a w/w basis (e.g., mg POC/kg sediment) 
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selected indicator equations, so it is not presented here. Similar regressions (including the 

same combination of bioavailable particulate nutrient parameters measured on the 

sediment) were the best to explain chlorophyll a measured at the end of the algal bioassay 

(see Figure 22 and Table 18 for multiple linear equation parameters and fit). 

Similar to the selected indicator equations for marine conditions, the proposed indicator 

equations for freshwater include C, which is not currently measured in the GBR water 

quality monitoring or modelling programs. In freshwater, C appears to be even more 

important than in marine conditions (note that the first parameter in the first two indicators 

relates to the existing C pool, contrary to marine conditions in which it related to N). The 

first indicator equation (PNBfw1) was selected because it includes bioavailable particulate 

nutrient parameters measured on sediment that can be easily estimated from source soil 

properties using pedo-transfer functions (see conceptual diagram in Figure 17). 

The third indicator equation (PNPBfw1) includes bioavailable particulate nutrient parameters 

that relate to the bioavailability of both N and P in the sediment, which would release 

mineral N and P with time through the mineralisation of PON and POP by microorganisms 

and through the desorption of chemically bound ammonium-N and P. It includes the 

adsorbed ammonium-N and a measure of what fraction of the PP is released into solution 

(DRP). 

Similarly to the indicators for marine conditions, the C to N ratios, POC/PN and SOC/SON, 

are included as part of the freshwater indicator equations because they relate to the lability 

(ease of degradation) of the organic matter in the sediment, which ultimately determines 

the potential mineralisation of PON and POP (conversion to inorganic nitrogen and 

phosphorus which are readily bioavailable). 
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Figure 21. Linear regressions between modelled and measured algal response to 
particulate nutrient bioavailability with N as a limiting element (PNBfw) and with both N 
and P as limiting elements (PNPBfw) in freshwater conditions (based on photosynthetic 
yield data – Experiment 4). The first indicator (PNBfw1) includes POC and POC/PN 
(diamonds in blue), the second (PNBfw2) includes SOC and SOC/SON (squares in red) and 
the third (PNPBfw1) includes NH4

+-N, DRP and SOC/SON (triangles in green). Lines 
represent a linear regression (y=ax+b) with b=0. Multiple linear equation parameters and 
R2 can be seen in Table 18. 

 

Figure 22. Linear regressions between modelled and measured chlorophyll a in algal 
bioassay – Experiment 4 using the same combination of bioavailable particulate nutrient 
parameters in selected indicators. The first equation includes POC and POC/PN (diamonds 
in blue), the second includes SOC and SOC/SON (squares in red) and the third (PNPBfw1) 
includes NH4

+-N, DRP and SOC/SON (triangles in green). Lines represent a linear regression 
(y=ax+b) with b=0. Multiple linear equation parameters and R2 can be seen in Table 18. 
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Table 18. Multiple linear equation parameters and fit for selected indicators to estimate 
algal response to particulate nutrient bioavailability (PNBfw, PNPBfw) in freshwater 
conditions and chlorophyll a using algal bioassay results 

Dependent 
variable 

(indicator) Param 1 Param 2 Param 3 b R2 

PNBfw1 (phytopam 
at 3d)  +0.015 POC** -0.001 POC/PN  +0.467 0.51 
PNBfw2 (phytopam 
at 3d)  +3.387 SOC +0.001 SOC/SON  +0.438 0.72 
PNPBfw1 
(phytopam at 3d) +13.28 NH4

+-N** +451.7 DRP 
+0.0005 
SOC/SON +0.451 0.58 

Chlorophyll a +0.677 POC*** -0.055 POC/PN  +2.764 0.76 
Chlorophyll a +59.592 SOC -0.015 SOC/SON  +2.625 0.37 

Chlorophyll a +352.4 NH4
+-N*** -9052 DRP. 

-0.018 
SOC/SON. +2.95 0.87 

 

(***) p<0.001, (**) p<0.01, (*) p<0.05, (.) p<0.1 

The units of all equation parameters are based on a w/w basis (e.g., mg POC/kg sediment) 

 

Validation of indicators for freshwater conditions 

Linear regressions between the indicator equations of algal response to particulate nutrient 

bioavailability in freshwater conditions (PNBfw, PNPBfw) calculated for high-flow event 

sampled sediment and the algal activity (photosynthetic yield) at 3 days measured in the 

“validation experiment” for freshwater conditions (Experiment 5) did not have a good fit 

(Figure 23). This poor fit may be related to the large difference between the base flow water 

used in Experiment 4 (used to select the indicators) and the water used in Experiment 5 

(used to validate the indicators) (See Appendix 4). The water used for the freshwater 

“validation experiment” had  higher turbidity and lower initial photosynthetic yield 

compared to the water used for the other four experiments and did not have a positive 

photosynthetic yield response to N addition after 72 hours (see Results section 

“Photosynthetic yield response”). These observations indicate that this water may not have 

been N limited and thus may not have had the capacity to respond to the river suspended 

sediment treatments. 

When applying the chlorophyll a equations, linear regressions had a relatively good fit, 

though estimated chlorophyll a values were different to the measured ones (Figure 23). This 

means that the equations performed well in indicating the relative magnitude of the effect, 

but imprecise at predicting actual chlorophyll a values (note that this is not their intended 

use). 
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Indicators of diatom response to the bioavailability of terrestrially sourced 

particulate nutrients  

The combination of bioavailable particulate nutrient parameters in indicator equations 

selected to estimate algal response to the potential bioavailability of particulate nutrients 

for marine and freshwater algal growth (photosynthetic yield and chlorophyll a) did not 

perform well when related to the relative abundance of diatoms (measure of change in 

community composition).  

Step-up regressions carried out to determine the best indicators of relative diatom 

abundance had the following combination of bioavailable particulate nutrient parameters 

(see Table 19 for multiple linear equation parameters and fit): 

(1) Marine conditions: PP, PN/PP, SOC/SON, NH4
+-N (extracted by 2M KCl) 

(2) Freshwater conditions: POC, SOC/NH4
+-N (extracted by 2M KCl), SOP, TKP 

A greater number of bioavailable particulate nutrient parameters was required to explain 

changes in relative diatom abundance compared with the number required to explain algal 

growth. This suggests that more complex processes are likely to be driving changes in algal 

community composition compared with changes in overall algal activity (photosynthetic 

yield attempts to provide a balanced measure of the activity of multiple algal groups). More 

research is needed to understand the complexities of the underlying processes that drive 

diatom growth including reasons for the negative effect of P pools. Currently the relative 

diatom abundance data included in these models is based on data for only one replicate per 

treatment due to time constraints on algal count analysis, therefore the results of the 

indicators selected should be interpreted with caution. In light of this, we concluded that 

the indicators of relative diatom abundance should not be used as a measure of particulate 

nutrient bioavailability, and that more research should be carried out to better understand 

the drivers of changes in relative diatom abundance in the GBR.  
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Figure 23. Relation between modelled and measured algal response to particulate 
nutrient bioavailability in freshwater conditions (PNBfw, PNPBfw) (photosynthetic yield) 
(a) and chlorophyll a (b) in the freshwater “validation experiment” – Experiment 5. The 
first indicator equation (PNBfw1) includes POC and POC/PN (diamonds in blue), the second 
(PNBfw2) includes SOC and SOC/SON (squares in red) and the third (PNPBfw1) includes 
NH4

+-N, DRP and SOC/SON (triangles in green). Lines represent a linear regression 
(y=ax+b). 

 

 

 

a 
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+-N, DRP, 
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Table 19. Multiple linear equations for selected combination of bioavailable fine sediment 
nutrient parameters and fit that explained changes in relative diatom abundance in 
marine and freshwater following incubation with sediment treatments.  

Dependent 
variable 

(Indicator)  Param 1 Param 2 Param 3 Param 4 b R2 

Diatoms (marine 
conditions) 

-2131.561 
PP** 

-7.806 
PN/PP** 

-2.838 
SOC/SON

** 

+8212.288 
NH4

+-N*  
+158.315 0.65 

Diatoms 
(freshwater) 

+16.26 
POC** 

+1.096 SOC/ 
NH4

+-N **  
-274600 
SOP*** 

-362.7 
PP** 

+20.11 0.74 

 

(***) p<0.001, (**) p<0.01, (*) p<0.05, (.) p<0.1 

The units of all equation parameters are based on a w/w basis (e.g., mg POC/kg sediment)



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
54 
 

Main conclusions, implications for management and future work 
 

The key outcomes and conclusions from this project are:  

 Particulate nutrients in sediment produced algal growth in bioassays over short 

timeframes (1 to 7 days). 

 The potential effect of particulate nutrients in fine sediment on algal activity in 

marine and freshwater conditions can be estimated by various indicator equations 

calculated from a combination of bioavailable nutrient parameters (i.e. PN, POC, 

NH4
+-N extracted by 2M KCl, PON, SOC, SON, DRP) that can be measured in the 

sediment.  

 The proposed indicators include carbon pools which are not currently considered in 

monitoring or modelling programs. This project has found that the type of carbon 

present affects the bioavailability of particulate nitrogen. 

 The development of protocols and methodology for measuring the necessary 

bioavailable particulate nutrient parameters on soil, sediment and water samples.  

 A rapid algal bioassay technique was successfully adapted to measure the effect of 

fine sediment in suspension on short timeframe (3 days) algal growth using 

photosynthetic yield as a measure of photosynthetic activity. It was compared with a 

traditional measure, ie. chlorophyll a, and was found to be a more sensitive 

measure. This bioavailability index was used to validate selected indicator equations. 

 Algae typically responded to nitrogen (under marine conditions), or nitrogen plus 

phosphorus (under freshwater conditions), but not phosphorus alone, which 

demonstrates that nitrogen inputs from catchments are the most likely cause of an 

increase in algal growth and biomass in marine and freshwater, rather than 

phosphorus alone. 

 PN is a first approximation of the effect of particulate nutrients on marine algae, but 

it is not as good as the indicator equations proposed here, particularly for certain soil 

types. 

 Bioavailable particulate nutrient parameters used to calculate indicator equations 

can be estimated from sediment source soil properties using ‘pedo-transfer 

functions’6. Some of these parameters are routinely measured as part of soil 

mapping programs and are stored in Queensland soil databases; however, we 

recommend that some additional parameters [NH4
+-N (extracted by 2M KCl), DRP, 

SOC, SON] need to be routinely measured in order to increase our capacity for using 

this database for risk assessment.   

                                                      
6 Mathematical equations that allow to estimate the value of a bioavailable particulate nutrient parameter in 
fine sediment from one or various bioavailable nutrient parameters measured on its parent soil. 
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 Further confirmation of Phase 1 results indicate that particulate nutrients are 

producing an important fraction of the DIN monitored at end of catchments as they 

are transported in rivers, and that this contribution to the generation of DIN will 

continue in the marine environment. 

Indicators in marine conditions 

In marine conditions, where algae typically responded to N addition, the two selected 

indicator equations of algal response to particulate nutrient bioavailability in marine 

conditions (PNBm) are7: 

(1) 𝑃𝑁𝐵𝑚1 = 0.198 + 0.457 × 𝑃𝑁 + 0.004 ×
𝑃𝑂𝐶

𝑃𝑁
 

(2) 𝑃𝑁𝐵𝑚2 = 0.221 + 9.638 × 𝑁𝐻4
+𝑁 + 0.402 × 𝑃𝑂𝑁 + 0.001 ×

𝑆𝑂𝐶

𝑁𝐻4
+𝑁

 

Indicators in freshwater conditions 

In freshwater conditions, where algae typically responded to the addition of N and N plus P 

in combination, the two selected indicator equations to estimate the algal response to 

particulate nutrient bioavailability in freshwater conditions with N as limiting element 

(PNBfw) and one selected indicator equation to estimate the algal response to particulate 

nutrient bioavailability in freshwater conditions with both N and P as limiting elements 

(PNPBfw) are7: 

(1) 𝑃𝑁𝐵𝑓𝑤1 = 0.467 + 0.015 × 𝑃𝑂𝐶 − 0.001 ×
𝑃𝑂𝐶

𝑃𝑁
 

(2) 𝑃𝑁𝐵𝑓𝑤2 = 0.438 + 3.387 × 𝑆𝑂𝐶 + 0.001 ×
𝑆𝑂𝐶

𝑆𝑂𝑁
  

(3) 𝑃𝑁𝑃𝐵𝑓𝑤1 = 0.451 + 13.28 × 𝑁𝐻4
+𝑁 + 451.7 × 𝐷𝑅𝑃 + 0.0005 ×

𝑆𝑂𝐶

𝑆𝑂𝑁
 

The indicator equations for both marine and freshwater conditions included C pools, which 

are not currently considered in modelling and monitoring programs.  They also included 

various fractions of particulate nitrogen, differentiating the adsorbed ammonium-N from 

the particulate organic N, and different ratios of C to N, which indicate the lability (ease of 

degradation) of the organic matter present in the sediment. The freshwater N and P 

indicator equations included DRP, which is a measure of the fraction of PP that is easily 

desorbed from the sediment into solution. 

                                                      
7 Particulate organic carbon (POC); 2M KCl extractable ammonium N (NH4

+N); particulate organic nitrogen 

(PON); soluble organic carbon (SOC); soluble organic nitrogen (SON); dissolved reactive phosphorus (DRP). The 
units of all equation parameters are based on a w/w basis (e.g., mg POC/kg sediment) 
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Implications for the prioritisation of management actions 

This project has increased our understanding of the transformations, fate and impacts of 

bioavailable particulate nutrients of terrestrial origin on the GBR. This understanding is 

crucial for targeting priority areas for the management of soil erosion and nutrient-

enhanced runoff. It is apparent that a risk assessment framework should be developed to 

rate the potential bioavailability of particulate nutrients in soils of grazing and cropping 

catchments affected by erosion.  This would allow for the prioritisation of management 

interventions in these catchments on the basis of the risk of bioavailable nitrogen export 

and increased algae activity in the Reef and not just sediment quantity alone. This project 

has confirmed findings of Phase 1; the most erodible soils do not have the highest 

bioavailable nutrient content which highlights the need for this additional level of 

prioritisation. It is recommended that the bioavailable particulate nutrient parameters 

identified in this project are used for this purpose.  The risk assessment should be validated 

using monitoring and tracing studies (i.e., developing catchment budgets) thereby informing 

prioritisation with multiple lines of evidence.   

