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Abstract 1 

Terrestrial particulate nutrients transported during flood events are known to indirectly fuel 2 

phytoplankton blooms in rivers, lakes and coastal waters, although the mechanisms are 3 

poorly understood. Quantifying the response of phytoplankton to nutrients in sediments 4 

eroded from catchments is fundamental to prioritizing areas for erosion control. This study 5 

developed a novel bioassay technique for rapidly assessing the effects of nutrients released 6 

from suspended sediments on the growth of marine and freshwater phytoplankton 7 

communities. A range of sediment slurries were placed in bioassay bottles within dialysis 8 

tubing in the presence of phytoplankton and their photosynthetic efficiency (Fv/Fm) was 9 

measured over 72 h. This allowed an assessment of the effects of dissolved nutrients released 10 

from sediments without the confounding effects of suspended sediments. Chlorophyll a 11 

concentrations were also measured for comparison with Fv/Fm. Our study showed Fv/Fm was 12 

an effective method for measuring phytoplankton responses to sediment slurries. 13 

Photosynthetic efficiency was a more sensitive response metric than chlorophyll a. Applying 14 

the method to a range of suspended sediments from two tropical catchments in Australia that 15 

drain into Great Barrier Reef coastal waters, we identified a subset of sediment types (~40%) 16 

that increased Fv/Fm under the bioassay conditions. These sediments have the potential to 17 

stimulate marine and freshwater phytoplankton growth under the loads simulated in this 18 

study. The bioassay has the advantage of being a rapid and relatively simple method where a 19 

large number of sediments can be simultaneously tested for a phytoplankton response. To our 20 

knowledge this is the first time Fv/Fm has been used to assess phytoplankton responses to 21 

sediments in a bioassay. This approach advances the use of Fv/Fm as a sensitive indicator of 22 

phytoplankton responses to nutrients and could be used to develop indices of the relative risk 23 

various sediments pose, hence support decision making for erosion control measures. 24 

Keywords: microalgae, Great Barrier Reef, fluorescence, Maximum quantum yield of PSII, 25 

marine water, freshwater  26 
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1. Introduction 27 

Fine suspended sediment and associated organic matter can have negative effects on 28 

freshwater and marine ecosystems when transported from catchments during flow events 29 

(Wood and Armitage 1997, Fabricius 2005, Donohue and Garcia Molinos 2009). The 30 

physical consequences of excess sediment loads include reduced light attenuation, leading to 31 

decreased primary productivity, and smothering of periphyton, macrophytes, seagrass 32 

meadows and corals (Kiørboe 2001, Donohue and Garcia Molinos 2009, Bainbridge et al. 33 

2012). Sediment loads and their associated nutrients and organics may also have negative 34 

chemical and biological effects including: formation of flocculated material (“marine snow”); 35 

desorption of dissolved inorganic nitrogen with links to phytoplankton blooms; changes to 36 

coral calcification; coral death; and reduced reef resilience (Kiørboe 2001, Fabricius 2005, 37 

Fabricius et al. 2010).  38 

Total elemental concentrations of particulate and dissolved nutrients have typically been 39 

measured to model nutrient exports from catchments (Kroon et al. 2012), but little attention 40 

has been given to the bioavailability of particulate nutrients derived from soils. Particulate 41 

nutrients and organic chemicals may be desorbed or broken down by bacteria during 42 

transport, contributing to the bioavailable nutrient pools (i.e. dissolved inorganic nitrogen, 43 

DIN) in rivers, lakes and coastal waters which may fuel short-term phytoplankton blooms 44 

(Furnas et al. 2005, Vanni et al. 2006). However, the mechanisms by which particulate 45 

nutrients are transformed and subsequently used by phytoplankton are unclear. Quantifying 46 

the response of phytoplankton to different suspended sediments (i.e. derived from particular 47 

soil or land-use types) is fundamental to prioritizing erosion control. 48 

Organic and inorganic nutrients originating from suspended sediments may be available to 49 

phytoplankton once they are in a soluble form (Dagg et al. 2004, Alongi and McKinnon 50 

2005, Vanni et al. 2006). However, water chemistry measurements alone do not accurately 51 

reflect the availability of these nutrients to phytoplankton (Wood and Oliver 1995). In part 52 
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this is because nutrient regeneration from sediments, and phytoplankton uptake, occur 53 

simultaneously over short time scales, i.e. minutes to hours (Beardall et al. 2001, Holland et 54 

al. 2004).  55 

Bioassay experiments, in which subsamples of natural phytoplankton populations are 56 

“spiked” with various nutrients, have been used extensively to assess whether phytoplankton 57 

are likely to grow or bloom in the presence of higher nutrient concentrations (Beardall et al. 58 

2001). In conventional bioassays, nutrient responses have often been identified by an increase 59 

in phytoplankton biomass, using chlorophyll a concentrations (Beardall et al. 2001). The 60 

disadvantage of these experiments is that it typically takes days to weeks to measure changes 61 

in order to determine differences between treatments. However, containment of 62 

phytoplankton species in flasks for extended periods can lead to artificial nutrient limitation 63 

(due to lack of nutrient resupply by hydrodynamic processes) and may favor particular 64 

phytoplankton species thus altering community composition (Wood and Oliver 1995, 65 

Holland et al. 2004).  66 

Recent studies have used short (24 h) bioassays paired with the rapid fluorescence-based 67 

measure: photosynthetic efficiency (maximum quantum yield of PSII, Fv/Fm) as a proxy for 68 

phytoplankton growth to assess nutrient status (Burford et al. 2012, Muhid and Burford 2012, 69 

Wang et al. 2014), and quantify sensitivity to nitrogen enrichment (Saeck et al. 2016). These 70 

shorter-term bioassays more closely reflect the in situ state of natural phytoplankton 71 

communities (Beardall et al. 2001) and the short time frame typical of in-stream processing in 72 

streams in the wet tropics of northern Australia. An increase in Fv/Fm, compared to controls, 73 

reflects increased photosynthetic activity. Previous studies have shown that this increase can 74 

occur in response to N addition, after a period of incubation (Burford et al. 2012, Muhid and 75 

Burford 2012, Wang et al. 2014). This increased activity typically translates into a higher 76 

chlorophyll a concentrations, reflecting faster growth rates. Studies have also shown that the 77 

addition of P alone does not elicit the same response as P may be taken up and stored in cells, 78 
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rather than stimulating higher photosynthetic activity. Photosynthetic efficiency is also non-79 

biomass-specific and hence is suitable for natural mixed communities. Although the method 80 

has been demonstrated for dissolved nutrients, to our knowledge no previous studies have 81 

used Fv/Fm to assess phytoplankton responses to particulate nutrients associated with different 82 

types of catchment-derived suspended sediment. 83 

The aim of this study was to develop and test a bioassay by which the effects of nutrients 84 

derived from fine suspended sediment (<10 µm) over a short time frame can be tested on 85 

photosynthesis measures in freshwater and marine phytoplankton. Test sediments were 86 

derived from a range of soils with differing nutrient content and bioavailability. 87 

