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EXECUTIVE SUMMARY 
Coffin Bay estuary is bounded by shelf waters of the eastern Great Australian Bight (GAB), a 

region subject to coastal upwelling in the austral summer (upwelling season ∼November – April). 

The estuary consists of a series of shallow, interconnected bays. The largest, Port Douglas, is 

connected to shelf waters via tidal flushing through a narrow channel which limits exchange 

between estuarine and shelf waters. The innermost bay, Kellidie Bay, is disconnected from the 

tidal stirring at the mouth of Port Douglas and is relatively slowly flushed. This suggests that the 

lower trophic ecosystem in the outer reaches of Port Douglas may be influenced by shelf waters, 

including enriched waters from upwelling. However, the lower trophic ecosystem of Kellidie Bay 

is likely to be influenced by more localised enrichment processes. Variations in enrichment will 

cause significant changes in food web dynamics and, thus, food availability for oysters. To date, 

however, there is very little information available on the relationship between changing 

environmental conditions and food web dynamics in Coffin Bay estuary, and what this may mean 

for oyster performance.  This project will begin to address this knowledge gap by characterising 

variations in water quality and food web dynamics in two of the growing areas in Coffin Bay 

estuary, Port Douglas Central and Kellidie Bay, and investigating physical and chemical 

environmental drivers of these variations. 

Samples from each site were collected during eight sampling events, one in October 2015, then 

seven ~monthly from May 2017 until December 2017. Samples were analysed for dissolved 

nutrients, microbial (virus and bacteria) abundance, and plankton (phytoplankton and 

zooplankton) biomass and abundance. We found that enrichment of the upper reaches of Port 

Douglas with upwelling influenced shelf waters is likely to occur during summer. While this was 

not clearly evident in data from this study, which was restricted in its temporal extent and did not 

sample during the peak upwelling period, the influence of upwelling is anecdotally supported by 

data from South Australian Shellfish Quality Assurance Program (SASQAP) surveys which report 

increased diatom concentrations (up to an order of magnitude higher than reported in this study) 

during summer (Wilkinson 2015).  We also identified a second, year-round source of enrichment, 

from groundwater inflow into Kellidie Bay that likely plays a key role in shaping lower trophic 

ecosystem dynamics and food availability across the estuary. We found that nanophytoplankton 

in the 2 – 20 µm size range play a previously undocumented but important role in food webs in 

the Coffin Bay estuary, and suggest that phytoplankton in this size range, which have not been 

monitored to date, may comprise a significant proportion of oyster diet in the estuary. Further 

studies are required to provide the information needed to help maximise productivity and promote 
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industry resilience. A better characterisation and quantification of groundwater inputs into the 

Coffin Bay estuary is needed, along with an improved understanding of connectivity and flow 

between bays. Further monitoring of physical and chemical environmental parameters, and 

ecosystem responses, will facilitate the development of tools to aid management of the estuary, 

and promote the ecologically sustainable development of the oyster industry in the region. 

 

Keywords: Coffin bay; phytoplankton; plankton; oysters; food web; enrichment; connectivity. 
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1. INTRODUCTION 

1.1. Background 

Maximising the productivity and profitability of a commercial seafood species grown in-situ in the 

marine environment requires a good understanding of the natural cycles of supply of the 

ecosystem components required by that species for growth (i.e. their food). For oysters, these 

components include the organisms that make up the lower trophic ecosystem at the base of the 

marine food web. Oysters are omnivorous filter feeders, with their diet comprising a range of 

suspended particles that include microbial and planktonic organisms, and detritus, typically in size 

ranges between 2 and 20 µm, though they have been reported to feed on smaller (<1 µm) and 

larger (>60 µm) particles (Baldwin and Newell 1995, Knuckey et al. 2002, Bayne 2017). It is 

generally accepted that the preferred food of oysters is living phytoplankton (Bayne 2017), which, 

in the size ranges mentioned above, would include picophytoplankton (<2 µm, e.g. 

Prochlorococcus, Synechococcus, picoeukaryotes), nanophytoplankton (2 - 20 µm, e.g. small 

flagellates), and microphytoplankton (>20 µm, diatoms and dinoflagellates). Oysters have also 

been reported to feed on detritus and bacteria (Langdon and Newell 1990) and microzooplankton 

(Le Gall et al. 1997). However, there can be wide variation in the nutritional quality of these 

different food sources (Bayne 2017), which may have implications for oyster growth and 

productivity. 

The lower trophic ecosystem at the base of the marine food web typically takes one of two key 

forms, with the dominant form at any given time determined by the availability of nutrients for 

autotrophic production (Figure 1).  Low nutrient waters devoid of significant enrichment typically 

support a microbial food web based on picophytoplankton and are relatively unproductive, while 

nutrient rich waters support high productivity via a classic food web underpinned by diatoms 

(Sommer et al. 2002). A more specific explanation for these differences in food web dynamics 

between marine environments with contrasting degrees of nutrient enrichment lies in the available 

sources of nitrogen in these areas, whether it is “regenerated” through microbial processes in low 

nutrient waters (ammonium, NH4), or “new” nitrogen made available via upwelling (nitrate, NO3). 

NH4 is a positively charged or neutral molecule, and can therefore easily diffuse over biological 

membranes, making it difficult to store (Stolte et al. 1994, Stolte and Riegman 1995, 1996). 

Smaller cells with higher surface area to volume ratios and thus greater diffusive exchange rates 

than larger cells have a competitive advantage when NH4 is the nitrogen source (Stolte et al. 

1994, Stolte & Riegman 1995, 1996), hence the dominance of picophytoplankton and a microbial 
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food web in low nutrient waters. In contrast, NO3 is negatively charged and more easily stored, 

since it does not diffuse across membranes. Excess NO3 can also be stored by phytoplankton 

and made available for use in periods of nutrient shortage, allowing larger cells to more efficiently 

make use of a fluctuating nutrient supply (Stolte and Riegman 1995). Thus, diatoms and a classic 

food web prevail when NO3 is readily available (e.g. during upwelling). The efficiency of energy 

transfer through these food webs (and thus, ecosystem productivity) depends on the number of 

steps required to transfer that energy from autotrophs to higher trophic levels (e.g. oysters, 

zooplankton, fish) (Figure 1). At each step in the food web, some energy is used up in ensuring 

the growth and survival of that particular organism. The few steps of the classic food web make it 

very efficient; this is the food web that underpins the world’s largest and most productive fisheries 

(Ryther 1969, Cushing 1989). In contrast, many steps may be required before the energy in the 

picophytoplankton is available for higher trophic levels (Legendre and Rassoulzadegan 1995). 

Hence, the microbial food web is in comparison, relatively unproductive (Berglund et al. 2007). 

 

 

Figure 1. Schematic of food web structure showing the two main food web types; microbial food web, 
based on smaller phytoplankton (<2 µm in size) and a classic food web based on larger phytoplankton 
(>2 µm in size), and their potential links to oysters.  
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Coffin Bay estuary is bounded by shelf waters of the eastern Great Australian Bight (GAB), a 

region subject to coastal upwelling in the austral summer (upwelling season: November – May, 

(Kämpf et al. 2004, Middleton and Bye 2007). The upwelling system in the eastern GAB is focused 

off south western Kangaroo Island and south western Eyre Peninsula, a region characterised by 

a wide zonal shelf that is influenced by the world’s only northern boundary current, the Flinders 

Current, flowing east-west along the continental slope. Upwelling occurs in a two-step process, 

with water first drawn onto the shelf south of Kangaroo Island from ∼300 m depth, via the 

interaction between the Flinders Current, shelf edge canyons, and upwelling favorable (south 

easterly) winds (Middleton and Bye 2007, Kämpf 2010). That water is then brought into the 

euphotic zone through subsequent periods of upwelling favorable winds (McClatchie et al. 2006, 

Middleton and Bye 2007, van Ruth et al. 2010a, b). More recent studies have provided a more 

detailed characterisation of within season variation in upwelling and, more importantly, enrichment 

in the region. van Ruth et al. (2017) found that wind stress was a poor indicator of enrichment of 

waters in the euphotic zone, particularly in the early upwelling season (November/December).  

Temperature and salinity were found to be better indicators of enrichment of shelf waters than 

wind stress, with temperatures <15 °C and salinities <35.6 psu associated with elevated 

concentrations of nitrate plus nitrite (NOx). Typically, significant enrichment of the eastern GAB 

through upwelling does not occur until the late upwelling season (January – April), regardless of 

the prevalence of upwelling favourable winds through November and December.  This early 

period of upwelling favourable winds represents a preconditioning period that, while not 

responsible for enrichment of surface waters, is critical to the development of the pool of nutrient 

rich water on the shelf which facilitates late season enrichment events (van Ruth et al. 2017). 

Coffin Bay estuary consists of a series of shallow, interconnected bays (Figure 2), with mean 

water depths of ~2.6 m, and a maximum of 5 m (Strutton et al. 1996). The largest of the bays, 

Port Douglas, is connected to shelf waters through Coffin Bay via a narrow channel which limits 

exchange between estuarine and shelf waters. The innermost bay, furthest from the influence of 

shelf waters, is Kellidie Bay. The township of Coffin Bay is situated on the inlet to Kellidie Bay, 

which is also influenced by agricultural run-off, and inflows from Merintha and Minniribbie Creeks. 

Coffin Bay estuary is predominantly tidally flushed, with strong tidal currents up to 2 m s-1 rapidly 

flushing Port Douglas with waters from Coffin Bay (Kämpf and Ellis 2014). This suggests that the 

lower trophic ecosystem in the outer reaches of Port Douglas may be influenced by shelf waters, 

including enriched waters from upwelling during the austral summer. However, Kellidie Bay is 

disconnected from the tidal stirring at the mouth of Port Douglas, and thus, the potential influence 
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of shelf waters, and flushing of Kellidie Bay is relatively slow (Kämpf and Ellis 2014). The lower 

trophic ecosystem of Kellidie Bay is therefore likely to be influenced by localised enrichment 

processes.  

There is very little information available on the relationship between changing environmental 

conditions and food web dynamics in Coffin Bay estuary, and what this may mean for oyster 

performance.  Limited information on phytoplankton abundance is provided by the South 

Australian Shellfish Quality Assurance Program (SASQAP) in the form of summaries of the 

abundance of microphytoplankton (diatoms and dinoflagellates) from spot sampling at bi-monthly 

– monthly temporal scales. This project will begin to address this knowledge gap by characterising 

temporal variations in water quality and food web dynamics in two of the growing areas in Coffin 

Bay estuary, Port Douglas Central and Kellidie Bay, and investigating the physical and chemical 

environmental parameters that drive these variations. The baseline understanding of 

environmental variation derived from this project will underpin much needed and more detailed 

future studies of ecosystem structure and function. These are required to provide oyster growers 

with valuable information on the drivers and timing of shifts in food web dynamics (and thus food 

availability) in growing areas, to help maximise productivity and promote industry resilience. The 

new insights detailed in this report into the structure and function of the lower trophic ecosystem 

in the Coffin Bay estuary, will assist the sustainable management of the Coffin Bay estuary 

through the development of evidence based decision making frameworks, and plans to help 

industry adapt to future change. 

 

1.2. Objectives 
1. To examine temporal variation in water quality and lower trophic ecosystem dynamics in the 

Port Douglas Central and Kellidie Bay oyster growing regions. 

2. To assess physical and chemical environmental drivers of observed variations in these regions. 
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Figure 2. Map of Coffin Bay estuary. 
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2. METHODS 

2.1. Regional context 
Temperature, salinity and nutrient data for the upwelling region of the eastern GAB were retrieved 

through the Australian Ocean Data Network portal (AODN; https://portal.aodn.org.au/) of the 

Integrated Marine Observing System (IMOS; http://imos.org.au/). Time series for temperature and 

salinity for the period from October 2015 to September 2017 were obtained from moorings 

maintained off Kangaroo Island (NRSKAI, part of the IMOS National Reference Station Network, 

from ~40 m and ~100 m depth), and Coffin Bay Peninsula (SAM5CB, from ~90 m depth, Figure 

3). All available dissolved nutrient data from NRSKAI and SAM5CB for the period February 2008 

through to May 2017 were used to provide a climatology for each mooring site. Data were 

available for three depths, the ‘surface’ (5 – 15 m below the surface), ‘cmax’ (chlorophyll maximum 

as determined from fluorescence from CTD deployment) and ‘deep’ water (sampled at ∼ 90 m 

from February 2008 to February 2013, and 10 m below the cmax from May 2014 to May 2017).  