In addition, research carried out in alluvial gullies in the Normanby catchment has 

highlighted that the sources of bioavailable particulate nutrients from alluvial gullies vary 

with the stage of gully evolution or stabilisation as well as other control variables such as 

soil type (Garzon-Garcia et al. 2016). This is due to the relative contributions from different 

geomorphic units in the gullies (i.e. gully sediment, subsoil, terrace soil) changing during 

different stages of gully evolution. These findings imply that adding a finer scale of soil 

mapping, which includes gully geomorphic units, to prioritise bioavailable particulate 

nutrient management in grazing lands is desirable, as well as measuring the proposed 

bioavailable particulate nutrient parameters and indicators in different geomorphic units 

and sediment exported from gullies as part of gully monitoring and rehabilitation projects.  

In terms of on-ground management practices, this work reinforces the importance of best 

management practices for sugarcane and grazing that minimise soil loss and nutrient-

enriched runoff to waterways.  In grazing, maintaining good land condition with a healthy 

cover of perennial, productive and palatable pastures protects the surface soil from erosion 

and together with managing sub-surface erosion from gullies and channel banks would 

minimise loss of soil and nutrients to waterways and the GBR.  

Implications for monitoring and modelling 

Findings of this project also imply that incorporating the parameters relevant to the 

bioavailability of particulate nutrients to marine algae (e.g., PON and SOC) will be eventually 

necessary in monitoring, as part of the Great Barrier Catchment Load Monitoring Program 

(GBRCLMP), and modelling, as part of the Paddock to Reef Modelling Program (P2R).  This 

would allow quantifying bioavailable particulate nutrient pools exported from catchments, 

estimating their potential impact on marine algae and monitoring progress towards 
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reduction of the most detrimental fraction of particulate nutrients. It is particularly 

important considering that PN is not a good indicator of key bioavailable particulate nutrient 

pools (e.g., adsorbed ammonium, mineralisable N) (Burton et al. 2015).  

This project has developed protocols to enable the measurement of these parameters on 

sediment samples and on water samples with suspended sediment, typically provided 

through the GBRCLMP. The monitoring of particulate organic C as part of this program 

would be of particular benefit given the important role of carbon in the bioavailability of 

particulate nutrients. The next step is to test these protocols on real samples from the 

GBRCLMP to further develop the methods and make them operational.   

Incorporating the bioavailable particulate nutrient parameters as part of the P2R program 

would be a complex process requiring high scientific and technical skills and possibly further 

research. This enterprise demands wide recognition that: 

(i) particulate nutrients, as they are transported in rivers, are producing an 

important fraction of the DIN monitored at end of catchments, and it is 

important to quantify the magnitude of that contribution for on-ground 

management and targeting purposes, 

(ii) this contribution to the generation of DIN will continue in the marine 

environment, and bioavailable particulate nutrient parameters quantified at end 

of catchments would indicate the potential impact of sediment to algal growth in 

the marine environment.  

More work is currently being conducted to provide further evidence of the importance of 

these processes to catchment budgets. For the inclusion of the bioavailable particulate 

nutrient parameters as part of the P2R program, there is a need to incorporate the 

modelling of POC, which is complex considering POC is an important component of 

vegetation litter that is transported in a decoupled fashion from sediment (Garzon-Garcia et 

al. 2017). Additionally, modelling the DIN-producing processes that particulate nutrients 

undergo during river transport is extremely challenging considering the complex controls 

that govern this process (Docherty et al. 2006, Garzon-Garcia et al. Submitted, Manzoni & 

Porporato 2011, Schimel & Bennet 2004).  

Implications for GBR water quality targets 

Bioavailable particulate nitrogen regenerates into dissolved inorganic nitrogen (DIN) both 

during river transport and beyond GBRCLMP end-of-catchment sites (where it is measured 

as DIN) in its transit through estuaries and towards the GBR. Although the magnitude of this 

contribution to DIN is not well understood at present, there is evidence provided by this 

project that particulate nutrients continue to be as bioavailable to algal growth/activity 

beyond end of catchments as they are before reaching this point.  In target setting, in which 

the impact of nutrient fractions to the Reef’s water quality is an important factor to take 

into account (e.g., targets for DIN, which is immediately bioavailable, are more stringent 
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than targets for PN, for which bioavailability depends on time scale), bioavailable PN pools 

(e.g., adsorbed ammonium and potentially mineralisable N) should be treated either as DIN 

or as their specific PN pool (i.e., adsorbed ammonium and PON of variable bioavailability) 

and not simply as PN. To estimate the contribution of PN to DIN, we need to identify the 

best parameters to measure.  Work towards this began during Phase 2 and is continuing. 

An important discussion point opened up by this project’s findings is whether targets should 

be set for reducing the impact of anthropogenic nutrients as combined stressors (e.g., 

evidenced by the combined role of bioavailable PN pools and C to algal growth) or just to 

reduce the different fractions of nutrients independently.  The former scenario would 

require additional research to be able to better understand the role of particular carbon 

species (carbon type/source) in particulate nutrient bioavailability, and the inclusion of 

these parameters in the proposed indicators as part of Reef’s water quality targets (i.e., 

include POC targets). The latter scenario would imply deciding if the different bioavailable 

PN pools should be treated as DIN or added as independent fractions for targeting (e.g., 

adsorbed ammonium and potentially mineralisable N). This discussion will be a key item on 

the work plan for the Bioavailable Nutrient Working Group in 2017/18.  The Bioavailable  

Nutrient Working Group is a group that is able to provide advice on particulate nutrients to 

the Sediment Working Group, set up by EHP to coordinate activities throughout the Reef 

catchments. 

The development of a prioritisation framework and bioavailable particulate nutrient 

catchment budgets (supported by source tracing studies) would give additional insight into 

how to incorporate bioavailable particulate nutrients into target setting as well as more 

clarity in identification of mitigating management strategies. It is envisaged this 

development would occur in Phase 3 of this project.    

Implications for offset policy development 

There is clear evidence from both Phase 1 and 2 or this project that PN is not an appropriate 

metric to trade for DIN and that there are bioavailable nitrogen pools that are more 

pertinent to use in offset nitrogen trading (e.g., adsorbed ammonium, potentially 

mineralisable N).  A discussion around timeframes for bioavailability is necessary to define 

the best metric. Additional work is necessary to support this discussion.  This work would 

include understanding the magnitude of mineralisation from sediment for longer 

timeframes (>7 days) and under different environmental conditions (including sediment 

settled in the bottom of estuaries or the Reef lagoon).  Understanding the role of soluble 

organic N (SON) in bioavailability is also necessary considering that SON is likely contributing 

part of the potentially mineralisable N and may be directly bioavailable to algae. 

 

  



Indicators of bioavailable particulate nutrients RP128G 

 

___________________________________________________________________________ 
59 

 

References 
Anonymous (R Core Team 2017): R: A language and environment for statistical computing. R 

Foundation for statistical computing, Vienna, Austria 
APHA (2005): Standard methods for the examination of water and wastewater. American 

Public Health Association, Washington DC, 258-259 pp 
Brodie J, Burford M, Davis A, da Silva E, Devlin M, Furnas M, Kroon F, Lewis S, Lonborg C, 

O'Brien D, Schaffelke B, Bainbridge Z 2015: The relative risks to water quality from 
particulate nitrogen discharged from rivers to the Great Barrier Reef in comparison 
to other forms of nitrogen, Centre for Tropical Water &amp; Aquatic Ecosystem 
Research, James Cook University, Townsville 

Bunemann EK (2008): Enzyme additions as a tool to assess the potential bioavailability of 
organically bound nutrients. Soil Biology & Biochemistry 40, 2116-2129 

Burford MA, Webster I, Revill A, Kenyon R, Whittle M, Curwen G (2012): Controls on 
phytoplankton productivity in a wet–dry tropical estuary. Estuarine, Coastal and 
Shelf Science 113, 141-151 

Burton J, Moody P, DeHayr R, Chen C, Lewis S, Olley J 2015: Sources of bioavailable 
particulate nutrients: Phase 1 (RP128G), Department of Science, Information 
Technology and Innovation, Brisbane, Australia 

Davies CH, Coughlan A, Hallegraeff G, Ajani P, Armbrecht L, Atkins N, Bonham P, Brett S, 
Brinkman R, Burford M (2016): A database of marine phytoplankton abundance, 
biomass and species composition in Australian waters. Scientific data 3 

Docherty KM, Young KC, Maurice PA, Bridgham SD (2006): Dissolved organic matter 
concentration and quality influences upon structure and function of freshwater 
microbial communities. Microbial Ecology 52, 378-388 

Dyhrman ST (2016): Nutrients and their acquisition: phosphorus physiology in microalgae. 
In: Borowitzka MA, Beardall J , Raven JA (Editors), The Physiology of Microalgae. 
Springer, Zürich, Switzerland, pp. 155-183 

Elser JJ, Bracken ME, Cleland EE, Gruner DS, Harpole WS, Hillebrand H, Ngai JT, Seabloom 
EW, Shurin JB, Smith JE (2007): Global analysis of nitrogen and phosphorus limitation 
of primary producers in freshwater, marine and terrestrial ecosystems. Ecology 
letters 10, 1135-1142 

Finkel ZV, Beardall J, Flynn KJ, Quigg A, Rees TAV, Raven JA (2009): Phytoplankton in a 
changing world: cell size and elemental stoichiometry. Journal of plankton research, 
fbp098 

Furnas M, Mitchell A, Skuza M, Brodie J (2005a): In the other 90%: phytoplankton responses 
to enhanced nutrient availability in the Great Barrier Reef Lagoon. Marine Pollution 
Bulletin 51, 253-265 

Furnas M, Mitchell A, Skuza M, Brodie J (2005b): In the other 90%: phytoplankton responses 
to enhanced nutrient availability in the Great Barrier Reef Lagoon. Marine pollution 
bulletin 51, 253-265 

Furnas M, O'Brien D, Warne M 2013: Chapter 2: The Redfield Ratio and potential nutrient 
limitation on phytoplankton in the Great Barrier Reef. In: Assessment of the relative 
risk of water quality to ecosystems of the Great Barrier Reef: Supporting Studies, 
TropWATER, Townsville, Australia 



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
60 
 

Garzon-Garcia A 2014: Effects of gully and channel erosion on carbon and nitrogen storage, 
mineralization and export in a subtropical catchment., Griffith University, Brisbane, 
124 pp 

Garzon-Garcia A, Wallace R, Huggins R, Turner RDR, Smith RA, Orr D, Ferguson B, Gardiner 
R, Thomson B, J. WMS 2015: Total suspended solids, nutrient and pesticide loads 
(2013–2014) for rivers that discharge to the Great Barrier Reef Great Barrier Reef 
Catchment Loads Monitoring Program, Water Quality and Investigations, 
Environmental Monitoring and Assessment Science, Science Division, Department of 
Science, Information Technology and Innovation  

Garzon-Garcia A, Burton J, Brooks A 2016: Bioavailable nutrients and organics in alluvial 
gully sediment, Department of Science, Information Technology and Innovation, 
Brisbane 

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. 
Science of the Total Environment 575, 1384-1394 

Garzon-Garcia A, Bunn SE, Olley JM, Oudyn F (Submitted): Labile carbon limits in-stream 
mineralization in a subtropical headwater catchment affected by gully and channel 
erosion. Journal of Soils and Sediments 

Lumley T (2017): leaps: Regression Subset Selection. R package. 
Manzoni S, Porporato A (2011): Common hydrologic and biogeochemical controls along the 

soil-stream continuum. Hydrological Processes 25, 1355-1360 
Muhid P, Burford MA (2012): Assessing nutrient limitation in a subtropical reservoir. Inland 

Waters 2, 185-192 
O'Donohue M, Glibert P, Dennison W (2000): Utilization of nitrogen and carbon by 

phytoplankton in Moreton Bay, Australia. Marine and Freshwater Research 51, 703-
712 

Oksanen J, Blanchet FG, Friendly M, Kindt R, Lagendre P, McGlinn D, Minchin PR, O'Hara RB, 
Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H (2017): vegan: 
Community Ecology Package 

Posselt AJ, Burford MA, Shaw G (2009): Pulses of phosphate promote dominance of the 
toxic cyanophyte cylindrospermopsis raciborskii in a subtropical water reservoir. 
Journal of Phycology 45, 540-546 

Rayment GE, Lyons DJ (2011): Soil Chemical Methods - Australasia. Australian Soil and Land 
Survey Handbook Series, 3. CSIRO Publishing, Melbourne, Australia 

Saeck EA, Brien KRO, Burford MA (2016): Nitrogen response of natural phytoplankton 
communities: a new indicator based on photosynthetic efficiency Fv/Fm. Marine 
Ecology Progress Series 552, 81-92 

Santiago S, Thomas RL (1992): Phytoplankton utilization of phosphorus bound to suspended 
sediments from selected tributaries to lake Geneva. Journal of Great Lakes Research 
18, 372-389 

Schimel JP, Bennet J (2004): Nitrogen mineralization:  Challenges of a changing paradigm. 
Ecology 85, 591-602 

Sterner RW, Andersen T, Elser JJ, Hessen DO, Hood JM, McCauley E, Urabe J (2008): Scale-
dependent carbon: nitrogen: phosphorus seston stoichiometry in marine and 
freshwaters. Limnology and Oceanography 53, 1169 



Indicators of bioavailable particulate nutrients RP128G 

 

___________________________________________________________________________ 
61 

 

Turner R, Huggins R, Wallace R, Smith R, Vardy S, Warne MSJ 2013: Loads of sediment, 
nutrients and pesticides discharged from high priority Queensland rivers in 2010-
2011, Great Barrier Reef Catchment Loads Monitoring Program, Department of 
Science, Information Technology, Innovation and the Arts, Brisbane. 