2. Materials and methods 88 

A sediment exposure bioassay was developed to determine growth responses of freshwater 89 

and marine phytoplankton to fine sediments (<10 µm) generated from soils of varying 90 

bioavailable nutrient concentrations. Sediment generation was done in the laboratory and in-91 

situ sediments were also collected from the river water column during high-flow events. In-92 

situ sediments were tested to provide a “real world” comparison to the laboratory-generated 93 

fine sediment. Marine phytoplankton were also exposed to aged fine sediments that had been 94 

aged in deioniszd (DI) water for 3 days simulating the effect of stream transport before 95 

delivery to the marine environment. These bioassays were a modification of previous assays 96 

where dissolved nutrient solutions were added directly to source water incubated in bottles 97 

(Burford et al. 2012, Muhid and Burford 2012, Saeck et al. 2016).  98 

Fine sediments were made into slurries of defined suspended sediment concentration and 99 

contained within dialysis tubes and then placed within four replicate bottles of river or marine 100 

water depending on treatment (Figure 1). Dialysis tubes allowed diffusion of soluble 101 

compounds, including inorganic and organic species of nutrients, between the slurries and the 102 

surrounding water. The response of the phytoplankton community was measured as 103 
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photosynthetic yield, i.e. Fv/Fm (24, 48, 72 and 168 h/ 7 d), and chlorophyll a concentrations 104 

(7 d). Five experiments, each using a different water source and sediment generation 105 

procedure, were conducted between September and November 2016 to test the ability of the 106 

sediment exposure bioassay to differentiate the effects of various types of sediment on marine 107 

and freshwater phytoplankton growth-related responses (Table 1).  108 

 109 

Figure 1 - General experimental scheme for the sediment exposure bioassays. 110 

2.1 Sediment processing, characterization and selection 111 

The following section summarizes the methodology used to generate, characterize and select 112 

the fine sediments and in-situ sediments used in the bioassays, further details are provided in 113 

Garzon-Garcia et al. (submitted). Soils to be processed for deriving fine sediments, as well as 114 

the in-situ sediments were collected from a wet tropics catchment, the South Johnstone River 115 

catchment, and a dry tropics catchment, the Bowen River catchment, in Northern 116 

Queensland, Australia (mean annual rainfall of 3289 and 726 mm respectively, Queensland 117 

Bureau of Meteorology sites at 17.61 °S, 146.00 °E and 20.50° S, 147.63° E, 118 

www.bom.gov.au). 119 

A large number of soils covering a range of soil types, geologies, land uses and erosion 120 

propensities were collected and dried at 40 °C to a constant weight and then sieved to <2 mm. 121 

Fine sediments were generated from each soil by fractionation to obtain the <10 m fraction 122 

using settling columns based on Stoke’s Law and analyzed for a suite of particulate nutrient 123 

bioavailability parameters (Garzon-Garcia et al. (submitted), Table 2). Non-metric multi-124 

dimensional scaling (NMDS) mapping using the vegan package (Oksanen et al., 2017) in R 125 
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statistical software (version 3.4.0, R Core Team 2017) was used to select a subset of 16 126 

sediments covering a wide range of variability in particulate nutrient bioavailability for use in 127 

the bioassays (Table S.1).  128 

Time-integrated sediment samplers (Phillips et al. 2000) were installed in the South 129 

Johnstone and Bowen River catchments to collect in-situ sediment transported during high-130 

flow events in the 2016 wet season. High-flow event sediments were oven-dried at 40°C to a 131 

constant weight, sieved to <2 mm and analyzed for their total nutrient pools and particle size 132 

(Garzon-Garcia et al. (submitted), Table 2). A subset of 13 in-situ sediments (high-flow event 133 

samples) that spanned the range of variability in total nutrients were selected for the 134 

bioassays (Table S.2). These sediments were further characterized for the same suite of 135 

nutrient bioavailability parameters as the whole soils.  136 

2.2 Measuring phytoplankton response: sediment exposure bioassays 137 

2.2.1 Source water collection and characterization 138 

Bulk freshwater samples for the bioassays were collected from the South Johnstone River, 139 

northern Queensland, and marine water samples were collected from central Moreton Bay, 140 

southern Queensland (Table 1). Evidence from enrichment of natural phytoplankton 141 

communities indicates that photosynthetic efficiency (maximum quantum yield of PSII, Fv/Fm) 142 

increases up to a maximum (typically 0.5 – 0.7) and a response is more likely when Fv/Fm is 143 

<0.5 (Kolber et al. 1988, Wang et al. 2014, Saeck et al. 2016). Preliminary experiments 144 

indicated the phytoplankton from the South Johnstone and central Moreton Bay had the 145 

potential to respond to N addition, therefore were suitable for the bioassays. The phytoplankton 146 

community in Moreton Bay has many genera in common with the Great Barrier Reef (Davies 147 

et al. 2016) and both waters have been shown to be N-limited (O'Donohue et al. 2000, Furnas 148 

et al. 2005).  149 

Bulk water samples for each bioassay were collected in two acid-washed 20 L plastic 150 

containers from the surface 20 cm, kept in cool shaded conditions and transported to the 151 
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laboratory for processing within 5 h of collection in the case of marine water, and 24 h for 152 

freshwater. The bulk water conductivity/salinity, pH and turbidity were measured in the field 153 

where possible, or immediately on return to laboratory, using a calibrated data logger 154 

(HYDROLAB, Quanta, Hydrolab Corporation, USA). Surface water temperatures were 155 

either measured at the time of collection or estimated from average monthly data 156 

(http://www.bom.gov.au and https://water-monitoring.information.qld.gov.au). The Fv/Fm of 157 

the bulk water was measured on return to the laboratory on three replicate 100 mL sub-158 

samples that were dark adapted for 20 minutes prior to reading. Duplicate measurements 159 

were made for each sub-sample using a PHYTO-PAM System II Emitter-Detector (PHYTO-160 