 

2.2. Sampling 
Temperature, salinity and dissolved oxygen (DO) were sampled at four locations in Coffin Bay 

estuary; Channel, Longnose, Port Douglas Central and Kellidie Bay in October 2015, and May, 

June, July, September, October, November, and December 2017 and in January 2018 (Figure 

4). At each station, temperature and DO was collected using an OxyGuard Handy Polaris 2 probe 

and salinity was measured with a WTW pH/Cond 340i probe. The probes were deployed at a 

depth of at least 1 m, except for times when the tide was too low at Central, during which the 

probe was then deployed in the middle of the remaining water column. Measurements for 

temperature and salinity represent an average of three to five measurements taken over a 30 

minute period.  

Sampling was conducted at two stations, Port Douglas Central and Kellidie Bay (Figure 4), in 

October 2015, and May, June, July, September, October, November, and December 2017. 

Seawater was collected at 2 m depth using a Niskin bottle. Each water sample was processed for 

the analysis of macro-nutrient concentrations, particulate matter, microbes (picophytoplankton, 

bacteria and viruses) and phytoplankton as detailed below. Mesozooplankton samples were 

collected at each station using a dual mesh bongo net (one net made of 64 µm mesh, the other 

https://portal.aodn.org.au/
http://imos.org.au/
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made of 150 µm mesh) which was lowered to 1 m below the surface then towed horizontally for 

10 m. Samples were processed as detailed below. No sampling was undertaken at Kellidie Bay 

in May 2017 due to logistical issues. 

 

Figure 3. Location of moorings maintained by the Southern Australian Node of the Integrated Marine 

Observing System (IMOS), the Kangaroo Island National Reference Station (NRSKAI), and the Coffin Bay 

mooring (SAM5CB).  

 

2.3. Dissolved nutrients 
Three replicate 100 mL subsamples of water were filtered through a 0.45 µm filter for macro-

nutrient analysis.  Dissolved nutrients (nitrate plus nitrite (NOx; Lachat QuikChem method 31-107-

04-1-D, detection limit 0.071 µM), ammonium (NH4; Lachat QuikChem method, 31-107-06-1-B, 

detection limit 0.071 µM), phosphate (PO4; Lachat QuikChem method, 31-115-01-1-G, detection 

limit 0.03 µM) and silicate (SiO2; Lachat QuikChem method, 31-114-27-1-A, detection limit 0.33 

µM)) were determined via flow injection analysis with a QuickChem 8500 Automated Ion Analyser 

in the environmental chemistry laboratory at SARDI Aquatic Sciences. 
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Figure 4. Location of sampling sites within Coffin Bay estuary; Channel, Longnose, Port Douglas Central, 

Kellidie Bay. 

 

2.4. Particulate matter 
Seawater (500 mL) was filtered through pre-weighed, Glass Fiber Filters (GFF) using a vacuum 

pump. Filters were rinsed with 60 mL of Milli Q water then folded in half, wrapped in foil and placed 

in a site specific ziplock bag. Filters were stored at -20 °C prior to further analysis. Concentrations 

of particulate inorganic matter (PIM), particulate organic matter (POM), and total suspended solids 

(TSS) (the sum of PIM and POM) were evaluated gravimetrically, following oven drying at 60°C 

for 48 hours, and combustion in a muffle furnace at 500°C for 1 hour, in the environmental 

chemistry laboratory at SARDI Aquatic Sciences. 

 

2.5. Picophytoplankton, bacteria and viruses 
Seawater samples (1 mL samples in triplicate) for flow cytometric analysis of bacteria and viruses 

were fixed with a 0.5% final glutaraldehyde concentration (electron microscopy grade) in the dark 
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for 15 minutes, quick frozen in liquid nitrogen and stored at -80 °C until analysis. Samples for 

picophytoplankton were fixed as above but with 0.25% final concentration of glutaraldehyde.  

Bacteria and virus samples were thawed at 37 °C, diluted 10-fold in Tris EDTA, stained with SYBR 

I Green (5 10-5 final concentration), heated at 80 °C for 10 minutes in the dark and cooled to 

room temperature, with 1 µm beads (Polysciences) then added as an internal reference prior to 

analysis via flow cytometry. Picophytoplankton samples were analyzed separately by thawing as 

above, with 1 µm beads (Polysciences) added as an internal reference.  

Samples were analysed on a FACSVerse (Becton Dickenson) flow cytometer, with acquisition 

run for 2 minutes on low flow rate (∼20 µL min-1) for bacteria and viruses and for 3 minutes on a 

medium flow rate (∼50 µL min-1) for picophytoplankton. Each sample was weighed before and 

after each run to determine exact volume analysed, with cell abundances then determined from 

this volume. Different picophytoplankton groups were discriminated on the basis of red and 

orange autofluorescence of chlorophyll and the accessory pigment phycoerythrin, and light scatter 

properties of side-angle light scatter (SSC) and forward-angle light scatter, using the flow 

cytometry analysis software FlowJo®.  Bacteria and viruses were separated on plots of SSC and 

green (SYBR) fluorescence and SSC and red (Chlorophyll a) fluorescence. When present, 

Prochlorococcus coincided within the stained bacterial group. To correct for this, Prochlorococcus 

were included within the bacterial group for all three depths in the analysis and then bacterial 

counts were corrected for by subtracting total counts of Prochlorococcus (obtained from non-

stained samples) from the stained bacterial group. 

 

2.6. Phytoplankton biomass, abundance and community 
composition 

Chlorophyll a biomass (Chl a) and accessory pigments were examined via High Pressure Liquid 

Chromatography (HPLC).  Two-litre water samples were filtered through a precombusted 

Whatman GFF filter using a vacuum pump. The filter was snap-frozen and stored at -80 °C prior 

to analysis via the gradient elution procedure of Van Heukelem and Thomas (2001) on an Algilent 

1200 series HPLC system in the environmental chemistry laboratory at SARDI Aquatic Sciences. 

A detailed inventory of phytoplankton taxa and their cell abundances was obtained from 1 L 

samples fixed with acidified Lugol’s iodine solution.  Enumeration and identification of 
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phytoplankton to genus or species level was carried out by Microalgal Services, Victoria, 

Australia, using traditional taxonomic methods. 

 

2.7. Zooplankton biomass, abundance and community 
composition 

Following the horizontal tows, the external surface of each net was washed down with seawater, 

with the contents then washed into a sample jar, and fixed with formalin (5% final volume).  In the 

laboratory, samples were rinsed through a 35 µm mesh sieve to remove all traces of preservative 

prior to counting.  The contents of the sieve were rinsed into 100 mL measuring cylinders and 

allowed to settle for 24 hours, after which settling volumes were recorded.  Samples were then 

decanted into 120 mL jars and resuspended in 100 mL of water.  Enumeration and identification 

of mesozooplankton was carried out using traditional taxonomic methods.  Organism numbers 

were recorded as individuals m-3 in the water column using the volume swept by the net, 

calculated as the distance travelled by the net multiplied by the area of the net mouth.  Settling 

volumes were recorded as mL m-3 using the volume swept, and were then converted into 

displacement volumes using a factor for samples without gelatinous zooplankton (0.35, (Wiebe 

et al. 1975, Wiebe 1988)).  Displacement volumes were converted to biomass (mg C m-3) using 

a factor of 21 for samples with displacement volumes < 1 mL, and a factor of 41 for samples with 

displacement volumes 1-10 mL (Bode et al. 1998). 

 

2.8. Data analysis 
The physical and chemical environmental dynamics of Port Douglas Central and Kellidie Bay 

were characterised by principal component analysis (PCA) using PRIMER Version 6 (PRIMER-

E, Plymouth, UK). Environmental data were log(x+1) transformed and the PCA was run using a 

Euclidean distance similarity matrix (Clarke and Warwick 2001).  
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3. RESULTS 

3.1. Regional context 
Temperatures at NRSKAI were generally lower at 100 m than at 40 m (Figure 5A). The time series 

was characterised by a steep drop in bottom (100 m) temperatures to <15 ᵒC through the late 

upwelling season (January to April), reaching as low as ~12 ᵒC in January 2016, with relatively 

wide variation (~2 ᵒC) between temperatures at 40 m and temperatures at 100 m. This gap 

diminished, and temperatures increased, toward the end of the upwelling season, with similar 

temperatures at both depths through winter resulting from winter cooling and increased mixing 

(Figure 5A).  Bottom salinities were <35.6 psu through the late upwelling season of 2016 and 

2017 (Figure 5B), but increased considerably to >36.5 psu around May of both years, reflecting 

the outflow of highly saline water from Spencer Gulf that occurs each year, in a bottom layer that 

flows south past NRSKAI and off the shelf (Lennon et al. 1987). A similar pattern was observed 

in bottom (90 m) temperature data from SAM5CB (Figure 5C), though the upwelling signal 

(temperature <15 ᵒC) was not as pronounced through January to April 2017 as it was at NRSKAI 

(i.e. temperatures were not as cold). Bottom salinities at SAM5CB were more difficult to interpret 

due to patchy data, but showed a similar decrease to <35.6 psu through the late upwelling season 

of 2016, indicative of the upwelled water mass (Figure 5D). A sharp decrease in salinity to <34.5 

psu was observed in July 2016, suggesting groundwater intrusion, which has previously been 

observed in waters in the region (McClatchie et al. 2006). There was a lag observed between the 

time upwelled water was observed at NRSKAI and the time it was observed at SAM5CB, reflecting 

the time taken for that water to flow from its origin off the shelf south of Kangaroo Island, past 

NRSKAI to SAM5CB. 

Analysis of the nutrient climatology for samples collected at NRSKAI and SAM5CB (Figure 6) 

revealed that dissolved nutrient concentrations were generally higher at NRSKAI than at 

SAM5CB, with highest concentrations in deeper samples (cmax, deep). There was further 

evidence of the time lag between the appearance of enriched upwelled water at NRSKAI (close 

to its origin), and its appearance at SAM5CB (furthest from its origin), with a lag of ∼1 month from 

NRSKAI to SAM5CB. Highest concentrations of NOx were observed in deep waters at NRSKAI 

from January through to April (~5 µM, Figure 6A), with relatively high NOx reaching shallower 

depths (in the cmax) in February and March.  Peak NOx concentrations at SAM5CB occurred in 

deep water from March to April, with relatively high NOx reaching surface waters in April (Figure 

6E). PO4 closely followed the trend of NOx for both stations (Figure 6B, 6F). SiO2 also followed 
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Figure 5. Temperature and salinity plots from moorings at 40 m and 100 m depths at NRSKAI (A – B) and at 90 m depth at SAM5CB (C – D).  
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the trend for NOx and PO4 during the upwelling season (∼November to April), but some 

differences occurred at other times (Figure 6C, 6G). For example, highest SiO2 concentrations 

occurred in September at NRSKAI, and in May at SAM5CB (similar concentrations between all 

depths). There was, however, low variation in SiO2 for any given sample depth over the course 

of a year, with a coefficient of variation (CV) of 55 – 79 % at NRSKAI and 24 – 60 % at SAM5CB. 

Further, for the same comparisons, CVs for SiO2 were approximately half those of NOx, indicating 

an uncoupling of supply of these two nutrients, and suggesting that there may be additional 

sources of SiO2 in the region, other than upwelled water. NH4 concentrations were ~1.5 – 2.3 

times higher at NRSKAI than at SAM5CB with highest NH4 concentrations occurring during the 

upwelling season at NRSKAI (commonly in the cmax) (Figure 6D, 6H), likely indicating increased 

biological activity.   