Turner RDR, Huggins RL, Wallace RM, Smith RA, Vardy S, J Warne MJ 2012: Sediment, 
Nutrient and Pesticide Loads: Great Barrier Reef Catchment Loads Monoitoring 
2009-2010, Department of Science, Information Technology, Innovation and the 
Arts, Brisbane. 

Wallace R, Huggins R, Smith R, Turner R, Vardy S, Warne MSJ 2014: Total suspended solids, 
nutrient and pesticide loads (2011-2012) for rivers that discharge to the Great 
Barrier Reef, Great Barrier Reef Catchment Loads Monitoring Program, Department 
of Science, Information Technology, Innovation and the Arts, Brisbane. 

Wallace R, Huggins R, Smith R, Turner R, Garzon-Garcia A, Warne MSJ 2015: Total 
suspended solids, nutrient and pesticide loads (2012-2013) for rivers that discharge 
to the Great Barrier Reef, Great Barrier Reef Catchment Loads Monitoring Program, 
Department of Science, Information Technology, Innovation and the Arts, Brisbane. 

Waters D, Carroll C, Ellis R, Hateley L, McCloskey G, Packett R, Dougall C 2016: Modelling 
reductions of pollutant loads due to improved management practices in the Great 
Barrier Reef catchments - Whole of GBR, Queensland Department of Natural 
Resources and Mines, Toowoomba 

Wiegner TN, Tubal RL, MacKenzie RA (2009): Bioavailability and export of dissolved organic 
matter from a tropical river during base- and stormflow conditions. Limnology and 
Oceanography 54, 1233-1242 

Zund PR, Payne JE (2014): Erodible Soils Map for Burdekin Dry Tropics Grazing Lands. In: 
Department of Science ITaI (Hrsg.), Brisbane 

 



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
62 
 

Appendix 1 Bioavailable nutrient parameters in sampled soils, lab generated sediments and high-flow event 

sediments 

Bioavailable nutrient parameters in sampled soils (a) 

 

*Samples selected for algal bioassays, ND (not detectable) 

NMDS Id Soil ID Depth Catchment Land use Soil type Erosion process Erodibility Geology Sorbed P (mg/kg) PBI BSES-P (mg/kg) Mineral P (mg/kg) DRP (mg/kg) PC (%) POC (%) PN (%) PP (%)
Oven dry moisture 

105 (%)
POC/PN PN/PP

1* B_CH_H1_sub1 0.50-0.90 Bowen Grazing CH Sub High Alluvium 34 69 231 197 0.49 0.56 0.584 0.05 0.04 4.5 11.7 1.0

2 B_CH_H1_sub2 0.90-2.00 Bowen Grazing CH Sub High Alluvium 26 30 429 403 0.87 0.15 0.163 0.02 0.06 2.6 6.8 0.3

3* B_CH_H1_surf 0.00-0.10 Bowen Grazing CH Surf High Alluvium 26 22 61 ND 1.18 1.25 1.27 0.1 0.03 3 12.7 3.3

4 B_CH_H2_sub 0.10-0.20 Bowen Grazing CH Sub High Alluvium 5 78 28 ND 0.06 0.7 0.664 0.07 0.02 4 9.5 3.0

5 B_CH_H2_surf 0.00-0.10 Bowen Grazing CH Surf High Alluvium 54 47 78 ND 1.15 1.05 1.04 0.09 0.03 4 11.6 3.0

6 B_CH_H3_surf 0.00-0.10 Bowen Grazing CH Surf High Alluvium 34 15 84 50 2.27 1.04 1.04 0.07 0.02 <1.5 14.9 3.5

7 B_CH_L1_surf 0.00-0.10 Bowen Grazing CH Surf Low Granitoid-metaphormic, felsites 5 14 13 ND 0.36 1.16 1.15 0.09 0.01 2.3 12.8 7.5

8 B_CH_L3_surf 0.00-0.10 Bowen Grazing CH Surf Low Granitoid-metaphormic, felsites 6 17 25 ND 0.35 1.01 1.04 0.08 0.01 3.9 13.0 8.8

9* B_DE_H1_sub 0.10-0.50 Bowen Grazing DE Sub High Arenite-Mudrock 23 55 297 274 0.42 1.15 1.06 0.13 0.04 8.8 8.2 2.5

10 B_DE_H1_surf 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 32 71 112 80 0.45 1.45 1.42 0.14 0.04 4.4 10.1 3.3

11 B_DE_H2_sub1 0.15-0.55 Bowen Grazing DE Sub High Arenite-Mudrock 22 81 176 154 0.27 0.99 1.01 0.08 0.04 6.7 12.6 1.5

12 B_DE_H2_sub2 0.55-1.00 Bowen Grazing DE Sub High Arenite-Mudrock 4 91 219 215 0.04 0.72 0.726 0.06 0.04 6.4 12.1 1.3

13* B_DE_H2_surf 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 58 65 355 297 0.89 1.8 1.81 0.14 0.06 5.5 12.9 2.0

14 B_DE_H3_sub 0.10-0.20 Bowen Grazing DE Sub High Arenite-Mudrock <2 95 16 ND ND 1.27 1.29 0.13 0.02 4.9 9.9 6.0

15 B_DE_H3_surf 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 16 53 54 ND 0.30 2.57 2.57 0.21 0.03 7.6 12.2 6.7

16 B_DE_L1_surf 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 74 109 210 136 0.68 2.3 2.71 0.15 0.08 5.3 18.1 1.6

17 B_DE_L2_surf 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 8 50 38 ND 0.16 2.03 1.96 0.13 0.02 2.5 15.1 6.0

18 B_DE_L3_surf 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 7 126 142 135 0.06 2.72 2.54 0.2 0.02 10.3 12.7 9.0

19* B_DE_LF1_surf 0.00-0.10 Bowen Forest DE Surf Low Granitoid 13 104 15 ND 0.13 5.33 5.21 0.3 0.04 3.6 17.4 7.0

20 B_DE_LF2_surf 0.00-0.10 Bowen Forest DE Surf Low Granitoid 4 83 6 ND 0.05 2.49 2.94 0.14 0.02 2.2 21.0 7.0

 B_DE_LF3_surf 0.00-0.10 Bowen Forest DE Surf Low Granitoid 6 79 9 ND 0.08 3.99 4.09 0.2 0.02 2.3 20.5 9.0

21* B_SO_H1_sub 0.10-1.90 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
4 94 627 623 0.04 0.25 0.059 0.02 0.06 3.1 3.5 0.2

22 B_SO_H2_sub1 0.20-0.40 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 172 4 ND ND 0.47 0.477 0.06 0.01 9.8 8.0 7.1

23* B_SO_H2_sub2 0.40-1.00 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
3 206 4 ND 0.01 0.37 0.392 0.05 0.00 10.8 7.8 10.0

24 B_SO_H2_surf 0.00-0.10 Bowen Grazing SO Surf High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
7 17 10 ND 0.41 1.05 1.06 0.08 0.01 <1.5 13.3 8.9

25 B_SO_H3_sub1 0.25-0.50 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 202 5 ND ND 0.86 0.575 0.05 0.01 3.1 11.5 8.3

26 B_SO_H3_sub2 0.50- Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 109 4 ND ND 1.24 0.254 0.03 0.004 4.6 7.8 5.0



Indicators of bioavailable particulate nutrients RP128G 

 

___________________________________________________________________________ 
63 

 

Bioavailable nutrient parameters in sampled soils (b) 

 

*Samples selected for algal bioassays, ND (not detectable) 

NMDS Id Soil ID Depth Catchment Land use Soil type Erosion process Erodibility Geology Sorbed P (mg/kg) PBI BSES-P (mg/kg) Mineral P (mg/kg) DRP (mg/kg) PC (%) POC (%) PN (%) PP (%)
Oven dry moisture 

105 (%)
POC/PN PN/PP

27* B_SO_H3_surf 0.00-0.10 Bowen Grazing SO Surf High

Sedimentary 

(sandstone/mudstone)-

labile sandstone, felsites 

(minor)

5 35 12 ND 0.14 1.79 1.73 0.13 0.01 2.9 13.3 10.8

28 B_SO_L1_surf 0.00-0.10 Bowen Grazing SO Surf Low
Granitoid-felsites, 

sedimentary (sandstone)
3 13 12 ND 0.23 0.92 0.863 0.08 0.01 <1.5 10.8 7.0

29 B_SO_L2_surf 0.00-0.10 Bowen Grazing SO Surf Low
Granitoid-felsites, 

sedimentary (sandstone)
11 32 28 ND 0.34 1.54 1.54 0.12 0.02 2.7 12.8 6.0

30 B_SO_L3_surf 0.00-0.10 Bowen Grazing SO Surf Low
Granitoid-felsites, 

sedimentary (sandstone)
64 48 116 52 1.33 2.88 2.9 0.2 0.05 2.4 14.5 4.0

31 B_VE_H1_sub 0.15-0.25 Bowen Grazing VE Sub High
Alluvium, arenite mudrock, 

sandstone
8 106 16 ND 0.08 0.8 0.779 0.07 0.02 5.6 11.1 3.0

32* B_VE_H1_surf 0.00-0.10 Bowen Grazing VE Surf High
Alluvium, arenite mudrock, 

sandstone
20 99 21 ND 0.20 0.89 0.876 0.08 0.02 6 11.0 3.5

33 B_VE_H2_sub 0.15-0.20 Bowen Grazing VE Sub High
Alluvium, arenite mudrock, 

sandstone
22 134 18 ND 0.16 1.52 1.47 0.12 0.02 5.4 12.3 5.0

34 B_VE_H2_surf 0.00-0.10 Bowen Grazing VE Surf High
Alluvium, arenite mudrock, 

sandstone
66 113 62 ND 0.58 2.91 3.71 0.25 0.03 11.8 14.8 7.7

35* B_VE_H3_sub 0.15-0.20 Bowen Grazing VE Sub High
Alluvium, arenite mudrock, 

sandstone
<2 105 12 ND ND 1.51 1.35 0.1 0.01 7.3 13.5 10.0

36 B_VE_H3_surf 0.00-0.10 Bowen Grazing VE Surf High
Alluvium, arenite mudrock, 

sandstone
26 86 66 ND 0.30 1.95 1.99 0.17 0.02 5.6 11.7 8.0

37 B_VE_L2_sub1 0.10-0.50 Bowen Grazing VE Sub Low Basalt, colluvium 9 132 86 77 0.07 1.94 1.23 0.11 0.02 6.5 11.2 3.0

38 B_VE_L2_sub2 0.50- Bowen Grazing VE Sub Low Basalt, colluvium 9 132 90 81 0.07 1.27 1.23 0.08 0.02 6.5 15.4 3.0

39 B_VE_L2_surf 0.00-0.10 Bowen Grazing VE Surf Low Basalt, colluvium 48 98 156 108 0.49 2.12 2.23 0.13 0.03 8.7 17.2 3.7

40 B_VE_L3_surf 0.00-0.10 Bowen Grazing VE Surf Low Basalt, colluvium 7 127 42 ND 0.06 1.52 1.46 0.1 0.02 7.7 14.6 4.5

1 J_DE_B1 0.00-0.10 Johnstone Banana DE Surf Low Alluvium 26 268 24 ND 0.10 1.76 1.74 0.16 0.05 4.7 10.9 3.2

2* J_DE_B2 0.00-0.10 Johnstone Banana DE Surf Low Alluvium 56 219 39 ND 0.26 1.45 1.43 0.16 0.08 3.5 8.9 1.9

3 J_DE_C1 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 26 242 22 ND 0.11 1.5 1.48 0.12 0.05 2.7 12.3 2.4

4* J_DE_C2 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 63 270 55 ND 0.23 2.06 2.02 0.16 0.08 4.6 12.6 2.0

5 J_DE_C3 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 44 229 31 ND 0.19 1.32 1.32 0.11 0.05 2.7 12.0 2.2

6 J_FE_B1 0.00-0.10 Johnstone Banana FE Surf Low Basalt  301 ----- 334 ND  3.24 3.17 0.28 0.17 3 11.3 1.6

7* J_FE_B2 0.00-0.10 Johnstone Banana FE Surf Low Basalt  190 ----- 247 57  3.45 3.55 0.27 0.23 2.6 13.1 1.2

8 J_FE_B3 0.00-0.10 Johnstone Banana FE Surf Low Basalt  55 472 28 ND 0.12 3.17 3.1 0.25 0.2 2.5 12.4 1.3

9 J_FE_C1 0.00-0.10 Johnstone Cane FE Surf Low Basalt  49 530 36 ND 0.09 2.35 2.35 0.17 0.2 5.6 13.8 0.9

10* J_FE_C2 0.00-0.10 Johnstone Cane FE Surf Low Basalt  67 550 41 ND 0.12 2.7 2.64 0.2 0.17 3.1 13.2 1.2

11 J_FE_C3 0.00-0.10 Johnstone Cane FE Surf Low Basalt  216 ----- 214 ND  2.7 2.87 0.17 0.23 2.2 16.9 0.7

12* J_FE_F1 0.00-0.10 Johnstone Forest FE Surf Low Basalt  22 >1000 17 ND 0.02 9.09 9.16 0.56 0.18 6.9 16.4 3.0