ED) unit (Heinz Walz GmbH, 2003) with PHYTO-WIN software version 2.10.  161 

To assess background water nutrient concentrations, triplicate samples were collected, either 162 

in the field from water collected in an acid-washed bucket, or sampled directly from the 20 L 163 

containers on return to the laboratory. Samples were filtered through 0.45 µm membrane 164 

filters and analyzed for dissolved inorganic nitrogen [DIN, as NOx-N (nitrate + nitrite) and 165 

ammonium, NH4
+-N], soluble reactive phosphorus (PO4

--P) and dissolved organic carbon 166 

(DOC). Un-filtered water samples were collected for total nitrogen (TN) and phosphorus 167 

(TP) determination. Water quality samples were stored frozen prior to analysis by standard 168 

methods described in APHA/AWWA/WPCF (2012). Detection limits (mg L-1) were: 0.5 169 

DOC; 0.002 NH4
+-N; 0.001 NOx-N and PO4

--P; 0.02 TN; and 0.01 TP. For chlorophyll a 170 

analysis, 0.2 L was filtered through glass fiber filters (GF/F Whatman) and filters were stored 171 

at -80°C for subsequent analysis using acetone extraction followed by fluorometry (limit of 172 

detection 0.01 µg L-1) (APHA/AWWA/WPCF 2012). 173 

A 300 mL subsample was preserved with Lugol's iodine solution to characterize the 174 

phytoplankton community. Samples were placed on a Sedgwick-Rafter counting chamber 175 

and identified to genus level at 400x magnification) under a compound light microscope 176 

(Leica DM4000A). A minimum of 23 units (trichomes /filaments or colonies) or 16 squares 177 
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were counted to capture the most common taxa; 160 squares were then counted at 200x 178 

magnification to identify less common species.  179 

2.2.2 Sediment slurry preparation 180 

A slurry of each fine sediment and in-situ sediment sample type was prepared 2 h prior to 181 

each bioassay experiment. The target fine suspended sediment concentration was 3 g L-1 182 

(equivalent to 200 mg L-1 TSS accounting for dilution in bioassay bottles). This concentration 183 

was representative of that experienced during high-flow in the Johnstone River. Fine 184 

suspended sediment concentrations of 134 and 324 mg L-1 were estimated under flows of 325 185 

(median of historic high-flow) and 750 m3 s-1 (mean of peak flows 2014-2016) respectively, 186 

using the TSS concentration-flow relationship from 2016 high flow events. No particle 187 

size/flow relationship was available for the Bowen sub-catchment, so 3.0 g L-1 was also used 188 

for sediments from this river. This concentration would likely be in the lower range of high-189 

flow event concentrations for the Bowen River, as the Bowen tends to have much higher TSS 190 

and fine sediment concentrations than the Johnstone River (Turner et al. 2013, Wallace et al. 191 

2014, Garzon-Garcia et al. 2015, Wallace et al. 2015). In preliminary trials, exposure of 192 

phytoplankton to 3.0 g L-1 resulted in a well-differentiated effect on Fv/Fm values when 193 

compared to the control (without sediment).  194 

Fine sediment slurries for bioassays were prepared directly from whole soil rather than dried 195 

lab-generated sediments to avoid potential changes to the quantity or bioavailability of 196 

nutrients as a result of soil fractionation and drying. The dissolved nutrients that rapidly 197 

desorbed from soil when placed into water (during the 48 min fractionation) were removed 198 

from the bioassay slurries as a method to focus the study on particulate nutrients that are 199 

processed more slowly in the downstream fresh and marine water. To prepare the laboratory-200 

generated sediment slurries, a 200 g soil subsample was placed in a 2 L clean settling tube 201 

with 400 mL of deionized water (DI) water. The sample was sonicated for 2 min to break 202 

aggregates then DI water was added to make 1800 mL. The sample was agitated with a 203 
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plunger for 60 s to ensure homogenous dispersion and then left to settle for 48 min (based on 204 

Stoke’s Law for a 10 µm diameter particle settling at a rate of 26 cm per 48 min at 20°C). All 205 

liquid above the 400 mL mark was then removed through a side opening probe without 206 

disturbing the settled particles (>10 µm size) and sieved (through 63 µm) to remove floating 207 

litter fragments. The suspension was centrifuged at 4500 rpm for 30 min and then the 208 

supernatant (overlying solution) was decanted off completely and disposed. DI water was 209 

added to the remaining fraction (sediment) at a pre-determined volume to make a 3 g L-1 210 

suspension. This volume was calculated based on the dry weight recovered post-centrifuging 211 

with the supernatant removed in preliminary fractionations.  212 

For the aged sediment bioassay, the fine sediment suspension removed from the settling tube 213 

was left to age for 3 days in the dark at 25°C before centrifuging and re-suspending to a final 214 

concentration of 3 g L-1. To prepare the high-flow event sediment slurries, 3 g of sediment 215 

(dried at 40 °C, sieved to 2 mm size) were suspended in 1 L of DI water. The soluble fraction 216 

was retained under the assumption that the rapidly soluble nutrients had already been released 217 

during transport downstream. 218 

2.2.3 Bioassay Setup 219 

To set up the sediment exposure bioassays, the bulk water was gently homogenized then 220 

300 mL subsamples were placed into four replicate clear plastic bottles for each treatment. A 221 

20 mL aliquot of each sediment slurry was transferred into pre-prepared dialysis tubing bags, 222 

which were sealed with a knot at each end and then placed in the bottles with the bulk water. 223 

This ensured that the particulate material did not directly interact with the algae (e.g. causing 224 

flocculation) and did not interfere with the PHYTOPAM methods (Figure 1). Cellulose 225 

membrane dialysis tubing (0.25 m lengths) with a high molecular weight cut off (14 000 Da, 226 

16 mm diameter when full, Sigma Aldrich) was used. Pre-washing of dialysis tubing was 227 

necessary to remove contaminants and involved washing the tubing in running DI water for 4 228 

h, soaking in a 0.3% (w/v) solution of sodium sulfide (80°C) for 1 min, washing with hot 229 
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water (60°C) for 2 min, followed by acidification with 0.2% (v/v) sulfuric acid and then 230 

rinsing with hot water to remove the acid. Tubing was stored in Milli-Q® water at 4°C prior 231 

to use. 232 

Control treatments with and without dissolved nutrient additions were included in each 233 

experiment. For the controls, 20 mL of Milli-Q® water (control) or nutrient solution were 234 

placed inside the dialysis tubing as per the sediment treatments. Nitrogen was added as 235 

ammonium chloride (NH4Cl) at 10 times the estimated dissolved inorganic nitrogen (DIN) 236 

concentration in the water sources, after accounting for dilution occurring when the dialysis 237 

tube was placed into 300 mL of bulk water (final concentrations 0.07 and 0.3 mg N L-1 in the 238 

bioassay bottles for marine and freshwater, respectively). Estimated DIN concentrations were 239 

median values from monitoring data for the South Johnstone River (Turner et al. 2013, 240 

