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Dedicated to all those with a curious mind. 

 

Be aware that 

“Knowledge is like a sphere, the greater its volume the greater its contact with the 

unknown”. - Blaise Pascal 

 

As 

“The cure for boredom is curiosity. There is no cure for curiosity”. - Ellen Parr 

because 

“When you are curious, you find lots of interesting things to do”. - Walt Disney 

 

Should you decide to attend graduate school, be attentive 

“It is a miracle that curiosity survives formal education”. - Albert Einstein 

but it does survive!, and still 

“Curiosity has its own reason for existence”. - Albert Einstein 

 

You will then realise (if you haven’t already) that 

 “There are no foolish questions, and no man becomes a fool until he has stopped asking 

questions". - Charles Proteus Steinmetz 

and you will learn to 

“Judge a man by his questions rather than by his answers”. - Voltaire 

 

Gradually you will 

“Be less curious about people and more curious about ideas”. - Marie Curie 

and understand that 

“Discovery consists in seeing what everyone else has seen but understanding it for the 

first time..." - Albert Szent-Gyoygy 

Here, a scientific example: 

“Millions saw the apple fall, but Newton asked why?” - Bernard Baruch 

 

Finally, remember: 

“The larger the island of knowledge, the longer the shoreline of wonder”. - R. Sockman 

 

Good luck in your own journey, pack a load of patience and enjoy the flow! 
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Abstract 

 

The availability of nutrients, light, and physical properties of the water, including small-

scale fluid motion, influence phytoplankton dynamics. The Western Australian (WA) 

coast is characterized by low nutrient concentrations, nitrogen limitation, low primary 

production (oligotrophic) and lack of large-scale upwelling. The Perth coastal margin is 

semi-enclosed from the open ocean by chains of submerged reefs and islands. 

Alongshore coastal currents, driven by southerly winds, prevail and contribute to a 

highly dispersive environment. This thesis investigated how physical processes, 

occurring at a range of spatial and temporal scales, influence phytoplankton dynamics in 

the temperate coastal margin of Perth. The thesis is formed by three main components. 

 

First, the relative importance of the main sources of nutrients, including treated 

wastewater effluent, was assessed. Analysis of a 14-year field monitoring record 

revealed seasonal variations in nutrients and chlorophyll-a (Chl-a) concentrations. 

Dissolved inorganic nitrogen (DIN) and Chl-a concentrations were higher in the winter 

period than in summer. Remote-sensing information was used to place the seasonal 

variations of Chl-a into an oceanographic context. Three-dimensional hydrodynamic-

ecological simulations were used to determine the drivers of seasonal variations and 

reconcile the major inputs of DIN: superficial runoff, groundwater, wastewater effluent, 

atmospheric deposition and exchange with surrounding coastal waters. The results 

showed that the increase of DIN concentration during winter was driven by enhanced 

exchange with offshore waters, caused by changes in the wind field. This suggested that 

additional wastewater nutrient removal is not likely to affect these dynamics. 

 

Second, the hydrodynamic-ecological model was used to assess the effect of an 

alternative scenario in which the wastewater effluent was considered as a potential 

resource instead of as a waste. This involved running scenario simulations 

corresponding to a less-stringent wastewater nutrient removal during summer, the 

season of lowest nutrient and Chl-a levels. The simulation results indicated a moderate 

Chl-a increase, within the level of historical variability observed in the monitoring data, 

suggesting that such a scenario could enhance the ecological services provided by the 

coastal ecosystem while preserving its oligotrophic state. 
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Finally, the influence of turbulence on the phytoplankton community in the coastal 

margin was investigated in situ. The results suggested that chain-forming diatoms, 

which are the dominant phytoplankton life-form, especially in winter when nitrogen 

availability increases, have a competitive advantage accessing nutrients in the turbulent 

heterogeneous microenvironment. By forming cell chains of length longer than the 

Batchelor scale these diatoms can experience the microscale nutrient gradients that are 

associated with high turbulence in coastal ecosystems. This implies that including the 

effects of small-scale turbulence in process-based hydrodynamic-ecological models 

could improve our ability to predict phytoplankton dynamics. 

 

Overall, this thesis quantified how physical processes, operating at different spatial and 

temporal scales, strongly influence the variations in the abundance and the composition 

of the phytoplankton community in the Perth coastal margin. The findings and approach 

used are relevant to the knowledge field of phytoplankton dynamics in coastal 

environments. 
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Chapter 1. 

Introduction 

 

1.1. Motivation 

Coastal margins comprise a relative small proportion of the biosphere, however these 

ecosystems are critical for global cycles of nutrients as they connect terrestrial and 

ocean systems (Mann, 2000). The dynamics of coastal ecosystems depend on physical, 

chemical and biological processes, and thus are influenced by changes in the 

surrounding waters, land and atmosphere (Mann, 2000). In general, coastal zones 

exhibit high rates of biomass production and ecosystem metabolism (Duarte & Cebrian, 

1996). Around 44% of the human population lives within 150 km from the coast, 

benefiting from the many services provided by coastal ecosystems (UN, 2013). Services 

provided by ecosystems to human communities can be categorised in three main types 

according to the functions they play for society (Dunlap & Catton Jr, 2002; Haberl et 

al., 2004): 1. resource provision, for example, biomass from seafood, mineral and 

hydrocarbon resources, and water for industrial use or desalination; 2. space provision, 

for example, for infrastructure, transport, recreation and conservation; and 3. waste 

absorption, of different effluent and solid by-products generated by our modern society, 

for example, industrial and domestic wastewaters. The intense use of coastal margins 

and surrounding land exerts increasing pressure on biological marine communities 

causing degradation of coastal ecosystems and extensive eutrophication (Howarth & 

Marino, 2006; Roberts et al., 2002). Therefore, a thorough understanding of the 

dynamics of these ecosystems is required to improve current management practices 

towards long-term sustainable development of the increasingly populated coastal areas 

(Mann, 2000; UN, 2013). In this thesis I investigated how wastewater effluent discharge 

and physical processes influence a temperate coastal ecosystem in the coastal margin of 

Perth, the capital and largest city of Western Australia (WA).  

 

Phytoplankton are microscopic autotrophs able to convert solar energy and fix inorganic 

carbon into organic, energy rich, compounds through the process of photosynthesis. 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

2 

Around 5,000 marine phytoplankton species, and a similar number of freshwater 

species, have been described, belonging to several phyletic groups including both 

prokaryotes and eukaryotes (Reynolds, 2006). Although microscopic, phytoplankton 

contribute to around half of the annual global net primary production (NPP), which 

fuels the marine food webs (Behrenfeld et al., 2006). Phytoplankton depend on the 

availability of nutrients and light to grow, are affected by the physical and chemical 

properties of the water, and are subject of biological interactions like grazing (Margalef, 

1978). Phytoplankton, together with the community of microbial decomposers (or 

microbial loop) that processes allochthonous organic matter, constitute the base of 

marine trophic networks (Pomeroy, 1974). Phytoplankton, having short turn over time 

in comparison to organisms of higher trophic levels (Pauly & Christensen, 1995), are 

good bioindicators of environmental change, responding relatively fast to variations of 

the surrounding conditions. Increased nutrient concentrations in coastal ecosystems, 

mostly induced by human activity during the last century, has led to algae bloom events 

and chronic eutrophication affecting ecological functioning and having in many cases 

undesirable side effects (R. W. Howarth & Marino, 2006; V. H. Smith & Schindler, 

2009). Physical processes control the transport, distribution and mixing of nutrients and 

microorganisms in the water (Guasto et al. 2012; Imberger & Patterson, 1990; Prairie et 

al., 2012). Therefore, a thorough comprehension of physical processes is needed in 

order to understand the phytoplankton dynamics on which coastal ecosystems depend. 

This thesis focused on studying physical processes, occurring at a broad range of scales, 

affecting the phytoplankton dynamics in the study area; within this context, the relative 

importance of the effect of discharge of treated wastewater effluent is given particular 

attention. 

 

 

1.2. Overview 

 

The next three following chapters of this thesis (2, 3 and 4) are written as self-contained 

manuscripts intended for publication as journal articles. The fifth and final chapter 

condenses key findings and recommendations for future work. Below, I present a brief 

description of the study region and the main research objectives and methodological 

approaches used in each chapter. 
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In comparison to other coastal boundary systems, the WA coast is oligotrophic, 

characterised by low nutrient concentrations, nitrogen limitation and low productivity 

(Pearce et al., 2006). This is due to the suppression of large scale upwelling by the 

atypical pole-ward Leeuwin Current (Lourey et al., 2006). The Perth coastal margin is 

semi enclosed from the open ocean by chains of islands and submerged limestone reefs 

that run parallel to the coast 2 to 15 km offshore; beyond these chains, the deepening 

continental shelf extends progressively (DEPWA, 1996; Lord & Hillman, 1995). The 

wind field, characterised by prevailing southerly winds, is the main driver of the 

nearshore currents in this coastal margin (Zaker et al., 2002). In general, phytoplankton 

biomass, measured as chlorophyll-a (Chl-a) concentration, has been reported to be low 

along the Perth coastal margin, with diatoms dominating the phytoplankton community 

(Pearce et al., 2006; Thompson & Waite, 2003).  

 

Chapter 2 focuses on the seasonal variations of concentrations of dissolved inorganic 

nitrogen (DIN) and the relative importance of treated wastewater effluent in the 

northern area of the Perth coastal margin, where effluent from the Beenyup wastewater 

treatment plant (WWTP) is discharged (Lord & Hillman, 1995). This work included an 

analysis of 14 years of routine monitoring data provided by the local water utility, the 

Water Corporation of Western Australia (WCWA). Inputs of DIN from external 

nutrient sources into this domain were quantified for the period 2007-2008. The sources 

considered included superficial runoff, submarine groundwater discharge, wastewater 

treated effluent discharge, atmospheric deposition and exchange with the surrounding 

coastal waters. The coupled hydrodynamic-ecological numerical model ELCOM-

CAEDYM was used to reconcile the exchanges and to run comparative simulations 

prioritising the relative importance of each nutrient source.  

 

In Chapter 3, an alternative management scenario is presented for the Beenyup WWTP 

effluent discharge. This scenario considers wastewater effluent from a holistic 

viewpoint, that is, as a useful resource for the receiving waters instead of as a waste 

(Andreen, 2006; Langergraber & Muellegger, 2005). ELCOM-CAEDYM was used to 

simulate the response of phytoplankton to both the conventional and the alternative 

management scenarios. The effects of short-term, i.e. hours to days, variations of the 

wind field on the flow patterns and domain flushing were considered. The implications 

of the alternative scenario and the potential for locally optimised management strategies 

are discussed, as are the limitations and constraints of the modelling approach. 
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Chapter 4 considers the influence microscale turbulence on the phytoplankton 

community in the coastal environment, a topic on which field research has been limited 

to date (Capblancq & Catalan, 1994; Prairie et al., 2012; Stocker, 2012). The 

investigation was based on in situ depth-profiling measurements of the microscale, 

physical and fluorometric properties of the water column in combination with water 

sampling for nutrients and phytoplankton analysis. Instruments and methods developed 

at the Centre for Water Research at The University of Western Australia were used 

during fieldwork conducted during August (late-winter) and November (late-spring) 

2012 in Cockburn Sound, an embayment located in the southern area of the Perth 

coastal margin. The field results were analysed in the context of the functional traits of 

different phytoplankton life-forms in the turbulent microenvironment; specifically, the 

cell chain-formation adaptation of diatoms and the motility strategies of dinoflagellates. 

The significance of the results was discussed from a broad ecological perspective as 

well as considering the implications for coupled hydrodynamic-ecological numerical 

models.  

 

Chapter 5 summarises the main contribution to knowledge, provides recommendations 

for future research and guidelines for coastal management that follow work reported in 

this thesis. 
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Chapter 2. 

Modelling the impact of natural and anthropogenic nutrient sources 

on phytoplankton dynamics in a shallow coastal domain, Western 

Australia 

 

2.1. Abstract 

The influence of different nutrient sources on the seasonal variation of nutrients and 

phytoplankton was assessed in the northern area of the Perth coastal margin, south-

western Australia. This nearshore area is shallow, semi-enclosed by submerged reefs, 

oligotrophic, nitrogen-limited and receives sewage effluent via submerged outfalls. 

Analysis of 14 years of field observations showed seasonal variability in the 

concentration of dissolved inorganic nitrogen and phytoplankton biomass, measured as 

chlorophyll-a. For 2007-2008, we quantified dissolved inorganic nitrogen inputs from 

the main nutrient sources: superficial runoff, groundwater, wastewater treatment plant 

effluent, atmospheric deposition and exchange with surrounding coastal waters. We 

validated a three-dimensional hydrodynamic-ecological model and then used it to assess 

nutrient-phytoplankton dynamics. The model reproduced the temporal and spatial 

variations of nitrate and chlorophyll-a satisfactorily. Such variations were highly 

influenced by exchange through the open boundaries driven by the wind field. An 

alongshore (south-north) flow dominated the flux through the domain, with dissolved 

inorganic nitrogen annual mean net-exportation. Further, when compared with the input 

of runoff, the contributions from atmospheric-deposition, groundwater and wastewater 

effluent to the domain’s inorganic nitrogen annual balance were one, two and three 

orders of magnitude higher, respectively. Inputs through exchange with offshore waters 

were considerably larger than previous estimates. When the offshore boundary was 

forced with remote-sensed derived data, the simulated chlorophyll-a results were closer 

to the field measurements. Our comprehensive analysis demonstrates the strong 

influence that the atmosphere-water surface interactions and the offshore dynamics have 

on the nearshore ecosystem. The results suggest that any additional nutrient removal at 
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the local wastewater treatment plant is not likely to extensively affect the seasonal 

variations of nutrients and chlorophyll-a. The approach used proved useful for 

improving the understanding of the coastal ecosystem. 

 

 

2.2. Introduction 

 

Coastal margins receive materials, including nutrients and exotic compounds, from 

several sources through inputs from land, ocean and the water-atmosphere interface 

(Mann, 2000; Paerl, 1997; Snyder et al., 2003). Nutrient dynamics are central in 

determining the trophic state of aquatic ecosystems and the services these ecosystems 

provide to society (Smith & Schindler, 2009). Nutrient balances have been estimated for 

several coastal areas, especially where enrichment has led to eutrophication and its 

detrimental consequences (Howarth & Marino, 2006; Smith & Schindler, 2009). Land 

sources of nutrients may include: point-source discharges such as sewage outfalls and 

storm water drains, and non-point sources from nutrient enriched surface water runoff 

(Howarth et al., 2002). Removing nutrients from wastewater or agriculture runoff is 

possible, but involves considerable cost (Philippart et al., 2007). Coastal ecosystems 

may also be strongly influenced by nutrient inputs from groundwater (Slomp & Van 

Cappellen, 2004) and atmospheric deposition (Paerl et al., 2002). Further, the retention 

time close to a point-source and the exchange with open waters may also affect nutrient 

and phytoplankton dynamics (Imberger & Patterson, 1990).  

 

Quantifying the individual contributions and cumulative effects of nutrient sources is 

critical in understanding and managing coastal ecosystems (Howarth et al., 2002; Mann, 

2000). This has been highlighted by long-term studies in several coastal areas as the 

Atlantic coast of North America (Howarth et al., 2002), the Wadden Sea (Philippart et 

al., 2007), the North and Baltic Seas (Paerl, 1997), the Adriatic Sea (Spillman et al., , 

2007), the Great Barrier Reef shelf (Alongi & McKinnon, 2005), among others. The 

combination of long-term monitoring and integrated modelling has been suggested to be 

helpful in evaluating coastal ecosystems (Alongi & McKinnon, 2005; Marti & 

Imberger, 2011). 

 

The Western Australian (WA) coast is considered a marine biodiversity hotspot 

(Roberts et al., 2002), despite its oligotrophic low nutrient and chlorophyll-a (Chl-a) 
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concentrations (Johannes et al., 1994; Lourey et al., 2006). The low nutrient levels are 

the result of the suppression of large-scale upwelling by the atypical pole-ward Leeuwin 

Current that makes productivity on the WA coast lower when compared with the 

western coasts of Africa and South America (Pearce et al., 2006; Smith et al., 1991). 

The nitrogen:phosphorous (N:P) and nitrogen:silicon (N:Si) ratios along this coast are 

well below the Redfield ratios indicating nitrogen limitation (Johannes et al., 1994; 

Lourey et al., 2006; Thompson et al., 2011). Land sources, i.e. superficial runoff, 

submarine groundwater discharge (SGD), and wastewater treatment plant (WWTP) 

effluent discharge, have been considered as the main sources of inorganic nitrogen to 

the coastal margin of Perth, the capital of WA; while exchange with offshore waters 

has, in general, been considered minimal (Lord & Hillman, 1995; Thompson & Waite, 

2003). 