13 J_FE_F2 0.00-0.10 Johnstone Forest FE Surf Low Basalt  9 >1000 9 ND 0.01 7.42 7.6 0.59 0.14 5.6 12.9 4.1

14 J_FE_F3 0.00-0.10 Johnstone Forest FE Surf Low Basalt  19 774 20 ND 0.02 10.6 10.9 0.66 0.13 5.6 16.5 4.6

15 J_FE_D1 0.00-0.10 Johnstone Dairy FE Surf Low Basalt  98 580 40 ND 0.17 6 5.91 0.54 0.29 4.5 10.9 1.8

16* J_FE_D2 0.00-0.10 Johnstone Dairy FE Surf Low Basalt  83 555 50 ND 0.15 8 8.02 0.63 0.16 4.7 12.7 3.8

17 J_FE_D3 0.00-0.10 Johnstone Dairy FE Surf Low Basalt  216 ----- 113 ND  7.84 7.81 0.71 0.38 5.5 11.0 1.8
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Bioavailable nutrient parameters in sampled soils (c) 

 

*Samples selected for algal bioassays 

NMDS Id Soil ID
Coarse 

sand (hyd)%

Fine 

sand 

(hyd)%

Silt 

(hyd)%

Clay 

(hyd) %

Silt+Clay 

(hyd)%

<62.5µm 

(laser) %

<16 m 

(laser) %

<4 m 

(laser) %
pH EC (dS/m)

Chloride 

(mg/kg)

Aqueous 

extractable 

NO3
- (mg/kg)

R1/R2

Exchangeable 

cations 

(cmol_c/kg)

Clay activity 

ratio  

(cmol_c/kg)

ESP (%)

1* B_CH_H1_sub1 6.6 30 18.7 48.2 66.9 89.3 68.8 26.2 6.80 0.03 <20 <1 1.81 25.0 0.52 1.1

2 B_CH_H1_sub2 15.1 55.1 8.2 21.4 29.6 62.7 36.7 10.7 6.98 0.02 <20 <1 1.76 12.8 0.60 1.3

3* B_CH_H1_surf 17 52.4 20.3 15.5 35.8 64.1 32.6 9.4 6.15 0.03 <20 3 3.23 6.6 0.43 1.2

4 B_CH_H2_sub 4.1 41.3 17.1 41.7 58.8 83 62 23.5 8.79 0.16 <20 2 1.75 24.6 0.59 15.5

5 B_CH_H2_surf 6.4 49.8 23.6 26.9 50.5 77.9 44.8 12.7 6.53 0.05 <20 7 2.03 14.4 0.54 5.5

6 B_CH_H3_surf 39 43.1 11.2 7.7 18.9 48 23.6 6.9 6.98 0.04 <20 1 2.30 5.9 0.77 1.4

7 B_CH_L1_surf
56.3 28.5 5.2 11.9 17.1 45 26 8.8 6.99 0.04 <20 5 1.83 6.0 0.50 1.3

8 B_CH_L3_surf
43.9 31.5 10 17.2 27.2 59.4 35.1 10.9 7.43 0.04 <20 4 3.35 10.0 0.58 0.9

9* B_DE_H1_sub 19.6 32.3 17.1 33.8 50.9 78 52.7 20.3 7.69 0.11 <20 <1 1.77 22.0 0.65 0.4

10 B_DE_H1_surf 18.5 28.5 19 38 57 84 55.6 17.9 6.68 0.03 <20 1 1.83 23.5 0.62 0.5

11 B_DE_H2_sub1 11.7 31.7 17.5 42.6 60.1 86.5 60.4 20.8 7.16 0.02 <20 1 1.88 35.9 0.84 0.8

12 B_DE_H2_sub2 17.3 33.9 14 36.9 50.9 82.9 57.2 18.5 7.61 0.03 <20 2 2.13 33.0 0.89 1.1

13* B_DE_H2_surf 14 30.8 24.4 33.1 57.5 84.6 51.2 15.6 7.26 0.05 <20 1 2.34 30.0 0.91 0.3

14 B_DE_H3_sub 4.5 24.3 19.7 54.1 73.8 90.6 67 25.6 6.92 0.03 <20 <1 1.73 30.0 0.55 0.6

15 B_DE_H3_surf 12.5 35.7 16.8 41.1 57.9 81.4 52.9 19.3 6.98 0.05 <20 1 1.90 23.4 0.57 0.3

16 B_DE_L1_surf 18.3 28.8 22.5 34.8 57.3 82.6 43.2 13.4 6.08 0.04 <20 2 2.58 32.7 0.94 0.4

17 B_DE_L2_surf 22 40.1 11.3 26.5 37.8 69.8 41.6 12.6 6.74 0.03 <20 <1 2.14 19.3 0.73 0.8

18 B_DE_L3_surf 10.2 19.2 16.4 53 69.4 86 59.6 20.8 7.91 0.09 <20 1 2.05 56.0 1.06 0.2

19* B_DE_LF1_surf 15.7 41.3 25.5 24.1 49.6 82 37.5 9.2 5.67 0.06 27 3 3.04 14.6 0.61 0.9

20 B_DE_LF2_surf 30.8 34.5 20.1 16.7 36.8 71.7 35.5 9 5.31 0.05 21 <1 2.95 7.0 0.42 1.1

 B_DE_LF3_surf 21.6 49.6 20.5 14.8 35.3 66.9 28.9 6.8 5.40 0.03 <20 1 4.25 8.3 0.56 1.4

21* B_SO_H1_sub
3 40 29.6 24.2 53.8 79.7 39.5 9.3 8.95 0.29 223 1 2.53    

22 B_SO_H2_sub1
6.9 35.6 6.2 51.1 57.3 77.5 59.6 18.8 6.74 0.02 <20 3 2.24 14.8 0.29 0.5

23* B_SO_H2_sub2
6.1 38.3 8 51.4 59.4 78.5 63.7 20.7 6.89 0.02 <20 <1 2.21 15.0 0.29 0.5

24 B_SO_H2_surf
13.1 68.2 12.7 9.6 22.3 46.9 26 8.1 6.47 0.03 <20 5 2.50 6.0 0.62 1.3

25 B_SO_H3_sub1
24.1 21 7.7 49.5 57.2 81.6 67 23 8.49 0.31 125 <1 1.97 21.0 0.42 11.2

26 B_SO_H3_sub2
28.2 23.5 12.9 40 52.9 83.6 72.5 30.2 9.17 0.55 507 1 1.53 18.0 0.45 23.4
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Bioavailable nutrient parameters in sampled soils (d) 

 

*Samples selected for algal bioassays 

NMDS Id Soil ID
Coarse 

sand (hyd)%

Fine 

sand 

(hyd)%

Silt 

(hyd)%

Clay 

(hyd) %

Silt+Clay 

(hyd)%

<62.5µm 

(laser) %

<16 m 

(laser) %

<4 m 

(laser) %
pH EC (dS/m)

Chloride 

(mg/kg)

Aqueous 

extractable 

NO3
- (mg/kg)

R1/R2

Exchangeable 

cations 

(cmol_c/kg)

Clay activity 

ratio  

(cmol_c/kg)

ESP (%)

27* B_SO_H3_surf
38.9 31.5 15.2 18.3 33.5 63.2 33.5 8.8 6.55 0.03 <20 3 2.58 10.7 0.59 0.7

28 B_SO_L1_surf
3.3 79.2 12.7 11.7 24.4 45.8 21.1 7 6.88 0.03 <20 2 1.93 5.0 0.43 1.6

29 B_SO_L2_surf
13.3 12.1 16.3 58.1 74.4 50.7 28.3 9 8.13 0.08 <20 2  10.0 0.17 0.9

30 B_SO_L3_surf
11.1 47.1 26.8 20.4 47.2 74.5 35.4 11 6.02 0.04 <20 1 3.05 12.4 0.61 0.7

31 B_VE_H1_sub 30.2 49.4 6.4 19 25.4 91.8 78.1 31.6 7.71 0.06 31 3 1.00 36.0 1.89 5.9

32* B_VE_H1_surf 14.6 12.3 16.6 58.1 74.7 89.4 73.1 28.6 7.34 0.06 <20 13 1.62 34.0 0.59 2.7

33 B_VE_H2_sub 11.5 11.3 13.4 65 78.4 91.3 75.9 32 6.52 0.04 <20 4 1.48 36.0 0.55 2.4

34 B_VE_H2_surf 3.1 6.4 15.8 70.4 86.2 85 60.6 25.6 6.00 0.09 43 8 1.57 38.2 0.54 0.9

35* B_VE_H3_sub 17.3 27.9 12.4 45.9 58.3 80.6 60.3 21.8 8.42 0.12 <20 <1 2.21 36.0 0.78 1.9

36 B_VE_H3_surf 23.4 32.1 12.1 34.8 46.9 75.2 47.1 15.4 8.00 0.13 <20 4 2.16 37.7 1.08 0.3

37 B_VE_L2_sub1 5.3 16.3 18.4 63.8 82.2 93 78.1 32.3 8.08 0.11 43 3 1.53 45.0 0.71 2.3

38 B_VE_L2_sub2 5.3 15.5 19.9 61.9 81.8 93.2 78.2 32.4 8.11 0.1 40 3 1.47 46.0 0.74 2.3

39 B_VE_L2_surf 1.9 17.2 21.3 61.2 82.5 91.8 72.2 31.4 7.12 0.06 <20 3 1.49 45.0 0.74 0.3

40 B_VE_L3_surf 4.9 19.4 20.9 60.8 81.7 93.4 74.4 31.5 7.84 0.08 <20 <1 1.83 41.0 0.67 1.0

1 J_DE_B1 3.2 35.8 25.3 41.5 66.8 89.9 55.6 17.1 5.74 0.08 <20 3 2.43 7.1 0.17 1.9

2* J_DE_B2 2.2 41 23.8 39.2 63 87.6 56.5 17.3 5.40 0.08 <20 34 1.87 7.1 0.18 2.5

3 J_DE_C1 2.5 38 28.2 37.3 65.5 86 52.8 14 5.20 0.06 <20 17 1.90 6.1 0.16 1.3

4* J_DE_C2 4.2 29.5 30.3 43.2 73.5 92 62.6 20.2 5.51 0.03 <20 3 1.97 7.2 0.17 1.2

5 J_DE_C3 4.8 50.4 16.8 33.7 50.5 77.8 51.8 14.3 4.71 0.05 <20 12 2.11 4.1 0.12 2.0

6 J_FE_B1 18.2 27.5 19.6 40.8 60.4 80.4 44.1 13.6 7.60 0.24 <20 61 2.17 24.7 0.61 0.3

7* J_FE_B2 12.2 26.7 19.6 47.6 67.2 82.4 28.9 11.4 5.61 0.23 56 39  7.7 0.16 1.0

8 J_FE_B3 11.3 12.1 35.1 47.3 82.4 93 36.4 14.4 5.38 0.07 <20 15  2.6 0.06 3.1

9 J_FE_C1 8.2 13.4 28.8 56.2 85 94.2 38.3 15 5.94 0.06 <20 2 1.93 4.3 0.08 1.8

10* J_FE_C2 3 19.9 35 48 83 98.4 50.2 17.1 4.69 0.07 <20 22 1.84 2.7 0.06 3.0

11 J_FE_C3 19 17.9 19.3 49.3 68.6 88.4 42.5 16 5.25 0.07 <20 26 2.00 3.2 0.07 2.5

12* J_FE_F1 17.1 9.8 36.3 42.4 78.7 86 30 9.3 4.84 0.12 42 30  7.0 0.16 3.6

13 J_FE_F2 11.5 9.7 34.3 50.7 85 91.3 36 12.1 4.49 0.12 28 49  4.0 0.08 2.6

14 J_FE_F3 15.9 10.1 33.9 45.7 79.6 88.2 34.1 11.5 5.27 0.18 30 59  13.6 0.30 1.1

15 J_FE_D1 18.6 18.3 26.5 42 68.5 84.7 28 8.6 5.18 0.22 24 85  6.6 0.16 1.2

16* J_FE_D2 11.3 19.3 30.4 45.3 75.7 86.1 33.7 10.4 5.57 0.26 21 103 1.64 11.3 0.25 0.7

17 J_FE_D3 15.8 14.1 32.3 42.1 74.4 87.5 29.3 9.2 5.37 0.26 <20 111  12.0 0.29 0.7
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Bioavailable nutrient parameters in lab generated sediments (a) 

 

*Samples selected for algal bioassays, ND (not detectable) 

 

NMDS Id Sediment ID Depth Catchment Land use Soil type Erosion process Erodibility Geology
Sorbed P 

(mg/kg)
PBI

BSES_P 

(mg/kg)

Mineral 

P 

(mg/kg)

DRP 

(mg/kg)
PC (%) POC (%) PN (%) PP (%)

Moisture 

content 

105 (%)

POC/PN POC/PON PN/PP
POC/PN/

PP
pH

EC 

(dS/m)

Chloride 

(mg/kg)

Aqueous 

extractable 

NO3
- 

(mg/kg)

1* B_CH_H1_sub1_sed 0.50-0.90 Bowen Grazing CH Sub High Alluvium 57 167 195 138 0.34 0.58 0.554 0.07 0.05 4.9 7.9 9.3 1.2 184.7 6.96 0.03 <20 1

2 B_CH_H1_sub2_sed 0.90-2.00 Bowen Grazing CH Sub High Alluvium 68 130 376 308 0.52 0.37 0.346 0.06 0.06 4.2 5.8 8.8 0.7 144.2 7.24 0.04 <20 4

3* B_CH_H1_surf_sed 0.00-0.10 Bowen Grazing CH Surf High Alluvium 45 55 95 50 0.82 2.38 2.3 0.2 0.04 2.8 11.5 11.6 5.0 287.5 5.99 0.07 27 22

4 B_CH_H2_sub_sed 0.10-0.20 Bowen Grazing CH Sub High Alluvium 11 191 24 ND 0.06 1.04 0.992 0.1 0.03 6.6 9.9 11.1 3.0 367.4 8.85 0.25 28 23