Wallace et al. 2014, Garzon-Garcia et al. 2015, Wallace et al. 2015) and Moreton Bay [data 241 

sourced from the Ecosystem Health Monitoring Program (Pantus and Dennison 2005), 242 

Healthy Land and Water Ltd] in the preceding 10 years. Phosphorus was added as mono-243 

potassium dihydrogen phosphate (KH2PO4) at a stoichiometrically balanced rate with N 244 

(molar ratio of 16:1, Redfield 1958), resulting in final concentrations of 4 and 19 µg P L-1 for 245 

marine and freshwater, respectively. Nitrogen and phosphorus were also added in 246 

combination. A trace metal and iron solution was added to all nutrient control treatments to 247 

ensure these elements were not limiting [final concentrations 5 µg L-1 manganese, 0.25 µg L-1 248 

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, 249 

Anderson et al. (2002)]. 250 

Bioassays were incubated for 7 d (168 h) under fluorescence lights [36W Cool White 251 

Lumilux, Osram,12 h total dark and 12 h total light at 160-180 µmol (PAR) m-2 s-1 in a 252 

controlled temperature room. Temperature was set to mimic the ambient surface water 253 

temperature at the time of collection (22 to 23 and 28 °C for marine and freshwater 254 
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experiments, respectively). Each day bottles were gently inverted 5 times to re-suspend the 255 

sediment within the dialysis tubing. 256 

After 24, 48, 72 and 168 h, the bioassay bottles were dark adapted for 20 minutes before 257 

Fv/Fm was measured on two sub-samples as described previously. Previous bioassays using 258 

dissolved nutrients were only incubated for 24 h (Burford et al. 2012, Muhid and Burford 259 

2012, Saeck et al. 2016). However, the response time may be longer for the sediment 260 

exposure bioassays, hence Fv/Fm was measured at multiple time points over 168 h. 261 

Incubations continued for a total of 7 d after which the chlorophyll a concentrations in each 262 

bioassay bottle were measured by filtering 0.1-0.175 L through glass fibre filters (GF/F 263 

Whatman) and analyzed as per the bulk water samples. 264 

2.3 Statistical analysis 265 

Background water conditions (initial Fv/Fm, chlorophyll a and nutrient concentrations) were 266 

compared among experiments using one-way Kruskal-Wallis tests followed by post-hoc tests 267 

according to Dunn for pairwise multiple comparisons of ranked data (due to non-normality). 268 

Photosynthetic yield (Fv/Fm, measured at 24, 48, 72 and 168 h) data were analyzed using 269 

linear mixed effects models (nlme package in R, Pinheiro et al. 2017) followed by post-hoc 270 

comparisons of estimates (lsmeans package in R, Lenth 2016). The effect of nutrient and 271 

sediment addition on Fv/Fm values were analyzed separately.  272 

Data from control, N, P and N+P treatments were compared for nutrient responses. Time, N 273 

(with or without N addition), P (with and without P addition) and all two-way interactions 274 

were fixed factors in the model, while bottle number (ID) was included as a random factor to 275 

account for repeat sampling through time. Mean estimates for all treatment combinations 276 

were compared using post-hoc tests with Bonferroni's adjustment for multiple comparisons. 277 

To assess the effect of sediment type on Fv/Fm, control and sediment treatment data were 278 

included in the model as a fixed factor (“treatment”) with control set as the reference level. 279 

time and treatment*time were fixed factors and bottle ID a random factor as per the nutrient 280 
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limitation analysis. When a significant N*time, P*time or treatment*time interaction 281 

occurred the differences between treatment mean estimates and the control were compared 282 

using post-hoc tests with Dunnett’s adjustment for multiple comparisons, which is suitable 283 

for comparing all means to a reference level (Day and Quinn 1989). When all pairwise 284 

comparisons are desired, other methods such as Bonferroni or Tukey’s are suitable but are 285 

more conservative, thus reducing the chance of detecting real significant differences from the 286 

control (Day and Quinn 1989). 287 

Chlorophyll a concentrations were analyzed in a similar manner but without time as a factor, 288 

because they were only measured at one time interval. Two-way analysis of variance 289 

(ANOVA) was used to assess chlorophyll a concentrations (model including factors N, P and 290 

their interaction), and a one-way ANOVA was used to assess the effect of sediment on 291 

chlorophyll a. Post-hoc tests were used to compare differences between treatment mean 292 

estimates as per the Fv/Fm data.  293 

The TSS concentrations of fine sediment slurries were compared between experiments (1, 2 294 

and 4) using the Kruskal-Wallis test with post-hoc comparisons using the Nemenyi test. For 295 

the fine sediment experiments (1, 2 and 4), linear regression was used to investigate the 296 

relationship between TSS concentrations and Fv/Fm, while one-way ANOVA was used to 297 

assess the effect of sediment type alone on Fv/Fm. Correlations between Fv/Fm (at 24, 48, 72 298 

and 168 h) and chlorophyll a were assessed using Pearson correlation coefficients. Linear 299 

regression was used to explore the relationship between the amount of total N phytoplankton 300 

were exposed to from each sediment and phytoplankton Fv/Fm and chlorophyll a. Statistics 301 

were performed in R version 3.4.0 (R Development Core Team, 2010, Vienna, Austria, 302 

http://www.r-project.org/). 303 

3. Results 304 

Phytoplankton communities had a positive Fv/Fm and/or chlorophyll a response to dissolved 305 

N addition in all bioassays, despite differences in initial Fv/Fm, chlorophyll a concentrations 306 
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and composition of phytoplankton communities. The Fv/Fm of phytoplankton communities 307 

significantly increased, compared to the control treatment, after exposure to a subset of the 308 

sediment types (20-40%), with the exception of in-situ sediments in freshwater. Fewer 309 

significant increases in phytoplankton growth in response to sediments were detected when 310 

chlorophyll a concentrations were used as the metric compared with Fv/Fm. 311 

3.1 Source water characteristics and nutrient status 312 

The initial (background) Fv/Fm, chlorophyll a concentrations and composition of 313 

phytoplankton communities varied among water sources used for fresh and marine water 314 

bioassays (Table 1). Initial Fv/Fm of marine water from Moreton Bay ranged 0.29-0.48. 315 

Marine water collected for Experiment 2 had a significantly higher initial Fv/Fm (H = 16.4, df 316 