 

The management of this coastal margin has placed a strong emphasis on keeping the 

oligotrophic status in the area (Lord et al., 2000; Lord & Hillman, 1995). To the best of 

our knowledge a detailed quantitative comparison of the relative importance of the 

nutrient sources on the seasonal variations in the area has not been carried out. In order 

to address this, we reanalysed historical monitoring physical and water quality data, 

quantified the seasonal variations of nutrients and Chl-a, set up and validated a three-

dimensional numerical model of the hydrodynamics and the nutrient-phytoplankton 

interactions. The model was then used to estimate dissolved inorganic nitrogen (DIN) 

seasonal and annual mass balances for 2007-2008. Our results are discussed in relation 

to temporal variations of exchange of offshore waters and phytoplankton biomass. 

Implications for coastal ecosystem management are also discussed. 

 

 

2.3. Study site background - northern Perth coastal margin 

Nearshore dynamics and land sources of nutrients 

The coastal domain considered here is shown in Fig. 2.1. Nutrients and phytoplankton 

concentrations, in the vicinities of the Beenyup WWTP outlets, were monitored by the 

local water utility, the Water Corporation of Western Australia (WCWA), through 

monitoring programs: the Perth Coastal Waters Study (PCWS) (Lord & Hillman, 1995) 

and the Perth Long-term Ocean Outlet Monitoring (PLOOM). Station N1 (Fig. 2.1) was 

located upstream from the outfall, with respect to the prevailing currents and thus this 

station has been assumed to represent the background ocean conditions (Lord et al., 
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2000). Seafloor coverage in the monitored area consisted of 55% bare sand, 36% hard 

substrata in the form of limestone reefs that can support macroalgae, and 9% seagrass 

meadows (Lord & Hillman, 1995). Nutrient levels varied both temporally and spatially, 

with typically higher concentrations in winter and near the outfall diffuser (Johannes et 

al., 1994; Pearce et al., 2006; Thompson & Waite, 2003). Seasonal and inter-annual 

variability of Chl-a, as well as horizontal patchiness, are common but values remained 

mostly within the oligotrophic range, below 1 μg Chl-a L
-1

 (Pearce et al., 2006; 

Thompson & Waite, 2003). 

 

 

 

Fig. 2.1 Study site location indicating a) the simulation domain and b) the area of 

remote-sensed observations. Approximate positions are shown for the Beenyup 

wastewater effluent outlet (O), main superficial runoff drains (D), water quality 

monitoring stations (N1–N6), meteorological stations: Ocean Reef (OR), Tamala Park-

Mindarie (TP), Hillarys Boat-harbour (HB) and Swanbourne (SW), Fremantle (FR) 

tidal station. The -6m depth contour (Australian height datum) indicates the area where 

submarine groundwater discharge (SGD) was inputted. The x-y reference axes indicate 

the degree of rotation (15) of the model grid with respect to the north vector. The 

domain bathymetry was created from LIDAR data obtained from the Department of 

Transport of Western Australia 
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Fourteen years of observations (1996-2009) from the PLOOM database (provided by 

WCWA) were used to produce climatology of DIN and Chl-a in the domain. Monthly 

means and standard deviations of DIN (as NO3-N plus NH4-N) and Chl-a, sampled at 

stations N1-N6 (Fig. 2.1) according to standard methods described elsewhere (Lord et 

al., 2000; Thompson & Waite, 2003), are shown in Fig. 2.2. The monthly-averaged data 

show a seasonal pattern of DIN, with low concentration in summer, increasing during 

mid-late autumn (April-May), peaking in winter (June) and progressively declining 

during spring. Chl-a is also at its minimum in summer, but it peaks in late autumn 

(May), declines during early-mid winter (June-July), increases again in early-spring 

reaching a second peak (September) and finally decreases during the rest of spring. The 

high standard deviations indicate inter-annual variability. 

 

 

Fig. 2.2 Monthly averaged concentrations of a) Dissolved Inorganic Nitrogen (DIN) and 

b) Chlorophyll-a (Chl-a) from data provided by the WCWA collected at all monitoring 

stations in the study site during the PLOOM programme. Solid lines represent the 

monthly means for the full dataset 1996-2009 with error bars indicating one standard 

deviation. Data available for the simulated years are indicated, 2007 (squares) and 2008 

(crosses) 

 

 

Wastewater effluent 

The Beenyup WWTP services the rapidly developing northern-metropolitan Perth area 

that has a population of around 0.6 million (in 2009) and is predicted to grow to more 
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than 1 million by 2050. During 2007-2009, the volume of treated effluent was 

approximately 120 million L/d. The treatment uses conventional activated sludge, with 

enhanced biological nutrient removal (by a nitrification-denitrification cycle), producing 

an effluent with concentrations of NH4-N < 5 mg N L
-1

, NO3-N 5-20 mg N L
-1

, total 

nitrogen 5-25 mg N L
-1

, total phosphorous 4-10 mg P L
-1

 and biological oxygen demand 

5-25 mg L
-1

 (data provided by WCWA). The effluent is discharged into the coastal 

margin through two adjacent outlets with diffusers, of approximately 200 m long with 

50 ports each, located on the seafloor at approximately 10 m depth and 1.6 km from the 

shoreline (Lord et al., 2000). The effluent is discharged into a semi-enclosed coastal 

lagoon formed by a chain of submerged limestone reefs, aligned approximately parallel 

to the south-north shoreline and between 2 and 10 km offshore. The reefs reflect and 

dissipate the swell and wind waves (Zaker et al., 2007) rendering the lagoon relatively 

tranquil. The depth increases steeply on the offshore side of the reef to around 20 m and 

then deepens progressively over the continental shelf (Lord & Hillman, 1995; Zaker et 

al., 2007). The coastal dynamics are governed by a local wind-bottom stress balance 

(Zaker et al., 2007). Hillmer and Imberger (2007b) showed that, in order that 

biochemical internal changes are not overwhelmed by advective changes from the open 

boundaries, a model domain must have an alongshore minimum size of around 13 km. 

Considering this, we chose a numerical domain extending 26.5 km alongshore, and 

approximately 7.5 km offshore to the 30m isobath beyond the submerged reefs (Fig. 

2.1). 

 

Groundwater 

Groundwater, from the superficial unconfined aquifer, is known to seep into the ocean 

along most of the shoreline of the chosen domain (Johannes & Hearn, 1985). The flow-

rate of groundwater discharged to the coastal margin has been estimated to be 3-5 m
3
 d

-1
 

per meter of shoreline (Davidson, 1995). The land use adjacent to this domain is mostly 

residential and thus the quality of the groundwater has not being strongly affected and 

has concentration of NO3-N < 5 mg N L
-1

 and NH4-N typically below detection limits 

(Davidson, 1995).  

 

Superficial runoff 

Superficial drainage discharge to the study site is low (Lord & Hillman, 1995), as total 

annual rainfall is low (870 mm average) and most of the coastal catchment has highly 

permeable sandy soils (Davidson, 1995). Three main urban drains discharge into the 
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domain as shown in Fig. 2.1, with most of the flow occurring in the months of June to 

August, the wet, winter season that accounts for more than 50% of the annual rainfall 

(Davidson, 1995). The inflow from these drains is again low in DIN, with maximum 

concentrations of NO3-N < 0.15 mg N L
-1

 and NH4-N < 0.20 mg N L
-1

 (DoW, 2007). 

 

Regional oceanographic context 

Water crossing the offshore, northern and southern boundaries carries nutrients. The 

nutrient concentrations are relatively uniform in the alongshore direction (Johannes et 

al., 1994; Lord et al., 2000; Lord & Hillman, 1995; Thompson & Waite, 2003), so the 

net difference of nutrient concentration between the southern and northern boundaries 

may be expected to be small. However, the water exchanged across the western 

boundary is sensitive to wind induced vertical mixing in the offshore ocean that brings 

nutrients from deep waters to the surface layer (APearce et al., 2006; Thompson et al., 

2011). Vertical mixing of offshore waters increased during winter when cooling of the 

surface layer and strong winds deepened the ocean mixed layer (Lourey et al., 2006). 

Once mixed into the surface waters, the nutrients from below the pycnocline can be 

transported into the coastal waters by the surface, wind induced, currents (Koslow et al., 

2008; Lourey et al., 2006). These seasonal mixing characteristics have been observed to 

lead to a seasonal pattern of Chl-a at the regional scale, with lower concentrations in 

summer and slighter higher values in winter (Koslow et al., 2008; Lourey et al., 2006; 

Pearce et al., 2006). For the years 2007 and 2008, the period simulated in the present 

work, this seasonal trend was confirmed with data from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) satellite (data included in the Appendices Fig. 

2.S1). In addition, Greenwood (2010) showed that a correlation exists between the 

enhancement of N and Chl-a in the continental shelf waters during winter and the 

surface wave height, suggesting that pore-water circulation from the sediments 

increases, at that time of the year, due to the larger surface waves and increased wind 

induced resuspension (Verspecht & Pattiaratchi, 2010). Regeneration of nutrients from 

the sediments has been found to be important in the nutrient dynamics of other coastal 

regions (Alongi & McKinnon, 2005; Rowe et al., 1975); however, the focus of this 

work was on quantifying the relative importance of the external sources of DIN. 

 

The higher nutrient concentrations over the continental shelf region in winter are 

advected and mixed into the narrow, shallow coastal simulation domain by the local 

wind driven currents that are dominated by the surface wind stress (Zaker et al., 2007). 
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Pearce et al. (2006) further suggest that cross-shelf exchange in the area is influenced by 

a number of factors including: underflow of high-density coastal water, large-scale 

meandering and horizontal mixing of tongues of the Leeuwin Current that flood the 

shelf, as well as by intermittent summer upwelling. 

 

 

2.4. Methods 

A coupled hydrodynamic-ecological three-dimensional (3D) model, was set up, 

validated and then used to quantify the relative importance of the various sources of 

nutrients within the domain and their influence on phytoplankton biomass, measured as 

Chl-a. The 2007-2008 period was chosen for the simulations as for these years data 

were available to both force and validate the models, including meteorological, 

hydrological, oceanographic and coastal data obtained from a series of agencies: 

Australian Bureau of Meteorology (BoM), Western Australia Departments of Water 

(DoW) and Health (DoH), in addition to CSIRO and WCWA. As shown in Fig. 2.2, 

both DIN and Chl-a concentrations obtained from the PLOOM database were between 

one standard deviation of the fourteen-years means. For this period data was also 

available for model validation at stations N1, N2, N3 and N6. 

 

 

2.4.1. Hydrodynamic-ecological model description 

The Estuary, Lake and Coastal Ocean Model (ELCOM) (Hodges et al., 2000) was 

applied in the hydrostatic pressure mode and used to simulate the transport and 

dispersion within the domain and coupled with the Computational Aquatic Ecosystem 

Dynamics Model (CAEDYM) for the simulation of the ecological state variables 

(Spillman et al., 2007). ELCOM-CAEDYM has been successfully implemented for 

other applications in the study site (Furnans et al., 2008; Hillmer & Imberger, 2007b). 

CAEDYM can be configured and parameterized to simulate a range of biogeochemistry 

dynamics, including nutrient, light and multiple groups of phytoplankton and 

zooplankton interactions (Spillman et al., 2007). However, as the objective of our 

simulations was to prioritize the effect of the different sources of DIN, the 

phytoplankton community was modelled assuming ecological parameters based on 

marine diatoms, the dominant taxa in the area (Pearce et al., 2006), more than 60% of 

year-averaged total cell counts (Thompson & Waite, 2003). Nutrient limitation was 

simulated with Michaelis-Menten kinetics and phytoplankton losses with a lump term 
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accounting for respiration, mortality, excretion and grazing as described in further detail 

in Chapter 3. 

 

Given the expected alongshore uniformity and offshore gradients in the area, the 

coordinate system was rotated by 15° anticlockwise from north so that the grid axes 

coincided approximately with the alongshore and cross-shore directions, respectively; 

this allowed the grid to be aligned with expected structure of the state variables. A 

uniform horizontal grid of 200 × 200m was chosen, this provided a reasonable 

compromise between spatial resolution and computation time for the 2-year simulations. 

In the vertical direction 32 layers of gradually increasing thickness were used, 0.50m for 

the top 6m, 0.60m for the following 3m, 0.75m for the following 3m, 1.00m for the 

following 5m, 1.50m for the following 3m, 2.00m for the following 6m and 5.00m at 

the bottom. This vertical array matched the diurnal surface layer vertical scales (Zaker 

et al., 2002). A dual time-step was used, with 120 s for ELCOM and 1 h for CAEDYM; 

this allowed complying with ELCOM’s stability conditions (Hodges et al., 2000) and 

increasing computational efficiency. ELCOM’s retention time (i.e. water-age) module 

provided the flushing time of the simulation domain. The first 2 weeks of simulation 

results were discarded, as the model required a spin-up of 7-10 days for velocities and 

thus transport of scalars to reflect the forcing conditions. 

 

 

2.4.2. Boundary conditions data 

Meteorological forcing 

The simulations were driven with meteorological data assumed to be uniform over the 

domain. This was considered a reasonable assumption as the landscape is flat and 

horizontal variations of meteorological conditions over the domain are small in 

comparison to the temporal variations, which were the focus of this work. Data of 

rainfall, wind speed and direction, atmospheric pressure, air temperature and relative 

humidity were obtained from nearby BoM’s stations (Fig. 2.1), as well as radiation data 

from the Centre for Water Research (CWR) Swan estuary station (not shown in Fig. 

2.1). Daily rainfall from Tamala Park-Mindarie station was used as rain input over the 

domain and to calculate superficial runoff discharge. The data show that most of the 

total annual precipitation took place around winter (Fig. 2.3a). Wind speed and direction 

data (30 min averages) from Ocean Reef was used as wind-field forcing. The monthly 

means of wind speed and direction, the latter computed by vector averaging, showed 
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winds of around 4 m/s with a strong south-north direction dominating from late spring, 

throughout summer, to early autumn (Fig. 2.3b-c). Winds of variable direction and 

lower speed, around or less than 1 m s
-1

, occurred in late autumn. During winter, the 

wind increased in speed and exhibited a stronger west-east component until early 

spring. Atmospheric pressure and air temperature (hourly averages) were obtained from 

Hillarys Boat-harbour station. Relative humidity was calculated using air temperature 

and dew point from Swanbourne station. Short wave radiation and net total radiation 

had a 30 min frequency (data not shown here). The air-water surface transfer 

coefficients were corrected for the air column stability over the surface as described in 

Imberger and Patterson (1990). 

 

 

Fig. 2.3 Meteorological conditions in the Perth coastal margin during 2007-2008, a) 

total monthly rainfall at Tamala Park-Mindarie station. Monthly averaged b) wind speed 

and c) wind direction at Ocean Reef station; error bars indicate the monthly standard 

deviations 

 

 

Wastewater effluent discharge 

Daily discharge of wastewater effluent from the Beenyup WWTP was provided by 

WCWA and introduced as an inflow from the bottom of a 4 grid-cell set at the location 

of the diffusers. A discharge-curve of effluent flow-rate including diurnal variations was 

constructed from spot measurements during 2007-2010, this allowed accounting for 
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daily variations as well as between weekdays and weekends. The secondary-treated 

effluent quality was assumed constant, as the treatment process is closely controlled 

(Lord et al., 2000), with NO3-N 13.0 mg N L
-1

, NH4-N 2.0 mg N L
-1

, and other water 

properties assumed as in Chapter 3. 

 

Groundwater discharge 

Groundwater discharge (SGD) was forced through the bottom grid-cells between the 

shoreline and the 6m-depth contour (Australian Height Datum). The difference in water 

height between the aquifer level (provided by DoW for Gnangara Mound monitoring 

bore GE7), and the monthly-averaged sea level at Hillarys Boat-harbour (provided by 

BoM) was used as the head difference driving the groundwater flow towards the ocean. 

The flow-rate was assumed to be linearly dependent on this head difference following 

Townley (1995). The correlation coefficient between the driving head and the discharge 

was adjusted so that the annual average discharge per meter of coastline matched the 

estimates for the area by Davidson (1995). Nutrient concentrations of the groundwater 

were assumed constant as major changes on aquifer chemical composition usually occur 

over longer periods, i.e. decades (Davidson, 1995), than the seasonal scale of interest; 

so constant concentrations of DIN 3.00 mg N L
-1

 (all as of NO3-N) was used according 

to data available from DoW that agreed with other reports for the area (Davidson, 1995; 

Johannes & Hearn, 1985) from which other water properties were also obtained (data 

not shown here). 

 

Superficial runoff discharge 

Superficial runoff was assumed to be captured by the flow from the three main drains 

that discharge onto the beach (Fig. 2.1). The discharges from these drains, estimated 

from rainfall records at Tamala Park-Mindarie station using a runoff-infiltration 

coefficient of 0.2 and their contributing drainage area, were introduced as inflows from 

the bottom of three grid-cells along the shoreline at the location of each drain. Water 

quality was set constant for each drain based on reports by DoW (DoW, 2007), with 

ranges of NO3-N 0.10 - 0.13 mg N L
-1

 and NH4-N 0.06 - 0.15 mg N L
-1

 (data for other 

variables not shown here). 