5 B_CH_H2_surf_sed 0.00-0.10 Bowen Grazing CH Surf High Alluvium 82 122 83 ND 0.67 1.64 1.57 0.16 0.04 4.1 9.8 10.5 3.8 261.7 6.49 0.08 <20 19

6 B_CH_H3_surf_sed 0.00-0.10 Bowen Grazing CH Surf High Alluvium 89 77 174 85 1.16 3.05 2.95 0.23 0.06 2.4 12.6 12.9 3.8 213.8 7.39 0.09 <20 13

7 B_CH_L1_surf_sed 0.00-0.10 Bowen Grazing CH Surf Low Granitoid-metaphormic, felsites 27 90 46 ND 0.30 3.93 3.89 0.38 0.04 2.4 10.2 11.5 8.5 286.0 7.3 0.1 <20 7

8 B_CH_L3_surf_sed 0.00-0.10 Bowen Grazing CH Surf Low
Granitoid-metaphormic, felsites

14 85 31 ND 0.16 3.02 2.89 0.24 0.03 3.1 12.0 12.1 8.0 401.4 7.5 0.09 <20 13

9* B_DE_H1_sub_sed 0.10-0.50 Bowen Grazing DE Sub High Arenite-Mudrock 39 160 144 105 0.24 1.45 1.37 0.19 0.05 5.9 7.2 7.2 3.8 144.2 7.76 0.1 23 7

10 B_DE_H1_surf_sed 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 50 168 84 ND 0.30 2.07 1.96 0.22 0.06 5 9.0 9.4 3.5 155.6 6.78 0.05 <20 4

11 B_DE_H2_sub1_sed 0.15-0.55 Bowen Grazing DE Sub High Arenite-Mudrock 28 193 116 88 0.15 1.70 1.58 0.11 0.04 6.9 13.9 16.0 2.5 395.0 7.17 0.04 <20 7

12 B_DE_H2_sub2_sed 0.55-1.00 Bowen Grazing DE Sub High Arenite-Mudrock 10 212 124 114 0.05 1.30 1.23 0.10 0.04 7.2 12.0 15.5 2.0 384.4 7.53 0.14 25 37

13* B_DE_H2_surf_sed 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 113 141 385 272 0.80 2.31 2.2 0.19 0.07 6.4 11.6 12.3 2.6 174.6 7.33 0.28 42 96

14 B_DE_H3_sub_sed 0.10-0.20 Bowen Grazing DE Sub High Arenite-Mudrock 4 173 11 ND 0.02 1.56 1.48 0.17 0.03 5.7 8.6 9.5 5.3 308.3 7.25 0.05 <20 2

15 B_DE_H3_surf_sed 0.00-0.10 Bowen Grazing DE Surf High Arenite-Mudrock 31 117 55 ND 0.26 3.01 2.97 0.29 0.04 6 10.2 10.7 7.0 265.2 7.27 0.22 37 57

16 B_DE_L1_surf_sed 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 95 189 103 ND 0.50 3.26 3.08 0.26 0.1 6.3 12.0 12.7 2.5 123.2 6.33 0.09 34 6

17 B_DE_L2_surf_sed 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 15 147 42 ND 0.10 3.68 3.49 0.28 0.03 7.9 12.6 13.5 8.7 447.4 6.72 0.18 52 34

18 B_DE_L3_surf_sed 0.00-0.10 Bowen Grazing DE Surf Low Arenite-Mudrock 10 261 118 108 0.04 2.53 2.29 0.21 0.03 8.4 10.9 11.5 6.7 381.7 7.97 0.19 <20 6

19* B_DE_LF1_surf_sed 0.00-0.10 Bowen Forest DE Surf Low Granitoid 29 259 28 ND 0.11 6.4 5.89 0.47 0.06 2.5 12.5 14.0 7.2 228.3 6.39 0.1 30 2

20 B_DE_LF2_surf_sed 0.00-0.10 Bowen Forest DE Surf Low Granitoid 16 217 18 ND 0.07 4.16 3.88 0.34 0.03 3.3 11.4 13.2 10.3 417.2 5.55 0.15 84 3

21* B_SO_H1_sub_sed 0.10-1.90 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
8 161 548 540 0.05 0.18 0.112 0.03 0.05 3.6 3.7 3.8 0.6 74.7 8.93 0.35 317 4

22 B_SO_H2_sub1_sed 0.20-0.40 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
2 484 6 ND 0.004 0.70 0.674 0.10 0.01 4.3 6.7 7.1 10.0 674.0 6.82 0.04 <20 6

23* B_SO_H2_sub2_sed 0.40-1.00 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 582 6 ND ND 0.62 0.598 0.09 0.008 5.9 6.8 7.6 10.0 934.4 6.9 0.03 <20 3

24 B_SO_H2_surf_sed 0.00-0.10 Bowen Grazing SO Surf High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
13 68 23 ND 0.19 3.45 3.3 0.29 0.03 3.3 11.4 11.8 9.3 392.9 6.31 0.1 <20 37

25 B_SO_H3_sub1_sed 0.25-0.50 Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 449 9 ND ND 0.87 0.674 0.08 0.006 6.8 8.8 11.3 10.0 1872.2 9.01 0.95 1040 7

26 B_SO_H3_sub2_sed 0.50- Bowen Grazing SO Sub High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
<2 253 9 ND ND 0.94 0.376 0.05 0.004 6.2 7.5 9.4 10.0 2350.0 9.12 0.44 263 <1
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Bioavailable nutrient parameters in lab generated sediments (b) 

 

*Samples selected for algal bioassays, ND (not detectable), IS (Insufficient sample) 

 

 

 

NMDS Id Sediment ID Depth Catchment Land use Soil type Erosion process Erodibility Geology
Sorbed P 

(mg/kg)
PBI

BSES_P 

(mg/kg)

Mineral 

P 

(mg/kg)

DRP 

(mg/kg)
PC (%) POC (%) PN (%) PP (%)

Moisture 

content 

105 (%)

POC/PN POC/PON PN/PP
POC/PN/

PP
pH

EC 

(dS/m)

Chloride 

(mg/kg)

Aqueous 

extractable 

NO3
- 

(mg/kg)

27* B_SO_H3_surf_sed 0.00-0.10 Bowen Grazing SO Surf High
Sedimentary (sandstone/mudstone)-

labile sandstone, felsites (minor)
10 100 20 ND 0.10 3.22 3.09 0.25 0.03 3.6 12.4 12.4 8.3 412.0 6.42 0.12 25 45

28 B_SO_L1_surf_sed 0.00-0.10 Bowen Grazing SO Surf Low Granitoid-felsites, sedimentary (sandstone) 9 54 17 ND 0.17 2.25 2.19 0.26 0.02 2.1 8.4 9.5 11.5 476.1 6.48 0.23 <20 95

29 B_SO_L2_surf_sed 0.00-0.10 Bowen Grazing SO Surf Low Granitoid-felsites, sedimentary (sandstone)46 219 62 ND 0.21 3.2 3.04 0.29 0.06 4 10.5 10.5 4.8 174.7 8.36 0.33 30 72

30 B_SO_L3_surf_sed 0.00-0.10 Bowen Grazing SO Surf Low Granitoid-felsites, sedimentary (sandstone)94 142 149 55 0.66 2.86 2.89 0.28 0.07 2.4 10.3 10.1 4.1 142.4 6.81 0.06 <20 3

31 B_VE_H1_sub_sed 0.15-0.25 Bowen Grazing VE Sub High Alluvium, arenite mudrock, sandstone 8 176 18 ND 0.05 0.85 0.842 0.09 0.02 7.2 9.4 12.1 3.5 601.4 7.67 0.18 90 33

32* B_VE_H1_surf_sed 0.00-0.10 Bowen Grazing VE Surf High Alluvium, arenite mudrock, sandstone 24 170 23 ND 0.14 0.91 0.847 0.1 0.02 5.9 8.5 10.7 4.0 529.4 7.23 0.27 35 112

33 B_VE_H2_sub_sed 0.15-0.20 Bowen Grazing VE Sub High Alluvium, arenite mudrock, sandstone 17 217 21 ND 0.08 1.46 1.36 0.12 0.02 6.9 11.0 14.0 5.0 680.0 6.62 0.05 <20 10

34 B_VE_H2_surf_sed 0.00-0.10 Bowen Grazing VE Surf High Alluvium, arenite mudrock, sandstone 75 210 79 ND 0.36 2.03 1.92 0.19 0.03 5.7 10.1 10.8 6.0 355.6 6.49 0.1 32 1

35* B_VE_H3_sub_sed 0.15-0.20 Bowen Grazing VE Sub High Alluvium, arenite mudrock, sandstone 3 250 18 ND 0.01 2.20 1.98 0.15 0.01 8.2 13.1 14.2 14.0 1414.3 8.67 0.25 61 18

36 B_VE_H3_surf_sed 0.00-0.10 Bowen Grazing VE Surf High Alluvium, arenite mudrock, sandstone 42 259 122 80 0.16 2.43 2.23 0.25 0.03 7.3 9.0 9.7 7.7 323.2 8.3 0.24 <20 36

37 B_VE_L2_sub1_sed 0.10-0.50 Bowen Grazing VE Sub Low Basalt, colluvium 10 209 76 66 0.05 1.46 1.39 0.09 0.02 8.4 15.4 20.0 3.5 992.9 8.12 0.24 93 37

38 B_VE_L2_sub2_sed 0.50- Bowen Grazing VE Sub Low Basalt, colluvium 12 227 77 65 0.05 1.54 1.42 0.09 0.02 4.8 15.8 17.9 4.0 887.5 8.23 0.09 26 4

39 B_VE_L2_surf_sed 0.00-0.10 Bowen Grazing VE Surf Low Basalt, colluvium 78 176 158 80 0.44 2.01 1.87 0.13 0.03 6 14.1 15.6 4.0 519.4 7.29 0.24 48 64

40 B_VE_L3_surf_sed 0.00-0.10 Bowen Grazing VE Surf Low Basalt, colluvium 8 151 39 ND 0.05 1.5 1.42 0.12 0.01 10.7 11.8 17.9 8.0 1775.0 8.39 0.11 22 4

1 J_DE_B1_sed 0.00-0.10 Johnstone Banana DE Surf Low Alluvium 29 566 24 ND 0.05 2.2 2.08 0.22 0.08 4 9.5 9.2 2.9 113.0 5.86 0.09 <20 3

2* J_DE_B2_sed 0.00-0.10 Johnstone Banana DE Surf Low Alluvium 60 385 56 ND 0.16 1.92 1.89 0.23 0.11 3 8.2 8.3 2.1 74.7 5.75 0.09 <20 36

3 J_DE_C1_sed 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 25 463 21 ND 0.05 1.86 1.83 0.18 0.07 3.2 10.2 10.8 2.4 153.8 5.74 0.05 20 1

4* J_DE_C2_sed 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 72 438 51 ND 0.16 2.08 1.94 0.2 0.1 2.7 9.7 10.3 1.9 102.1 5.46 0.14 39 46

5 J_DE_C3_sed 0.00-0.10 Johnstone Cane DE Surf Low Alluvium 53 728 44 ND 0.07 2.31 2.27 0.22 0.09 3.2 10.3 10.4 2.4 114.6 5.12 0.04 <20 5

6 J_FE_B1_sed 0.00-0.10 Johnstone Banana FE Surf Low Basalt  359 614 389 ND 0.58 3.2 2.94 0.36 0.26 3.2 8.2 8.9 1.3 34.3 7.91 0.39 30 125

7* J_FE_B2_sed 0.00-0.10 Johnstone Banana FE Surf Low Basalt  262 -- IS -- 207 ND  4.23 3.94 0.4 0.3 3.1 9.9 10.7 1.2 35.5 5.59 1.02 340 245

8 J_FE_B3_sed 0.00-0.10 Johnstone Banana FE Surf Low Basalt 43 653 33 ND 0.07 3.54 3.47 0.31 0.23 2.5 11.2 11.2 1.3 48.7 5.65 0.1 21 23

9 J_FE_C1_sed 0.00-0.10 Johnstone Cane FE Surf Low Basalt 44 731 30 ND 0.06 2.70 2.59 0.24 0.19 3 10.6 11.3 1.2 59.3 6.01 0.31 50 76

10* J_FE_C2_sed 0.00-0.10 Johnstone Cane FE Surf Low Basalt 57 612 24 ND 0.09 2.33 2.29 0.2 0.15 3.1 11.5 11.1 1.4 72.7 5.07 0.13 26 42

11 J_FE_C3_sed 0.00-0.10 Johnstone Cane FE Surf Low Basalt 159 608 132 ND 0.26 3.81 3.75 0.3 0.32 2.9 12.5 12.6 0.9 39.1 5.47 0.33 52 139

12* J_FE_FH1_sed 0.00-0.10 Johnstone Forest FE Surf Low Basalt  37 >1000 19 ND 0.04 8.38 8.1 0.54 0.22 5.7 15.0 16.5 2.3 72.2 5.47 0.16 70 1

13 J_FE_FH2_sed 0.00-0.10 Johnstone Forest FE Surf Low Basalt  12 >1000 10 ND 0.01 6.98 6.65 0.62 0.13 5.2 10.7 11.7 4.5 88.2 5.07 0.53 223 195

14 J_FE_FH3_sed 0.00-0.10 Johnstone Forest FE Surf Low Basalt  -- IS -- 35   9.89 9.45 0.77 0.15 -- IS -- 12.2 13.0 4.9 85.1 -- IS -- -- IS -- -- IS -- -- IS --

15 J_FE_GH1_sed 0.00-0.10 Johnstone Dairy FE Surf Low Basalt  94 827 39 ND 0.11 6.23 5.93 0.62 0.34 5.1 9.6 10.3 1.7 29.6 5.5 1.12 185 509