= 4, p = 0.002), chlorophyll a concentration (H = 23.1, df = 4, p < 0.001) and total 317 

phytoplankton cell density compared with Experiment 1. Initial Fv/Fm of freshwater used for 318 

Experiment 4 (0.42) was significantly greater than Experiment 5 (0.19) (H = 16.4, df = 4, 319 

p = 0.002), but chlorophyll a concentrations and total cell densities were similar. Background 320 

nutrient concentrations varied among marine and freshwater experimental waters (Table 1). 321 

Marine water used in Experiment 1 had significantly lower NH4
+-N (H = 15.1, df = 4, 322 

p < 0.03) and TN (H = 18.3, df = 4, p < 0.001), but higher TP (H = 14.9, df = 4, p = 0.04) 323 

than that used for Experiment 2 and 3. Freshwater collected for Experiment 5 had 324 

significantly higher DOC (H = 14.2, df = 4, p = 0.04) and DIN (NH4
+-N, H = 15.1, df = 4, 325 

p < 0.03 and NOX-N, H = 19.5, df = 4, p = 0.005) concentrations, but lower TN (H = 18.3, df 326 

= 4, p < 0.001) compared with Experiment 4. Cell densities were higher in freshwater 327 

compared with marine water. Turbidity was low in all source waters (<3.0 NTU, Table 1), 328 

hence did not interfere with Fv/Fm measurement.  329 

The marine phytoplankton communities in Experiments 1 and 3 were dominated by 330 

cyanobacteria (largely picoplankton, Chroococcales, 0.2-2.0 µm diameter) whereas diatoms 331 

comprized over 50% of the community in Experiment 2, based on cell counts (Table 1). In 332 
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Experiments 1 and 3, diatoms comprized 10 and 29% of the total cell count respectively 333 

(largely pennate diatoms), whereas in Experiment 2, the centric diatom, Chaetoceros spp., 334 

was dominant.. The phytoplankton community composition in each batch of freshwater was 335 

relatively similar. Diatoms comprized 33 and 25% of the community in Experiments 4 and 5 336 

respectively (Achnanthidium spp. dominant in both), based on cell counts, while 337 

cyanobacteria made up 28 and 22%. Chlorophyta and other unidentified algae (largely 338 

unicellular motile algae) made up the majority of the other algae in freshwater bioassays.  339 

Photosynthetic yield in marine bioassays consistently increased (N, p <0.05, Table S.3) in 340 

response to N addition, compared to the control (Figure 2), irrespective of initial Fv/Fm or 341 

chlorophyll a concentration (Table 1). Response occurred within 24 to 72 h (significant 342 

N*time interaction, Table S.3). All marine water sources were N-responsive at 72 h; by 168 h 343 

the Fv/Fm of both control and nutrient treatments had declined significantly and were similar 344 

to each other. In marine experiments we observed a larger increase in Fv/Fm following N 345 

enrichment when initial Fv/Fm was lower and cyanobacteria made up a larger portion of the 346 

phytoplankton community (Figure 2, Table 1).  347 

Chlorophyll a concentrations (measured after 168 h incubation) increased significantly in 348 

response to N in two of the three marine bioassays (Figure 2). There was no P response when 349 

added alone, and although Fv/Fm increased when N and P were applied in combination (N+P, 350 

Experiment 1 and 2), the response was not higher than for N alone. Chlorophyll a 351 

concentrations in freshwater (South Johnstone River water) consistently increased in response 352 

to N addition (Figure 2, Table S.4). In freshwater bioassays the magnitude of the Fv/Fm 353 

response to N was less than in marine water. In Experiment 4, after 72 h, photosynthetic yield 354 

increased further when N was added in combination with P. 355 
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Table 1: Mean ± SE background water source conditions for all experiments. * indicates the 356 

incubation temperature also corresponds to the measured surface water temperature in the 357 

field during collection. Means with a letter in common were not significantly different (p< 358 

0.05). Nutrient data are dissolved organic carbon (DOC), dissolved nitrate + nitrite (NOx-N), 359 

dissolved ammonium (NH4
+-N), soluble reactive phosphorus (PO4

--P), total nitrogen (TN) 360 

and phosphorus (TP). 361 

Expt. no. 1 2 3 4 5 

Experiment 

description 

Marine + 16 

fine sediments 

Marine + 16 

fine sediments 

- aged 

Marine + 13 

in-situ 

sediments 

Freshwater + 16 

fine sediments 

Freshwater + 

13 in-situ 

sediments 

Water source Moreton Bay Moreton Bay Moreton Bay Johnstone Johnstone 

Co-ordinates of 

sampling 

27°17'4.72'S 

153°15'5.49'E 
27°18'26.65'S 

153°13'57.74'E 

27°22'17.00'S 

153°24'14.76'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 24/10/16 04/10/16 08/11/16 22/11/16 

Chlorophyll a  

(µg L-1) 
0.21 (0.03) b 2.9 (0.58) ab 1.4 (0.05) a 2.2 (0.26) a 1.4 (0.25) ab 

Photosynthetic 

yield  (Fv/Fm) 
0.29 (0.02) bc 0.49 (0.02) a 0.41 (0.01) ab 0.42 (0.03) ab 0.19 (0.03) c 

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 

DOC (mg L-1) 1.9 (0.06)a 1.9 (0.03)a 1.6 (0.15)b 1.3 (0.03)c 1.6 (0.06)b 

NH4
+-N (mg L-1) 0.070 (0.003)bc 0.016 (0.001)b 0.014 (0.001)b 0.010 (0)d 0.019 (0)a 

NOX-N (mg L-1) 0.007 (0.001)c 0.002 (0.001)c 0.005 (0.004)c 0.018 (0.001)b 0.027 (0.001)a 

TN (mg L-1) 0.100 (0.003)b 0.220 (0.03)a 0.150 (0.005)b 0.202 (0.009)a 0.123 (0.003)b 

PO4
--P (mg L-1) 0.01 (0.0003)b 0.005 (0.003)b 0.003 (0.001)b 0.007 (0)a 0.008 (0)a 

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

Total cell count 

(cell mL-1) 
384 1939 784 4307 3457 

% of total cell count     

Chlorophyta 

(Green algae) 
0 0 1 11 19 

Bacillariophyta 

(Diatoms) 
10 56 29 33 25 

Cyanobacteria 

(Blue-green algae) 
86 42 60 28 22 

Other  4 2 10 28 34 

Dominant diatom 

genera 
Pennate spp. Chaetoceros spp. Pennate spp. Pediastrum spp. 

Dictyosphaerium 

spp. 