 

Coastal ocean open boundaries 

The water surface elevation was used as the hydrodynamic Dirichlet boundary condition 

at the northern, southern and western open boundaries of the domain. The water surface 
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elevation was available at Fremantle tidal station (Fig. 2.1), as mean sea level every 10 

minutes. This was lagged as a function of latitude, as recommended by the National 

Tidal Centre-BoM, to obtain the temporal boundary conditions of water levels at the 

southern and northern boundaries. These were assumed to be cross-shore constant and 

the water level along the western, i.e. offshore, boundary was obtained by linear 

interpolation between them. Water temperature and salinity data, from conductivity-

temperature-depth (CTD) casts, were provided by WCWA as part of the PLOOM 

database. Averaged-profiles, for the CTD casts from stations N1 and N3, available for 

December 2006, were used as initial conditions along the domain. Since the frequency 

of the CTD casts varied, from fortnightly in the summer to bi- or tri-monthly in winter, 

the data from N1 and N3 were interpolated in time to obtain the water temperature and 

salinity boundary conditions required whenever water flowed into the domain across 

one of the open boundaries. Similarly, monthly nutrient measurements, obtained by 

CSIRO Marine and Atmospheric Division, between July 2007 and May 2008 (Symonds 

& Mortimer, 2009), were again interpolated in time and assumed to be constant with 

depth and applied along the open boundaries. These measurements were assumed to be 

representative of background waters as they were taken southwest from N1 (Fig. 2.1), 

away of the direct effect of the WWTP effluent and SGD. For the months of the 

simulation period not available in this dataset, that is: early 2007 and late 2008, values 

of the correspondent month of the previous or next year were used instead; the data of 

January 2008 were used as nutrient initial conditions. Other variables required by 

CAEDYM, and less critical for the objectives of this work, (e.g. dissolved oxygen and 

pH) were forced with constant values obtained from the literature (Lord et al., 2000; 

Symonds & Mortimer, 2009) and Chapter 3. 

 

Phytoplankton biomass inputs through the open boundaries were forced as Chl-a of 

marine diatoms. In CAEDYM, the biomass in Chl-a units is converted to carbon and 

other essential elements based on stoichiometry ratios that are provided as ecological 

parameters (Spillman et al., 2007); we used the calibrated configuration for the study 

site as in Chapter 3. The average of the available measurements in December 2006 and 

January 2007 (0.41 μg Chl-a L
-1

) from the PLOOM database was used as phytoplankton 

biomass initial condition. The monthly-averaged Chl-a from the PLOOM database (Fig. 

2.2b) were interpolated in time and applied as boundary conditions on the north and 

south open boundaries. The western, i.e. offshore, open boundary was forced with two 

different datasets of phytoplankton biomass in two separate simulation runs. In run-1, 
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Chl-a was forced with the PLOOM monthly-averages as for the northern and southern 

boundaries. In run-2, Chl-a was forced with MODIS remote-sensing data for January 

2007 to December 2008 provided by CSIRO (additional details in Appendices). From 

the MODIS data for each month, the mean Chl-a concentration was calculated over the 

area of the domain’s western boundary, a surface about 2km wide and 26km long (2×26 

pixels). These monthly-averages were then interpolated in time and applied as boundary 

conditions on the western boundary in run-2. 

 

 

2.4.3. Model Validation 

The performance of ELCOM was validated against field data collected as part of the 

PLOOM monitoring program at stations N6 and N2, not used to force the open 

boundaries. The model results were sub-sampled to the same locations and times at 

which field measurements were available for comparison. The temperature and salinity 

data, both field and model, demonstrated that the water column was well mixed during 

the study period (Appendices Fig. 2.S2). As seen in Fig 4, the model reproduced the 

depth-averaged water temperature and salinity seasonal variations at station N6 with a 

difference of less than 1°C and 0.5, respectively (similar results were obtained at N2, 

Appendices Fig. 2.S3).  

 

The seasonal variations of water temperature and salinity reflected the boundary 

conditions used to force the open boundaries, but the simulation results also exhibited 

variations at short time scales of hours to days. In order to assess whether these 

fluctuations were real, given the sparse validation data (see Fig. 2.4), a one-dimensional 

analysis of the heat-fluxes, between the water surface and the atmosphere, was 

conducted. This allowed to validate that the short-term variations of water temperature 

were driven by fluctuations of surface thermal energy transfers as computed by 

ELCOM. This analysis consisted of calculating the variations of bulk heat-fluxes (in 

units of W m
-2

) using the hourly meteorological forcing data. The thermal transfers of 

heat by radiation, evaporation (latent heat) and conduction (sensible heat) were 

computed as described by J Imberger and Patterson (1990). Given that the water column 

in the domain was vertically uniform, the hourly bulk heat-fluxes per unit of surface 

were then used to estimate the changes of water temperature in the water column. The 

effective depth becomes the relevant length scale of this one-dimensional model, which 

allows evaluating differential heating and cooling (Imberger & Patterson, 1990). By 
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varying the depth we obtained that the water temperature fluctuations in the domain are 

captured by this simple bulk-heat model for effective depths between 10 m and 40 m, 

the depth range in the domain. The changes of water temperature during the two years 

simulated were then computed using an effective depth equal to the domain-average of 

13.35 m in order to assess the seasonal variations. The results from this one-

dimensional model were then high passed, to remove long-term trends, and the resulting 

short time scale fluctuations were correlated with the ELCOM high passed results as 

shown in Fig. 2.5a. The resulting coefficient of determination r
2
 was 0.98. This 

confirmed that the cooling and heating events visible in Fig. 2.5a, corresponding to the 

period highlighted in Fig. 2.4a with a light shading, were all the result of surface heat 

exchange fluctuations (Fig. 2.5b) correctly modelled by ELCOM; indicating that 

vertical mixing occurs on time scales of hours to a day or so. 

 

 

Fig. 2.4 Comparison of model results (solid lines) and field measurements (squares) of 

depth-averaged a) water temperature and b) salinity at station N6 for the simulated 

period 2007-2008 
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Fig. 2.5 Domain-averaged a) high-pass filtered coastal water temperature fluctuations 

(DT) and b) net surface heat flux (DH) during a succession of cooling and heating 

events in winter 2007 (highlighted in Fig. 2.4 with a light shading). In a) the results of 

DT calculated using the three-dimensional model ELCOM-CAEDYM are compared to 

the computations of a one-dimensional bulk heat flux model of effective depth equal to 

the domain-averaged depth (13.35 m) 

 

 

The model results and field measurements of NO3-N concentrations, which are 

indicative of the limiting nutrient, are shown in Fig. 2.6. Comparison between values at 

stations N3 (north of diffuser, Fig. 2.6a), N1 (south of diffuser, Fig. 2.6d) and N2 (on 

diffuser, Fig. 2.6c) shows satisfactory reproduction of the much higher concentrations at 

N2 as well as the seasonal variations; note the difference in the y-scale. At a distance of 

only about 1 km at N6 (near diffuser, north, Fig. 2.6b) the concentration showed a 

similar seasonal variability, but overall the concentrations were much lower than at N2, 

both in the simulation and field results, demonstrating the ability of the model to 

reproduce the horizontal variations and dispersion of the effluent plume. 

 

 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

20 

 

Fig. 2.6 Comparison of simulated and measured NO3-N concentrations at four 

monitoring stations, from north to south: a) N3, b) N6, c) N2 and d) N1. Solid lines 

represent model results, while round dots represent field measurement means with one 

standard deviation error-bars (when more than one measurement was available) 

 

 

As the focus of this work was on the seasonal variations, and considering the horizontal 

patchiness of Chl-a previously reported in the area (Lord et al., 2000; Pearce et al., 

2006), the simulation results of domain-averaged Chl-a concentrations are compared to 

field measurements in Fig. 2.7. In general the model reproduced the seasonal 

fluctuations with Chl-a levels being lower in summer and higher in late autumn and late 

winter-early spring. However, the amplitude of some fluctuations was not achieved, for 

example peaks in February and April 2008, troughs in January and June 2008 (Fig. 

2.7a); also an out of the typical-range measurement, registered in the PLOOM database 

for early May 2008 with 3.1 μg Chl-a L
-1

 (not shown here). As described in the previous 

section, two simulations with different Chl-a forcing on the western boundary were 

assessed: run-1 used data from the monthly-averaged PLOOM dataset, while run-2 used 

MODIS remote-sensing derived data. The results of run-2 (Fig. 2.7b) showed a broader 

range of Chl-a concentration in comparison to the results of run-1 (Fig. 2.7a), especially 

during the winter-spring periods. The broader range of Chl-a in run-2 was consistent 

with the relative low concentrations in winter-spring of 2007 measured by CSIRO 

(Symonds & Mortimer, 2009) in the surroundings of station N1, which are indicated in 
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Fig. 2.7 as “Field data 3”. Comparison of Chl-a results for run-2 at each station showed 

that the model reproduced the order of magnitude of the concentrations and the seasonal 

variations observed in the field data (Appendices Fig 2.S4).  

 

 

Fig. 2.7 Comparison of domain-averaged Chl-a concentration from simulation results 

and field measurements. Field data correspond to: 1) day-averaged Chl-a in all PLOOM 

monitoring stations during 2007-2008 with error-bars indicating the standard deviation. 

2) monthly-averaged Chl-a during 14 years (1996-2009) of monitoring from PLOOM. 

3) day-averaged Chl-a during the CSIRO Marmion monitoring programme between 

July-2007 and May-2008. The results of two model runs with different Chl-a boundary 

condition forcing in the western (offshore) boundary are shown: a) run-1 applied the 

monthly averages (14-years) of the PLOOM observations, whereas b) run-2 applied the 

mean of monthly-composites of remote-sensed (MODIS) Chl-a between January-2007 

and December-2008 

 

 

Statistics of model performance in comparison to field data of Chl-a and nutrient 

concentrations are summarized in Table 2.1. The Normalized Mean Absolute Error 

(NMAE), coefficient of determination (r
2
) and Spearman correlation () were calculated 

for the depth-averaged simulation results at station N1, considered indicative of 

background water quality (Lord & Hillman, 1995), as well as for “All” stations with 

data available during 2007-2008 (N1, N2, N3 and N6). The values of r
2
 for Chl-a were 
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rather low, especially for run-1 at N1, indicating limitations on reproducing the 

amplitude of the fluctuations at specific place and time. However, the values of 

Spearman correlation , which is an indicator that gives more significance to the timing 

of the variations rather than to the absolute peaks, indicated that the model reproduced 

satisfactorily the seasonal variations observed in the field data. As mentioned above, in 

comparison to the Chl-a results of run-1 the results of run-2 matched closer with the 

field measurements collected by CSIRO. This reflected in a relative improvement in the 

values of the model performance statistics for Chl-a in run-2. The simulation results of 

nutrient concentrations of runs 1 and 2 did not show significant differences. Hence, the 

model performance statistics for nutrient simulations shown in Table 2.1 apply to both 

runs. These statistics indicated that the seasonal variations and magnitude of the 

concentrations were, in general, reproduced by the model, with simulated NO3-N and 

PO4-P matching closer to the field data than simulated NH4-N. Overall, the values of 

NMAE, r
2
 and  achieved for nutrient and Chl-a concentrations are similar to the values 

reported in the literature for other three-dimensional coupled hydrodynamics-nutrient-

phytoplankton process-based model applications (Gal et al., 2009; Spillman et al., 2007; 

Trolle et al., 2012).  

 

 

Table 2.1 Statistical comparison of simulation results and field observations of Chl-a 

and nutrient concentrations at stations N1 and All (N1, N2, N3 and N6) 

State variable Station NMAE r
2
 

Chl-a   run-1 N1* 0.55 0.05 0.19 

 All 0.52 0.16 0.32 

Chl-a   run-2 N1* 0.39 0.21 0.25 

 All 0.49 0.19 0.31 

NO3-N N1 0.50 0.64 0.65 

 All 0.57 0.38 0.67 

NH4-N N1 0.92 0.52 0.57 

 All 1.40 0.04 0.34 

PO4-P N1 0.36 0.48 0.86 

 All 0.69 0.25 0.61 
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Model performance statistics were calculated against observations from the PLOOM 

database provided by WCWA except for * where Chl-a was compared with data 

provided by CSIRO 

 

 

2.4.4. Estimation of dissolved inorganic nitrogen balances 

Seasonal and annual fluxes of DIN from the different sources were estimated using data 

and simulation results. The season periods were defined as: summer December-

February, autumn March-May, winter June-August and spring September-November 

for each simulated year (2007 and 2008). Then, DIN balances were calculated for each 

season and year according to equation 1  

  (1) 

where, the net internal change of DIN within the domain (ΔN) during a period (Δt) is 

equal to the difference of the total input (IT) minus the total output (OT) for that period. 

IT is the sum of the inputs through the open boundaries (IOBi), wastewater effluent 

discharge (IWWTP), groundwater discharge (ISGD), superficial runoff (IRO), and 

atmospheric deposition (IAD): 





3

1i

OBiADROSGDWWTPT IIIIII   (2) 

and OT is estimated as the sum of outputs through the south, north and west (i=1-3) 

open boundaries (OOBi): 





3

1i

OBiT OO   (3) 

The input and output of water and DIN through each open-boundary-cell was computed 

by conservation of mass, using the simulation results of velocity, NO3-N and NH4-N 

across each next-inside-cell from the corresponding open boundary. Then, the net water 

and DIN exchange (IOBi + OOBi) through the three open boundaries were calculated as 

the integral over space and time during the season or year period. 

 

Inputs from WWTP, SGD and superficial runoff were calculated as the integral of the 

product of the flow-rate multiplied by the DIN concentration for each period. An 

atmospheric deposition rate of 200 mg N m
2
 y

-1
 was assumed, based on average values 

for the region (Phoenix et al., 2006), this resulted in estimated annual input of 36.4 t N 

y
-1

 for the domain’s surface. This estimate was then distributed, for the seasonal 
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balances, based on three assumptions: first, equal contributions of dry and wet 

deposition; second, dry deposition constant during all seasons; and third, wet deposition 

distributed based on the percentage of the total annual rainfall occurring in each season. 

 

 

2.5. Results 

2.5.1. Current velocities, retention time and water exchange 

An alongshore-northward current, i.e. negative U direction, dominated during the 

simulated period except in winter (Fig. 2.8a). The domain-averaged alongshore 

component was stronger in summer, and shows spatial and temporal within-season 

variability as indicated by the relative high values of seasonal standard deviations. On 

the contrary, the cross-shore component was stronger in winter than in summer and 

showed lower within-season variability. Autumn and spring were transition seasons 

regarding the current velocity field. Interannual variability was observed, particularly 

between the two winters: the domain-averaged alongshore component flowed 

southward in winter 2007, while it was close to zero in winter 2008; also, the cross-

shore component was slightly stronger in winter 2007 than in 2008. 

 

Simulated domain-averaged retention time, computed as the mean over all wet cells in 

the three-dimensional domain, also showed a seasonal pattern (Fig. 2.8b), being lower 

in summer, with minima of 1 - 2 d, increasing in autumn, reaching maxima of 8 - 9 d in 

winter, and decreasing in spring. Within-season variability was observed as shown by 

the standard deviations that were higher in winter and autumn. In addition, short-term 

fluctuations of domain-averaged retention time (Appendices Fig. 2.S5) were associated 

to variations in the wind field, with the retention time increasing during calm wind 

conditions and declining in periods of strong alongshore breeze. Water exchange 

through the open boundaries varied noticeably between seasons (Fig. 2.8c). Alongshore 

exchange dominates in summer, with input from the southern and output through the 

northern boundaries. In contrast, during winter the input from the offshore boundary 

was higher with output through both alongshore boundaries, especially the southern 

one, taking place. Spring and autumn were transition seasons also in terms of water 

exchange. Interannual variability was noticeable between the two simulated years, in 

particular in summer and winter. 
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Fig. 2.8 Seasonal variations for the period 2007–2008 of simulated: a) domain-averaged 

alongshore (U) and cross-shore (V) current velocity components, b) domain-averaged 

retention time, and c) net seasonal water exchange through the southern, northern and 

western open boundaries, negative and positive values indicate net flow out and into the 

domain, respectively. The results in a) and b) are seasonal 3D domain-averages with 

error bars representing the seasonal standard deviations 

 

 

2.5.2. Comparative simulations to assess the importance of nutrient sources 

After performing the model validation, the importance of the different sources of 

nutrients on the nearshore was assessed by running five additional simulations (runs 3, 

4, 5, 6 and 6.1). For these runs all the hydrodynamic and ecological parameters and 

setup were identical, as in runs 1-2, but the inputs of nutrients from different sources 

were suppressed on each run as described in Table 2.2. This allowed evaluating the 

effect that each source (i.e. superficial runoff, groundwater, wastewater effluent and 
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coastal-ocean boundaries) has in the nutrient and phytoplankton concentrations within 

the domain. The simulation results of domain-averaged DIN and Chl-a obtained from 

some of these runs were distinctive as shown in Fig. 2.9. Excluding superficial runoff 

(run-3) showed almost imperceptible effects on DIN and Chl-a when compared with 

run-1 that included all nutrient sources. Similar results were obtained when excluding 

groundwater (run-4). Meanwhile, suppressing the wastewater effluent (run-5) resulted 

in a noticeably decrease of the short-time variability of DIN, but no evident effects on 

Chl-a. On the other hand, when the open boundaries were forced with zero 

concentration of nutrients and Chl-a (run-6) the DIN seasonal pattern disappeared and 

Chl-a dropped sharply at the beginning of the simulation. Finally, in run-6.1 the open 

boundaries were forced with zero concentration of nutrients (as in run-6) and Chl-a 

forcing as in run-1; this resulted in the variations of DIN reproducing those of run-6 and 

seasonal variations of Chl-a those of run-1 with slightly lower Chl-a concentrations 

throughout the simulation. 