16* J_FE_GH2_sed 0.00-0.10 Johnstone Dairy FE Surf Low Basalt 67 608 41 ND 0.11 6.95 6.77 0.82 0.15 3.6 8.3 8.6 5.3 57.1 5.6 3.35 337 1860

17 J_FE_GH3_sed 0.00-0.10 Johnstone Dairy FE Surf Low Basalt  214 >1000 100 ND 0.21 7.63 7.25 0.75 0.44 5 9.7 10.6 1.6 23.5 5.66 0.74 70 330
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Bioavailable nutrient parameters in lab generated sediments (c) 

 

*Samples selected for algal bioassays 

NMDS Id Sediment ID
PMN 1d 

(mg/kg)

PMN 3d 

(mg/kg)

PMN 7d 

(mg/kg)

Extractable 

NH4
+-N (2M 

KCl) (mg/Kg)

Extractable 

Mineral N (2M 

KCl) (mg/kg)

PON 

(mg/kg)

PPSOC 1d 

(mg/kg)

PPSOC 3d 

(mg/kg)

PPSOC 7d 

(mg/kg)

SOC 

(mg/kg)
SOC:Mineral N 

SON 

(mg/kg)
SOC/SON

1* B_CH_H1_sub1_sed -1.7 2.0 3.7 2.7 4.4 597.3 -28.0 -31.5 -38.6 112.2 25.70 9.81 11.4

2 B_CH_H1_sub2_sed -2.1 0.0 2.8 5.2 11.0 394.8 -13.9 -20.9 7.0 62.6 5.71 13.57 4.6

3* B_CH_H1_surf_sed 22.6 28.5 33.0 13.6 35.7 1986.4 -96.0 -130.3 -137.2 178.3 5.00 15.09 11.8

4 B_CH_H2_sub_sed 12.8 21.1 38.3 2.9 26.1 897.1 -46.4 -42.8 -50.0 207.0 7.92 35.33 5.9

5 B_CH_H2_surf_sed 13.0 26.1 30.8 10.4 29.2 1489.6 -41.7 -69.5 -62.6 135.6 4.64 15.64 8.7

6 B_CH_H3_surf_sed 9.7 25.8 36.4 12.3 26.1 2287.7 -68.3 -75.1 -75.1 170.8 6.54 22.88 7.5

7 B_CH_L1_surf_sed 35.9 61.5 46.6 24.6 31.8 3375.4 -88.8 -78.6 -102.5 293.7 9.25 33.81 8.7

8 B_CH_L3_surf_sed 20.8 49.4 30.2 13.2 26.6 2386.8 -99.8 -117.0 -130.7 244.2 9.17 21.33 11.5

9* B_DE_H1_sub_sed 11.2 20.7 26.6 5.3 13.3 1894.7 -53.1 -53.1 -60.2 134.6 10.13 10.98 12.3

10 B_DE_H1_surf_sed -1.8 7.5 28.5 18.4 24.5 2081.6 -84.2 -98.2 -105.3 189.5 7.73 14.74 12.9

11 B_DE_H2_sub1_sed -6.0 -2.6 3.7 9.8 18.3 990.2 -28.6 -35.8 -43.0 85.9 4.69 8.95 9.6

12 B_DE_H2_sub2_sed -11.5 -18.3 -10.2 4.3 48.0 795.7 -21.6 -28.7 -35.9 93.4 1.95 14.37 6.5

13* B_DE_H2_surf_sed 12.7 -32.9 -41.9 7.9 107.6 1792.1 -60.5 -64.1 -81.9 203.0 1.89 18.87 10.8

14 B_DE_H3_sub_sed -4.9 0.0 10.9 39.8 42.5 1560.2 -38.9 -53.0 -74.2 130.8 3.08 11.31 11.6

15 B_DE_H3_surf_sed 10.6 32.4 21.3 11.7 53.2 2788.3 -46.1 -35.5 -24.8 209.2 3.93 26.95 7.8

16 B_DE_L1_surf_sed 1.2 18.2 40.9 67.2 74.7 2432.8 -46.2 -46.2 -49.8 241.9 3.24 22.41 10.8

17 B_DE_L2_surf_sed -16.3 2.9 39.1 20.1 66.2 2579.9 -65.1 -57.9 -61.5 253.3 3.83 25.33 10.0

18 B_DE_L3_surf_sed 1.9 8.8 15.6 13.0 21.4 1987.0 -101.9 -123.7 -152.8 254.7 11.90 19.65 13.0

19* B_DE_LF1_surf_sed -2.6 20.5 96.4 88.2 91.8 4211.8 -37.6 20.5 71.8 420.5 4.58 39.66 10.6

20 B_DE_LF2_surf_sed 1.8 44.5 73.4 152.5 154.7 2947.5 62.0 120.6 237.8 589.5 3.81 43.09 13.7

21* B_SO_H1_sub_sed -4.4 -4.4 -4.2 4.5 9.9 295.5 -34.6 -34.6 -34.6 34.6 3.49 <1.0  

22 B_SO_H2_sub1_sed -1.3 -3.1 -2.8 49.1 56.5 950.9 -20.9 -55.7 -55.7 55.7 0.99 4.18 13.3

23* B_SO_H2_sub2_sed -3.2 -4.7 -4.9 9.5 13.8 790.5 -7.1 -42.5 -42.5 42.5 3.09 4.96 8.6

24 B_SO_H2_surf_sed 23.8 27.4 16.3 9.3 46.0 2790.7 -27.6 -31.0 -13.8 75.8 1.65 16.20 4.7

25 B_SO_H3_sub1_sed -4.4 -1.9 5.6 5.9 15.3 594.1 21.5 25.0 14.3 103.7 6.76 8.94 11.6

26 B_SO_H3_sub2_sed -1.5 3.0 1.4 1.5 1.5 398.5 -60.4 -78.2 -99.5 323.4 220.61 3.91 82.7
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Bioavailable nutrient parameters in lab generated sediments (d) 

 

*Samples selected for algal bioassays 

NMDS Id Sediment ID
PMN 1d 

(mg/kg)

PMN 3d 

(mg/kg)

PMN 7d 

(mg/kg)

Extractable 

NH4
+-N (2M 

KCl) (mg/Kg)

Extractable 

Mineral N (2M 

KCl) (mg/kg)

PON 

(mg/kg)

PPSOC 1d 

(mg/kg)

PPSOC 3d 

(mg/kg)

PPSOC 7d 

(mg/kg)

SOC 

(mg/kg)
SOC:Mineral N 

SON 

(mg/kg)
SOC/SON

27* B_SO_H3_surf_sed 24.7 28.4 -9.6 3.0 58.0
2497.0

-89.9 -96.8 -96.8 179.8 3.10 19.02 9.5

28 B_SO_L1_surf_sed 35.8 61.3 63.3 6.1 94.5 2293.9 -51.1 -51.1 -3.4 228.1 2.41 34.05 6.7

29 B_SO_L2_surf_sed 33.4 58.2 13.6 5.6 80.2 2894.4 -66.0 -86.8 -79.9 197.9 2.47 29.17 6.8

30 B_SO_L3_surf_sed 10.2 20.0 27.2 48.7 51.7 2851.3 -58.1 -75.1 -78.6 198.1 3.83 17.42 11.4

31 B_VE_H1_sub_sed -2.2 -32.7 11.8 4.1 35.4 695.9 -118.5 -122.1 -355.6 585.5 16.54 15.80 37.0

32* B_VE_H1_surf_sed 2.1 19.1 34.5 5.8 122.2 794.2 -21.3 -24.8 -17.7 88.6 0.72 3.19 27.8

33 B_VE_H2_sub_sed -5.1 -1.7 0.6 26.9 36.3 973.1 -46.5 -46.5 -57.3 125.3 3.46 20.05 6.3

34 B_VE_H2_surf_sed 12.4 35.1 63.1 27.5 29.7 1772.5 -162.6 -201.5 -226.2 286.3 9.63 25.10 11.4

35* B_VE_H3_sub_sed -8.6 6.0 26.6 6.0 25.7 1394.0 -50.8 -61.7 -72.6 170.7 6.65 18.88 9.0

36 B_VE_H3_surf_sed -7.1 12.0 56.5 9.7 49.1 2290.3 -93.5 -100.7 -86.3 201.4 4.10 27.69 7.3

37 B_VE_L2_sub1_sed -1.9 0.5 15.8 3.7 46.6 696.3 -25.5 -25.5 -36.4 87.3 1.88 12.37 7.1

38 B_VE_L2_sub2_sed 2.1 8.4 13.1 6.3 10.5 793.7 -7.0 -21.0 -7.0 77.0 7.33 5.25 14.7

39 B_VE_L2_surf_sed 4.8 -28.2 -24.5 4.3 73.9 1195.7 -46.1 -49.6 -56.7 163.1 2.21 22.70 7.2

40 B_VE_L3_surf_sed 3.4 15.1 16.8 5.6 11.2 794.4 -18.7 -18.7 -37.3 115.7 10.33 8.96 12.9

1 J_DE_B1_sed -2.1 3.1 10.4 45.8 49.5 2254.2 -6.9 -27.8 -31.3 100.7 2.04 9.03 11.2

2* J_DE_B2_sed -8.8 1.0 1.0 12.4 46.9 2287.6 -34.4 -44.7 -44.7 99.7 2.12 13.75 7.3

3 J_DE_C1_sed -5.8 164.8 4.3 6.7 6.7 1693.3 -120.5 -210.1 -313.4 468.3 70.28 7.23 64.8

4* J_DE_C2_sed -1.5 4.1 7.7 21.1 67.3 1878.9 -30.8 -13.7 -44.5 99.3 1.48 10.28 9.7

5 J_DE_C3_sed -2.1 3.6 8.8 13.9 18.6 2186.1 -62.0 -86.1 -99.9 148.1 7.96 9.99 14.8

6 J_FE_B1_sed -17.0 -15.5 -49.6 10.3 141.0 3289.7 -20.7 -37.9 -86.1 268.6 1.90

7* J_FE_B2_sed -15.5 -16.5 31.5 270.9 3668.5 -6.9 -34.4 -89.4 275.2 1.02

8 J_FE_B3_sed 2.6 11.8 24.6 12.3 37.4 3087.7 6.8 13.7 -17.1 177.8 4.75

9 J_FE_C1_sed -7.0 -22.7 -28.9 4.1 86.1 2295.9 -13.7 -13.7 -27.5 103.1 1.20

10* J_FE_C2_sed -17.0 -17.5 -12.4 32.5 74.3 2067.5 -168.6 -220.2 -375.0 897.8 12.08

11 J_FE_C3_sed -23.7 -129.7 -3.1 33.5 174.0 2966.5 -113.3 -274.6 -466.9 1023.0 5.88

12* J_FE_FH1_sed -64.5 -3.5 178.0 176.0 177.1 4924.0 169.7 664.5 1583.6 975.6 5.51

13 J_FE_FH2_sed -147.7 -80.2 22.2 102.3 211.0 5697.7 -98.5 499.3 2257.4 1118.1 5.30

14 J_FE_FH3_sed -339.0 -416.0 -307.0 131.0 390.0 7269.0 280.0 613.3 580.0 2146.7 5.50

15 J_FE_GH1_sed -69.5 -135.9 -193.9 135.4 641.2 5764.6 186.2 351.2 526.9 969.4 1.51

16* J_FE_GH2_sed -186.7 -245.3 -458.0 55.5 1741.2 7844.5 242.0 691.6 69.2 9647.3 5.54

17 J_FE_GH3_sed -102.6 -151.1 -170.5 132.1 445.8 6867.9 108.8 564.9 936.8 807.0 1.81
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Bioavailable nutrient parameters in high-flow event sediments (a) 

 

*Samples selected for algal bioassays, IS (Insufficient sample) 

Rocket No. Event No. Soil type upstream Erodibility Land use upstream Geology PC (%) PN (%) POC (%) PP (%)
Moisture content 

105 (%)

B1* 1 Dermosol Low Grazing Arenite mudrock 0.98 <0.05 0.727 0.02 2.6

B1 1 Dermosol Low Grazing Arenite mudrock 1.01 0.06 0.759 0.03 3

B2 1 Dermosol Low Forest Granitoid 11.8 0.57 10.9 0.06 -- IS --

B3* 1 Chromosol Low and high Grazing Granitoid, colluvium, alluvium 2.4 0.15 2.45 0.07 4.8

B3 1 Chromosol Low and high Grazing Granitoid, colluvium, alluvium 2.98 0.19 2.94 0.08 4.6

B4* 1 Vertosol Low Grazing Basalt, colluvium 1.2 0.13 1.17 0.04 5.5

B4 1 Vertosol Low Grazing Basalt, colluvium 1.45 0.15 1.43 0.04 6

B5 1 Vertosol High Grazing Alluvium, arenite mudrock, sandstone 1 0.15 0.978 0.02 5.7

B5* 1 Vertosol High Grazing Alluvium, arenite mudrock, sandstone 1.01 0.15 0.99 0.03 6