362 



1
6
 

 
3
6
3
 

 
3
6
4
 

F
ig

u
re

 2
 –

 B
o
xp

lo
ts

 f
o
r 

p
h
o
to

sy
n
th

et
ic

 y
ie

ld
 (

F
v/

F
m
) 

a
ft

er
 7

2
 h

 i
n

cu
b
a
ti

o
n

, 
a
n
d
 c

h
lo

ro
p
h
yl

l 
a
 a

ft
er

 7
 d

 i
n
cu

b
a
ti

o
n
 f

o
r 

co
n
tr

o
l,

 N
, 
P

 a
n
d
 N

+
P

 t
re

a
tm

en
ts

 
3
6
5
 

fo
r 

th
re

e 
m

a
ri

n
e 

b
io

a
ss

a
ys

 (
E

xp
er

im
en

t 
1
, 
2
 a

n
d
 3

) 
a
n
d
 t

w
o
 f

re
sh

w
a
te

r 
b
io

a
ss

a
ys

 (
E

xp
er

im
en

t 
4
 a

n
d
 5

).
 T

re
a
tm

en
ts

 w
h
ic

h
 s

h
a
re

 a
 l

e
tt

er
 i

n
 c

o
m

m
o
n

 
3
6
6
 

w
er

e 
n
o
t 

si
g
n

if
ic

a
n
tl

y 
d
if

fe
re

n
t 

(p
<

0
.0

5
) 

fo
ll

o
w

in
g
 p

o
st

-h
o
c 

p
a
ir

w
is

e 
co

m
p

a
ri

so
n
s.

 
3
6
7
 



17 

3.2 Phytoplankton response to incubation with sediments 368 

The Fv/Fm of phytoplankton communities significantly increased, compared to the control 369 

treatment, after exposure to a subset of the sediment types (Figure 3, Table S.5). The 370 

exception was Experiment 5 wherein freshwater phytoplankton responded negatively to some 371 

in-situ sediments. In Experiment 5, freshwater exposed to in-situ sediments did not have an 372 

Fv/Fm response to dissolved N addition until 168 h (Table S.5), yet in-situ sediments did not 373 

induce any positive Fv/Fm responses at this time point. Exposure time of phytoplankton to 374 

sediment significantly affected Fv/Fm and mediated the effect of sediment type 375 

(time*sediment type, p < 0.05, Table S.5). The largest number of significant positive Fv/Fm 376 

responses to sediment exposure took place after 72 h across the four bioassays (Figure 3, 377 

Experiment numbers 1-4), hence further comparative analysis focused on Fv/Fm responses at 378 

the 72 hour time-point. 379 

Phytoplankton communities had a significant positive Fv/Fm response to 20-40% of the 16 380 

fine sediment types tested, across the marine, freshwater and aged soil bioassays after 72 h 381 

(Table 2, Table S.5). The Fv/Fm of marine phytoplankton increased significantly compared to 382 

the control treatment with around 40 % of in-situ sediment types, but no positive Fv/Fm 383 

responses occurred in freshwater. In general, marine phytoplankton had a higher frequency of 384 

positive Fv/Fm responses to both fine sediments and in-situ sediments compared with 385 

freshwater. Photosynthetic yield consistently increased in response to fine sediments ID 5 and 386 

14 across the marine, freshwater and aged sediment bioassays (Table S.5). Marine 387 

phytoplankton had fewer significant increases in Fv/Fm in response to fine sediments post-388 

aging (25%) compared to “non-aged” sediment (38%). Incubation with in-situ sediment ID 7 389 

led to a significant decrease in Fv/Fm in freshwater water, but an increase in marine water. In 390 

marine bioassays, a higher proportion of South Johnstone fine sediments (60-80%) and in-situ 391 

sediments (71%) caused a positive Fv/Fm compared with Bowen sediments (10 to 20% and 392 
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17% for fine sediments and in-situ sediments, respectively). In contrast the same proportion 393 

of Johnstone and Bowen sediments were associated with positive Fv/Fm responses in 394 

freshwater bioassays.  395 

Overall, fewer significant increases in phytoplankton growth in response to sediments were 396 

detected when chlorophyll a concentrations were used as the metric compared with Fv/Fm 397 

(Table 2, Table S.6). The sediments associated with a significant increase in chlorophyll a 398 

compared with the control treatment were a subset of those that caused significant Fv/Fm 399 

response, with the exception of the in-situ sediments in freshwater. Chlorophyll a 400 

concentrations increased in response to two types of in-situ sediment (ID 8 and 9) in the 401 

freshwater bioassay, yet there was no response of Fv/Fm. Incubation with in-situ sediment ID 402 

9 led to an increase in phytoplankton growth in both marine (Fv/Fm and chlorophyll a) and 403 

freshwater (chlorophyll a only). 404 
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 405 

Figure 3: The number of fine and in-situ sediments that induced a significant positive or 406 

negative photosynthetic yield (Fv/Fm) response compared to the control treatment after 24, 407 

48, 72 and 168 h incubations. Where no bar is present, there were no responses (NR), 408 

positive or negative, at that time point. 409 
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Table 2: Comparison of the proportion of photosynthetic yield (Fv/Fm) and chlorophyll a 410 

responses that were positive, for phytoplankton communities exposed to 16 fine sediments 411 

generated from different soil types, and 13 different in-situ sediments. Data the proportion of 412 

responses to sediments that were significantly greater than the control (no sediment addition) 413 

compared using ANOVA and post-hoc tests with Dunnett’s adjustment for multiple 414 

comparisons. Photosynthetic yield data are for 72 hours incubation. 415 

  Proportion of positive responses 

Sediment 

type 

Bioassay 

conditions 

Photosynthetic 

yield (Fv/Fm) 
Chlorophyll a 

Fine  

Marine water 0.38 0.19 

Marine water  

(aged sediment) 
0.25 0.13 

Freshwater 0.19 0.06 

In-situ 

Marine water 0.38 0.19 

Freshwater 0 0.13 

 416 
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3.3 Suitability of bioassays for assessing sediment effects on phytoplankton growth 417 

It proved difficult to precisely obtain the desired TSS concentration (3 g L-1) of fine 418 

sediments for bioassays using the slurry preparation procedure outlined in this study. Fine 419 

sediment slurries prepared for Experiment 1 had significantly higher TSS concentrations 420 

(3.1±1.1 g L-1), mean ± SD) than Experiments 2 (2.4±0.4 g L-1) and 4 (2.6±0.4 g L-1) (H = 421 

71.6, df = 2, p < 0.001). The range of slurry concentrations in Experiment 1 (1.7-6.7 g L-1) 422 

was also greater than Experiments 2 and 4 (1.4-3.1 g L-1 and 1.7-3.3 g L-1, respectively). 423 