 

Table 2.2 Description of comparative simulation runs to assess the importance of 

different nutrient sources and the effect of different open boundary conditions 

Run Keyword Forcing description 

run-1 W-OB Chl-a–PLOOM All nutrient sources included.  

Chl-a on the western open boundary (W-OB) 

forced with the monthly-averages of 14-years 

data measured inside the domain (PLOOM) 
a
 

run-2 W-OB Chl-a–MODIS All nutrient sources included. 

Chl-a on the western open boundary (W-OB) 

forced with the mean of monthly-composites 

(2007-2008) of remote-sensed data (MODIS) 

along the western boundary 
b
 

run-3 No–Drains Nutrient inputs of superficial runoff 

suppressed. All other inputs and boundary 

conditions as in run-1 

run-4 No–Drains–SGD Nutrient inputs of superficial runoff and 

groundwater discharge suppressed. All other 

inputs and boundary conditions as in run-1 
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run-5 No–Drains–SGD–WWTP Nutrient inputs of superficial runoff, 

groundwater and wastewater effluent 

discharges suppressed. All other inputs and 

boundary conditions as in run-1 

run-6 0-Nut-Chl-a OBs Open boundaries (OBs) forced with zero (0) 

concentration of nutrients and Chl-a. All other 

inputs as in run-1 

run-6.1 0-Nut OBs Open boundaries (OBs) forced with zero (0) 

concentration of nutrients. All other inputs as in 

run-1, including Chl-a 

a
 data derived from the Perth Long-term Ocean Outlet Monitoring (PLOOM) program, 

provided by the Water Corporation of Western Australia 

b
 data derived from the MODIS products provided by CSIRO Land and Water 

Environmental Earth Observation Programme 

 

 

 

Fig. 2.9 Domain-averaged simulated concentrations of a) DIN and b) Chl-a from 

comparative simulations suppressing different nutrient sources. See Table 2.2 for 

additional details of boundary conditions on each run 
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2.5.3. Dissolved inorganic nitrogen fluxes and balances 

The results of run-1 were used to prioritize the contributions of the external nutrient 

sources to the domain’s DIN balance. These contributions clearly varied in magnitude 

between each other throughout the seasons of the two simulated years (Fig. 2.10). For 

the total annual DIN balance shown in Table 2.3, WWTP effluent and importation from 

the western open boundary were the larger sources of DIN, both exceeded by one and 

three orders of magnitude the contributions of groundwater and superficial runoff, 

respectively. The DIN input from superficial runoff was in the order of 1 t N y
-1

. When 

compared with this input, the mean ratios of annual contribution by the other sources 

were higher, in particular those of wastewater effluent and exchange with the offshore 

waters (Table 2.3). In contrast, net annual DIN exchange through the northern and 

southern open boundaries were negative indicating net exportation. Atmospheric 

deposition provided a minor contribution to the annual DIN balance when compared to 

the wastewater effluent, the offshore boundary and even the groundwater; however, the 

DIN input from atmospheric deposition was one order of magnitude higher than the 

input from superficial runoff. The mean annual inputs of DIN from different sources 

were normalized by the length of the domain’s coastline (26 km) and are presented in 

Table 2.3 for future reference; it must be noted though that the wastewater effluent is a 

point-source with a mean annual input of 672 t DIN-N y
-1

 and the normalized input per 

unit of length should not be scaled. 

 

Although relatively small when compared to other sources, the superficial runoff DIN 

input increased about 10 times from summer to winter, and thus it was more variable 

between seasons than the inputs from groundwater and WWTP effluent (Table 2.3). By 

contrast, the groundwater DIN input was minimal in autumn and maximal in spring; this 

lag with respect to rainfall seasonality was considered reasonable given the slow flow 

velocities in the aquifer compared to the surface runoff velocities. The wastewater 

effluent shows an increasing tendency from 2007 to 2008, consistent in every season, 

resulting in 22 t N of DIN additionally discharged in 2008 than in 2007 due to an 

increase in the wastewater flow rate. Fluxes of DIN through the open boundaries 

revealed noticeable seasonal and interannual variability (Fig. 2.10). The western 

boundary showed DIN importation in autumn, winter and the spring of 2008, in contrast 

with exportation during summer. Both, the summer efflux and the winter input through 

the western boundary were about the double in 2008 than in 2007. The northern and 



Chapter 2. RELATIVE IMPORTANCE OF NUTRIENT SOURCES 

 

29 

southern boundaries showed DIN exportation in all seasons but summer, when 

importation occurred through the southern boundary. This importation through the 

southern boundary was almost twice in summer 2008 than in 2007, whereas, 

exportation in winter through this boundary was more than double in 2007 than in 2008. 

The inverse occurred with winter exportation through the north that was considerably 

lower in 2007 than in 2008. 

 

Table 2.3 Annual contributions of land, ocean and atmosphere nutrient sources to the 

balance of Dissolved Inorganic Nitrogen (DIN) into the simulated coastal domain (t N 

y
-1

) during 2007, 2008. Means of both years normalized per meter of coastline (kg N m
-

1
 y

-1
) as well as by the superficial runoff DIN input (dimensionless ratio) are also 

tabulated 

DIN flux 

Land sources Ocean boundaries exchange 
Atm. 

deposition 

Domain 

balance Superficial 

runoff 

Groundwater 

discharge 

wastewater 

effluent 
South North West 

2007 

(t N y-1) 
0.74 88.16 661.50 -797.92 -980.05 676.65 36.40 -314.53 

2008 

(t N y-1) 
0.82 95.16 683.35 -279.36 -1115.79 251.13 36.40 -328.29 

Mean  

2007-2008 (kg 

N m-1 y-1) 

0.03 3.53 25.86 -20.72 -40.30 17.84 1.40 -12.36 

Ratio to 

Superficial 

runoff 

1 118 868 -714 -1350 614 47  

 

 

The ranges of total annual DIN fluxes for the simulated domain were: input of 1067 - 

1463 t N y
-1

, and output of 1395 - 1778 t N y
-1

. This resulted in the domain being a net 

DIN source, of 315 - 328 t N y
-1

 (Table 2.3), to the surrounding coastal waters. Net 

exportation from the domain occurred during spring and summer, while lower net fluxes 

alternating between importation and exportation occurred in autumn and winter as a 

direct result of the increase of input from offshore. Interannual variations of the 

domain’s DIN annual balance were not large, with less than 5% exportation increase 

from 2007 to 2008. 
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Fig. 2.10 Total seasonal DIN inputs from external sources and fluxes through the open 

boundaries of the simulated domain during 2007-2008 

 

 

2.6. Discussion 

2.6.1.  Physical control of temporal variations of DIN and Chl-a in the nearshore 

In the simulation domain, the seasonal variations of DIN concentration (Fig. 2.9a) and 

fluxes (Fig. 2.10) were associated with variations of the current velocities, water 

exchange and retention time (Fig. 2.8). The temporal variations of the current velocity, 

water exchange and retention time were in turn driven by the wind field (Fig. 2.3b-c); 

this is in agreement with previous observations in the area (Hillmer & Imberger, 2007b; 

Zaker et al., 2007; Zaker et al., 2002). At the seasonal scale, importation of DIN from 

offshore in autumn and winter coincides not only with increased cross-shore exchange 

and lower alongshore velocity but also with enlarged phytoplankton biomass offshore 

(Lourey et al., 2006). In contrast, during spring and summer when DIN and Chl-a 

concentrations were low, the alongshore current was stronger and south-north advection 

prevailed. At the short-term scale, i.e. hours to days, the domain-averaged fluctuations 

of DIN matched closely those of retention time, whereas the fluctuations of Chl-a were 

less concurrent showing lags and additional variations with respect to DIN and retention 

time (Fig. 2.9 and S5). This can be interpreted as a result of the dependence of 
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phytoplankton growth not only on nutrients but also on other factors (Reynolds, 2006), 

further discussed in section 5.4. 

 

The phytoplankton maximum potential growth rate (μmax) used for the simulations was 

1.0 d
-1

, based on previous findings (Hillmer & Imberger, 2007b), however, the results 

showed that the actual growth rate decreased to around 0.3 d
-1

 in winter and 0.1 d
-1

 in 

summer due to nitrogen limitation (without accounting for light limitation at night 

time). This seasonal pattern is related to the temporal variations of DIN at the regional 

scale, and therefore it is not controlled by the wastewater effluent input. The decline of 

the growth rate implied that the phytoplankton population required longer time to 

duplicate in summer than in winter. This is consistent with the low Chl-a concentration 

observations along the coast in summer (Koslow et al., 2008; Pearce et al., 2006) when 

the current velocities were higher and the retention time lower. These results highlight 

the role of the wind-driven flow on dispersing point-sources of nutrients, like the 

wastewater effluent discharge, and diluting the nutrient inputs to the background 

concentrations in a relative short distance and time throughout the year (Fig. 2.6). From 

this it can be inferred that regardless of the seasonal variations, the numerical domain 

was large enough to capture nutrient uptake and potential phytoplankton growth, as 

predicted according to Hillmer and Imberger (2007b). Overall, the simulation results 

indicated a strong influence of physical processes on the dynamics of nutrients, 

phytoplankton and ecosystem metabolism, a common feature of aquatic ecosystems 

(Imberger & Patterson, 1990; Mann, 2000). 

 

 

2.6.2. Comparative importance of DIN sources to the nearshore 

The results of annual DIN inputs by runoff, groundwater, wastewater effluent, and 

atmospheric depositions (Table 2.3) are in agreement with previous estimates for the 

area (Johannes & Hearn, 1985; Lord & Hillman, 1995), however the results of 

importation from offshore are considerably larger. WWTP effluent and importation 

from the offshore boundaries were the two most important inputs in the annual DIN 

mass balance. The importance of SGD and to a minor degree of runoff in providing 

nutrients to the biota of the intertidal and surf zones should not be neglected however, 

as their direct supply is critical for these communities (Johannes & Hearn, 1985; Slomp 

& Van Cappellen, 2004). The estimation of the input from atmospheric deposition 

indicate that this is a minor source of DIN in the domain, the second-lowest after runoff, 
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suggesting that the impact of nutrient deposition in the study area has not been 

pronounced as in other regions of the World (Paerl et al., 2002; Phoenix et al., 2006). 

Therefore, although land sources of nutrients are important in the DIN annual balance 

of the domain, the seasonal and interannual variations of DIN are controlled by 

variations of exchange through the open boundaries. This was demonstrated when 

forcing zero nutrients on the open boundaries, which resulted in DIN plunging well 

below the background levels (Fig. 2.9a). 

 

The results of DIN gross importation from offshore, 748 t N in 2007 and 437 t N in 

2008, are noticeably higher than a previous conservative estimate for the area by Lord 

and Hillman (1995) who reported importation of 2.6 t N y
-1

 as DIN and a much larger 

estimate for importation of organic nitrogen, in the order of ten-thousands t N y
-1

. An 

indication about the uncertainty of the results of DIN exchange with offshore waters 

during the period simulated can be obtained from the standard deviation calculated over 

seasons, which represented around 40% of the annual mean. Even considering this 

percentage, the results are at least one order of magnitude higher than the above-

mentioned conservative estimate, which according to this, might has underestimated the 

importation of inorganic nitrogen from offshore. It is suggested that future research 

could use a similar approach to that used in the present work to quantify the importation 

of organic nitrogen and compare it to earlier estimates; for this, additional field 

information about the organic nitrogen fraction would be required. 

 

 

2.6.3. Offshore seasonal variations of DIN concentrations 

The field measurements show an increase of DIN concentration in the nearshore during 

autumn and winter (Fig. 2.2) and the simulation results associate this increase with the 

variations of exchange through the open boundaries; this poses the question: why do 

nutrient levels increase during the cold months on offshore waters and the continental 

shelf? Two, non-excluding, possible explanations are: first, nutrients from deep, nutrient 

rich, offshore waters are mixed into the surface mixed layer; and second, nutrients from 

the seabed, along the continental shelf, are mineralized and released to the water 

column. Evidence supporting both alternatives has been discussed in the literature. In 

the offshore ocean, mixing of nutrients from deep waters, below the seasonal 

pycnocline, occurs during the cold season when thermal stratification weakens and 

storm-induced mixing increases the depth of the mixed layer (Koslow et al., 2008; 
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Lourey et al., 2006). This has been suggested to be enlarged by other mechanisms 

involving seasonal variations of the strength and nutrient concentrations of the Leeuwin 

Current, as well as the dynamics of eddies, meanders, and tongues that flood the shelf 

(Koslow et al., 2008; Lourey et al., 2006; Thompson et al., 2011). On the other hand, 

mineralization and nutrient release from the sediments depend on dissolved oxygen, 

temperature, and in general the dynamics of the benthic layer (Rowe et al., 1975) that 

can vary due to changes of the wind stress and the balancing bottom drag (Alongi & 

McKinnon, 2005; Zaker et al., 2007). Further, the increase of wave height along WA’s 

south-coast observed around winter (Symonds & Mortimer, 2009) has been associated 

with the release of nutrient from the sediments (Greenwood, 2010). The mass balance 

results of external inputs and outputs obtained are compatible with either of these non-

excluding alternatives. It is suggested that simulations for an offshore further-extended 

domain and including the effects of surface waves on regeneration of nutrients from the 

sediment could help elucidating causal relationships. 

 

 

2.6.4. Decline of phytoplankton biomass in the nearshore during winter 

 The seasonal variations of Chl-a measured in the nearshore (Fig. 2.2) show similarities 

and differences when compared with regional remote-sensing information. Both at local 

and regional scale, Chl-a was at its minimum in summer and increased during autumn. 

In the offshore region, sustained high Chl-a occurred in winter and then decreased in 

spring; however, in the nearshore, Chl-a declined in mid winter, June-July, and then 

increased in late winter-early spring, August-September, before decreasing during the 

rest of spring. Pearce et al. (2006) reported similar seasonal variations for 1997, the first 

of two years of observations along a cross-shore transect extending 40 km offshore, to 

100 m depth, on the continental shelf. Their results for 1998 show different seasonal 

variations though, with Chl-a peaking in winter all along the shelf; they suggest that 

such interannual variability could be associated with variations of the strength of the 

Leeuwin Current and El Nino Southern Oscillation (ENSO). Meanwhile, observations 

by Koslow et al. (2008) for 2002 and 2003 along another cross-shore transect extending 

further offshore, to 1000 m depth, are consistent with our results as they also show a 

decline of Chl-a in winter in a nearshore station, while Chl-a peaks in the offshore 

stations. 
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The decline of phytoplankton biomass in the nearshore in mid winter, when DIN 

peaked, is paradoxical and most likely is the consequence of a cause other than 

limitation by nitrogen availability. Seasonal changes of water exchange through the 

open boundaries and different dilution factors of DIN and Chl-a by offshore waters help 

to explain, at least partially, this paradox. Comparing the seasonal variations of DIN in 

the nearshore (Fig. 2.2) with those in the offshore region presented by Lourey et al. 

(2006), shows that DIN in offshore waters in winter is almost at the same concentration 

as in the nearshore during autumn; whereas, Chl-a in the offshore region is lower in 

winter than in the nearshore during autumn. Overall, this would imply that the large 

input of offshore waters occurring in winter (Fig. 2.8) dilutes the concentration of Chl-a 

in the nearshore but not the concentration of DIN.  

 

It would be expected that the higher availability of nitrogen and higher retention time 

observed in winter would promote phytoplankton growth, nevertheless, in addition to 

nutrients other factors like light availability and water temperature are known to affect 

phytoplankton growth (Reynolds, 2006). At the latitude of the study area, light 

availability declines during winter due to the decrease of solar radiation intensity and 

duration of photoperiod (Greenwood, 2010). Increased suspended solids and sediments 

from runoff discharge and wave resuspension have been found to further reduce light 

availability in the nearshore (Greenwood, 2010; Verspecht & Pattiaratchi, 2010); these 

effects are more pronounced in winter, when rainfall increases (Fig. 2.3a) as well as 

wave significant height (Symonds & Mortimer, 2009). Moreover, other studies 

(Greenwood, 2010; Koslow et al., 2008; Pearce et al., 2006) show that the decline of 

Chl-a in winter is less noticeable in areas less prone to wave-induced sediment 

resuspension, like deeper zones of the continental shelf and swell-protected areas. 

Regarding temperature variations, in winter the shallow nearshore cools to lower 

temperatures than the deeper continental shelf due to differential cooling (Imberger & 

Patterson, 1990). This was demonstrated by the one-dimensional bulk heat-flux analysis 

and previous cross-shore studies in the area (Koslow et al., 2008; Pearce et al., 2006). 