3.2. Temperature, salinity and dissolved oxygen (DO) 
Temperature exhibited a seasonal trend, with cooling through autumn and winter, and warming 

of each bay through spring and summer (Figure 7A). Lowest temperatures occurred in July and 

August (12.5 °C and 12.3°C in Port Douglas Central and Kellidie Bay, respectively). From August 

to December, temperature increased by 2.9 ± 0.49°C and 2.9 ± 0.52°C (mean ± standard error) 

from month to month, reaching 24°C and 25°C in December 2017 at Port Douglas Central and 

Kellidie Bay, respectively. While no temperature data were available for Kellidie Bay in January 

2018, the temperature at Port Douglas Central was 23°C.  

Clear differences were found between sampling times and sites (Figure 7B). Salinity declined 

from April to August/September, with lowest salinities of 36.2 psu and 36.1 psu occurring in Port 

Douglas Central (August 2017) and in Kellidie Bay (September 2017), respectively. From 

September to January, salinity increased up to 38.4 psu in Port Douglas Central (in January 2018) 

and 38.8 psu in Kellidie Bay (November 2017). At most times salinity was lower in Port Douglas 

than in Kellidie Bay. 

Dissolved oxygen (DO) was not available from Kellidie Bay at all sampling times. DO peaked in 

winter (June and July; 7.5 – 8.0 mg L-1), and gradually decreased through to November 2017 (6.4 

– 7.0 mg L-1). DO then increased again in December (Figure 7C). Where direct comparison could 

be made, DO concentrations in Port Douglas Central were 0.1 – 0.6 mg L-1 higher than Kellidie 

Bay, except in October 2017 and December 2017 when DO was slightly higher in Kellidie Bay 

(0.1 – 0.2 mg L-1).
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Figure 6. Climatology plots of NOx, PO4, SiO2) and NH4, for NRSKAI and SAM5CB. All available data from 
February 2008 through to May 2017 were used. Depths represent the ‘surface’ (5 – 15 below the surface), 
‘cmax’ (chlorophyll maximum as determined from fluorescence from CTD deployment) and ‘deep’ water 
(sampled at ∼ 90 m from February 2008 to February 2013, and 10 m below the cmax from May 2014 to 
May 2017). Values are means ± standard error. 
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Figure 7. Temperature (A) salinity (B) and dissolved oxygen (DO, C) at stations in the Coffin Bay estuary 

(Channel, Port Douglas Central, Longnose, and Kellidie Bay) across the study period.  No salinity data was 

available for December 2017. 
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3.3. Dissolved nutrients 
NOx, SiO2, PO4, and NH4 exhibited similar temporal variation in both Port Douglas and Kellidie 

Bay, although there were differences in the absolute concentrations between the bays (Figure 8). 

NOx ranged from 0.10 – 1.33 µM in Port Douglas, and 0.29 – 3.00 µM in Kellidie Bay, with highest 

concentrations for both bays occurring in July 2017, and NOx concentrations at all other sampling 

times below 0.7 µM (Figure 8A).  

Differences in nutrient concentrations between bays were most evident in SiO2 concentrations, 

which ranged from below detection limits (<0.33 µM) to 1.83 µM in Port Douglas, and 2.61 – 7.28 

µM in Kellidie Bay (Figure 8B). Highest concentrations in Kellidie Bay occurred in October 2015 

and July 2017. The most notable variation in the SiO2 concentrations between bays was observed 

in December 2017, with SiO2 below the detection limit in Port Douglas, yet at concentrations of 

2.89 µM in Kellidie Bay at the same time. 

PO4 ranged from below detection limits (<0.03) to 0.19 µM, and <0.03 µM to 0.30 µM at Port 

Douglas and Kellidie Bay, respectively (Figure 8C). PO4 concentrations in the October to 

December period of 2017 exceeded those in the May to September period by >12-fold in Port 

Douglas, and >20-fold in Kellidie Bay. 

NH4 concentrations were similar between sites in October 2015, June 2017 and July 2017, 

ranging between 0.43 – 0.95 µM (Figure 8D). From October 2017 to December 2017, NH4 

concentrations were >3.2-fold lower in Port Douglas than Kellidie Bay, reaching as high as 2.12 

µM in Kellidie Bay in December 2017 (Figure 8D).  

Examination of stoichiometric ratios indicated potential nitrogen limitation (NOx:PO4 ratios below 

Redfield ratio of 16:1 (N: P)) in Port Douglas at all sampling times. In Kellidie Bay, potential 

phosphorous limitation occurred from May through to September (and including October 2015), 

with potential nitrogen limitation from October to December 2017. Silicate limitation (NOx: SiO2, 

1:1 (N:Si)) was likely in Port Douglas in December 2017 (when SiO2 concentrations were below 

detection), but SiO2 was never limiting at Kellidie Bay (with SiO2 >2 µM at all times; see Figure 

8B). 
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Figure 8. Dissolved nutrient concentrations (µM). Nitrate + nitrite (NOx) (A), SiO2 (B), PO4 (C), and NH4 (D) in Port Douglas and Kellidie Bay across 

the study period. Note the different concentration scales for the different nutrients. ‘*’ indicates no samples were taken for this month.
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3.4. Particulate matter 
Total suspended solids (TSS) concentrations were similar between the two bays with relatively 

low concentrations measured from May through July 2017 (16.8 – 18.8 mg L-1), and relatively 

high concentrations occurring from September through December 2017 (59 – 94 ml L-1, Figure 

9). Highest TSS was recorded in Kellidie Bay in September 2017 (Figure 9B). The contribution of 

particulate inorganic and organic matter (PIM and POM, respectively) to TSS was also similar 

between bays and sampling times, with PIM ∼3 – 4 times higher than POM for all sampling dates, 

except in October 2015 where the contributions of both PIM and POM to TSS were similar (Figure 

9).  

 

 

Figure 9. Total suspended solids (TSS), Particulate Inorganic Matter (PIM), and Particulate Organic Matter 

(POM) in Port Douglas (A) and Kellidie Bay (B) across the study period. Note that PIM + POM = TSS. ‘*’ 

indicates no samples were taken for this month.  
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3.5. Chlorophyll a Biomass 
Clear temporal and spatial differences were evident in Chl a concentrations (Figure 10). At Port 

Douglas, Chl a varied between 0.12 µg L-1 and 0.73 µg L-1, with these lowest and highest 

concentrations measured in September 2017 and October 2017, respectively (Figure 10A. There 

was a general increase in Chl a in Kellidie Bay from June to December 2017, with highest 

concentrations in November 2017 (1.48 µg L-1) and December (1.32 µg L-1), and lowest 

concentrations in October 2015 (0.20 µg L-1, Figure 10B). For each month during the sampling 

period, Chl a concentrations measured in Kellidie Bay (>0.5 µg L-1) exceeded those in Port 

Douglas (only >0.5 µg L-1 in July, October and November 2017), except in October 2015 when 

Chl a concentration was similarly low between sites (Figure 10).  

 

Figure 10. Chlorophyll a concentrations (Chl a, µg L-1) in Port Douglas (A) and Kellidie Bay (B) across the 

study period (May 2017 to December 2017). Additional sampling took place in October 2015. ‘*’ indicates 

no samples were taken for this month. 
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3.6. Environmental data analysis  
Variation in environmental data (temperature, salinity, TSS, dissolved nutrients, and Chl a) for the 

two bays was further characterised using a Principal Component Analysis (PCA, Figure 11). The 

first two PCs (PC1 and PC2) from the environmental data accounted for 47% and 22% of the 

variance of the multivariate data set, respectively. Positive PC1 scores were associated with high 

DO and low PO4, with negative values representing the opposite. PC2 was associated with 

temperature and TSS (positive values) and NH4 and Chl a (negative values). Partitioning was 

evident in the PCA between bays and sampling times, with high temperature, PO4 and NH4 

associated with relatively high Chl a for the months of October, November and December 2017 

for both bays. At these times, Chl a concentrations were higher in Kellidie Bay than in Port 

Douglas, coinciding with higher SiO2 and NH4 (and PO4 but to a lesser extent). Temperature was, 

however, similar between the bays for these times in spring/early summer 2017.   

 

Figure 11. Principal Component Analysis (PCA) of environmental data, with chlorophyll a (Chl a µg L-1) 

concentrations overlaid. Vectors indicate the influence of environmental factors on the distribution of 

biomass between bays. TSS = total suspended solids, Temp = temperature, DO = dissolved oxygen, NOx 

= nitrate + nitrite, SiO2 = silica, PO4 = phosphate, and NH4 = Ammonia.  
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3.7. Bacteria and viruses  
Highest bacterial abundances occurred in Port Douglas in December 2017 (1.7  109 cells L-1), 

and Kellidie Bay in November 2017 (1.5  109 cells L-1, Figure 12A – B). Lowest bacterial 

abundances were generally observed in May through July 2017 at both sites (0.4 – 0.9  109 

cells L-1). Variation in bacterial abundance was low in Kellidie Bay, varying at most 2.2-fold 

between sampling times, while bacterial abundances in Port Douglas varied by up to 7.6-fold. 

However despite overall lower variation in bacterial abundance in Kellidie Bay, a strong positive 

relationship between bacteria and Chl a (r2 = 0.79, P < 0.01) occurred at Kellidie Bay but not in 

Port Douglas (r2 = 0.04, P > 0.05).  

Viral abundances were always lower in Port Douglas than in Kellidie Bay (10.8 – 28.5  109 

cells L-1 vs 16.7 – 35.8 109 cells L-1), except in October 2015 (33.2  109 cells L-1, Figure 12C 

– D). This was reflected in generally lower virus to bacteria ratios (VBR) in Port Douglas (17.2 – 

33.2) than Kellidie Bay (24.3 – 42.2), except in October 2015, where VBR in Port Douglas was 

155. 

 

3.8. Picophytoplankton 
Picophytoplankton could not be enumerated in October 2015 samples because of issues with the 

fixative. Up to three groups of picophytoplankton were detected with flow cytometry, 

Prochlorococcus, Synechococcus and picoeukaryotes (Figure 13). Prochlorococcus were only 

detected in Port Douglas in May, October, and November 2017 (Figure 13A), and in Kellidie Bay 

in October and November 2017 (Figure 13B). At these times, Prochlorococcus comprised, at 

most, 19% of total picophytoplankton abundances.  

Trends in picophytoplankton abundances differed between sites over the sampling period (Figure 

13). In Port Douglas, picophytoplankton abundances were lowest from May to September (lowest 

in July, 23.9  106 cells L-1), and increased by up to 5.7-fold fold for the period from October to 

December 2017 (Figure 13A). Highest total picophytoplankton abundances for the sampling 

period occurred in October (135  106 cells L-1). From June to September, the community was 

dominated by picoeukaryotes (57 – 85%), while from October to December (and in May 2017), 

the picophytoplankton community was dominated by Synechococcus (58 – 85%).  
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Figure 12. Bacterial (A, B) and viral (C, D) abundances ( 108 cells L-1) at Port Douglas (A, C) and Kellidie Bay (B, D) across the study period. ‘*’ 

indicates no samples were taken for this month.
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In Kellidie Bay, variation in the abundances of picophytoplankton between sampling months was 

higher, with patterns less clear than in Port Douglas (Figure 13B). Highest abundances in Kellidie 

Bay occurred in November (94.1  106 cells L-1), with the lowest abundances for any site recorded 

in December in Kellidie Bay (5.70  106 cells L-1). In Kellidie Bay, Synechococcus was the 

dominant picophytoplankton group at all times (59 – 71%) except when total picophytoplankton 

abundances were low (September and December 2017). During those months, picoeukaryotes 

were the dominant group (62 – 67%). 

 

Figure 13. Picophytoplankton abundances (Prochlorococcus, Synechococcus and picoeukaryotes, x 106 

cells L-1) at Port Douglas (A) and Kellidie Bay (B) across the study period. ‘*’ indicates no samples were 

taken for this month, or there was a fixative issue with samples (Oct 2015).  
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3.9. Phytoplankton abundance (microscopy) and biomass 
community composition 

Phytoplankton abundances ranged between 15.1 – 275  104 cells L-1 in Port Douglas and 35.6 

– 307  104 in Kellidie Bay, with highest numbers in both bays in December 2017, and lowest 

numbers from winter to early spring (Figure 14). Flagellates numerically dominated phytoplankton 

counts at both sites (45 – 87% and 24 – 77% at Port Douglas and Kellidie Bay, respectively) 

except in December 2017, where diatoms dominated (70% in Port Douglas, 77% in Kellidie Bay). 