Although slurry TSS concentration had a significant positive linear relationship with Fv/Fm 424 

(72 h) in Experiments 1 (t (1,62) = 6.8, R2 = 0.43, p <0.001) and 4 (t (1,62) = 6.8, R2 = 0.1, p 425 

=0.008), sediment type explained more variation in Fv/Fm than TSS (F (15,48) = 30.5, R2 = 0.91, 426 

p <0.001 and F (15,48) = 4.2, R2 = 0.57, p <0.001, for Experiments 1 and 4 respectively). 427 

Chlorophyll a concentrations measured at the end of the bioassays (168 h) were significantly 428 

positively correlated with Fv/Fm (measured at 72 h) across all experiments (p<0.05). 429 

Chlorophyll a concentrations had significantly more ‘within treatment’ variation, than Fv/Fm 430 

across the five bioassay experiments (comparing coefficients of variation, t = 11.66, df = 4, p 431 

<0.001). The mean within treatment coefficient of variation for chlorophyll a (28.5 ±1.1, 432 

mean±SE) was four times greater than Fv/Fm (7.2±1.5).  433 

Significant increases in phytoplankton growth in response to incubation with sediment (above 434 

that of the control) were detected at a smaller increment of increase using Fv/Fm as a metric 435 

compared with chlorophyll a. To explore this further, Fv/Fm was compared to the amount of 436 

total N in sediment slurries added to each bioassay (mg). Dissolved N addition increased 437 

yield in many bioassays, therefore N released from sediments may be in part driving 438 

phytoplankton responses and was used to explore the sensitivity of each response metric 439 

(Figure 4). There was a linear increase in both Fv/Fm and chlorophyll a with total N in four 440 

out of the five experiments (Experiments 1-4, p<0.05, Fv/Fm: R2 = 0.31-0.82, chlorophyll a: 441 
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R2 = 0.53-0.92). Significant increases compared to control treatments were detected at a 442 

lower total N concentration using Fv/Fm measures, compared with chlorophyll a, in these four 443 

bioassays. Significant increases in chlorophyll a were only detected above ca. 0.25 g of 444 

sediment total N added to each bioassay. Photosynthetic yield data (72 h) was normally 445 

distributed in four out of the five bioassays (except Experiment 1), whereas chlorophyll a 446 

data was only normally distributed in one bioassay (Experiment 2). 447 
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4. Discussion 465 

This study proposes a novel bioassay technique for rapidly assessing and comparing the 466 

photosynthesis-related effects of exposure of natural phytoplankton communities to the 467 

nutrients associated with different types of fine suspended catchment sediments. Using this 468 

bioassay, we identified a subset of sediment types (~40%) from within two Great Barrier 469 

Reef catchments that had potential to increase marine and freshwater phytoplankton growth, 470 

based on increases in Fv/Fm, as a measure of photosynthetic efficiency. Parallel bioassays 471 

using dissolved nutrients provided additional information on phytoplankton nutrient status 472 

prior to sediment addition. Previous studies have demonstrated that Fv/Fm is a sensitive 473 

indicator of N stress in natural communities (Burford et al. 2012, Muhid and Burford 2012, 474 

Wang et al. 2014) and can be used to quantify N response thresholds (Saeck et al. 2016). To 475 

our knowledge this is the first time Fv/Fm has been used to assess phytoplankton responses to 476 

particulate nutrients in a bioassay. The response of Fv/Fm and chlorophyll a to dissolved 477 

nutrient addition and sediment exposure were similar, however the Fv/Fm response was more 478 

sensitive due to reduced variance and occurred faster than the measured chlorophyll a 479 

response. The Fv/Fm bioassay is also simple and cost-effective; hence, could be used by 480 

environmental managers to identify sediment types more likely to promote phytoplankton 481 

growth. 482 

The bioassay technique described in this paper provided insights into the comparative 483 

nutrient bioavailability of a range of sediment types. Marine phytoplankton communities 484 

responded positively to dissolved N addition and incubation with some sediments under the 485 

bioassay conditions, with the response correlated with total N mass in the sediment. This 486 

suggests N bioavailability is dependent on sediment quality, with some sediment types 487 

stimulating phytoplankton growth more than others. The results were more variable for 488 

freshwater phytoplankton. Sediment types that had no effect on phytoplankton growth in 489 
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these bioassays may have an impact at higher loads than those simulated in this study. It 490 

seems likely that sediment N content is at least in part driving phytoplankton responses in 491 

these bioassays. However, various fractions of the sediment N, P or carbon (C) pools, the 492 

lability of the organic matter (C to N ratio), as well as other elements utilized in smaller 493 

quantities, may also have a role in promoting phytoplankton growth (explored further in 494 

Garzon-Garcia et al. (submitted)). 495 

Few studies have used bioassays to investigate the effect of nutrients derived from sediments 496 

on natural phytoplankton communities and none used Fv/Fm. Pinckney et al. (1999) found 497 

sediment addition increased estuarine phytoplankton biomass. Sediment response bioassays 498 

have been used more commonly in lakes, but findings have been variable. In some systems, 499 

phytoplankton had no response to particulate nutrients (Hatch et al. 1999), while in others the 500 

response was inconsistent (Schallenberg and Burns 2004), dependent on sediment origin 501 

(Prestigiacomo et al. 2016) or background PO4
--P concentration (Santiago and Thomas 502 

1992). In our study, ageing of sediment reduced phytoplankton responses compared with 503 

non-aged sediments. It is possible that nutrients released from sediment into the slurry 504 

solution during the ageing process were processed by bacteria, leaving the more recalcitrant 505 

fraction in the sediment and reducing bioavailability for phytoplankton. Our study also found 506 

that fine sediments did not have inhibitory effects, suggesting that sediment-bound 507 

contaminants, if present were not released into solution. In contrast, several in-situ sediments 508 

suppressed phytoplankton growth implying that these may have released inhibitory 509 

compounds. 510 

In addition to assessing sediment effects, these bioassays also provided information on the 511 

nutrient status of the source water. The marine phytoplankton used in the bioassays 512 

responded positively to N addition, which is consistent with previous studies in Moreton Bay 513 

(O'Donohue et al. 2000, Saeck et al. 2016), the Great Barrier Reef (Furnas et al. 2005) and 514 
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many coastal waters throughout the world (Vitousek and Howarth 1991). In contrast, for P, 515 

previous studies using Fv/Fm responses found marine phytoplankton may respond negatively 516 

to P addition alone (Experiment 3) (Burford et al. 2012). It is well established that 517 

phytoplankton may respond to P by increased uptake and storage, rather than increased yield 518 

or growth. Therefore, our bioassays are not suitable for assessing phytoplankton responses to 519 