Consequently, it is possible that phytoplankton growth rates get reduced in the low 

water temperature reached in the nearshore during the coldest weeks of winter. 

Nevertheless, additional in-situ monitoring and simulations including these potential 

limiting factors would be convenient to help explaining conclusively the causes of the 

cross-shore variations. 
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2.6.5. Implications for management and future research 

According to the results, the seasonal variations of DIN, Chl-a, and presumably of 

higher levels of the food web, are driven by seasonal changes of exchange through the 

coastal ocean boundaries that are highly influenced by regional offshore and 

meteorological dynamics. In the simulated domain, point-source discharges are 

dispersed and diluted along relatively short distances, due to the prevailing 

meteorological conditions. This prevents extensive nutrient enrichment, eutrophication 

and other deleterious consequences that have occurred in several urban coastal areas 

(Howarth & Marino, 2006; Philippart et al., 2007; Smith & Schindler, 2009). The 

results suggest that management and protection plans of the study area could consider 

strategies like adaptation of treatment and discharge management according to the 

season and weather conditions. Considering the strong influence that the meteorological 

dynamics have on these coastal and ocean waters (Lourey et al., 2006; Pearce et al., 

2006), and given the predictions of the effects of climate change on the regional 

climate, for example on the frequency and intensity of storms (Webster et al., 2005), it 

would be interesting to study in more detail how these changes would affect the physics 

and ecology of the coastal margin. 

 

The results confirm that, although the Beenyup WWTP effluent discharge is an 

important point-source of DIN to the domain, it has a localized effect on nutrient and 

Chl-a dynamics as previously reported (Hillmer & Imberger, 2007b; Lord et al., 2000; 

Thompson & Waite, 2003) and as further discussed in Chapter 3. Concerned due to the 

potential impact of nutrient enrichment from point-source and non-point discharges, the 

local environmental regulations and treatment efforts have been focused on reducing 

nutrient concentrations, especially N, of the wastewater effluent (Lord et al., 2000; Lord 

& Hillman, 1995). However, wastewater discharges are also point-source of other 

exotic compounds to the receiving environment including: pharmaceuticals, personal 

care products, disinfection byproducts, endocrine disrupting compounds, heavy metals, 

pathogenic bacteria and viruses (Snyder et al., 2003). Our results suggest that in the 

study site it may now be more advantageous to increase attention to these emergent 

pollutants than to increase treatment for nutrient removal, since physical processes 

control the temporal variations of nutrients and phytoplankton. Alternative scenarios 

can also look at nutrients in the effluent as useful resources instead of as waste for 

advancing towards an optimized management strategy, this is further examined in 
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Chapter 3. Given the prevailing meteorological and oceanographic dynamics at the 

regional scale (Pearce et al., 2006), it is likely that similar seasonal variation results will 

apply to other wastewater effluent discharges in the Perth coastal margin. Using our 

modelling approach along an expanded domain covering the broader metropolitan area 

would be useful for assessing cumulative effects of several effluent discharges along the 

coast. The framework proposed by Marti and Imberger (2011) could be used to assess 

the cumulative impact and the influence of the offshore dynamics along an extended 

section of the coastal margin. Such framework could allow coupling weather and ocean 

circulation models, of coarser spatial resolution extending over the continental shelf, to 

nearshore models of higher spatial resolution like the one presented in this work. 

 

 

2.7. Conclusions 

Analysis of in-situ field data, remote-sensed observations and 3D numerical simulations 

showed that seasonal variability of DIN and Chl-a in the nearshore are mainly 

controlled by exchange with offshore waters that is driven by the wind field. The model 

validation procedure of the spatial and temporal variations in the domain demonstrated 

that variations in the nearshore are highly influenced by the interaction between the 

water surface and the atmosphere. Wastewater effluent discharge was an important 

point-source of nutrients but its effect was localized to the surrounding of the diffuser 

and it had little influence on the seasonal variations in the domain. Hence, additional 

nutrient removal in the local treatment plant is unlikely to affect the dynamics of the 

wider coastal margin. Inputs from groundwater, atmospheric-deposition and superficial 

runoff were seasonally variable but their contributions to the coastal DIN annual 

balance were minor in comparison with importation from offshore. The results of DIN 

importation from offshore to the domain are considerably higher than previous 

estimates for a larger domain in the area (Lord & Hillman, 1995). The Chl-a results 

indicated that phytoplankton biomass in the domain was influenced by offshore and 

nearshore processes. Exchange of nutrients and other materials with open seas is, 

therefore, crucial for the dynamics of the coastal ecosystem; thus it is an important 

factor to consider in management plans of the coastal margin, in addition to land 

sources. Our comprehensive analysis approach proved to be effective for improving the 

understanding of the simulated domain in the Perth coastal margin. This approach could 

be used on an extended domain to further assess the interactions with surrounding 

coastal wasters and the cumulative impact of human activities, ultimately contributing 
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to improve management of complex environmental issues in aquatic ecosystems (Mann, 

2000; Smith & Schindler, 2009). 
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2.8. Appendices Chapter 2 

2.8.1. Remote-sensing data  

In order to place the simulation domain into a regional context, satellite observations 

provided by the Commonwealth Scientific and Industrial Research Organization 

(CSIRO) Land and Water Environmental Earth Observation Programme were used to 

produce seasonal and monthly composites of Chl-a and sea surface temperature (SST) 

for the region from Jurien Bay to Cape Leeuwin, shown in Fig. 2.2.1b, that embraces 

the simulation domain. The remote-sensed data consisted of 1km resolution - Level 2 

(L2) processed daily passes of the Moderate Resolution Imaging Spectroradiometer 

(MODIS) satellite. The data included a SST product and several chlorophyll algorithms; 

among these, the Chl-Carder algorithm was chosen as it has been reported to provide 

higher accuracy in Australian ocean and coastal waters with low color dissolved organic 

matter and low non-algal particles (Qin et al., 2007), conditions that typically occur in 

the region of study (Fearns et al., 2007). 

 

The seasonal composites of Chl-a and SST show lower phytoplankton biomass in the 

region during the warm summer season (Fig. 2.2.S1). During autumn and winter the 

surface layer cools down (Fig. 2.2.S1b), this results in weakening of seasonal 

stratification and the increase of the mixed layer depth. During this period Chl-a 

concentration increases (Fig. 2.2.S1a). As the mixed layer deepens, the Chl-a increase is 

associated with mixing of nutrients from the deep rich waters into the nutrient depleted 

surface layer (Koslow et al., 2008; Lourey et al., 2006). The regional oceanography 

shows a well-defined seasonal pattern of phytoplankton biomass. This seasonal patter is 

relatively uniform along the coastal margin on the scale of the simulation domain, but 

shows cross-shore gradients, an important observation for the fluxes across the western 

open boundary of the simulation domain. 
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Fig. 2.S1 Seasonal composites of a) Chl-a and b) Sea Surface Temperature (SST) 

derived from remote-sensed (MODIS) observations for the South-Western Australia 

coastal region for the years 2007 and 2008. Composed from data provided by CSIRO 

Land and Water Environmental Earth Programme. The arrow in each panel indicates the 

location of the simulation domain 
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2.8.2. Comparison of model results and field measurements of water temperature 

and salinity (data from stations not used as forcing) 

 

Vertical profiles (N6 and N2) 

 

 

Fig. 2.S2 Comparison of model results and measurements of water temperature and 

salinity profiles throughout the simulations. a) water temperature at N6; b) salinity at 

N6; c) water temperature at N2; and d) salinity at N2. Grey dotted lines represent field 

data, solid dark-blue lines correspond to model results. 
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Depth-averaged results (station N2) 

 

Fig. 2.S3 Comparison of model results (solid lines) and field measurements (squares) of 

depth-averaged a) water temperature and b) salinity at station N2 for the simulated 

period 2007-2008 

 

 

2.8.3. Comparison of model results and field measurements of Chl-a by stations 

 

 

Fig. 2.S4 Comparison of simulated and measured Chl-a concentrations at four 

monitoring stations, from north to south: a) N3, b) N6, c) N2 and d) N1. Solid lines 

represent model results, while diamonds represent field measurement means with one 

standard deviation error-bars (when more than one measurement was available). In d), 

black squares represent field measurements collected by CSIRO (Symonds & Mortimer, 

2009) in the surroundings of station N1 
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2.8.4. Domain-averaged retention time 

 

 

 

Fig. 2.S5 Simulated domain-averaged retention time in the nearshore 3D domain during 

2007-2008 
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Chapter 3. 

Managing wastewater effluent to enhance aquatic receiving ecosystem 

productivity: a coastal lagoon in Western Australia 

 

 

3.1. Abstract 

Large amounts of waste are generated in urban centres that if properly managed could 

promote ecological services. In order to promote nutrient cycling and productivity 

without endangering aquatic ecosystems, management of wastewater treatment and 

effluent discharges to receiving waters must be assessed on a case-by-case basis. This 

premise was applied to examine a municipal wastewater treated effluent discharge in a 

shallow oligotrophic coastal lagoon in Western Australia. Three-dimensional 

hydrodynamic-ecological modelling (ELCOM-CAEDYM) was used to assess the 

reaction of ecosystem for effluent quality. Two scenarios were evaluated for the 

summer 2000-2001 period, the actual or “current” (conventional secondary treatment) 

and an “alternative” (involving substitution of biological nutrient removal by advanced 

treatment). The residence time of the simulated numerical domain averaged 8.4 ± 1.3 

days. For the current scenario the model successfully estimated phytoplankton biomass, 

as chlorophyll-a concentration (Chl-a), that is within field-measured ranges and 

previously recorded levels. The model was able to reproduce nitrogen as the main 

limiting nutrient for primary production in the coastal ecosystem. Simulated surface 

Chl-a means were 0.26 (range 0.19 - 0.38) μg Chl-a L
-1

 for the current scenario and 0.37 

(range 0.19 - 0.67) μg Chl-a L
-1

 for the alternative one. Comparison of the alternative 

scenario with field-measured Chl-a levels suggests moderate primary production 

increase (16 - 42%), within local historical variability. These results, suggest that such a 

scenario could be used, as part of a comprehensive wastewater management 

optimization strategy, to foster receiving ecosystem’s productivity and related 

ecological services maintaining its oligotrophic state. 
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3.2. Introduction 

As agriculture practices have improved over the last century, populations have 

increased and moved to urban areas generating large amounts of solid, liquid and 

gaseous byproducts (Foley et al., 2005; Langergraber & Muellegger, 2005). In modern 

urban management plans, until very recently, these byproducts were viewed as wastes 

that need to be rendered harmless and then disposed of (Langergraber & Muellegger, 

2005; Miller, 2006). By contrast, along natural food webs “wastes” are rarely 

concentrated but usually dispersed and/or biodegraded and cycled (Pomeroy & Wiebe, 

1988). Such nature strategy was advocated for optimising the management of 

wastewater as a valuable resource instead of as a waste. Global net primary production 

(NPP) has been estimated at 104.910
9
 t C y

-1
, marine ecosystems account with 46.2% 

of this production (Field, Behrenfeld, Randerson, & Falkowski, 1998). Annual global 

marine NPP is estimated to be: 52% consumed by herbivores, 36% net decomposed 

(respired), 10.8% recycled (via the microbial loop) and 1.2% partially stored in 

sediments (Duarte & Cebrian, 1996). An average energy transfer of 10% from primary 

consumers to each subsequent superior consumers’ level has been used as a general 

approximation for marine systems (Pauly & Christensen, 1995). Water serves as 

medium for carrying and dispersing excretions and remains of organisms. Modern 

industrialized society approach to deal with excretions has been using water (often of 

potable quality) to transport to centralized facilities (usually energy-intensive) as 

wastewater treatment plants (WWTPs) (Andreen, 2006; Langergraber & Muellegger, 

2005; Metcalf & Eddy, 2003), where the natural food chain is by-passed and so called 

wastes are made palatable to bacteria. 

 

Two main drivers have motivated modern wastewater regulations and management: 

public health and environmental concerns (Andreen, 2006). Since the introduction of 

the Clean Water Act in 1972 in the United States, regulations have evolved toward more 

strict controls on effluent discharges, e.g. total suspended solids (TSS), total dissolved 

solids (TDS), biological oxygen demand (BOD), total organic carbon (TOC), nutrients 

and pathogens (Andreen, 2006; Metcalf & Eddy, 2003). In recent decades a trend to 

adapt water resources’ policies towards sustainable management has progressed as 

evidenced in elements of the European Union Water Framework Directive, the 

Australian National Water Initiative and decentralization policies in USA, but all these 

policies have encountered technical and social implementation difficulties (Andreen, 
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2006; Hussey & Dovers, 2006). The Australian and New Zealand Guidelines for Fresh 

and Marine Water Quality are based on the definition of “environmental values” or 

“beneficial uses” (Hussey & Dovers, 2006), where waste absorption is, generally, not 

included. On the other hand, several disinfection, tertiary and advanced treatment 

technologies have been developed in recent decades, and despite their usually high cost 

and depending on influent quality and effluent destination, they can be applied to 

achieve target quality levels (Burkhard et al., 2000; Lazarova et al., 1999; Metcalf & 

Eddy, 2003; Suty et al., 2004). 

 

Ecosystems have limited ability to recover from disturbance (Thrush & Dayton, 2010), 

and to perform ecological services (Haberl et al., 2004). There are several examples of 

coastal areas where effluent discharges have created environmental problems, including 

eutrophication, diminishing their ability to perform ecological services (Cloern, 2001; 

Smith et al., 2006). On the other hand, there is increasing recognition of the value of 

wastewater byproducts (i.e. effluent, nutrients and energy) and it has been suggested 

that reusing these byproducts can help to ameliorate the pressure on natural resources 

(Haberl et al., 2004; Langergraber & Muellegger, 2005; Miller, 2006). It is proposed 

that through case-by-case optimization of the use of: available treatment technologies, 

real-time control-management systems, and receiving waters’ mixing-dispersion ability, 

it may be possible to match nutrient discharge to the receiving ecosystem’s assimilative 

capacity. This could provide enhanced ecological services without compromising long-

term functionality (Andreen, 2006). Under these premises I studied the discharge of 

Beenyup, a conventional municipal WWTP, to a semienclosed shallow oligotrophic 

coastal lagoon, where NPP is nutrient limited by nitrogen (Lord & Hillman, 1995). 

Using hydrodynamic-ecological modelling I compared the response of the receiving 

ecosystem under two effluent quality scenarios: the current management practice and an 

alternative that, by omitting biological nutrient removal in conventional WWTP, 

presumably promotes biomass production and associated ecosystem services in the 

receiving environment. Simulation results are discussed from the perspective that using 

the case-by-case approach shown, in combination with comprehensive analysis of other 

local management options, could be helpful in optimizing wastewater management 

strategies. 
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3.3. Methods 

3.3.1. Study Site 

Beenyup, a conventional municipal WWTP, located on the coast of Western Australia 

(WA) just north of the capital Perth (Fig. 3.1), serves approximately 600,000 residents 

(mean flow-rate 1.4 m
3
 s

-1
), and is operated by the local water authority, Water 

Corporation of Western Australian (WCWA, 2009). Wastewater effluent is discharged 

offshore, within the legally protected Marmion Marine Park, from two adjacent outlets, 

1620 m and 1820 m from the coastline, each equipped with a 200 meter-long diffuser 

on the sea floor at 10 m depth (Lord & Hillman, 1995; WCWA, 2009). The receiving 

shallow coast (maximum 14 m depth) is characterized by a series of submerged 

limestone reefs running parallel to the shoreline between 2 and 10 km offshore. These 

reefs generate a semi-enclosed lagoon where the wind field has the strongest current 

control and is mainly balanced by the bottom friction (Hillmer & Imberger, 2007b; 

Zaker et al., 2007). Southerly wind predominates year round, with more variability 

during winter and stronger steady breeze in summer (Zaker et al., 2007). In general, 

WA’s coastal waters are oligotrophic, characterized by low nutrient concentrations and 

low productivities, associated with suppression of large-scale upwelling by the atypical 

pole-ward Leeuwin current, which transports warm, low nutrient concentrations and 

relative low salinity waters (Lourey et al., 2006; Pearce et al., 2006). Despite their low 

nutrient levels WA coastal waters support a broad marine biodiversity including several 

endemic species (Roberts et al., 2002) 

 

Water quality in the vicinity of the outfalls has been monitored regularly for nutrients 

and chlorophyll-a concentrations (Chl-a) through the Perth Long-Term Ocean Outlet 

Monitoring (PLOOM) program. Relatively low Chl-a, related to nitrogen (N) limitation, 

and domination of the phytoplankton community by diatoms (> 60%) have been 

repeatedly reported (Lord et al., 2000; Lord & Hillman, 1995; Thompson & Waite, 

2003). Light, needed as source of energy for phytoplankton growth, is generally not 

limiting in the shallow subtropical water with high irradiance found in the area (Lord et 

al., 2000; Staehr et al., 2009). Phytoplankton primary production, as maximum rate of 

photosynthesis (Pmax), on this area was found to be significant dependent on 

phytoplankton standing stock, as Chl-a (Thompson & Waite, 2003). Salinity and 

nutrient levels seasonality in the nearshore has been related to precipitation, runoff and 

groundwater discharges along the coastline, particularly in winter (Johannes & Hearn, 
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1985; Pearce et al., 2006); where as offshore seasonality has been associated with 

variations of the Leeuwin current (Lourey et al., 2006; Pearce & Pattiaratchi, 1999). 