B6* 1 Sodosol Low Grazing Granitoid-felsites 4.57 0.26 2.62 0.03 4.4

B6 1 Sodosol Low Grazing Granitoid-felsites 4.7 0.28 2.58 0.03 4.3

B7 1 Sodosol High Grazing Sandstone, mudstone 1.31 0.15 0.954 0.03 4.7

B7 1 Sodosol High Grazing Sandstone, mudstone 1.45 0.16 1.13 0.03 5.2

B9* 1 Combined Various Grazing and forest Various 2.3 0.23 2.15 0.06 4

B9 1 Combined Various Grazing and forest Various 2.32 0.23 2.19 0.06 3.9

B10 1 Combined Various Various Various 2.03 0.24 1.9 0.06 5

B10 1 Combined Various Various Various 2.21 0.24 2.04 0.06 5.1

J5 1 Combined Various Various Various 1.92 0.22 1.88 0.04 10

J5* 1 Combined Various Various Various 1.06 0.17 1.03 0.02 13.4

J1* 2 Ferrosols Medium Cane Basalt 4.88 0.43 4.82 0.17 4.3

J2* 2 Dermosol Low  Cane Alluvium 5.4 0.41 5.4 0.06 4.1

J3* 2 Dermosol_Ferrosol Various Grazing and forest Various 13.8 0.81 14 0.11 7.1

J4* 2 Dermosol_Ferrosol Various Various Various 9.21 0.7 9.01 0.16 5.7

J5* 2 Combined Various Various Various 2.35 0.27 2.28 0.06 11.3

J5 2 Combined Various Various Various 2.65 0.29 2.63 0.07 9.2

J1* 3 Ferrosols Medium Cane Basalt 4.45 0.38 4.39 0.17 3.8

J2* 3 Dermosol Low  Cane Alluvium 5.79 0.47 5.79 0.06 2.6

J3* 3 Dermosol_Ferrosol Various Grazing and forest Various 13 0.81 12.8 0.11 6.3

J4* 3 Dermosol_Ferrosol Various Various Various 8.57 0.57 8.48 0.16 5.2

J4* 3 Dermosol_Ferrosol Various Various Various 8.09 0.57 7.97 0.16 6

J5* 3 Combined Various Various Various 6.65 0.52 6.57 0.14 4.6

J5* 3 Combined Various Various Various 6.15 0.5 6.08 0.13 4.3

J1* 4 Ferrosols Medium Cane Basalt 3.82 0.36 3.76 0.12 4.7

J2* 4 Dermosol Low  Cane Alluvium 4.68 0.4 4.69 0.05 3.2

J3* 4 Dermosol_Ferrosol Various Grazing and forest Various 13.3 0.83 13.1 0.11 7.1

J4* 4 Dermosol_Ferrosol Various Various Various 8.56 0.56 9.03 0.12 5.5

J4* 4 Dermosol_Ferrosol Various Various Various 6.98 0.48 7.36 0.13 4.2

J5* 4 Combined Various Various Various 6.16 0.48 5.99 0.13 4.6

J5* 4 Combined Various Various Various 6.11 0.48 6.02 0.14 4.4
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Bioavailable nutrient parameters in high-flow event sediments selected for algal bioassays (b) 
 

 

-  IS (Insufficient sample) 

 

Treatment Sediment id Description Catchment 
Land use 

upstream

Soil type 

upstream

Sorbed P 

(mg/kg)
PBI

DRP 

(mg/kg)
PC (%) POC (%) PN (%) PP (%)

Moisture 

content 

105 (%)

POC/PN POC/PON PN/PP
POC/PN/

PP

Extractable 

NH4
+-N (2M 

KCl) (mg/Kg)

Extractable 

Mineral N (2M 

KCl) (mg/kg)

PON 

(mg/kg)

SOC 

(mg/kg)

SON 

(mg/kg)
SOC/SON

1 B_R1_1

Sediment dermosol low erodibility in grazing Bowen River 

catchment Bowen Grazing DE 6 62 0.10 0.98 0.727 0.05 0.02 2.6 14.5 14.6 2.5 727 3.1 4.1 496.9 65.0 4.1 15.8

2 B_R3_1

Sediment chromosol low-high erodibility in grazing Bowen 

River catchment Bowen Grazing CH 39 97 0.40 2.4 2.45 0.15 0.07 4.8 16.3 16.6 2.1 233.3 22.1 23.1 1477.9 168.1 10.2 16.6

3 B_R4_1

Sediment vertosol low erodibility in grazing Bowen River 

catchment Bowen Grazing VE 19 106 0.18 1.2 1.17 0.13 0.04 5.5 9 9.1 2.3 325 7.4 8.5 1292.6 84.7 5.3 16.0

4 B_R5/7_1

Sediment vertosol high erodibility in grazing Bowen River 

catchment Bowen Grazing VE 27 108 0.25 1.01 0.99 0.15 0.03 6 6.6 6.6 2.7 412.5 8.5 9.6 1491.5 88.7 6.0 14.7

5 B_R6_1

Sediment sodosol low erodibility in grazing Bowen River 

catchment Bowen Grazing SO 13 115 0.11 4.57 2.62 0.26 0.03 4.4 10.1 10.1 6.7 436.7 11.5 12.6 2588.5 216.2 13.9 15.5

6 B_R9/10_1 Sediment EoS sites in grazing Bowen River catchment Johnstone Combined Combined 42 125 0.34 2.3 2.15 0.23 0.06 4 9.3 9.4 2.7 224 7.3 8.3 2292.7 142.4 9.0 15.8

7 J_R1_2/4

Sediment ferrosol in cane Johnstone River catchment 

Events 2 to 4 Johnstone Cane FE 58 802 0.07 4.45 4.39 0.38 0.17 3.8 11.6 11.6 1.8 83.3 17.7 18.7 3782.3 187.1 6.9 27.0

8 J_R2_2/4

Sediment dermosol in cane Johnstone River catchment 

Events 2 to 4 Johnstone Cane DE 21 -- IS -- 5.4 5.4 0.41 0.06 4.1 13.2 13.3 5.7 264.7 25.0 26.1 4075.0 281.5 27.1 10.4

9 J_R3_2/4

Sediment dermosol/ferrosol in dairy and forest Johnstone 

River catchment Events 2 to 4 Johnstone DairyForest DEFE 88 -- IS -- 13.8 14 0.81 0.11 7.1 17.3  7.3 159.1       

10 J_R4_2/4 Sediment  Johnstone River catchment Events 2 to 4 Johnstone Combined DEFE 61 347 0.18 6.98 7.36 0.48 0.13 4.2 15.3 15.4 3.4 128.7 14.6 15.7 4785.4 327.1 22.6 14.5

11 J_R5_1 Sediment  EoS Johnstone River catchment Event 1 Johnstone Combined Combined 21 85 0.25 1.06 1.03 0.17 0.02 13.4 6.1 6.1 3.5 735.7 8.1 9.2 1691.9 269.4 16.6 16.3

12 J_R5_2 Sediment  EoS Johnstone River catchment Event 2 Johnstone Combined Combined 40 187 0.21 2.35 2.28 0.27 0.06 11.3 8.4 8.5 3.0 211.1 11.3 12.4 2688.7 349.5 20.3 17.2

13 J_R5_3/4 Sediment  EoS Johnstone River catchment Event 3 to 4 Johnstone Combined Combined 62 587 0.11 6.11 6.02 0.48 0.14 4.4 12.5 12.6 3.2 95.6 25.1 26.2 4774.9 306.8 19.2 16.0
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Appendix 2 Bioavailable nutrient parameter methods 
Methods used by the DSITI Chemistry Centre generally follow the Australian Laboratory 

Handbook Method codes (Rayment & Lyons 2011). “Soil Chemical Methods – Australasia”.  

This is the principal reference manual for soil analytical methods in Australia/New Zealand. 

Where methods follow the procedures specified in Rayment and Lyons (2011), they are 

referred to by manual’s method code in parentheses.  Additional (original) references are 

provided for further information, or where the analytical method is not described in 

Rayment and Lyons (2011). 

Air Dry moisture (2A1) 

The Air Dried Moisture Content (ADMC) was determined gravimetrically. This determination 

(ADMC) expresses moisture content of air dried soils (dried at 40 °C) as a percentage on an 

oven-dried basis, i.e. soils which have been further dried to 105 °C for at least 16 h. It is 

necessary to determine ADMC where it is required to correct soil chemical results 

performed on air-dry samples to an oven-dry basis for consistency. 

Total Kjeldahl Phosphorus (9A3a) 

Total Kjeldahl Phosphorus (TKP) was determined on soil samples subjected to Kjeldahl 

digestion with sodium sulfate and selenium as catalyst. Following dilution with water, after 

conversion of all, or almost all, P to orthophosphate, orthophosphate was determined 

colorimetrically, based on the reaction of ammonium molybdate and potassium antimony 

tartrate. This method covers procedures for the quantitative determination of phosphorus 

as orthophosphate in soils. 

Mineral Nitrogen (7C2a)  

Samples were extracted with 2 M KCl (1:10 soil to solution ratio for 1 h at 25 °C) to 

determine their mineral-nitrogen concentrations automated colorimetric procedures to 

determine ammonium-nitrogen (NH4-N) and nitrate-nitrogen (NO3-N). 

Potentially Mineralisable Nitrogen in soils 

This is a biological method, based on a method described by Bremner (1965), to provide an 

index of plant-available soil N. Samples were incubated at field capacity and at 30 °C under 

aerobic conditions for 0, 1, 3 and 7 days, respectively. The amounts of mineral-N formed at 

different times are measured by 2M KCl extraction followed by automated colorimetric 

determination. Potentially mineralisable-N is calculated as the difference between the 

mineral-N before and after incubation. 
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Potentially Mineralisable Nitrogen in sediments 

The method used with soils was adapted for sediments. The main difference is that 

sediments were incubated using a 3:10 sediment:DI water ratio instead of at field capacity. 

The suspension was extracted using 3M KCl (this gives a 1:10 sediment:solution ratio in a 

2M KCl solution).  

Potential production of soluble organic Carbon and soluble organic Nitrogen in sediment 

This is a similar method to the Potentially Mineralisable Nitrogen in sediments method.  

Incubations are carried out the same way (3:10 sediment to DI water ratio at 30 °C under 

aerobic conditions for 0, 1, 3 and 7 days), except there is no need for extractions. At each 

incubation time, the suspension is centrifuged and filtered and the recovered solution is 

diluted to a volume of 25mL to measure dissolved organic C (DOC), dissolved Kjeldahl 

nitrogen (DKN) and ammonium in the lab.  The DOC result at 0 days is referred to as SOC 

(soluble organic carbon) and the DKN minus the ammonium measured at 0 days is referred 

to as SON (soluble organic nitrogen).  

Bicarbonate Extractable (Colwell) P (9B2) and Organic P  

Colwell P (Colwell 1963) (referred to in this report as Sorbed P) was determined by 

extracting air dried sample with 0.5M NaHCO3 buffered to pH 8.5 with NaOH at a 1:100 

soil/solution ratio for 16 h at 25 °C. The sample extract phosphorus concentration is 

determined by an automated modification of the Murphy and Riley (1962) colorimetric 

method. 

To determine organic-P an aliquot of the extract was subjected to Kjeldahl digestion. A 

variation of the Kjeldahl procedure as described by Lennox and Flanagan (1982) and Bran & 

Luebbe (1990) is used to digest and solubilise organic P as orthophosphate.  Samples are 

analysed colorimetrically (Bran & Luebbe, 1990). Organic P concentration is determined by 

subtracting the result of Colwell P from this result. 

Acid Extractable (BSES)-P (9G2) 

Air dried samples were extracted at the rate 1:200, with 0.005M H2SO4 on an end over end 

tumbler for 16 h.  The orthophosphate level determined by an automated colorimetric by 

segmented flow analysis. This method is based on the extraction method developed by Kerr 

and von Stieglitz (1938) and Murphy and Riley (1962). 

Adjusted Phosphorus Buffer Index (PBI) (9I2b) 

Sample is equilibrated in an end-over-end shaker for 16 h in a 0.01M CaCl2.2H2O solution 

containing 100 mgP/L with a soil/solution ratio of 1:10. 
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PBI is derived from the Freundlich equation for describing the relationship between total P 

sorbed and final solution P concentration (i.e. the P sorption curve). The total amount of P 

sorbed by the soil is calculated as the amount of previously sorbed P, plus the amount of 

freshly sorbed P. The previously sorbed P is estimated as the Colwell–P (Colwell 1963) status 

of the soil. Therefore, the ‘total P sorbed’ for use in calculating PBI is the addition of Colwell 

P to the amount of freshly sorbed P. The amount of freshly sorbed P in the soil (mg P kg-1) is 

calculated as the difference between the initial amount of P added (=1000 mg P/kg at the 

specified soil/solution ratio of 1:10) and the amount of P left in the equilibrating solution, 

expressed as mg P/kg air dry soil.  Sample solution freshly sorbed P concentration is 

quantified by ICP-OES. 

41.0)/(

)/(

LmgPresidual

kgmgsorbedPtotal
PBIadj   

)10/()/()/(  LmgPresidualkgmgaddedPkgmgPColwellPsorbedtotal  

To simulate marine conditions, PBI was also carried out using the above procedure but with 

0.5M NaCl replacing 0.01M CaCl2.2H2O as the background solution.  

Total Organic Carbon and Total particulate Nitrogen (6B3) 

Following acid pre-treatment to remove carbonates, these parameters are determined 

using a LECO CN instrument in which the sample (<0.5 mm) under analysis is combusted by 

heating it to a high temperature by a resistance furnace in a stream of high purity oxygen 

(Dumas method). The carbon content of the sample is determined by the total amount of 

CO2 produced by combustion.  The nitrogen content of the sample is determined by the 

total amount of N2 produced by furnace combustion and subsequent reduction in a Cu-

catalyst tube.  Nitrogen is measured by a thermal conductivity detector while carbon is 

measured by an infrared radiation detector. 

Particle size – by hydrometer 

Samples were disaggregated in an aqueous solution by means of chemical reagents (Calgon 

(sodium hexametaphosphate) and sodium hydroxide) and mechanical dispersion.  Coarse 

and fine sand fractions are determined gravimetrically and the silt and clay fractions are 

determined using a hydrometer following Thorburn and Shaw (1987) and AS 1289.3.6.3 - 

2003. Primary particle sizes are classified according to four ranges defined as follows: 

Coarse sand  200-2000 (0.2-2.0 mm) 

Fine sand  20-200 (0.02-0.2 mm) 

Silt   2-20 (0.002-0.02 mm) 

Clay   <0.002 mm 
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Particle size – by laser diffraction 

Samples were re-suspended in water and dispersant added prior to introduction into the 

Malvern Mastersizer 2000 and the particle size distribution determined after ultrasonic 

dissipation following AS 4863.1-2000 (ISO 13320-1:1999). 