Dinoflagellates comprised 4.9 – 16% of the phytoplankton abundance in Port Douglas and 4.7 – 

12% in Kellidie Bay.  

The community composition of phytoplankton differed between bays (Appendix Table 1). For 

example, of the flagellates, cryptophytyes were the dominant group (Hemiselmis sp., Plagioselmis 

prolonga and Teleaulax acuta) for both bays, accounting for 38 – 55% of the Cryptophyte 

community throughout the study, except in November and December, when Prymnesiophytes 

(i.e. Chrysochromulina spp. and Emiliana huxleyi) dominated (up to 49% of the flagellate 

community). The prymesiophyte Gephyrocapsa oceanica was also present in similarly high 

numbers in Port Douglas in December 2017 but absent from Kellidie Bay.  Of the other flagellates, 

the prasinophyte Pyramimonas spp. was always present in relatively high numbers (2.5 – 15  

104 cells L-1), while Chrysophytes (dominated by Ochromonas spp., 0.05 – 5  104 cells L-1) and 

Euglenophytes (Eutreptiella spp., 0 – 2.5  104 cells L-1) were present at most times with no clear 

differences between bays. Chlorophytes were low to absent based on microscopy counts.  

Of the diatoms, Amphora sp. and Cocconeis spp. were recorded in both bays at all sampling 

times, while the Naviculoid group were also present in both bays, except in December 2017 

(Appendix Table 1). Nitzschia spp. were also present in both bays except in October 2015 and 

December 2017, but abundances were lower in Port Douglas (0 – 1.6  104 cells L-1) than Kellidie 

Bay (0 – 18  104 cells L-1). Leptocylindricus danicus (December 2017) and Guinardia striata 

(October through to December 2017) were only recorded in Port Douglas. However, the diatom 

bloom in Port Douglas in December 2017 was dominated by Chaetoceros spp. (90 % of the 

diatom community). At the same time, in Kellidie Bay, the diatom bloom was dominated by 

Thalassionema sp. (93% of diatom community).  

Dinoflagellates were represented predominantly by the Gymnodinioid group, Heterocapsa 

rotunda and Gyrodinium spp. (Gyrodinium spp. absent in November 2017 in both Bays, and in 
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December 2017 in Port Douglas). Protoperidinium spp. was recorded only in December 2017 at 

Kellidie Bay. 

 

 
Figure 14. Phytoplankton abundances at Port Douglas (A) and Kellidie Bay (B) across the study period. ‘*’ 

indicates no samples were taken for this month.  
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3.10. Accessory Pigments 

In both bays, the main accessory pigments present were  generally fucoxanthin (∼diatoms), 19-

hexanoyloxyfucoxanthin (19hex, ∼prymnesiophytes), alloxanthin (∼cryptophytes), and chlorophyll 

b (Chl b, ∼chlorophytes) (Figure 15). However, there were differences in concentrations of these 

between sampling dates and between bays. In Port Douglas for example, fucoxanthin 

concentrations were highest in September 2017 (0.37:1 fucoxanthin: Chl a) and December 2017 

(0.25:1, fucoxanthin: Chl a), but the composition of the other accessory pigments was very 

different between these times (Figure 15A). 19hex and prasinoxanthin (∼prasinophytes) were the 

only pigments to make up the remaining autotrophic biomass in September 2017, and Chl b was 

the next dominant pigment in December 2017 (Chl b: Chl a 0.14: 1).  

Zeaxanthin (∼Synechococcus) made up a considerable amount of Chl a biomass in Port Douglas 

in October 2015 (0.20: 1 zeaxanthin: Chl a), and comprised a greater proportion of Chl a biomass 

in Port Douglas throughout the study (average 1.5 times higher) than in Kellidie Bay (Figure 15). 

19-hex also made up a proportionally higher amount of the Chl a biomass in Port Douglas than 

in Kellidie Bay (2.6 times higher, Figure 15). Peridinin (∼dinoflagellates) was recorded only once 

during the study in Port Douglas (in May 2017, Figure 15A).  

Fucoxathin represented the highest concentration of the accessory pigments in Kellidie Bay for 

all sampling times, with a clear increase from winter to summer (Figure 15B). Highest fucoxanthin 

to Chl a ratios occurred in December 2017 (0.46:1), with minor contributions of other accessory 

pigments. As fucoxathin increased, alloxanthin showed a corresponding decrease in 

concentration relative to Chl a biomass. This was particularly evident in November and December 

2017 (Figure 15B).Divinyl Chl a (DV Chl a ∼ Prochlorococcus) was not present in any samples, 

despite relatively low numbers of Prochlorococcus detected with flow cytometry.  

Estimates of the contribution of each of picoplankton, nanoplankton and microplankton to Chl a 

biomass showed that in Port Douglas, picophytoplankton (0.9 – 59%) and nanophytoplankton (16 

– 79%) made up the bulk of Chl a biomass, with the contribution of microphytoplankton not 

exceeding 41 % (Figure 16A). The size composition of autotrophic biomass was very different in 

Kellidie Bay, with picophytoplankton (4 – 53%) and microphytoplankton (26 – 91%) making up 

the largest proportion of Chl a biomass, and nanophytoplankton biomass not exceeding 27% 

(Figure 16B). Further, there was a clear increase in the contribution of microphytoplankton to Chl 

a biomass from September (52%) to December (91%).  
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Figure 15. Accessory pigments of dominant algal classes normalised to chlorophyll a (Chl a) at Port 

Douglas (A) and Kellidie Bay (B) across the study period. ‘*’ indicates no samples were taken for this month. 

Peri = Peridinin; 19but = 19’butanoyloxyfucoxanthin; Fuco = fucoxanthin; Pras = Prasinoxanthin; 19hex = 

19’hexanoyloxyfucoxanthin; Allo = alloxanthin; Zea = Zeaxanthin; Chl b = Chlorophyll b; DV Chl a = divinyl 

lorophyll a.  
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Figure 16. Proportion of phytoplankton size fractions (Pico, Nano and Micro) to total phytoplankton biomass 

at Port Douglas (A) and Kellidie Bay (B) across the study period. ‘*’ indicates no samples were taken for 

this month.  
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3.11. Zooplankton biomass, abundance and community 
composition 

Zooplankton abundances increased from May/June 2017 to December 2017 in both Port Douglas 

and Kellidie Bay, varying between sampling times at each site by up to 13-fold (in the 64 µm net) 

and 83-fold (in the 150 µm net) in Port Douglas, and 45-fold (in the 64 µm net) and 74-fold (in the 

150 µm net) in Kellidie Bay (Figure 17). 

Highest total zooplankton abundances occurred in both size fractions in Kellidie Bay in November 

(64 µm net; 344  103 individuals m-3, 150 µm net; 146  103 individuals m-3, Figure 17B, D). 

Zooplankton remained high in December in Kellidie Bay in the 64 µm, exceeding abundances in 

Port Douglas by 1.5-fold (Figure 17A, B). However, abundances in the 150 µm fraction were 

higher in Port Douglas at this time, exceeding those in Kellidie Bay by 1.9-fold (Figure 17C, D).  

Copepods were the dominant taxa at all times in both Port Douglas and Kellidie Bay (>64%), 

except in December 2017 (Figure 17) when “other zooplankton” dominated (Figure 17). At this 

time, gastropod larvae comprised 42 – 49% and 20 – 24% of total zooplankton abundances at 

Port Douglas and Kellidie Bay, respectively (Figure 18). Bivalve larvae also occurred in relatively 

high numbers in the 64 µm net in both bays. Barnacle larvae were a numerically dominant taxa 

in the 150 µm net in Kellidie Bay, but not in Port Douglas (Figure 18).  

Zooplankton biomass followed the same trend as zooplankton abundance. However, biomass in 

Kellidie Bay in the 64 µm net in November 2017 exceeded biomass for any other sampling time 

by up to 171-fold, and was 13-fold higher than in Port Douglas at the same time (Figure 19A, B). 

Biomass in the 150 µm net was similarly high in both Port Douglas and Kellidie Bay in November 

and December 2017. Lowest biomass in the 150 µm net occurred in October 2015 and July 2017 

for both sites (Figure 19C, D).  
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Figure 17. Size fractionated zooplankton abundance (64 µm and 150 µm; individuals m-3) at Port Douglas (A, C) and Kellidie Bay (B, D) across the 

study period. Abundances were broken down further into broad groups: Copepod-Cal (calanoids), Copepod-Cyc (cyclopoids), Copepod-Harp 

(harpacticoids), Copepod-Naup (nauplii), and all other zooplankton taxa. ‘*’ indicates no samples were taken for this month.  
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Figure 18. Community composition of other zooplankton taxa (as a percentage) in the 64 µm and 150 µm nets at Port Douglas (A, C) and Kellidie 

Bay (B, D) across the study period. ‘*’ indicates no samples were taken for this month. ‘**” indicates there were no ‘other’ zooplankton in that sample. 
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Figure 19. Size fractionated zooplankton biomass (64 µm and 150 µm; mg C m-3) at Port Douglas (A, C) and Kellidie Bay (B, D) across the study 

period. ‘*’ indicates no samples were taken for this month.
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4. DISCUSSION   
This is the first data set within the Coffin Bay region to collectively document variation in the 

components of the lower trophic ecosystem, from viruses, bacteria, and phytoplankton though to 

zooplankton. Temporal shifts and spatial differences were evident in the plankton community 

structure and coincided with temporal and spatial variation in environmental parameters.  Key 

findings from this work include: 

1. The characterisation of key nutrient sources supporting lower trophic ecosystem dynamics in 

the Coffin Bay estuary. These include a seasonal source from input of upwelling influenced shelf 

waters into the upper reaches of Port Douglas during late summer. While not clearly evident in 

data from this study, which was restricted in its temporal extent and did not sample during the 

peak upwelling period, the influence of upwelling is anecdotally supported by data from the South 

Australian Shellfish Quality Assurance Program (SASQAP) surveys which report increased 

diatom concentrations (up to an order of magnitude higher than reported in this study) during late 

summer (Wilkinson 2015).  A second, previously undocumented source of nutrients was 

uncovered in this study, in the form of year-round input from ground water in Kellidie Bay, which 

appears to drive significant localised increases in nutrient concentrations. 

2. The identification of clear differences in lower trophic ecosystem dynamics across the estuary, 

with the autotrophic community in Port Douglas dominated by picophyoplankton and 

nanophytoplankton, and Kellidie Bay dominated by picophytoplankton and microphytoplankton. 

Port Douglas was influenced year-round by a microbial food web, with suggestions of a shift 

toward a classic food web in summer. In contrast, there was a clear temporal shift in food web in 

Kellidie Bay from a microbial food web in winter to a classical food web in summer. 

3. The identification of the importance of small flagellates (2-20 µm) to the food web in Coffin Bay 

estuary, which, to date, have not been captured in routine monitoring due to their small size. In 

addition, plankton communities across the region appear to be of local origin, with clearly different 

compositions to those found in shelf waters. 

These findings are discussed in more detail below. 

When trying to characterise the lower trophic ecosystem in the Coffin Bay estuary, it is important 

to consider the regional context, and assess the influence of changes in physical and chemical 

processes in shelf waters, and the eastern GAB upwelling in particular, on enrichment in the 
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estuary.  There is a time lag between the initial pulse of upwelled water from its origin off the shelf 

south of Kangaroo Island, and the time that upwelled water reaches Coffin Bay. There will be 

significant uptake by phytoplankton of nutrients from the upwelling plume in the time taken for it 

to flow from the origin to Coffin Bay, and nutrient levels are, therefore, likely to be significantly 

diminished by the time they enter Coffin Bay. This was confirmed in the observed higher 

concentrations of NOx and PO4 at NRSKAI (near the origin) than at SAM5CB (near Coffin Bay), 

and the ∼ 1 month time lag in peaks in these nutrients occurring between these stations (Figure 

6). Kämpf & Ellis (2014) reported strong tidal flushing through the narrow gap at the mouth of Port 

Douglas, which may facilitate exchange of shelf and estuarine waters, and the enrichment of the 

upper reaches of Port Douglas with upwelled water during summer. However, the extent of mixing 

of shelf waters into regions beyond the upper reaches of Port Douglas has yet to be determined, 

and is an important question for future studies. While data were not available past January 2018, 

temperature and salinity data in Port Douglas Central well exceeded 19 °C and 37 ppt in 

November, with temperatures up to 24 °C in December, and 22 °C in January (Figure 7). This 

suggests that enriched upwelled water (i.e. <15 °C) was unlikely present in Port Douglas at any 

of the sampling times during the upwelling season.   