PLOOM’s station N1, 4 km south from the diffuser, is considered representative of 

background water quality due to the dominant northward current. Monitoring stations 

include: N2 located near the diffuser, N3 and N4 located 4 km and 8 km north from the 

diffuser, respectively (Fig. 3.1). At these stations water has been sampled for nutrients, 

Chl-a and Conductivity-Temperature-Depth (CTD) as described elsewhere (Lord et al., 

2000; Thompson & Waite, 2003). 

 

 

Fig. 3.1 Beenyup wastewater treatment plant (WWTP) and coastal receiving waters 

bathymetry. Approximate location of outfall diffuser (O), water quality stations (N1 to 

N5), Hillarys boat harbour meteorological station (HS), numerical domain boundaries 

(dashed area) and coordinates system (indicative x/y axis) 

 

 

3.3.2. Numerical models description, set-up and calibration 

The Estuary, Lake and Coastal Ocean Model (ELCOM) (Hodges et al., 2000) coupled 

with the Computational Aquatic Ecosystem Dynamics Model (CAEDYM) (Griffin et 

al., 2001) were used for three-dimensional hydrodynamic-ecological simulations of the 

response of receiving waters to the wastewater effluent discharge. Two scenarios were 

evaluated: the first, designated as “current”, representing the actual Beenyup WWTP 
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configuration (secondary-treated effluent through activated sludge with biological 

nutrient removal) and the second, “alternative” scenario, omitting the biological nutrient 

removal. Previous studies suggest the impact of the effluent discharge is likely to be 

critical during summer, when warmer water temperature accelerates ecosystem 

metabolism, and coinciding with the dry season when the runoff and groundwater flows 

in the area are minimum and their effect on open waters is negligible (Lord et al., 2000; 

Lord & Hillman, 1995). Considering this, December 2000 to February 2001 was chosen 

as simulation period based on availability of the different data sets required by the 

models. The hydrostatic pressure version of ELCOM (v 2.2) was used as the domain is 

shallow and it has been shown that the surface wind stress is balanced by the unsteady 

inertia term and the bottom drag (Zaker et al., 2007). ELCOM-CAEDYM has been used 

in several aquatic ecosystems including the study site, where the influence of advection 

on ecological processes was studied, validating nutrient and Chl-a against PLOOM data 

(Hillmer & Imberger, 2007b), and a similar hydrodynamic model against field data 

(Zaker et al., 2001; Zaker et al., 2007).  

 

The simulation domain extended 20 km in the N-S and approximately 8 km in the E-W 

directions, from the coastline to near the 30 m isobath (Fig. 3.1). This is a larger domain 

than the 13 km minimum threshold suggested for the study of ecological features at this 

location in order to capture the spatial and temporal scales of the dominant physical and 

ecological processes (Hillmer & Imberger, 2007b). A non-uniform horizontal “plaid” 

grid configuration (varying from 50 to 250 m) was adopted to gain resolution around 

the outfall and shoreline, as well as computational efficiency (Spillman et al., 2007). 

The vertical grid was set to 25 layers of variable thicknesses: 0.30 m for the top 3 m, 

providing high resolution at the surface where the buoyant plume has been found to 

spread over a thin layer (Zaker et al., 2001), progressively increasing to 5 m at the 

deepest layer. This allowed gaining computational efficiency without compromising 

simulation of the vertical structure of the water column after conducting sensitivity 

analysis in comparison to CTD data. After testing several configurations the discharge 

was simulated as inflow through the bottom face of 7 cells (50500.3 m each) geo-

referenced for the diffuser, allowing reproducing the buoyant plume and correspondent 

gravitational flow. The discharge-cells’ depth was set to 0.5 m bellow the low tide level. 

The flow-rate was forced as an entrained volume flux time series calculated through the 

plane plume equation (Fischer et al., 1979) for the diffuser characteristics of length, 

depth and the 2001 mean daily flow-rate distributed accordingly typical 24 hours flow-
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rate curves accounting for weekday-weekend variations. This configuration allowed 

complying with both: equating the injected entrained effluent volume (i.e. the plume 

diluted flow-rate times the hydrodynamic time step of 45 s) to the receiving cells 

volume, and satisfying ELCOM’s Courant-Friedrichs-Lewy (CFL) stability condition 

(see Appendices for additional details). Calibration of the horizontal diffusion 

coefficient of momentum and scalars was conducted improving the plume’s dilution 

simulation; a value of 1 m
2
 s

-1
 was used according the range (1 - 5 m

2
 s

-1
) suggested for 

the study site (Lord & Hillman, 1995; Zaker et al., 2001). The domain’s north, south 

and west open boundaries were forced with tide height data linearly extrapolated from 

Fremantle port station. Available data from nearby weather stations, for the 2000-2001 

austral summer simulated period, was used as meteorological forcing (i.e. wind speed 

and direction, air temperature, relative humidity, atmospheric pressure, solar radiation 

and precipitation). 

 

Water entering the domain was assumed to be of “age” zero and transported and mixed 

as a scalar, which by conservation of mass allows dynamic reproduction of the time that 

the fluid spends within the domain, the residence time (Zhang et al., 2010). In ELCOM-

CAEDYM the residence time is an independent module, with no direct effect on 

biogeochemical properties, therefore the “age” zero assumption for “new” water 

entering the domain has no effect on biological variables but results convenient for 

estimating temporal scales of physical processes like plume dispersion and lagoon 

flushing time. Parameterization of process-based partial differential equations allows 

simulation of biogeochemistry dynamics with CAEDYM, including nutrient, light and 

temperature limitation of phytoplankton growth (Griffin et al., 2001; Spillman et al., 

2007). CAEDYM was set up on a simple nutrient-phytoplankton configuration, with 

focus on N as the main limitation factor, and using typical ecological parameters for 

marine diatoms, the dominant group reported for the site (Lord et al., 2000; Thompson 

& Waite, 2003). Summer 2000-2001 averaged concentrations of ammonium (NH4), 

nitrate plus nitrite (NOx), phosphate (PO4) and Chl-a from PLOOM’s background-

control station (N1) were used as initial and open boundaries conditions. For the current 

scenario, effluent quality was modelled using secondary-treated effluent quality data, 

averaged from weekly measurements at Beenyup WWTP. For the alternative scenario, 

effluent quality was estimated from values for primary-treated effluent typically 

measured at the WWTP (Appendices, Table 2.S1). Phytoplankton dynamics parameters, 

including the maximum potential growth rate (max = 1.0 d
-1

) and the lump algal 
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respiration, mortality, excretion and grazing coefficient (kr = 0.085 d
-1

), required 

calibration (within literature-reported ranges) to improve the simulations accuracy and 

precision, and to adjust for expected variability due simulating the entire phytoplankton 

community as a single group. Additional description of models, set-up and parameters 

is provided in the Appendices. 

 

 

3.4. Results and discussion 

3.4.1. Coastal ecosystem monitoring 

High variability was found for nutrient levels in the 15-year (1996-2009) PLOOM 

dataset as indicated by high standard deviation values (Table 3.1). Such variability, both 

spatial and temporal, as well as the absence of general trends on time confirmed the 

findings of previous reports for the 15-year period (Hillmer & Imberger, 2007b; Lord et 

al., 2000; Thompson & Waite, 2003). Significant differences (one-way ANOVA, P < 

0.001) between the outlet (N2) and other stations (N1, N3 and N4) were obtained for 

NOx and PO4 means, while for NH4 significant difference was found only between the 

control (N1) and the outlet (N2) stations means (but approximately 50% of the NH4 data 

were below detection limits). High temporal and spatial variability of Chl-a (range 0.01 

to 5.80 μg Chl-a L
-1

) also occurred (Table 3.1, see also Appendices Fig. 3.S5). These 

results are consistent with patchiness and variability formerly described for the area 

(Pearce et al., 2006; Thompson & Waite, 2003). Mean Chl-a at the control site (N1) 

differed significantly from other stations (N2, N3 and N4), indicating the localized 

effect of the discharge and the transport of the effluent plume along the dominant 

current (and wind) direction, as previously reported (Lord et al., 2000; Lord & Hillman, 

1995; Thompson & Waite, 2003). 

 

Table 3.1 Mean and standard deviation values for nutrients and chlorophyll-a at four 

stations at a coastal lagoon in Western Australia during 15 years of monitoring 

Station NH4-N 

(g N L
-1

) 

NOx-N 

(g N L
-1

) 

PO4-P 

(g P L
-1

) 

Chl-a 

(g Chl-a L
-1

) 

N1 - 4 km S 

(n = 292) 

2.85 
a
 

(1.80) 

13.23 
a
 

(13.97) 

9.59 
a
 

(5.49) 

0.42 
a
 

(0.47) 

N2 - Outfall 

(n = 179) 

8.85 
b
 

(14.07) 

68.25 
b
 

(69.19) 

38.97 
b
 

(30.86) 

0.74 
b
 

(0.83) 
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N3 - 4 km N 

(n = 100) 

3.07 
a b

 

(2.29) 

17.54 
a
 

(15.44) 

11.02 
a
 

(5.07) 

0.71 
b
 

(0.60) 

N4 - 8 km N 

(n = 76) 

4.05 
a b

 

(6.00) 

16.06 
a
 

(13.59) 

10.51 
a
 

(4.93) 

0.68 
b
 

(0.69) 

a b Different superscripts letters represent significant differences between means after 

one-way ANOVA (P < 0.001). 

 

 

3.4.2. Beenyup WWTP effluent 

During 2001 Beenyup WWTP served approximately 0.5 million residents and its daily 

flow rate averaged 98.0 ± 6.0 ML d
-1

 (1.13 ± 0.07 m
3
 s

-1
), fluctuating between 0.4 m

3
 s

-1
 

and 1.9 m
3
 s

-1
. The WWTP capacity is projected to increase to 1.1 million residents 

(200 ML d
-1

) in 2040 (WCWA, 2009). Secondary effluent water quality data for the 

period December 2000 to December 2001 is shown in Fig. 3.2. In general values were 

within typical ranges of conventional WWTPs (Metcalf & Eddy, 2003). Means and 

standard deviations for the one-year period were BOD 16.8 ± 10.2 mg L
-1

, total nitrogen 

(TN) 30.0 ± 3.7 mg N L
-1

, NH4-N 8.7 ± 5.4 mg N L
-1

, NOx-N 16.1 ± 4.9 mg N L
-1

, 

organic nitrogen (OrgN) 5.1 ± 3.0 mg N L
-1

, total phosphorous (TP) 8.9 ± 2.0 mg P L
-1

, 

TSS 32.9 ± 26.5 mg L
-1

, pH 7.1 ± 0.3 and TDS 747.5 ± 26.7 mg L
-1

. No general 

temporal trends were identified, but peaks of BOD, OrgN and NH4 around November 

2001 suggest an increase in the effluent organic load for that particular month. Summer 

averaged (December 2000 - February 2001) secondary effluent’s nutrient and organic 

loads were used for the current scenario simulations. 

 

For the alternative scenario, nutrient and organic loads were assumed to be those of the 

primary-treated effluent from Beenyup WWTP (NH4-N 52.5 mg N L
-1

, NOx-N 2.5 mg 

N L
-1

, PO4-P 9.0 mg P L
-1

, TOC 200 g C L
-1

). Applying advanced treatment targeting 

specific pollutants would be expected to reduce the concentrations of such pollutants in 

the effluent; therefore, assuming nutrient and organic loads to be equivalent to those of 

primary-treated effluent was considered a conservative estimate, cautious and suitable 

for the scope of the present investigation. 

 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

52 

 

Fig. 3.2 Secondary effluent water quality at Beenyup WWTP during the period 

December 2000 - December 2001 

 

 

3.4.3. Model performance validation 

The normalized mean absolute error (NMAE), Spearman’s rank correlation coefficient 

() and coefficient of determination (r
2
) were used to evaluate the current scenario 

simulations against integrated water column quality measurements at stations N1 to N4 

for summer 2000-2001. Chl-a is considered a proxy of phytoplankton biomass and 

therefore its variability depends on nutrients, light and temperature dynamics, which in 

turn depend on the hydrodynamics; these dependences are represented in ELCOM-

CAEDYM equations (Griffin et al., 2001; Spillman et al., 2007). Taking this into 

account, the model performance was evaluated based on its ability to reproduce Chl-a as 

a “simulation end-point”. Values of NMAE = 0.44,  = 0.45, and r
2
 = 0.39 were 

obtained for Chl-a, across stations and along the season (see Appendices for additional 

statistics). These values are within the ranges observed in other phytoplankton dynamics 

modelling applications for such parameters (Arhonditsis & Brett, 2005; Gal et al., 2009; 

Spillman et al., 2007). 

 

The  value obtained highlighted the ability of the model to predict temporal variability, 

as  is a statistic sensible to the degree of the overlap along time without weighting the 

difference in amplitude variability (Gal et al., 2009). On the other hand, despite the 
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limited available field observations, the current scenario simulated Chl-a levels agreed 

with field-measured orders of magnitude during summer 2000-2001 (Fig. 3.3). The 

current scenario simulated nutrients and Chl-a levels (Table 3.2) were within the long-

term monitoring reported ranges at the site (Table 3.1, see also Appendices Fig. 3.S5) 

and surrounding areas (Pearce et al., 2006; P Thompson & Waite, 2003). Therefore, the 

model was considered to be able to reproduce the basic temporal and horizontal 

dynamics of nutrient and phytoplankton, and thus the water quality features for the 

purpose of comparing the management options presented. 

 

Table 3.2 Summary of water quality parameters, means (ranges) comparing the current, 

alternative scenarios and background levels 

Variable 

(units) 

Beenyup 

WWTP 

raw 

influent 

a
 

Current 

scenario 

effluent – 

Biological 

nutrient 

removal 
a
 

Alternative 

scenario 

effluent– No 

biological 

nutrient 

removal 
b
 

Current 

scenario – 

Simulated 

ecosystem 

surface-

averaged 
c
 

Alternative 

scenario – 

Simulated 

ecosystem 

surface-

averaged 
c
 

Field-

measured 

background 

levels 
d
 

NH4-N 

(mg N L-1) 

52.5 

(45 – 60) 

4.5 

(0.5 – 22.8) 

52.5 

(45 – 60) 

0.008 

(0.005 – 0.010) 

0.035 

(0.006 – 0.056) 

0.005 

(0.003 – 0.006) 

NOx-N 

(mg N L-1) 

2.5 

(1 – 3) 

20.5 

(4.8 – 26.4) 

2.5 

(1 – 3) 

0.024 

(0.010 – 0.034) 

0.016 

(0.010 – 0.021) 

0.010 

(0.003 – 0.011) 

OrgN 

(mg N L
-1

) 

10.0 

(5 – 12) 

3.0 

(1.3 – 16.0 

7.5 

(5 – 10) 

0.104 

(0.102 – 0.106) 

0.108 

(0.102 – 0.116) 

0.100 

(0.095 – 0.117) 

TN 

(mg N L-1) 

65.0 

(60 – 70) 

28.0 

(20. – 39.4) 

62.5 

(55 – 65) 

0.135 

(0.117 – 0.149) 

0.158 

(0.118 – 0.189) 

0.115 

(0.101 – 0.134) 

PO4-N 

(mg P L-1) 

9.0 

(7 – 11) 

7.0 

(3.4 – 9.7) 

9.0 

(7 - 11) 

0.017 

(0.010 – 0.021) 

0.018 

(0.010 – 0.024) 

0.010 

(0.006 – 0.011) 

OrgP 

(mg P L-1) 

3.5 

(2 – 5) 

3.0 

(1.5 – 4.2) 

3.5 

(2 – 5) 

0.030 

(0.029 – 0.031) 

0.030 

(0.030 – 0.031) 

0.030 

(0.028 – 0.030) 

TP 

(mg P L-1) 

12.5 

(10 – 15) 

10.0 

(4.9 – 13.9) 

12.5 

(10 – 15) 

0.047 

(0.040 – 0.052) 

0.049 

(0.040 – 0.055) 

0.040 

(0.034 – 0.041) 
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g Chl-a 

L-1 

- - - 
0.26 

(0.19 – 0.38) 

0.37 

(0.19 – 0.67) 

0.26 

(0.08 – 0.45) 

TOC 

(mg C L-1)  

265 
e
 

(240–290) 

30 
e
 

(14 – 129) 

200 
e
 

(170–230) 

0.73 

(0.71 – 0.74) 

0.84 

(0.71 – 0.95) 
0.70 

TSS 

(mg L-1) 

320 

(280–360) 

20 

(5 – 185) 

130 

(110–150) 

0.26 

(0.25 – 0.27) 

0.34 

(0.25 – 0.40) 

0.25 
f
 

a
 Typical values at Beenyup WWTP (secondary treatment by activated sludge, WCWA)  

b
 Effluent quality based on typical primary effluent’s nutrient and organic load levels at 

Beenyup WWTP provided by the WCWA 

c
 Averaged (hourly) results for the numerical domain modeled surface. 

d
 Data at station N1 for the period of simulations provided by the WCWA. 

e
 Calculated from BOD data for BOD/TOC ratios of 1.25, 1.00 and 0.35 for untreated, 

primary and secondary treated effluents, respectively (Metcalf & Eddy, 2003). 

f
 Indicative value for Perth coastal waters (Lord & Hillman, 1995). 