Exchangeable Cations 

Samples with pH <7.5 (15A1) 

Samples were extracted for one hour with mechanical shaking with aqueous 1M NH4Cl at pH 

7.0 (Loveday et al. 1972) at a soil:solution ratio of 1:20. There was no pre-treatment to 

remove soluble salts, no suppression of carbonate dissolution, nor correction for gypsum. A 

correction was applied for soluble sodium on the assumption that all chloride is present as 

sodium chloride where the EC of the soil >0.3 ds/m. Exchangeable cation concentrations 

were determined on the clarified extract using inductively coupled plasma optical emission 

spectrometry (ICP-OES) techniques. 

Samples with pH >7.5 (15C1) and Cation Exchange Capacity (CEC) (15I3) 

This method is preferred (Loveday et al. 1972) for precise estimates of exchangeable cations 

(Ca2+, Mg2+, Na+ and K+) and cation exchange capacity when the soil contains solid phase 

carbonate, and/or when soil pH >7.5. 

Samples were leached with sixty per cent alcohol (ethanol) initially to remove soluble salts 

prior to extraction of cations by leaching with alcoholic 1M NH4Cl at pH 8.5 at a soil to 

solution ratio of 1:20 (Tucker 1971). Exchangeable cations were determined in the leachate 

using inductively coupled plasma optical emission spectrometry (ICP-OES). 

Cation exchange capacity was determined by colorimetric finish using a continuous flow 

analyser, after displacing ammonium (and chloride) with a solution of 15% KNO3 plus 6% 

Ca(NO3)2.4H2O.  This K-Ca solution combination has a multiple capacity for effectively 

displacing ammonium from differing kinds of exchange sites (Loveday 1974). 

Exchangeable Aluminium and Acidity (15G1) 

Where the pH of the sample was <6.5 the exchangeable aluminium and acidity were 

determined by extracting air-dry sample with 1M KCl for 1 hr at 25 °C at a soil/solution ratio 

of 1:10. Filtered solutions were analysed by titration with NaOH to pH 8.0 using an auto-

titrator to determine Exchangeable Acidity (Al3+ + H+). To determine the Exchangeable 

Aluminium an excess of KF was added to complex the aluminium and the resulting KOH is 

back titrated with HCl to pH 8.0. 



Department of Science, Information Technology and Innovation  

 
 

___________________________________________________________________________ 
76 
 

Effective Cation Exchange Capacity (ECEC) (15J1) 

The ECEC is calculated as the sum of the exchangeable cations (Ca2+, Mg2+, Na+ and K+) from 

method 15A1 plus the exchange acidity (Al3+ + H+) from 15G1. 

pH (4A1), Electrical Conductivity (3A1) and Chloride (5A2a) 

The pH and EC were determined on a 1:5 soil to water suspension after a 1 h shake then the 

chloride concentration determined colorimetrically on the clarified solution. 
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Appendix 3 Bioavailable nutrient parameter graphs for algal bioassay selected sediments (See Table 6)           
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*See Table 6 for sediment type id.     
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*See Table 6 for sediment type id.     
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Appendix 4 Background water characteristics for experiments and 

pre-experiments and algal community composition in background 

water and experiment outcomes 
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) 1.5 (0.2) 1.3 (0.03) 1.6 (0.06) 

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) 0.16 (0.005) 0.133 (0.003) 0.147 (0.009) 

PO4
--P (mg L-1) 0.01 (0.0003) -- 0.006 (0.0005) 0.007 (0) 0.008 (0) 

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

 

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 

 

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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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 

        

Nostocales 0 0 0 
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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 

 

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 

      

Cryptophyta (Cryptomonads) 51 75 
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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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Cell density and community composition (% of cell count) for marine water incubated for 7 

days with nutrient controls and fine suspended sediments generated in the lab (Experiment 1). 

Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added separately and 

together (N+P) and the 16 types of fine suspended sediment tested, see Table 6 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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Cell density and community composition (% of cell count) for marine water incubated for 7 

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

which had been aged for 3 days prior (Experiment 2). Treatments are control (Milli-Q®), 

nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types of fine-

aged sediment tested, see Table 7 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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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 (Milli-Q®), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 13 types of river suspended sediment tested, see Table 7 

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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Cell density and community composition (% of cell count) for freshwater incubated for 7 days with nutrient controls and fine suspended sediments 

generated from different soil types (Experiment 4). Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added separately and 

together (N+P) and the 16 types of fine suspended sediment tested, see Table 6 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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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 (Milli-Q®), nitrogen (N) and phosphorus (P) added separately and together 

(N+P) and the 13 types of fine suspended sediment tested, see Table 7 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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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 
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Appendix 5 Uncertainty, detection limit and methods used in the 

analysis of water quality samples 
 

Analyte 
Uncertainty 

(±%) 

Detection 

limit 
Unit Method Description 

Dissolved organic 

carbon 
8 0.5 mg L-1 Water: C organic dissolved NDIR 

Ammonium 

nitrogen as N 
8 0.002 mg L-1 

Water: Nutrients (NH4
+, NOX, 

PO4
-) dissolved segmented flow 

analysis 

Oxidised nitrogen 

as N (NOx) 
8 0.001 mg L-1 

Water: Nutrients (NH4
+, NOX, 

PO4
-) dissolved segmented flow 

analysis 

Phosphate 

phosphorus as P 
8 0.001 mg L-1 

Water: Nutrients (NH4
+, NOX, 

PO4
-) dissolved segmented flow 

analysis 

Total Dissolved 

Nitrogen 
10 0.02 mg L-1 

Water: Nutrients (DPN, DPP) 

low level dissolved by 

persulphate by AA 

Total Dissolved 

Phosphorus 
10 0.01 mg L-1 

Water: Nutrients (DPN, DPP) 

low level dissolved by 

persulphate by AA 

Total Nitrogen 10 0.02 mg L-1 
Water: Nutrients (TPN, TPP) low 

level total by persulphate by AA 

Total Phosphorous 10 0.01 mg L-1 
Water: Nutrients (TPN, TPP) low 

level total by persulphate by AA 
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Appendix 6 Algal bioassay experiment results 
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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments 

are control (Milli-Q®), nitrogen (N) and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 6, for details 

of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 

and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 13 types of fine suspended sediment tested, see Table 7 for details 

of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 6 for details of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen 

(N) and phosphorus (P) added separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 6 for details of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) 

added separately and together (N+P) and the 13 types of fine suspended sediment tested, see, Table 7 for details of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 16 types of fine suspended sediment tested, see Table 6 for details of these sediments types. 
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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 (Milli-Q®) are denoted by * - p > 0.05, ** - p > 0.01 and *** - p > 0.001. Treatments are control (Milli-Q®), nitrogen (N) and phosphorus (P) added 

separately and together (N+P) and the 13 types of fine suspended sediment tested, see Table 7 for details of these sediments types. 
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Appendix 7 Step-up regression performance for various parameter combinations in explaining algae 

growth/activity 

 

(***) p<0.001, (**) p<0.01, (*) p<0.05, (.) p<0.1; selected multiple linear regressions are shaded in yellow 

Marine water

Dependent variable Param 1 Param 2 Param 3 Param 4 b R2
Transf

Algae activity 3d 24.749 NH4-N (KCl) 0.268 0.59 none

Algae activity 3d 0.135 Mineral N -0.18 0.58 log

Algae activity 3d 0.143 Mineral N 3d -0.164 0.62 log

Algae activity 3d 0.469 PN 0.233 0.87 none

Algae activity 3d 0.498 PON 0.233 0.86 none

Algae activity 3d 0.457 PN *** 0.003 POC/PON 0.198 0.88 none

Algae activity 3d 0.457 PN *** 0.004 POC/PN 0.198 0.88 none

Algae activity 3d 9.749 NH4-N (KCl)** 0.391 PON*** 0.232 0.92 none

Algae activity 3d 0.812 PN  -0.482 POC 0.121 SOP 0.766 0.79 log

Algae activity 3d  -0.083 Mineral N 0.354 PON* 0.226 SOC/SON 0.005 0.55 log

Algae activity 3d 0.039 Sorbed P 0.012 DRP 0.156 NH4-N (KCl)** 0.137 0.78 log

Algae activity 3d 0.415 PN*** 0.004 POC/PON 0.115 PP -0.125 0.88 none

Algae activity 3d 9.638 NH4-N (KCl)** 0.402 PON*** 0.001 SOC/mineral N 0.221 0.92 none

Algae activity 3d 0.077 NH4-N (KCl)* 0.136 PON 0.054 SOC/SON -0.217 0.57 log

Chlorophyll-a 3.210 PN 0.562 0.85 none

Chlorophyll-a 3.428 PON 0.561 0.86 none

Chlorophyll-a 168.912 NH4-N (KCl) 0.802 0.57 none

Chlorophyll-a 3.130 PN *** 0.023 POC/PON 0.335 0.86 none

Chlorophyll-a 3.131 PN *** 0.025 POC/PN 0.334 0.86 none

Chlorophyll-a 64.576 NH4-N (KCl)* 2.718 PON*** 0.55 0.91 none

Chlorophyll-a 3.732 PN*** 0.021 POC/PON  -1.629 PP. 0.355 0.88 none

Chlorophyll-a 3.823 PN ***  -1.678 PP.  0.563 0.88 none

Chlorophyll-a 64.61 NH4-N (KCl)** 2.714 PON***  -0.0005 SOC/mineral N 0.554 0.9 none

Diatoms PN POC/PN -0.024 none

Diatoms NH4-N (KCl) 2.714 PON SOC/mineral N 0.002 none

Diatoms 1.346 SOC/mineral N 15.396 0.09 none

Diatoms 1.581 SOC/mineral N* 425100 DRP 5.279 0.29 none

Diatoms  -1579.616 PP*  -5.530 PN/PP*  -2.429 SOC/SON* 133.058 0.428 none

Diatoms  -2131.561 PP**  -7.806 PN/PP**  -2.838 SOC/SON** 8212.288 NH4-N (KCl)* 158.315 0.65 none

Independent bioavailable nutrient parameters
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(***) p<0.001, (**) p<0.01, (*) p<0.05, (.) p<0.1; selected multiple linear regressions are shaded in yellow 

Freshwater

Dependent variable Param 1 Param 2 Param 3 Param 4 Param 5 b R2
Transform

Algae activity 3d 0.007 DRP -0.284 -0.05 log

Algae activity 3d 0.016 Mineral N 3d -0.28 0.2 log

Algae activity 3d 0.034 PN -0.287 0.32 log

Algae activity 3d 0.148 PN 0.458 0.42 none

Algae activity 3d 5.609 NH4-N (KCl) 0.469 0.37 none

Algae activity 3d  -56.914 SON 8.336 SOC 0.45 0.75 none

Algae activity 3d 3.387 SOC 0.001 SOC/SON 0.438 0.72 none

Algae activity 3d 0.019 POC  -0.277 PP  -0.001 PN/PP 0.467 0.57 none

Algae activity 3d 6.181 NH4-N (KCl)** 476.5 DRP  0.462 0.43 none

Algae activity 3d 13.28 NH4-N (KCl)** 451.7 DRP 0.0005 SOC/SON 0.451 0.58 none

Algae activity 3d 0.238PON 9.024 SOC  -87.769 SON 0.445 0.79 none

Algae activity 3d  -0.062 Sorbed P 0.053 DRP 0.044 NH4-N (KCl) -0.079 0.66 log

Algae activity 3d 0.0268 POC  -0.003 POC/PN 394.36 DRP  -0.527 PP 0.483 0.79 none

Algae activity 3d  -4.795 PON 0.047 PN/PP 4.787 PN 0.025 DRP -0.246 0.64 log

Algae activity 3d  -6.502 PON 0.074 PN/PP 6.499 PN 0.032 DRP  -0.092 POC/PON -0.133 0.88 log

Algae activity 3d 0.019 POC**  -0.001 POC/PON  -0.216 PP. 0.471 0.57 none

Algae activity 3d 0.02 POC**  -0.002 POC/PN  -0.22 PP. 0.475 0.58 none

Algae activity 3d 0.014 POC**  -0.0005 POC/PON 0.462 0.5 none

Algae activity 3d 0.015 POC**  -0.001 POC/PN 0.467 0.51 none

Algae activity 3d 0.013 POC 0.459 0.28 log

Chlorophyll-a 6.834 PN 2.289 0.64 none

Chlorophyll-a 295.049 NH4-N (KCl) 2.725 0.77 none

Chlorophyll-a 290.818 NH4-N (KCl)***  -7908.37 DRP 2.737 0.88 none

Chlorophyll-a 352.4 NH4-N (KCl)***  -9052 DRP.  - 0.018 SOC/SON. 2.95 0.87 none

Chlorophyll-a  -0.142 PON  -116.494 SOC** 1980.146 SON* 2.42 0.47 none

Chlorophyll-a 0.585 POC**  -0.044 POC/PN 3.932 PP 2.618 0.77 none

Chlorophyll-a 0.677 POC***  -0.055 POC/PN 2.764 0.76 none

Chlorophyll-a 0.597 POC *** 2.338 0.76 none

Chlorophyll-a 59.592 SOC  -0.015 SOC/SON 2.625 0.37 none

Diatoms POC POC/PN  -0.078 none

Diatoms SOC SOC/SON -0.146 none

Diatoms NH4-N (KCl) DRP SOC/SON -0.158 none

Diatoms  -75.551 PP 16.665 0.076 none

Diatoms 16530 SON.  -188300 SOP*  -318.8 PP. 24.13 0.3 none

Diatoms 16.26 POC** 1.096 SOC/mineral N**  -274600 SOP***  -362.7 PP** 20.11 0.74 none

Independent bioavailable nutrient parameters
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