Clear separation of Port Douglas from Kellidie Bay was apparent from the environmental data 

(PCA, Figure 11), highlighting differences in the localised enrichment processes. Silicate 

appeared to uncouple from NOx and PO4, particularly in Kellidie Bay which had relatively high 

SiO2 concentrations (always >2 µM), with lower concentrations (SiO2 always <2 µM and at times 

below 0.33 µM) occurring in Port Douglas. Nutrient concentrations measured in samples of virgin 

groundwater collected from bores just south east of the Coffin Bay township are very high, with 

silicate reaching 83 - 100 µM (SA Water, unpublished data), and high concentrations of NOx (up 

to 75 µM, SA Water, unpublished data).  The source of silica in the groundwater is likely to be the 

quartz dunes that are prevalent inland along Eyre Peninsula (James and Bone 2017).  

Variations in the environmental settings in Port Douglas and Kellidie Bay directly translated into 

differences in plankton biomass and community composition between the two bays. Kellidie Bay 

had, on average, twice as much Chl a than Port Douglas, exceeding 1.2 µg L-1 during November 

and December. In contrast, in Port Douglas at the same time, Chl a was below 0.7 µg L-1. For 

comparison, Chl a concentrations at NRSKAI only exceed 1 µg L-1 during moderate and strong 

upwelling events (Patten et al. 2017), while Chl a in Spencer gulf is typically < 0.5 µg L-1 (Middleton 

et al. 2013).  Enhanced biomass in both Port Douglas and Kellidie Bay was associated with 
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warmer waters in the late spring and early summer and increased irradiances and daylengths that 

occur at this time and promote increased primary productivity.  

Accompanying these variations in biomass were variations in the composition of the autotrophic 

community between Port Douglas and Kellidie Bay, and between sampling times. For example, 

of the small picophytoplankton (<2 µm), Synechococcus was generally the dominant group for 

both bays, with higher abundances of Synechococcus (and increased concentrations of its 

biomarker pigment, Zeaxanthin), in Port Douglas from October to December, when compared to 

Kellidie Bay. Highest numbers of Synechococcus and picoeukaryotes observed in Port Douglas 

were towards the high end of the range observed during upwelling in the eastern GAB (van 

Dongen-Vogels et al. 2011, 2012, Paterson et al. 2013, SARDI unpublished data). 

Small flagellates (prymesiophytes, cryptophytes and chlorophytes) represented an important 

phytoplankton group in both bays, particularly from May to November when diatoms were not 

dominant. Total flagellate abundances, and their representative pigments (i.e. 19hex, alloxanthin 

and Chl b, respectively) were an order of magnitude higher in Port Douglas and Kellidie Bay than 

recorded for eastern and central GAB shelf waters (SARDI unpublished data), and reflected high 

numbers recently shown to occur at NRSKAI in early spring (Patten et al. 2017). Interestingly, 

chlorophytes were low to absent from microscopy counts, yet analysis of accessory pigments 

highlighted the presence of small (i.e. <5 µm) chlorophytes and/or prasinophytes, which are both 

characterised by Chl b. Patten et al. (2017) found the same pattern in eastern GAB waters, where 

it was suggested that small prasinophytes, which are ubiquitous components of coastal and 

oceanic waters (Not et al. 2004, 2008), might represent significant pico- and/or nano- communities 

in the GAB (Patten et al. 2017). The pigment 19-Butanoyloxyfucoxanthin, indicative of 

chrysophytes, was low to absent in both bays, yet represented a significant component of 

phytoplankton biomass in eastern GAB shelf waters (Patten et al. 2017).  

Dinoflagellate abundances were generally low relative to flagellates and diatoms, comprising less 

than 15% of the phytoplankton community (via microscopy counts). A similar average proportion 

was found in SASQAP surveys in Port Douglas and Kellidie Bay from July 2013 to June 2014 

(Wilkinson 2015), assuming the remaining phytoplankton from reported total counts were 

dinoflagellates (and not flagellates). Dinoflagellate counts compared well to those recorded in the 

central and eastern GAB,  however, there the dinoflagellate community made up a significant 

fraction of the total phytoplankton community (i.e. on the shelf; ∼50%, >50% slope to offshore 

(SARDI unpublished data). The representative pigment for dinoflagellates, Peridinin, was present 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

38 

only once (May 2017; Port Douglas), suggesting that either the dinoflagellate community present 

contained endosymbionts of other algal classes (Jeffrey 1997), or the dinoflagellates were 

predominantly mixotrophic and/or heterotrophic species (Stoecker 1999). Heterotrophy is 

common in dinoflagellates, with the dominant heterotrophic taxa observed in the plankton 

community during this study (Gymnodinioid group, Gryrodinium spp. and Heterocapsa rotunda) 

known to feed on a diverse range of plankton from bacteria through to diatoms, as well as on 

other dinoflagellates (reviewed in Jeong et al. 2010). Large heterotrophic dinoflagellates (e.g. 

Protoperidinium spp. and Noctiluca) were prevalent at times in Port Douglas and Kellidie Bay. 

The dinoflagellate Karenia mikimotoi, identified as a causative agent in the fish kill in Coffin Bay 

in 2014 (Roberts et al. 2014), was recorded only once in this study, in Port Douglas in October 

2017, in very low abundance (as Karenia spp., <1000 cells L-1).  

Further spatial and temporal differences were evident within the diatom community. Chaetoceros 

spp. made up a significant proportion of the community when diatoms dominated microscopy 

counts, and fucoxanthin comprised a large fraction of Chl a (i.e. September and December in Port 

Douglas and September and November in Kellidie Bay). Chaetoceros spp. was a dominant 

diatom in both Port Douglas and Kellidie Bay in spring and autumn during SASQAP surveys 

(Wilkinson 2015). In that study, a bloom of Leptocylidricus danicus occurred in Port Douglas in 

January 2014, with abundances ∼177-fold higher than reported in this study. The diatom bloom 

in Kellidie Bay in December was dominated by the Thalassionema spp.  (93% of the community).  

Thalassionema spp. was recorded in Port Douglas as a dominant taxa in August and September 

2013, and not in Kellidie Bay during SASQAP surveys (July 2013 to June 2014, Wilkinson 2015).   

In Kellidie Bay, there appears a shift from a microbial food web underpinned by picophytoplankton 

in winter toward a classic food web underpinned by microphytoplankton in summer. The food web 

in Port Douglas, however, appears to be predominantly microbial year round, moving toward a 

classic food web in summer, but with no clearly defined shift between the two, at least for the 

duration of this study. In the absence of data in the mid-summer to autumn period, it is difficult to 

extrapolate further. However, given reports of diatom blooms in January and February 2014 in 

abundances well exceeding those reported here for Port Douglas (i.e. ∼4-fold higher, Wilkinson 

2015), a shift to a classical food web in Port Douglas in the late summer is a possibility.  

Zooplankton followed the trend of phytoplankton biomass, with higher abundances and biomass 

in the spring/summer, and in Kellidie Bay compared with Port Douglas. Highest total zooplankton 

abundances in Kellidie Bay (November), were nearly 2-fold higher than those recorded at NRSKAI 
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following an upwelling event (SARDI unpublished data). The dominance of copepods (67%) in 

the zooplankton community (except in December) is consistent with previous studies in South 

Australian coastal and shelf waters (van Ruth and Ward 2009, Patten et al. 2017, SARDI 

unpublished data). Copepod nauplii were particularly abundant in the smaller size fraction in 

spring/summer in Kellidie Bay, possibly indicating enhanced secondary production at this time. 

Zooplankton taxa other than copepods observed in Port Douglas and Kellidie Bay during this 

study differed to those found in waters outside of the Coffin Bay estuary. For example, gastropod 

larvae, bivalve larvae and barnacle nauplii were the dominant ‘other’ zooplankton taxa in both 

bays. In contrast, cladocerans, appendicularians, echinoderms and chaetognaths were the 

dominant ‘other’ zooplankton taxa in coastal and shelf waters of the eastern and central GAB (van 

Ruth and Ward 2009, Patten et al. 2017). These results suggest that zooplankton communities 

observed in Coffin Bay estuary during the study period were local in origin, with minimal input 

from coastal and shelf zooplankton populations.  

The increase in bacterial abundances from winter to spring/summer likely reflects temperature 

increases, and the increased availability of phytoplankton exudates as a carbon source for 

bacteria (Morán et al. 2002). However, bacteria-phytoplankton coupling was possibly stronger in 

Kellidie Bay than Port Douglas over the course of the study, as demonstrated by the significant 

positive relationship between Chl a and bacterial abundance (in Kellidie Bay, but not in Port 

Douglas). Higher viral abundances in Kellidie Bay, which occurred despite similar bacterial 

abundances between bays, suggests that, in addition to bacteria, other plankton are likely to be 

viral hosts (e.g. picoplankton and nanoplankton).  Bacteria, picophytoplankton, nanoplankton and 

microphytoplankton (i.e. diatoms and dinoflagellates) are all subject to viral infection (see recent 

reviews by Brussaard 2004, Sime-Ngando 2014 and references therein), with viruses playing 

crucial roles in nutrient and biogeochemical cycling in marine systems (Suttle 2007).  

Differences in the food webs between Port Douglas and Kellidie Bay, and further shifts between 

winter and summer, likely have implications for food supply for oysters growing in these bays. 

Phytoplankton are the preferred food of oysters (Dupuy et al. 2000, Xu and Yang 2007), though 

bacteria and detritus (Langdon and Newell 1990), and zooplankton (Le Gall et al. 1997) also 

represent food sources. Phytoplankton cells range in size from pico- (< 2 µm), to nano (2 – 20 

µm), and micro (20 – 200 µm) sized particles.  Diatoms and dinoflagellates have been shown to 

be the preferred food source for oysters in other regions around the world (Dupuy et al. 2000, Xu 

and Yang 2007, Pernet et al. 2012). Diatoms and dinoflagellates are commonly considered part 

of the microphytoplankton, however smaller nano-sized diatoms are common in the marine 
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environment and considered a nutritious food source for oysters (Knuckey et al. 2002). While cell 

sizes were not measured in this study, the diatom community in Port Douglas and Kellidie Bay 

represents cells ranging in size over an order of magnitude from known small nano- (e.g. </∼ 10 

µm; Minutocellus scriptus, L. danicus), to larger micro-sized diatoms (Thalassionema spp., 

Guinardia striata).  

Preferential feeding by oysters in the size range of ∼5 – 20 µm (i.e. nanoplankton) is well accepted 

with nanoflagellates a significant food source for oysters (Shumway et al. 1985, Dupuy et al. 1999, 

Pastoureaud et al. 2003). In the study of Pastoureaud et al. (2003), the red coloration observed 

in the digestive gland of the Pacific oyster, Crassostrea gigas, was attributed to feeding on the 

free living cryptomonad nanoflagellate Plagioselmis prolonga. Interestingly, P. prolonga was 

always present in relatively high abundances in Port Douglas and Kellidie Bay (13 – 260  103 

cells L-1), and might represent, in addition to other abundant cryptophyte flagellates, 

prymnesiophytes and chlorophytes, a relatively stable source of food on the backdrop of highly 

variable diatom abundances. Prymnesiophytes for example, are widely used as a food source in 

bivalve hatcheries (Coutteau and Sorgeloos 1992).  