 

 

Fig. 3.3 Chl-a at monitoring stations N1, N2, N3 and N4 for the simulation period. 

Open circles represent field measurements (average of integrated water column 

samples). Solid lines represent current scenario simulation (averaged for water column 

equivalent to sampled depth) 
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3.4.4. Wind dynamics, residence time and flow patterns 

The importance of the wind flied as main driver of nearshore hydrodynamics has been 

described in the literature (Hillmer & Imberger, 2007b; Pearce & Pattiaratchi, 1999; 

Thompson & Waite, 2003; Zaker et al., 2007). During summer 2000-2001 a southerly 

wind direction dominated (174 ± 56 °, clockwise from north) and wind speed averaged 

3.1 ± 1.5 m s
-1

 at Hillarys station. Abrupt changes in the wind field for short periods 

were observed, usually between afternoon and night (Fig. 3.4). Some of these changes 

(14 December and 11, 16, 17 January) were associated with low (< 2 m s
-1

) wind 

speeds, while others (26-27 December and 30, 31 January) had high (> 6 m s
-1

) wind 

speeds. In comparison, for the period December 2000 to November 2001, wind 

direction and speed averaged 155 ± 79 ° and 2.9 ± 1.7 m s
-1

, respectively, showing more 

variability in winter, as previously reported (Lourey et al., 2006; Zaker et al., 2007). 

 

 

Fig. 3.4 Wind direction (º true, clockwise from north) and speed (m s
-1

) measured at 

Hillarys boat harbor station for the simulation period 

 

 

Since the current and alternative simulated scenarios differ only in the wastewater 

effluent quality, the same results apply for their hydrodynamics (Fig. 3.5). Simulating 

the residence time helps determining how long an inflow resides around certain area 
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(Zhang et al., 2010); in this case the time that the effluent resides in the vicinity of the 

outfall, giving the biota the opportunity to take up the discharged nutrient. The model 

needed a “spin-up” time of around a week to stabilize as shown by the linearly growing 

residence time until it reached values around 7 to 9 days that dominated thereafter (Fig. 

3.5 A). Discarding 7 days of spin-up time, residence time averaged 8.4 ± 1.3 d, which 

agreed with previous flushing-times estimates (Zaker et al., 2007). The X and Y 

components of the flow velocity averaged -0.05 m s
-1

 (range -0.33 to +0.31 m s
-1

) and -

0.01 m s
-1

 (range -0.34 to +0.29 m s
-1

), respectively, an overall dominant northward 

flow direction (Fig. 3.5 B) as expected for the summer season (Pearce & Pattiaratchi, 

1999; Zaker et al., 2007).  

 

 

Fig. 3.5 Simulated surface domain averaged A) residence time (“water age”) and B) 

flow velocity (X and Y correspond to simulation domain major axis), during the 

simulation period 

 

 

Daily wind fluctuations affected the dominant current direction and mean residence 

time (compare Fig. 3.4 and 3.5). In general, higher south-westerly winds during 

daytime, commonly peaking around or after noon, correspond with maximum flow 

velocities in the simulation X negative direction (nearly due north; see Appendices for 

additional figures and discussion). The dispersion, and hence integration, of the effluent 

nutrients into the coastal regime was the direct result of the unsteady meandering of the 
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plume combining with horizontal turbulent dispersion (Stocker & Imberger, 2003). The 

one-week model spin-up period was evident in the Chl-a dynamics (Fig. 3.6 C) but was 

less apparent for nutrients (Fig. 3.6 A and B). Nutrient and Chl-a variations coincided 

with residence time variations (Fig. 3.5 and 3.6), showing the influence of 

hydrodynamics on water quality, as previously found (Hillmer & Imberger, 2007b; 

Zhang et al., 2010), and reflecting phytoplankton growth dependence on both nutrient 

availability and time (Hillmer & Imberger, 2007b; Spillman et al., 2007). 

 

 

Fig. 3.6 Surface-averaged concentrations of nutrient species: nitrogen (A), phosphorus 

(B) and Chl-a (C) during the simulation period for the current (series identified with 

“C”) and alternative (series identified with “A”) scenarios 
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3.4.5. Phytoplankton response to different nutrient scenarios 

In general, the current and alternative scenarios share fluctuation patterns for nutrients 

and Chl-a, but higher levels were obtained for the alternative than the current scenarios 

(Fig. 3.6. See also a Supplementary Video available in the following website: 

http://www.sciencedirect.com/science/article/pii/S0301479711004737). Differences 

between scenarios for simulated nutrients matched corresponding effluent water 

qualities and are interpreted as expected responses to transport and mixing of the 

effluent plume (Hillmer & Imberger, 2007b; Lord et al., 2000; Stocker & Imberger, 

2003). Typical effluent quality at Beenyup WWTP, surface-averaged simulation results 

and background levels are summarized in Table 3.2 showing that higher phytoplankton 

biomass was associated to the higher loads of nutrients and organic matter in the 

alternative scenario. The effect of higher nutrient levels in the alternative scenario 

effluent was evident on N dynamics (Fig. 3.6 A and Table 3.2). Surface-averaged N 

species varied between the current and alternative scenario with NH4-N increasing from 

0.008 to 0.035 mg N L
-1

, NOx-N decreasing from 0.024 to 0.016 mg N L
-1

, for an 

overall TN increase from 0.135 to 0.158 mg N L
-1

. TP and PO4-P were slightly higher 

for the alternative scenario (Fig. 3.6 B), as expected from the effluent concentrations. 

 

The increased availability of N in the euphotic zone, main limitation factor for 

phytoplankton growth in the area (Lord et al., 2000; Staehr et al., 2009), produced a 

Chl-a increase of 42% in the alternative scenario (0.37 μg Chl-a L
-1

 simulated surface-

averaged) when compared to the averaged background levels at station N1 (0.26 μg 

Chl-a L
-1

) for the simulated summer. However, if the increased Chl-a is compared to the 

mean between stations N1 to N4 (0.32 μg Chl-a L
-1

), it represents a slighter increase of 

0.05 μg Chl-a L
-1

 (16%). Despite these increments, simulated Chl-a for both scenarios 

were within the historically monitored local ranges, which are associated with 

oligotrophic (low productive) temperate coastal waters (Vollenweider et al., 1998; 

Zurlini, 1996). Horizontal patchiness of simulated by Chl-a varied with TN signifying 

the N limitation, but it also reflected the effects of day/night light availability and 

temperature (additional figures in Appendices). On the other hand TOC dynamics, as 

well as TN, reproduced the effluent plume signature, indicating the direct relationship 

between TOC levels and effluent organic load. 

 

 

http://www.sciencedirect.com/science/article/pii/S0301479711004737
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3.4.6. Alternative scenario limitations and implications 

Nutrient and Chl-a concentrations in both the current and alternative scenario 

simulations (Fig. 3.6) fell within recorded ranges (Lord et al., 2000; Thompson & 

Waite, 2003), corresponding to oligotrophic waters (Vollenweider et al., 1998; Zurlini, 

1996). These results suggest that, from the nutrient enrichment perspective, the 

alternative scenario does not represent a more dangerous threat to the ecosystem than 

the current one. The effects of wastewater effluent discharges along Perth coastal area 

have been reported to be localized to the outfalls’ vicinities, influencing the water 

column chemical and optical properties as well as the phytoplankton community 

composition and productivity in a restricted area (Staehr et al., 2009; Thompson & 

Waite, 2003) but have not been associated to massive phytoplankton blooms or 

eutrophication events (Lord et al., 2000; Lord & Hillman, 1995). Primary production in 

WA coast has been consistently reported to be N limited, both at the regional scale and 

in the effluent discharge area (Lord et al., 2000; Lourey et al., 2006), as generally 

occurs in marine waters and in contrast to P limitation commonly found in freshwaters 

(Cloern, 2001; Smith et al., 2006). However, the type of N species discharged (NOx or 

NH4) has been reported to be less critical than expected on N limited waters as the 

outfalls’ vicinities (Staehr et al., 2009), this agrees with the simulations results. 

 

Stimulation of periphyton growth on seagrass due to effluent discharge in the area has 

been reported particularly under calm conditions (Cosgrove et al., 2004), indicating a 

threat to other communities in the receiving ecosystem. This suggests it would be 

convenient to investigate the effects that the increased concentration of organic matter, 

nutrients and change on the available nutrients species (e.g. N as NH4 instead as NOx) 

could have on the broader biological community. For instance, other paths of the food 

web, as the microbial loop, which are subject to be affected by higher organic matter 

availability (Pomeroy & Wiebe, 1988). Studying such interactions is critical for 

adequate management considering the history of detrimental effects in other nutrient 

enriched coastal ecosystems, where changes in phytoplankton and bacterial 

communities’ species composition, trophic dynamics and eutrophication have taken 

place (Cloern, 2001; Smith et al., 2006; Vollenweider et al., 1998; Zurlini, 1996). On 

the other hand, cumulative impact of effluent discharge and overlapping with other 

factors at the broader regional scale must be taken into account because of the natural 
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continuity of WA’s coast and its unique ecosystems, already under anthropogenic 

pressure (Lourey et al., 2006; Roberts et al., 2002). 

 

Despite limitations in the alternative scenario, such as: limited available data for 

validation, limited simulation periods, no direct study of additional important ecological 

interactions of the effluent with the local biota, and neglecting the effects of prospective 

advanced treatment on effluent quality; the results have clearly articulated the 

geographical extent of the wastewater effluent impact. They confirm the localized effect 

around the outfall’s vicinity (Lord et al., 2000; Staehr et al., 2009; Thompson & Waite, 

2003), and the ability of the oligotrophic coastal waters to process the current discharge, 

extensively due to the highly dispersive environment. The alternative scenario results 

suggest a potential increase of primary production and nutrient cycling through the 

ecosystem. Based on a ratio of Pmax to Chl-a of 7.6, estimated by Thompson and Waite 

(2003) for the site, a mean phytoplankton biomass of 0.3 μg Chl-a L
-1

, a photoperiod of 

12 h d
-1

, a 0.5 light limitation term and assuming all these as approximate year averages, 

then the annual NPP for the current scenario is estimated to be approximately 5 g C m
-3

 

per year. For the numerical domain (control volume of the order 110
9
 m

3
) this is 

equivalent to 5000 t C per year. The increased Chl-a estimates of 16% and 42% 

obtained for the alternative scenario would correspond, respectively, to 800 and 2100 t 

C per year of additional NPP cycled through the ecosystem (most of it being carbon 

fixed from the atmosphere). In such scenario it would be expected that the increment of 

NPP would promote secondary and overall ecosystem productivity. On the basis of a 

40% herbivory consumption estimated for temperate coastal ecosystems (Duarte & 

Cebrian, 1996) and assuming a 10% mean transfer efficiency to further trophic levels 

(Pauly & Christensen, 1995), this would induce an overall ecosystem production 

enhancement of around 1% at the level of some harvestable fish and shellfish species. 

 

These estimations suggest that the alternative scenario could presumably promote a 

conservative increase of nutrient cycling and productivity, enhancing alternative 

ecosystem services without increasing significantly environmental threats nor 

compromising the long-term sustainability of the ecosystem, in accordance with the 

ecosystem resilience (Thrush & Dayton, 2010) and ecological services (Haberl et al., 

2004) premises. Considering the highly dispersive receiving environment and its 

connection with offshore waters (Lord & Hillman, 1995; Pearce et al., 2006; Zaker et 

al., 2007), a high dispersion and dilution of NPP and its related benefits may be 
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expected. Nonetheless, performing a comprehensive environmental assessment, 

quantifying the above-mentioned assumptions and including other treatment and 

management scenarios, out of the scope of this work (e.g. the disposal of recovered 

nutrients as fertilizers on land as biosolids) would be convenient to achieve an optimal 

local management strategy. Such management approach based on local conditions could 

be convenient for enhancing ecosystems’ services performance (Andreen, 2006; Gal et 

al., 2009), and its extensive practice has the potential for improving our global use of 

natural resources (Langergraber & Muellegger, 2005; Thrush & Dayton, 2010). 

 

 

3.5. Conclusions 

The simulations results of the current WWTP configuration, where a high level of 

nutrients are removed, confirmed previous observations of the limited impact of the 

effluent discharge, restricted to the surrounding of the outfall diffuser, because of the 

highly dispersive environment. Results for the alternative scenario, where a lower level 

of nutrients are removed from the effluent, showed enlarged phytoplankton biomass, as 

estimated by Chl-a increasing from around 0.3 µg Chl-a L
-1

 to a peak of 0.67 µg Chl-a 

L
-1

. The alternative scenario Chl-a values are within previously reported values, 

corresponding to oligotrophic temperate coastal waters and suggesting the capacity of 

the receiving coastal ecosystem is sufficient to absorb increased levels of nutrients in 

the effluent. The increase of phytoplankton biomass obtained for the alternative 

scenario (16% - 42%) could presumably foster NPP (rough estimated increase of 800 - 

2100 t C y
-1

) and nutrient cycling through the ecosystem. This would promote 

additional ecological services like recreational fishing and others, providing additional 

environmental and economic benefits. Further research would be required to quantify 

these benefits as well as the socio-economic impact of this, or other byproducts 

recycling options, beyond the limitations of this work. The results show that studying 

the interactions between effluent and receiving aquatic ecosystems on a case-by-case 

basis with the help of numerical models is useful for rational optimization of local 

environmental management and regulation strategies. 
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3.6. Appendices Chapter 3 

3.6.1. Hydrodynamic model (supplementary description) 

The Estuary, Lake and Coastal Ocean Model (ELCOM) solves the hydrostatic, unsteady 

Reynolds-averaged Navier-Stokes, Boussinesq approximation equations to model the 

three-dimensional hydrodynamics of aquatic systems (Hodges et al., 2000). An 

Eulerian-Lagrangian scheme is used to solve the momentum advection (Laval et al., 

2003). Transport of scalars (temperature, salinity, nutrients, chlorophyll, etc) is 

calculated by the Ultimate-Quickest semi-implicit numerical scheme (conservative, 

flux-limiting, explicit differentiation) (Laval et al., 2003), which avoids overshooting 

and undershooting near sharp changes of concentrations (Morillo et al., 2009). The free 

surface evolution is modelled by vertical integration of the conservation of mass 

equation for incompressible flow applied to the kinematic boundary condition (Hodges 

et al., 2000). A vertical mixing model is used to compute directly the vertical turbulent 

transport at each water column (Morillo et al., 2009). Molecular diffusion in the vertical 

direction is neglected since turbulent transport and numerical diffusion are generally 

dominant (Hodges et al., 2000). In ELCOM a constant value is assumed for the 

horizontal eddy viscosity (Hillmer & Imberger, 2007b). Heat exchange through the 

water surface is calculated by standard bulk transfer models (Hodges et al., 2000; 

Imberger & Patterson, 1990). The solution grid uses rectangular Cartesian cells with the 

Arakawa C-grid stencil, and velocities defined at cell faces with free-surface height 

whereas scalar concentrations are defined at cell centres (Laval et al., 2003). By setting 

a Dirichlet condition for the free surface height at the boundaries, open boundaries can 

be implemented. The imposition of a Neumann condition for the momentum makes it 

possible to calculate the velocity through the boundaries from the barotropic gradient 

(Hillmer & Imberger, 2007b). In ELCOM version 2.2 a residence time (“water age”) 

module is included, with a value of zero given to the age of the fluid contained in each 

cell at the simulation starting time, then at every time step that age value being 

incremented by the differential time step value at each cell. Water entering the domain 

through the open boundaries is given “age” zero and is then transported and mixed as 

the scalar “age concentration” which following the conservation of mass principle 

allows the dynamic reproduction of the time that the fluid, contained in any cell, spends 

within the domain, the residence time according to (Zhang et al., 2010). 
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3.6.2. Ecological model (supplementary description) 

The Computational Aquatic Ecosystem Dynamics Model (CAEDYM v 3.0) consists of 

a series of subroutines containing the major biogeochemical processes influencing water 

quality in aquatic ecosystems, such as nutrient (N, P, Si) cycling, oxygen dynamics and 

primary production (phytoplankton) (Chan et al., 2002; Griffin et al., 2001). Additional 

CAEDYM modules can also simulate dissolved and particulate inorganic and organic 

materials, macrophytes, zooplankton, fish, benthic invertebrates, heterotrophic bacteria, 

sediment dynamics, metals and microbial pollution (Bruce et al., 2006; Hipsey et al., 

2008; Robson & Hamilton, 2004). Within the different modules, parameterization of 

process-based partial differential equations permits dynamic simulation of the 

biogeochemical concentrations (Spillman et al., 2007). Details of the model structure 

and equations are presented by (Robson & Hamilton, 2004; 2004; Spillman et al., 

2007). Phytoplankton dynamics, as the ecological modelling core, are simulated by 

nutrient uptake, growth, respiration, exudation, mortality, grazing, settling and 

resuspension processes (Robson & Hamilton, 2004). Growth and nutrient uptake are 

assumed to follow Monod kinetics, which implies a rapid adjustment in the nutrient 

pools - growth dynamics. Respiration, exudation and natural mortality are simulated as 

a first-order process in a lumped term. Settling is calculated based on Stokes 

formulation (Hillmer & Imberger, 2007b; Romero et al., 2004). 