P. There was evidence of co-limitation in freshwater bioassays, since the South Johnstone 520 

River phytoplankton community had a greater response to N+P compared with N at times. 521 

Co-limitation of N and P is common in freshwater systems worldwide (Elser et al. 2007, 522 

Sterner et al. 2008).  523 

Photosynthetic yield has not previously been used as a measure in phytoplankton bioassays 524 

where sediment was added, because the high turbidity due to sediments interferes with 525 

fluorescence measurements. However, by containing sediment in dialysis tubes, it was 526 

possible to simulate high TSS concentrations equivalent to high-flow events without 527 

interfering with Fv/Fm measurement. Previous sediment bioassays have assessed effects on 528 

phytoplankton through changes in: chlorophyll a concentrations (Hatch et al. 1999); 529 

concentrations of P fractions (Prestigiacomo et al. 2016); 14C uptake (Munawar and Munawar 530 

1987, Santiago and Thomas 1992, Pinckney et al. 1999) and primary productivity 531 

(Schallenberg and Burns 2004). As a growth metric, Fv/Fm offers the benefits of short-term 532 

experiments without the high cost or complexity of other metrics (e.g. 14C uptake) (Beardall 533 

et al. 2001). Another advantage is that measurement of Fv/Fm requires no sample preparation 534 

and small sample volumes, so replicate samples can be analyzed from each bottle at multiple 535 

time points.  536 

One key difference in our bioassay compared with those using dissolved nutrients is that in 537 

those studies, the Fv/Fm of natural marine phytoplankton communities increased within 24 h 538 

of dissolved N addition (Burford et al. 2012, Muhid and Burford 2012, Wang et al. 2014, 539 
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Saeck et al. 2016) whereas in our study the response to the N addition and sediments did not 540 

occur until 72 h. This delayed response may have occurred as the phytoplankton took some 541 

time to deplete the background nutrient supply. Photosynthetic yield was also a more 542 

sensitive method than chlorophyll a response in our study. In other bioassay studies, Fv/Fm 543 

also proved more sensitive than other measures of phytoplankton growth. Using Fv/Fm, 544 

herbicide toxicity on a marine diatom was detected at lower concentrations (Macedo et al. 545 

2008), and nutrient limitation in coastal waters was detected more rapidly (24 h) (Wang et al. 546 

2014) compared with changes in biomass calculated with chlorophyll a fluorescence and cell 547 

counts. 548 

The phytoplankton sediment exposure bioassay developed in this study advances previous 549 

bioassay methods by effectively separating the stimulatory (or inhibitory) effects of 550 

bioavailable compounds released from sediments, from the physical effects, e.g. turbidity 551 

reduced light attenuation or flocculation. This was achieved by retaining sediment in dialysis 552 

tubing bags. Several previous studies have investigated the effects of bioavailable nutrients 553 

from resuspended sediment in shallow lakes (Schallenberg and Burns 2004) and estuaries 554 

(Pinckney et al. 1999). These studies used large factorial bioassays to differentiate chemical 555 

and physical effects on phytoplankton. Another used a dual culture diffusion apparatus in a 556 

sequence of bioassays to isolate the effects of P mobilized from sediments on lake 557 

phytoplankton growth (Prestigiacomo et al. 2016). The bioassay set-up in our study is 558 

comparatively simple and suitable for making direct comparisons of chemical effects 559 

between many sediment types (up to 16 in our study) in a single experiment.  560 

This is the first time this method has been applied; however, we recommend that additional 561 

research would improve the method further. Fine sediment slurries (<10 µm fraction) were 562 

prepared fresh by separation using settling columns prior to each bioassay in order to 563 

simulate realistic conditions of fine sediment transport. However, it proved difficult to 564 
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standardize TSS concentrations using this method. This made it difficult to separate the effect 565 

of sediment quality from sediment quantity or make absolute conclusions about sediment 566 

type risk. To avoid this, it is recommended that the < 10 µm sediment fraction be separated 567 

and air dried via traditional settling column methods, then re-suspended in DI water to the 568 

desired concentration. The water used for the fractionation process should be discarded after 569 

centrifugation in order to avoid including the readily soluble nutrient fraction when testing 570 

the sediment effect and reduce the extent of biogeochemical processing acting during 571 

sediment drying. This is a compromise as some degree of biogeochemical processing of the 572 

sediment will occur during preparation, however this is necessary to standardize TSS 573 

concentrations for the bioassays allowing more confidence in conclusions about sediment 574 

type risk. Additionally, phytoplankton response times to sediments varied, and future studies 575 

should examine the effect of time to ensure that responses are captured. The identified 576 

number of significant treatments was also affected by the choice of statistical correction for 577 

inflated type I error during multiple post-hoc comparisons of means (see 2.3 Statistical 578 

analysis).  579 

This study used a rapid, simple and cost-effective technique (Fv/Fm) that could be applied by 580 

non-technical users, such as local councils to identify sediment types that pose a relatively 581 

higher risk of promoting phytoplankton growth. Knowledge of sediment nutrient 582 

bioavailability could be combined with existing data on the quantity of sediment lost from 583 

different soil types, catchments or land uses to prioritize restoration activities aimed at 584 

reducing the negative effects of erosion. A similar bioassay could also be used to investigate 585 

how sediment type effects phytoplankton community composition, which may have flow-on 586 

consequences in coastal food webs. The Fv/Fm response data presented in this paper have 587 

been used to develop indicators of particulate nutrient bioavailability based on sediment 588 

properties (Garzon-Garcia et al. (submitted)) that can be linked to soil properties regularly 589 
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mapped by soil monitoring programs. This capability enables the effect of erosion on 590 

phytoplankton growth to be predicted for different soil types in the Great Barrier Reef 591 

catchments.  592 

5. Conclusions 593 

This study proposes a novel bioassay technique for rapidly assessing the net effects of 594 

compounds released from multiple types of fine suspended sediments on the growth of 595 

natural phytoplankton communities. Using this bioassay, we were able to distinguish a subset 596 

of sediment types (~40% of those tested) from within two Great Barrier Reef catchments that 597 

have the potential to increase marine and freshwater phytoplankton at the loads simulated in 598 

this study. This is the first time Fv/Fm, a measure of photosynthetic efficiency, has been used 599 

to assess phytoplankton response to particulate nutrients and this metric was able to detect 600 

effects at a higher resolution than biomass measurements using chlorophyll a.  601 
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