Despite their often high abundances, picophytoplankton (0.2 – 2 µm) may represent a minor 

contribution to the carbon requirements of oysters (Dupuy et al. 2000).  However, given the fact 

that bacteria (pico-sized particles) can provide a significant source of nitrogen (∼25%) for the 

metabolic demand of oysters (e.g. C. gigas, (Langdon and Newell 1990)), it is possible that 

picophytoplankton are also contributing to this function, given their similar C:N ratios (i.e. 4-7:1, 

Fukuda et al. 1998, Bertilsson et al. 2003, Grob et al. 2013).  Alternatively, cells in the pico (to 

nano-) range may better be exploited by oyster larvae, with this size spectrum extending when 

blooms of larger phytoplankton are present (Baldwin and Newell 1995). Aggregates may further 

facilitate capture and ingestion of pico-sized (<2 µm) particles by oysters (Kach and Ward 2008), 

since bacteria and picophytoplankton are commonly concentrated in aggregates, with aggregates 

sinking rapidly though the water column, promoting benthic-pelagic coupling (Waite et al. 2000, 

Simon et al. 2002). Additional food sources for oysters include zooplankton (Dupuy et al. 1999), 

with grazing on zooplankton specifically demonstrated in bivalve larvae (Troost et al. 2008), 

gastropod larvae and other invertebrate larval stages (Cowden et al. 1993). Given the high 

proportions of bivalve and gastropod larvae and barnacle nauplii in both bays, these invertebrate 

larvae/nauplii may represent an additional food source for oysters in Coffin Bay estuary.  
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5. CONCLUSION 
This study has provided significant new insights into the structure and function of the lower trophic 

ecosystem in the Coffin Bay estuary. Key nutrient sources supporting the lower trophic ecosystem 

dynamics in the Coffin Bay estuary likely include a seasonal source from input of upwelling 

influenced shelf waters into the upper reaches of Port Douglas during summer. We identified a 

second, year-round source of enrichment, from groundwater inflow into Kellidie Bay, which likely 

plays an important role in shaping lower trophic ecosystem dynamics and food availability across 

the estuary.  We have highlighted the previously undocumented importance of nanophytoplankton 

to food webs in the Coffin Bay estuary, and suggest that phytoplankton in this size range, which 

have not been monitored to date, may comprise a significant proportion of oyster diet in the 

estuary. However, there is still much to learn, and further studies are required to provide the 

information needed to help maximise productivity and promote industry resilience in the face of 

increasingly difficult challenges. A better characterisation and quantification of groundwater inputs 

into the Coffin Bay estuary is needed, along with an improved understanding of connectivity and 

flow (and thus distribution of groundwater nutrient inputs) between bays. Further monitoring of 

variation in physical and chemical environmental parameters, and ecosystem responses, will 

facilitate the development, calibration and validation of coupled hydrodynamic and 

biogeochemical models for the region.  The outputs of these models will drive the expansion of 

tools to aid management of the estuary through improved evidence based decision making 

frameworks, and plans to help industry adapt to future change, whether driven by climate or 

increased anthropogenic influences.  



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

42 

REFERENCES 
Baldwin BS, Newell RIE (1995) Relative importance of different size food particles in the natural 

diet of oyster larvae Crassostrea virginica. Marine Ecology Progress Series, 120:135-145. 
 
Bayne BL (2017) Biology of Oysters, Vol 41. Academic Press. 
 
Berglund J, Müren U, Båmstedt U, Andersson A (2007) Efficiency of a phytoplankton-based and 

a bacterial-based food web in a pelagic marine system. Limnology and Oceanography, 
52:121-131. 

 
Bertilsson S, O. Berglund O, Karl D, Chisholm SW (2003) Elemental composition of marine 

Prochlorococcus and Synechococcus: Implications for the ecological stoichiometry of the 
sea. Limnology and Oceanography, 48:1721-1731. 

 
Bode A, Alvarez-Ossorio MT, Gonzalez N (1998) Estimations of meso-zooplankton biomass in a 

coastal upwelling area off NW Spain. Journal of Plankton Research, 20:1005-1014. 
 
Brussaard CPD (2004) Viral control of phytoplankton populations - a review. Journal of Eukaryotic 

Microbiology, 51:125-138. 
 
Clarke KR, Warwick RM (2001) Changes in marine communities: an approach to statistical 

analysis and interpretation (PRIMER-E). Plymouth, UK. 
 
Coutteau P, Sorgeloos P (1992) The use of algal substitutes and the requirement for live algae in 

the hatchery and nursery rearing of bivalve molluscs: an international survey. Journal of  
Shellfish Research, 467 – 476. 

 
Cowden C, Young CM, Chia FS (1993) Differential predation on marine invertebrate larvae by 

two benthic predators. Marine Ecology Progress Series, 145-149. 
 
Cushing, D. 1989. A difference in structure between ecosystems in strongly straified waters and 

those that are only weakly stratified. Journal of Plankton Research, 11: 1-13. 
 
Dupuy, C., André, V., Lam-Höai, Rougier, C., Mazouni, N., Lautier, J., Collos, Y., et al. 2000. 

Feeding rate of the oyster Crassostrea gigas in a natural planktonic community of the 
Mediterranean Thau Lagoon. Marine Ecology Progress Series, 205: 171-184.  

 
Dupuy C, Le Gall S, Hartmann HJ, Bréret M (1999) Retention of ciliates and flagellates by the 

oyster Crassostrea gigas in French Atlantic coastal ponds: Protists as a trophic link 
between bacterioplankton and benthic suspension-feeders. Marine Ecology Progress 
Series 177, 165-175. 

 
Fukuda R, Ogawa H, Nagata T, Koike I (1998) Direct determination of carbon and nitrogen 

contents of natural bacterial assemblages in marine environments. Applied and 
Environmental Microbiology, 64:3352-3358. 

 
Grob C, Ostrowski M, Holland RJ, Heldal M, Norland S, Erichsen ES, Blindauer C, Martin AP, 

Zubkov MV, Scanlan DJ (2013) Elemental composition of natural populations of key 
microbial groups in Atlantic waters. Environmental Microbiology, 15:3054-3064. 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

43 

 
James NP, Bone Y (2017) Provenance of Holocene calcareous beach-dune sediments, Western 

Eyre Peninsula, Great Australian Bight, Australia. Sedimentary Geology, 357:83-98. 
 
Jeffrey SW (1997) Application of pigment methods to oceanography. In: Jeffrey SW, Mantoura 

RFC, Wright SW (eds) Phytoplankton pigments in oceanography: guidelines to modern 
methods. UNESCO, Paris. 

 
Jeong HJ, Yoo YD, Kim JS, Seong KA, Kang NS, Kim TH (2010) Growth, feeding and ecological 

roles of the mixotrophic and heterotrophic dinoflagellates in marine planktonic food webs. 
Ocean Science Journal, 45:65-91. 

 
Kach DJ, Ward JE (2008) The role of marine aggregates in the ingestion of picoplankton-size 

particles by suspension-feeding molluscs. Marine Biology 153:797-805. 
 
Kämpf J (2010) On preconditioning of coastal upwelling in the eastern Great Australian Bight. 

Journal of Geophysical Research: Oceans 115:doi:10.1029/2010JC006294 
 
Kämpf J, Doubell M, Griffin D, Matthews RL, Ward TM (2004) Evidence of a large seasonal 

coastal upwelling system along the southern shelf of Australia. Geophysical Research 
Letters, 31, L09310, doi:10.1029/2003GL019221 

 
Kämpf J, Ellis H (2014) Hydrodynamics and Flushing of Coffin Bay, South Australia: A Small Tidal 

Inverse Estuary of Interconnected Bays. Coastal Education and Research Foundation, 
447-456. 

 
Knuckey RM, Brown MR, Barrett SM, Hallegraeff GM (2002) Isolation of new nanoplanktonic 

diatom strains and their evaluation as diets for juvenile Pacific oysters (Crassostrea gigas). 
Aquaculture, 211:253-274. 

 
Langdon CJ, Newell RI (1990) Utilization of detritus and bacteria as food sources by two bivalve 

suspension-feeders, the oyster Crassostrea virginica and the mussel Geukensia demissa. 
Marine Ecology Progress Series, 299-310. 

 
Le Gall S, Hassen MB, Le Gall P (1997) Ingestion of a bacterivorous ciliate by the oyster 

Crassostrea gigas: protozoa as a trophic link between picoplankton and benthic 
suspension-feeders. Marine Ecology Progress Series, 152:301-306. 

 
Legendre L, Rassoulzadegan F (1995) Plankton and nutrient dynamics in marine waters. Ophelia 

41:153-172. 
 
Lennon GW, Bowers DG, Nunes RA, Scott BD, Ali M, Boyle J, Wenju C, Herzfeld M, Johansson 

G, Nield S, Petrusevics P, Stephenson P, Suskin AA, Wijffels SEA (1987) Gravity currents 
and the release of salt from an inverse estuary. Nature, 327:695 

 
McClatchie S, Middleton JF, Ward TM (2006) Water mass analysis and alongshore variation in 

upwelling intensity in the eastern Great Australian Bight. Journal of Geophysical 
Research: Oceans, 111:doi:10.1029/2004JC002699. 

 
Middleton JF, Bye JAT (2007) A review of the shelf-slope circulation along Australia’s southern 

shelves: Cape Leeuwin to Portland. Progress in Oceanography, 75:1-41. 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

44 

 
Middleton JF, Doubell M, James C, Luick J, Van Ruth PD (2013) PIRSA Initiative II:carrying 

capacity of Spencer Gulf; hydrodynamic and biogeochemical measurement modelling and 
performance monitoring. Final report for the Fisheries research and Development 
cooperation. South Australian Research and Development Institute (Aquatic Sciences), 
Adelaide. SARDI Publication No. F2013/000311-1. SARDI Research Report Series No. 
705.97. 

 
Morán XAG, Gasol JM, Pedrós-Alió C, Estrada M (2002) Partitioning of phytoplanktonic organic 

carbon production and bacterial production along a coastal-offshore gradient in the NE 
Atlantic during different hydrographic regimes. Aquatic Microbial Ecology 29:239-252. 

 
Not F, Latasa M, Marie D, Cariou T, Vaulot D, Simon N (2004) A single species, Micromonas 

pusilla (Prasinophyceae), dominates the eukaryotic picoplankton in the Western English 
Channel. Applied and Environmental Microbiology 70:4064-4072. 

 
Not F, Latasa M, Scharek R, Viprey M, Karleskind P, Balagué V, Ontoria-Oviedo I, Cumino A, 

Goetze E, Vaulot D (2008) Protistan assemblages across the Indian Ocean, with a specific 
emphasis on the picoeukaryotes. Deep Sea Research Part I: Oceanographic Research 
Papers 55:1456-1473. 

 
Pastoureaud A, Dupuy C, Chrétiennot-Dinet MJ, Lantoine F, Loret P (2003) Red coloration of 

oysters along the French Atlantic coast during the 1998 winter season: implication of 
nanoplanktonic cryptophytes. Aquaculture 228:225-235. 

 
Paterson JS, Nayar S, Mitchell JG, Seuront L (2013) Population-specific shifts in viral and 

microbial abundance within a cryptic upwelling. Journal of Marine Systems, 113–114:52-
61. 

 
Patten NL, van Ruth PD, Redondo Rodriguez A, Richardson AE (2017) Scenario driven shifts in 

upwelling and downwelling drive food web dynamics in the eastren GAB.  In: Spatial and 
temporal varibility in shelf microbial and plankton communities in the Great Australian 
Bight. Final report GABRP Project 2.1. Great Australian Bight Research Program, GABRP 
Research Report Series Number 27.  

 
Pernet F, Malet N, Pastoureaud A, Vaquer A, Quéré C, Dubroca L (2012) Marine diatoms sustain 

growth of bivalves in a Mediterranean lagoon. Journal of Sea Research, 68:20-32. 
 
Roberts S, Wilkinson C, Stobart B, Doubell M, Van Ruth PD, Gilliland J (2014) Fish kill 

investigation: Coffin Bay harmful algal (Karenia mikimotoi) bloom February 2014. PIRSA 
Fisheries and Aquaculture Division.  

 
Ryther JH (1969) Photosynthesis and fish production in the sea. Science, 166:72-76. 
 
Shumway SE, Cucci TL, Newell RC, Yentsch CM (1985) Particle selection, ingestion, and 

absorption in filter-feeding bivalves. Journal of Experimental Marine Biology and Ecology, 
91:77-92. 

 
Sime-Ngando T (2014) Environmental bacteriophages: viruses of microbes in aquatic 

ecosystems. Frontiers in Microbiology, 5:355. 
 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

45 

Simon M, Grossart H, Schweitzer B, Ploug H (2002) Microbial ecology of organic aggregates in 
aquatic ecosystems. Aquatic Microbial Ecology, 28:175-211. 

 
Sommer U, Stibor H, Katechakis A, Sommer F, Hansen T (2002) Pelagic food web configurations 

at different levels of nutrient richness and their implications for the ratio fish 
production:primary production. Hydrobiologia, 484:11-20. 

 
Stoecker DK (1999) Mixotrophy among Dinoflagellates. Journal of Eukaryotic Microbiology 

46:397-401. 
 
Stolte W, McCollin T, Noordeloos AAM, Riegman R (1994) Effect of nitrogen source on the size 

distribution within phytoplankton populations. Journal of Experimental Marine Biology and 
Ecology, 184:83-97. 

 
Stolte W, Riegman R (1995) Effect of phytoplankton cell size on transient state nitrate and 

ammonium uptake kinetics. Microbiology 141:1221-1229. 
 
Stolte W, Riegman R (1996) A model approach for size-selective competition of marine 

phytoplankton for fluctuating nitrate and ammonium. Journal of Phycology, 32:732-740. 
 
Strutton PG, Bye JAT, Mitchell JG (1996) Determining coastal inlet flushing times: a practical 

expression for use in aquaculture and pollution management. Aquaculture Research, 
27:497-504. 

 
Suttle CA (2007) Marine viruses - major players in the golbal ecosystem. Nature Reviews 

Microbiology, 5:801-811. 
 
Troost K, Kamermans P, Wolff WJ (2008) Larviphagy in native bivalves and an introduced oyster. 

Journal of Sea Research, 60:157-163. 
 
van Dongen-Vogels V, Seymour JR, Middleton JF, Mitchell JG, Seuront L (2011) Influence of 

local physical events on picophytoplankton spatial and temporal dynamics in South 
Australian continental shelf waters. Journal of Plankton Research 33:1825-1841. 

 
van Dongen-Vogels V, Seymour JR, Middleton JF, Mitchell JG, Seuront L (2012) Shifts in 

picophytoplankton community structure influenced by changing upwelling conditions. 
Estuarine Coastal Shelf Science, 109:81-90. 

 
Van Heukelem L, Thomas CS (2001) Computer-assisted high-performance liquid 

chromatography method development with applications to the isolation and analysis of 
phytoplankton pigments. Journal of Chromatography, 910:31-49. 

 
van Ruth PD, Ganf GG, Ward TM (2010a) Hot-spots of primary productivity: An Alternative 

interpretation to Conventional upwelling models. Estuarine, Coastal and Shelf Science 
90:142-158. 

 
van Ruth PD, Ganf GG, Ward TM (2010b) The influence of mixing on primary productivity: A 

unique application of classical critical depth theory. Progress in Oceanography, 85:224-
235. 

 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

46 

van Ruth PD, Patten NL, Doubell M, Chapman P, Redondo Rodriguez A, Middleton JF (2017) 
Drivers of change in lower trophic ecosystems: the influence of upwelling on enrichment 
and primary productivity in the eastern GAB. In: Spatial and temporal varibility in shelf 
microbial and plankton communities in the Great Australian Bight. Final report GABRP 
Project 2.1. Great Australian Bight Research Program, GABRP Research Report Series 
Number 27.  

 
van Ruth PD, Ward TM (2009) Meso-Zooplankton Abundance, Distribution and Community 

Composition in the Eastern Great Australian Bight. Transations of the Royal Society of 
South Australia, 133:274-283. 

 
Waite AM, Safi KA, Hall JA, Nodder SD (2000) Mass sedimentation of picoplankton embedded in 

organic aggregates. Limnology and Oceanography, 45:87-97. 
 
Wiebe PH (1988) Functional regression equations for zooplankton displacement volume, wet 

weight, dry weight, and carbon. A correction. Fisheries Bulletin, 86:833-835. 
 
Wiebe PH, Boyd S, Cox JL (1975) Relationship between zooplankton displacement volume, wet 

weight, dry weight and carbon. Fisheries Bulletin, 73:777-786. 
 
Wilkinson C (2015) South Australian Shellfish Quality Assurance Program (SASQAP). Annual 

report 2013 – 2014.  
 
Xu Q, Yang H (2007) Food sources of three bivalves in tow habitats of Jiaozhou Bay (QingDao, 

China) indicated by lipid biomarkers and stable isotope analysis. Journal of Shellfish 
Research, 26:561-567. 

 

 

 

 



van Ruth, P.D. and Patten, N.L. (2018)   Environmental monitoring for understanding oyster performance  

47 

Appendix Table 1. Abundances of phytoplankton (> 5 µM; cells L-1) in Port Douglas and Kellidie Bay across the study period. ‘ns’ indicates no 
samples were taken. 

      Port Douglas 
Group Genus Species Oct 2015 May-17 Jun-17 Jul-17 Sep-17 Oct-17 Nov-17 Dec-17 
Diatoms Actinoptychus sp. 0 500 0 0 0 0 0 0 
Diatoms Amphora sp. 1000 500 2000 1000 2000 2000 2500 500 
Diatoms Ardissonea crystallina 0 0 0 0 0 0 0 0 
Diatoms Asteromphalus sarcophagus 0 500 0 0 0 0 0 0 
Diatoms Auliscus sp. 0 0 0 0 0 0 0 0 
Diatoms Bacteriastrum elegans 0 0 0 0 0 0 0 0 
Diatoms Bacillaria paxillifera 0 0 0 5000 0 0 0 0 
Diatoms Biddulphiopsis sp. 0 0 0 0 0 0 0 0 
Diatoms Cerataulina pelagica 0 0 0 0 0 0 0 0 
Diatoms Ceratoneis closterium 2500 0 0 0 0 0 0 0 
Diatoms Chaetoceros spp. 4000 5000 0 1500 23000 0 2400 1700000 
Diatoms Climacosphaenia moniligera 0 0 0 0 0 0 0 0 
Diatoms Cocconeis spp. 3000 5000 1500 6000 2000 3000 5000 10000 
Diatoms Coscinodiscus spp. 0 500 0 0 0 0 0 0 
Diatoms Cyclophora sp. 0 0 0 0 0 0 600 0 
Diatoms Cyclotella sp. 0 0 1000 4000 5000 1000 0 5000 

Diatoms 
Cylindrotheca 
(=Ceratoneis) closterium 0 10000 500 2000 4000 8000 13000 35000 

Diatoms Cymatosira sp. 0 0 0 0 500 0 0 0 
Diatoms Dactyliosolen fragilissimus 0 0 0 0 0 0 0 0 
Diatoms Diploneis sp. 0 0 0 0 0 0 0 0 
Diatoms Encyonema sp. 0 0 0 0 0 0 0 0 
Diatoms Entomoneis spp. 0 5000 10000 500 0 0 0 0 
Diatoms Eunotia sp. 0 0 0 0 0 0 0 0 
Diatoms Fragilaria sp. 0 0 500 2000 0 0 200 0 
Diatoms Fragilariopsis sp. 250 0 0 0 0 0 0 0 
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Diatoms Grammotophora marina 0 0 0 0 2000 1600 0 0 
Diatoms Guinardia striata 0 0 0 0 0 400 1600 45000 
Diatoms Haslea sp. 1000 0 0 0 0 0 0 0 
Diatoms Helicotheca tamesis 0 0 0 0 0 0 0 0 
Diatoms Leptocylindrus danicus 0 0 0 0 0 0 0 45000 
Diatoms Licmophora sp. 0 5000 1000 1000 2000 3000 5000 0 
Diatoms Lioloma pacifica 250 0 0 0 0 0 0 0 
Diatoms Minidiscus trioculatus 4000 0 0 4000 0 0 0 0 
Diatoms Minutocellus scriptus 0 1000 0 0 0 0 30000 0 
Diatoms Naviculoid spp. 4500 5000 1000 2000 6000 4000 800 0 
Diatoms Nitzschia longissima 0 0 0 0 0 0 0 0 
Diatoms Nitzschia sigmoidea 0 0 0 0 0 0 0 0 
Diatoms Nitzschia spp. 0 40000 1500 16000 12000 14000 15000 15000 
Diatoms Odontella sinensis 0 0 0 0 0 0 0 0 
Diatoms Paralia sulcata 500 0 0 0 0 0 0 0 
Diatoms Plagiotropis sp. 500 0 0 0 0 0 400 0 
Diatoms Pleurosigma sp. 0 0 500 500 500 0 0 500 
Diatoms Pseudo-nitzschia brasiliana 0 0 0 0 0 0 0 0 

Diatoms Pseudo-nitzschia 
delicatissima 
group 0 1000 0 0 0 0 0 2000 

Diatoms Rhizosolenia setigera 0 500 0 0 0 0 800 0 
Diatoms Rhizosolenia spp. 0 0 0 0 9000 0 0 0 

Diatoms Skeletonema 
costatum 
complex 0 0 0 10000 0 0 0 0 

Diatoms Striatella  unipunctata 0 0 0 0 0 0 0 0 
Diatoms Synedra sp. 0 0 0 0 250 0 0 0 
Diatoms Thalassionema sp. 0 0 1000 2000 500 2000 10000 45000 
Diatoms Thalassiosira cf. mala 3000 10000 15000 8000 0 0 0 0 
Diatoms Toxarium sp. 0 0 500 0 0 0 0 0 
Diatoms Toxarium undulatum 0 0 0 0 500 0 0 0 
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Dinoflagellates Amphidinium sp. 0 0 0 0 0 0 0 500 
Dinoflagellates Amylax triacantha 0 0 0 0 0 0 0 0 
Dinoflagellates Cochlodinium spp. 0 0 0 0 0 0 0 0 
Dinoflagellates Dinophysis acuminata 0 400 50 0 0 0 250 1500 
Dinoflagellates Diplopsalid spp. 0 0 0 0 0 0 0 0 
Dinoflagellates Gonyaulax spp. 0 0 0 0 0 0 0 0 
Dinoflagellates Gymnodinioid spp. 3500 90000 35000 20000 11000 11000 23000 110000 
Dinoflagellates Gyrodinium spp. 5000 20000 10000 8000 250 1000 0 0 
Dinoflagellates Heterocapsa rotundata 8500 25000 5000 12000 3000 5000 5000 20000 
Dinoflagellates Karenia sp. 250 0 0 0 0 0 0 0 
Dinoflagellates Katodinium glaucum 0 5000 0 0 0 0 200 0 
Dinoflagellates Peridinium sp. 0 0 500 6000 0 200 0 0 
Dinoflagellates Prorocentrum cordatum 500 0 0 0 0 200 0 0 
Dinoflagellates Prorocentrum gracile 0 0 0 500 0 0 0 500 
Dinoflagellates Prorocentrum micans 0 500 0 0 0 0 0 0 
Dinoflagellates Prorocentrum rhathymum 0 500 0 0 0 0 0 0 
Dinoflagellates Prorocentrum triestinum 0 10000 0 0 0 0 0 0 
Dinoflagellates Protoperidinium spp. 0 0 0 0 0 0 0 0 
Dinoflagellates Scrippsiella spp. 0 0 0 0 0 0 0 500 
Dinoflagellates Takyama spp. 0 0 0 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) furca 0 500 500 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) fusus 0 0 0 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) pentagonum 0 0 0 0 0 0 0 0 

Chrysophytes Calycomonas sp. 0 0 0 0 0 0 0 0 
Chrysophytes Ochromonas spp. 500 35000 40000 10000 3000 20000 20000 45000 
Prymnesiophytes Calciopappus  caudatus 0 0 0 2000 0 0 0 0 
Prymnesiophytes Chrysochromulina spp. 23000 120000 130000 74000 13000 42000 63000 170000 
Prymnesiophytes Emiliania huxleyi 25000 5000 15000 0 0 12000 15000 150000 
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Prymnesiophytes Gephyrocapsa oceanica 0 0 0 0 0 0 0 5000 
Prymnesiophytes Imantonia spp. 0 0 0 0 0 0 0 0 
Prymnesiophytes Phaeocystis pouchetii cells 0 25000 0 0 0 0 0 0 
Prymnesiophytes Prymnesium sp. 0 5000 0 0 0 0 0 0 
Cryptophytes Hemiselmis sp. 22000 75000 80000 42000 17000 120000 35000 65000 
Cryptophytes Leucocryptos marina 0 0 0 4000 0 0 0 30000 
Cryptophytes Plagioselmis prolonga 25000 170000 85000 38000 14000 26000 13000 50000 
Cryptophytes Rhodomonas sp. 500 0 0 0 0 0 200 0 
Cryptophytes Storeatula major 0 0 0 0 0 0 0 0 
Cryptophytes Teleaulax acuta 500 60000 140000 12000 3000 0 0 0 
Chlorophytes Ankistrodesmus sp. 250 0 0 0 0 0 0 0 
Prasinophytes Nephroselmis sp. 0 55000 20000 20000 3000 11000 18000 30000 
Prasinophytes Pterosperma sp. 0 0 0 0 0 0 0 0 
Prasinophytes Pyramimonas spp. 2500 140000 70000 42000 12000 36000 50000 140000 
Prasinophytes Tetraselmis spp. 1000 0 0 0 0 0 0 0 
Euglenophyta Eutreptiella spp. 0 30000 10000 8000 2000 800 7500 25000 
Cyanoprokaryota Anabaena sp.  0 0 0 0 0 0 0 0 
Cyanoprokaryota Arthrospira sp. 0 0 0 0 0 0 0 0 
Cyanoprokaryota Lyngbya sp.  0 0 0 0 0 0 0 0 
Cyanoprokaryota Oscillatoria sp.(filaments/L) 500 0 0 0 0 0 0 0 
Cyanoprokaryota Planktolyngbya sp.(filaments/L) 500 0 0 0 0 0 0 0 
Other Dictyocha fibula 0 0 5000 0 0 0 0 0 
Other Apedinella spinifera 0 15000 0 0 0 0 10000 500 
Other Unidentified Amoebae 0 0 0 0 0 0 400 0 
Other Unidentified Bodonids 500 0 0 0 0 0 0 0 
Other Mesodinium rubrum 4000 0 1000 0 0 0 0 0 

   Kellidie Bay 
Group Genus Species Oct 2015 May-17 Jun-17 Jul-17 Sep-17 Oct-17 Nov-17 Dec-17 
Diatoms Actinoptychus sp. 0 ns 0 0 0 0 200 0 
Diatoms Amphora sp. 5000 ns 500 8000 10000 1000 1000 1500 
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Diatoms Ardissonea crystallina 0 ns 0 0 250 0 0 0 
Diatoms Asteromphalus sarcophagus 0 ns 0 0 0 0 0 0 
Diatoms Auliscus sp. 0 ns 0 0 0 0 200 0 
Diatoms Bacteriastrum elegans 15000 ns 0 0 0 0 0 0 
Diatoms Bacillaria paxillifera 0 ns 0 0 0 0 0 0 
Diatoms Biddulphiopsis sp. 0 ns 0 0 0 0 0 0 
Diatoms Cerataulina pelagica 0 ns 0 2000 0 0 0 0 
Diatoms Ceratoneis closterium 5000 ns 0 0 0 0 0 0 
Diatoms Chaetoceros spp. 120000 ns 3500 0 160000 17000 180000 140000 
Diatoms Climacosphaenia moniligera 0 ns 0 0 0 0 0 0 
Diatoms Cocconeis spp. 85000 ns 15000 30000 18000 13000 60000 15000 
Diatoms Coscinodiscus spp. 0 ns 500 500 0 0 200 0 
Diatoms Cyclophora sp. 0 ns 0 0 0 0 0 0 
Diatoms Cyclotella sp. 0 ns 0 4000 10000 2000 600 0 

Diatoms 
Cylindrotheca 
(=Ceratoneis) closterium 0 ns 1500 2000 10000 0 25000 500 

Diatoms Cymatosira sp. 0 ns 0 0 2000 1400 600 0 
Diatoms Dactyliosolen fragilissimus 0 ns 0 0 250 0 0 0 
Diatoms Diploneis sp. 0 ns 0 0 0 0 0 0 
Diatoms Encyonema sp. 0 ns 0 0 10000 0 0 0 
Diatoms Entomoneis spp. 0 ns 10000 2000 500 2000 200 0 
Diatoms Eunotia sp. 0 ns 0 0 0 0 0 500 
Diatoms Fragilaria sp. 0 ns 1000 10000 0 0 200 0 
Diatoms Fragilariopsis sp. 0 ns 0 2500 0 0 0 0 
Diatoms Grammotophora marina 0 ns 1000 500 500 200 0 0 
Diatoms Guinardia striata 0 ns 0 0 0 0 0 0 
Diatoms Haslea sp. 0 ns 0 0 0 0 0 0 
Diatoms Helicotheca tamesis 0 ns 0 0 0 0 0 0 
Diatoms Leptocylindrus danicus 0 ns 0 0 0 0 0 0 
Diatoms Licmophora sp. 5000 ns 10000 12000 0 3000 10000 500 
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Diatoms Lioloma pacifica 0 ns 0 0 0 0 0 0 
Diatoms Minidiscus trioculatus 5000 ns 0 0 0 0 0 0 
Diatoms Minutocellus scriptus 5000 ns 20000 0 0 17000 0 0 
Diatoms Naviculoid spp. 45000 ns 500 8000 4000 1000 5000 0 
Diatoms Nitzschia longissima 0 ns 0 0 0 0 0 0 
Diatoms Nitzschia sigmoidea 0 ns 0 0 0 0 0 0 
Diatoms Nitzschia spp. 0 ns 20000 30000 22000 8000 180000 0 
Diatoms Odontella sinensis 0 ns 0 0 0 0 0 0 
Diatoms Paralia sulcata 2500 ns 0 0 500 0 1400 0 
Diatoms Plagiotropis sp. 500 ns 0 0 0 0 0 0 
Diatoms Pleurosigma sp. 0 ns 0 1500 500 400 600 1000 
Diatoms Pseudo-nitzschia brasiliana 0 ns 3000 0 0 0 0 0 

Diatoms Pseudo-nitzschia 
delicatissima 
group 0 ns 0 1000 0 0 0 0 

Diatoms Rhizosolenia setigera 0 ns 0 0 0 0 0 0 
Diatoms Rhizosolenia spp. 0 ns 0 0 0 0 0 0 

Diatoms Skeletonema 
costatum 
complex 0 ns 0 0 0 0 0 0 

Diatoms Striatella  unipunctata 0 ns 1000 1000 8000 0 0 0 
Diatoms Synedra sp. 0 ns 0 0 250 0 0 0 
Diatoms Thalassionema sp. 25000 ns 3000 10000 500 200 120000 2200000 
Diatoms Thalassiosira cf. mala 15000 ns 0 0 0 0 0 0 
Diatoms Toxarium sp. 0 ns 0 0 0 0 200 0 
Diatoms Toxarium undulatum 0 ns 0 0 4000 0 0 0 
Dinoflagellates Amphidinium sp. 0 ns 0 0 0 0 0 0 
Dinoflagellates Amylax triacantha 0 ns 0 0 0 0 0 500 
Dinoflagellates Cochlodinium spp. 0 ns 500 0 0 0 0 0 
Dinoflagellates Dinophysis acuminata 50 ns 150 100 400 130 280 1100 
Dinoflagellates Diplopsalid spp. 0 ns 0 0 0 0 0 0 
Dinoflagellates Gonyaulax spp. 0 ns 0 0 0 25 200 500 
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Dinoflagellates Gymnodinioid spp. 15000 ns 25000 22000 12000 18000 50000 110000 
Dinoflagellates Gyrodinium spp. 20000 ns 15000 10000 2000 1000 0 1000 
Dinoflagellates Heterocapsa rotundata 45000 ns 20000 10000 4000 4000 20000 25000 
Dinoflagellates Karenia sp. 0 ns 0 0 0 0 0 0 
Dinoflagellates Katodinium glaucum 0 ns 0 0 0 0 200 500 
Dinoflagellates Peridinium sp. 0 ns 0 500 0 0 400 1000 
Dinoflagellates Prorocentrum cordatum 0 ns 0 0 0 0 0 500 
Dinoflagellates Prorocentrum gracile 0 ns 0 0 0 200 200 0 
Dinoflagellates Prorocentrum micans 0 ns 0 500 0 0 0 0 
Dinoflagellates Prorocentrum rhathymum 0 ns 0 0 0 0 0 0 
Dinoflagellates Prorocentrum triestinum 0 ns 500 0 0 0 0 0 
Dinoflagellates Protoperidinium spp. 0 ns 0 0 0 0 0 2500 
Dinoflagellates Scrippsiella spp. 0 ns 0 0 0 0 0 500 
Dinoflagellates Takyama spp. 0 ns 0 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) furca 0 ns 0 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) fusus 0 ns 0 0 0 0 0 0 

Dinoflagellates 
Tripos 
(=Ceratium) pentagonum 0 ns 0 0 0 0 0 0 

Chrysophytes Calycomonas sp. 0 ns 0 0 0 0 0 5000 
Chrysophytes Ochromonas spp. 0 ns 20000 8000 10000 13000 15000 50000 
Prymnesiophytes Calciopappus  caudatus 0 ns 5000 2000 0 0 0 0 
Prymnesiophytes Chrysochromulina spp. 70000 ns 130000 38000 12000 49000 80000 230000 
Prymnesiophytes Emiliania huxleyi 75000 ns 10000 10000 0 15000 45000 40000 
Prymnesiophytes Gephyrocapsa oceanica 0 ns 0 0 0 0 0 0 
Prymnesiophytes Imantonia spp. 0 ns 0 0 0 0 130000 0 
Prymnesiophytes Phaeocystis pouchetii cells 0 ns 0 0 0 0 0 0 
Prymnesiophytes Prymnesium sp. 0 ns 0 0 0 0 0 500 
Cryptophytes Hemiselmis sp. 170000 ns 55000 24000 8000 120000 95000 55000 
Cryptophytes Leucocryptos marina 15000 ns 1000 4000 2000 0 0 15000 
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Cryptophytes Plagioselmis prolonga 260000 ns 70000 62000 40000 90000 140000 60000 
Cryptophytes Rhodomonas sp. 0 ns 0 0 0 0 200 0 
Cryptophytes Storeatula major 0 ns 0 0 0 0 0 0 
Cryptophytes Teleaulax acuta 40000 ns 70000 6000 250 0 0 0 
Chlorophytes Ankistrodesmus sp. 0 ns 0 0 0 0 0 0 
Prasinophytes Nephroselmis sp. 0 ns 25000 2000 2000 10000 45000 40000 
Prasinophytes Pterosperma sp. 0 ns 0 0 0 0 0 0 
Prasinophytes Pyramimonas spp. 10000 ns 120000 26000 10000 54000 100000 55000 
Prasinophytes Tetraselmis spp. 15000 ns 0 2000 0 0 0 0 
Euglenophyta Eutreptiella spp. 0 ns 500 4000 2000 0 10000 5000 
Cyanoprokaryota Anabaena sp.  0 ns 0 0 0 0 0 0 
Cyanoprokaryota Arthrospira sp. 0 ns 0 0 0 0 0 0 
Cyanoprokaryota Lyngbya sp.  0 ns 0 0 0 0 0 0 
Cyanoprokaryota Oscillatoria sp.(filaments/L) 0 ns 0 0 0 0 0 0 
Cyanoprokaryota Planktolyngbya sp.(filaments/L) 0 ns 0 0 0 0 0 0 
Other Dictyocha fibula 0 ns 0 0 0 0 0 0 
Other Apedinella spinifera 0 ns 0 0 2000 0 0 0 
Other Unidentified Amoebae 0 ns 0 0 0 0 0 0 
Other Unidentified Bodonids 5000 ns 0 0 0 0 0 0 

Other Mesodinium rubrum 10000 ns 0 0 0 0 600 0 
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