 

ELCOM dynamically couples to CAEDYM during a simulation in such a way that after 

the hydrodynamics (transport, mixing, thermodynamics, inflow, outflow) are calculated 

within ELCOM, the ecological processes (chemical and biological) are updated by 

CAEDYM at each time step (Romero et al., 2004). ELCOM-CAEDYM has been 

applied to the simulation of several types of system: 

• lakes, including Lake Kinneret (Bruce et al., 2006; Gal et al., 2009; Laval et al., 

2003) and Lake Como (Morillo et al., 2009) 

• reservoirs (Romero et al., 2004) 

• estuaries (Griffin et al., 2001; Robson & Hamilton, 2004) and 

• coastal systems  (Spillman et al., 2007) 

ELCOM-CAEDYM was previously used in the Marmion marine area, where (Hillmer 

& Imberger, 2007a, 2007b), studied the influence of advection on ecological processes, 

and (Furnans et al., 2008) ran hydrodynamic/drifter model and field experiments. 
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3.6.3. Detailed hydrodynamic model set up and calibration 

The simulation domain extended 20 km in the N-S direction, with the WWTP’s outfall 

diffuser centred, and approximately 8 km in the E-W direction, from the coastline to 

near the 30 m isobath, (Fig. 3.1). A non-uniform horizontal “plaid” grid configuration 

was adopted (Morillo et al., 2009; Spillman et al., 2007), varying gradually with 

distance from 50 m in the outfall surrounds and coastline area to 250 m towards the 

north, south and west boundaries; this allowed to gain resolution in areas of particular 

interest but optimizing overall computational efficiency. The simulation domain is 

oriented 15 clockwise with respect to the north vector (Fig. 3.1). The north, south and 

west offshore boundaries of the domain were modelled as open boundaries. Coefficients 

for bottom drag of 0.005 and for surface wind drag of 0.0013 were used, after running 

sensitivity tests; such values have been previously used in other ELCOM applications 

and shown good results, in terms of current velocity field results (Hillmer & Imberger, 

2007a; Lord & Hillman, 1995; Zaker et al., 2001).  

 

The wastewater discharge dynamics have been described as a rising buoyant plume 

(Lord et al., 2000; Lord & Hillman, 1995). In order to achieve an accurate simulation of 

such plume on the lagoon, the volume flux from the plane plume equation (Fischer et 

al., 1979) was initially calculated with the diffuser characteristics length and depth and 

flow rate of 1 m
3
 s

-1
 (order of magnitude of the average discharge for the simulated 

period). This resulted in a volume flux of 100 m
3
 s

-1
 equivalent to a mean initial dilution 

of 100, which is in accordance with the values reported from field measurements (Lord 

et al., 2000; Lord & Hillman, 1995). To achieve the reproduction of the expected 

gravitational flow field, the effluent was simulated as an inflow, rising from the bottom 

of the water column, with flow rate equivalent to the initially diluted volume flux at the 

surface layer (0.5 m depth below low tide level). This implied choosing a configuration 

in which the volume of the diffuser cells in the model is set such that the inflow 

imposed equals the inflow volume at each computational time step. Several cell array 

configurations, with 10, 20 and 50 m horizontal grid sizes, and 0.25, 0.30, 0.50 and 1.00 

m vertical grid spacing, were tested to comply with this condition and at the same time 

to satisfy ELCOM’s Courant-Friedrichs-Lewy (CFL) stability condition (Hodges, 2000; 

Okely et al., 2010). The chosen configuration included 7 cells of 50500.30 m 

(volume 5250 m
3
), and a time step of 45 s (equivalent volume 4950 m

3
 for the 

approximately volume flux of 110 m
3
 s

-1
 at the peak discharge hour accounting the 
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initial dilution). The 7 cells were distributed in such a way that they were separated by 

one cell distance in the E-W direction to ameliorate the local effect of the change of 

bathymetry on the overall flow pattern (such cells set was forced with 0.5 m depth). 

Then the vertical structure of the grid was adjusted to a total of 25 layers with thickness 

ranging from 0.30 m in the surface layers, progressively increasing to a maximum of 5 

m at the deepest layer (around 30 m deep).  

 

Data of the 2000-2001 austral summer period was used to force the model. This specific 

period was considered convenient because it was the summer period in the available 

register with the more complete data set that included measurements for meteorological, 

tidal, effluent flow rate and quality and receiving waters quality data. Such information 

is required for running, calibrating and assessing the model’s performance and included: 

 Hillarys boat harbour station: hourly air temperature, atmospheric pressure and 

wind data. 

 Swanbourne station: hourly relative humidity calculated from dew point. 

 Sorrento station: rain as daily precipitation. 

 Fremantle Port: 10 minutes frequency tidal data, linearly extrapolated to the 

open boundaries. 

 Swan estuary station: half hour averages for short wave radiation and net long 

wave radiation (summer 2006-2007 was used due to incomplete register for 

summer 2000-2001). 

To mimic the hourly and weekdays-weekends variations of the flow of wastewater, 

effluent flow rate time series were prepared calculating the averaged daily flow rate for 

weekdays (96.2 ML d
-1

 = 1.11 m
3
 s

-1
) and weekends (103.01 ML d

-1
 = 1.19 m

3
 s

-1
), 

which means resulted significantly different (one-way ANOVA P < 0.001). Daily flow 

was distributed according weekdays and weekends flow rate curves (Fig. 3.S1) 

producing a “typical week flow rate time series” with hourly frequency for the 

simulation period. From this hourly flow-rate time series the volume flux time series to 

force the model were calculated following the plane plume equation (Fischer et al., 

1979). For both scenarios effluent quality was imposed diluted in background (station 

N1) water quality according to the corresponding mean initial dilution calculated for the 

planar plume time series. A value of zero (0) days was imposed to the effluent for 

residence time modelling, which allows tracking of the plume through the simulations. 

Uniform water temperature and salinity were imposed at open boundaries with CTD 
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data from stations located nearby (N1 south, N4 north and N5 west, Fig. 3.1). Within 

the domain, temperature and salinity vertical structures were initialized with December 

2000 station N1-N5 averaged CTD data. 

 

 

Fig. 3.S1 Flow rate curve at Beenyup WWTP for weekdays and weekends during the 

period of study prepared from data provided by the Water Corporation of Western 

Australia 

 

 

3.6.4. Ecological model set up and parameters calibration 

Since the focus of this work was to assess the general reaction of the aquatic ecosystem, 

in terms of primary productivity, to specific wastewater qualities and evaluate the 

potential integration of the treatment process and ecosystems functionality, the 

ecological model was set up as simple as possible to reduce uncertainties. CAEDYM 

was set up considering one general phytoplankton group. Other autotrophs (macroalgae 

and macrophytes) and superior trophic levels were not simulated. Nutrient dynamics (C, 

N, P, Si) were simulated along with phytoplankton basic processes as growth (with 

potential limitation by light, nutrients and temperature), settling, resuspension and a 

losses lumped term (accounting for respiration, excretion, mortality and grazing). 

Constant ratios of phytoplankton biomass (as C) and nutrients (N, P and Si) to Chl-a 

were used as in (Romero et al., 2004; Spillman et al., 2007), which involved simulating 

nutrient limitation as Michaelis-Menten (Monod) kinetics’ processes and therefore a 

rapid adjustment of growth rates to the nutrient pool variations (Hillmer & Imberger, 

2007b). Under such configuration, nutrients uptake by phytoplankton is calculated as 

function of the variable growth rate and the internal ratio of nutrient to biomass (Chl-a); 
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in the case of N nutrient species (NH4-N and NO3-N) a preference factor for NH4-N 

over NO3-N, dependent on the relative abundance of these species also affects the 

uptake (Robson & Hamilton, 2004; Romero et al., 2004). A constant settling velocity 

was assumed for diatom cells with the possibility to resuspend enabled. Suspended 

solids settling (according to the Stoke’s law), resuspension and light attenuation was 

simulated. Sediment-water column interactions were simulated through the CAEDYM 

static model in the manner of (Robson & Hamilton, 2004), simulating sediment 

diagenetic processes as bulk flux rates and their changes as functions of temperature and 

oxygen concentration. Neither the refractory organic matter nor the geochemistry 

modules were enabled for the simulations. 

 

Table 3.S1 Water quality used for initialization of the domain, open boundaries and 

effluent quality for the simulated scenarios 

Variable (units) Initial domain 

values and open 

boundaries 
a
 

Current scenario 

effluent
 b
 

Alternative 

scenario effluent
 c
 

Chl-a (g Chl-a L
-1

) 0.20 - - 

NH4-N  (mg N L
-1

) 0.005 4.5 52.5 

NOx-N  (mg N L
-1

) 
d
 0.010 20.5 2.5 

OrgN   (mg N L
-1

) 0.100 3.0 7.5 

PO4-P  (mg P L
-1

) 0.010 7.0 9.0 

OrgP   (mg P L
-1

) 0.030 3.0 3.5 

TOC  (mg C L
-1

) 0.70 30.0 
f
 200.0 

e
 

TSS   (mg SS L
-1

) 0.25 20.0 130.0 

a
 Average values measured at station N1 in December 2000 

b
 Secondary treated effluent quality data averaged from weakly measurements at 

Beenyup WWTP 

c
 Primary treated effluent quality data typically measured at Beenyup WWTP 

d
 NOx-N = NO3-N + NO2-N (as Nitrogen) 

e
 Calculated from BOD data for BOD/TOC ratios of 1.00 and 0.35 for primary and 

secondary treated effluents, respectively, according to Metcalf and Eddy (2003). 

 

Nutrient, Chl-a, TOC and TSS, initial background levels (Table 3.S1) were calculated 

as summer 2000 - 2001 averages (station N1) and when necessary complemented with 
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literature values (Lord et al., 2000; Thompson and Waite, 2003; Hillmer and Imberger, 

2007). For the current scenario, effluent quality was modelled using averaged secondary 

treated effluent quality data, averaged from weakly measurements at Beenyup WWTP. 

For the alternative scenario, effluent quality was estimated from values for primary-

treated effluent typically measured at the WWTP (Table 3.S1). As CAEDYM was 

coupled with ELCOM all state variables were subject to the hydrodynamic processes of 

advection and mixing. The specific effect of groundwater discharge as source of 

nutrients to the coastal waters was not explicitly simulated; considering its relative 

uniform distribution along the coast and its small magnitude, especially in summer time 

(Johannes et al., 1994; Johannes & Hearn, 1985), it was assumed to be included in the 

background levels. 

 

CAEDYM was set up with one general phytoplankton group which ecological 

parameters were defined based on marine diatoms, the dominant phytoplankton 

community group in the lagoon system and surrounding waters (Fearns et al., 2007; 

Lord et al., 2000; Pearce et al., 2006; Thompson & Waite, 2003). This was considered 

to be the minimum level of model complexity required to investigate the response of the 

phytoplankton community to nutrient enrichment and therefore convenient for the 

specific aims of this work. Phytoplankton dynamics were modelled Ecological 

parameters needed for simulations values were obtained from the literature (Bruce et al., 

2006; Griffin et al., 2001; Hillmer & Imberger, 2007b; Jorgensen et al., 1991; Robson 

& Hamilton, 2004; Spillman et al., 2007; Vilhena et al., 2010) and were calibrated to 

improve model performance, using the current scenario as the base case in the 

calibration process and making the predicted results more robust. The same parameters 

values were then used for both scenario simulations. In particular the phytoplankton 

maximum potential growth rate (max), temperature dependence function parameters 

(uG, TSTD, TOPT, TMAX, ur), lump algal respiration, mortality, excretion and grazing 

coefficient (kr) and settling velocity (Vs), required calibration. The need of calibration 

of phytoplankton parameters results logical considering the community, constituted by 

different species, was simulated as a single group, the calibration was started using 

marine diatoms (dominant group) parameters, which were then adjusted within 

literature ranges. A summary of parameters is presented in Table 3.S2.  
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Table 3.S2 Description and values of CAEDYM ecological parameters used in both 

scenarios simulations 

Parameter Value (units) Description 

General parameters 

SSOD 0.2 (g DO m
-2

 d
-1

) Static Sediment Oxygen Demand (SOD) 

KSOD 0.5 (mg DO L
-1

) Dissolved Oxygen (DO) half-saturation 

constant for SOD 

Oatm Equation (mg DO L
-1

) Equivalent DO at air-water interface. Function 

of Pressure, Temperature  

ka Equation (m s
-1

) DO transfer coefficient dependent on wind 

speed 

uSOD 1.05 (-) Temperature multiplier for SOD 

YO:C 2.67 (g DO (g C)
-1

) Photosynthetic stoichiometry ratio of DO to C 

YO:N 3.43 (g DO (g N)
-1

) Nitrification stoichiometry ratio of N to C 

fPAR 0.45 Photosynthetically Active Radiation (PAR) 

fraction of incident solar radiation  

KePAR 0.2 (m
-1

) Extinction coefficient for PAR (background) 

DSS 2.510
-6

 (m) Diameter of Suspended Solids (SS) 

tCSS 1.02 (N m
-2

) Critical shear stress for SS resuspension 

rSS 1450 (kg m
-3

) Density of SS particles 

KeSS 0.05 (mg SS L
-1

 m
-1

) Specific light attenuation coefficient for SS 

KeDOC 0.01 (mg DOC L
-1

 m
-1

) Specific light attenuation coefficient for DOC 

KePOC 0.02 (mg POC L
-1

 m
-1

) Specific light attenuation coefficient for POC 

   

Phytoplankton parameters 

YC:Chl-a 42 (g C (g Chl-a)
-1

) Internal stoichiometry ratio of C to 

Chlorophyll-a (Chl-a) 

max 1.0 (d
-1

) Maximum potential growth rate 

YP:Chl-a 0.3 (g P (g Chl-a)
-1

) Internal stoichiometry ratio of P to Chl-a 

KP 0.003 (mg P L
-1

) Half-saturation constant for PO4 uptake  

YN:Chl-a 9.0 (g N (g Chl-a)
-1

) Internal Stoichiometry ratio of N to Chl-a 

KN 0.07 (mg N L
-1

) Half-saturation constant for DIN uptake  

YSi:Chl-a 120 (g Si (g Chl-a)
-1

) Internal Stoichiometry ratio of Si to Chl-a 
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KSi 0.028 (mg Si L
-1

) Half-saturation constant for SiO2 uptake  

uG 1.06 (-) Temperature multiplier for growth 

TSTD 20 (C) Standard Temperature for growth 

TOPT 27 (C) Optimum Temperature for growth 

TMAX 34 (C) Maximum Temperature for growth 

kr 0.085 (d
-1

) Algal respiration mortality, excretion and 

grazing 

ur 1.06 (-) Temperature multiplier for respiration 

fres 0.7  Fraction of metabolic loss that goes to CO2 as 

respiration 

fDOpres 0.014 Fraction of phytoplankton DO lost to photo-

respiration 

IK 120 (mE m
-2

 s
-1

) Initial light intensity for photosynthesis  

IS 400 (mE m
-2

 s
-1

) Light Saturation for maximum production 

KeP 0.02 (g Chl-a L
-1

 m
-1

) Specific light attenuation coefficient for 

phytoplankton 

Vs 3.710
-6

 (m s
-1

) Settling velocity 

tCP 0.001 (N m
-2

) Critical shear stress for phytoplankton 

resuspension 

a 0.008 (g Chl-a m
-2

 s
-1

)  Resuspension rate constant 

Kmass 0.01 (g Chl-a m
-2

)  Half-saturation constant of available 

phytoplankton mass for resuspension 

 

The normalized mean absolute error (NMAE) and Spearman’s rank correlation 

coefficient () were calculated to assess model performance as these statistics have been 

used in other hydrodynamic-ecological modelling applications (Arhonditsis & Brett, 

2005; Gal et al., 2009). Statistics were based on water column mean values for Chl-a 

and nutrient concentration on the corresponding dates of available field measurements 

at stations N1 to N4 for the simulated period (n = 10). Table 3.S3 summarizes the 

results, which in the context of comparing the different scenarios studied provided 

confidence about the model ability to reproduce phytoplankton temporal and spatial 

variability. 
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Table 3.S3 Summary of model performance statistics 

State Variable Normalized mean 

absolute error 

(NMAE) 
a
 

Spearman’s rank 

correlation coefficient 

() 
a
 

Chl-a 0.44 0.45 

PO4-P 1.76 0.36 

NH4-N 1.23 0.30 

NOx-N 3.97 0.18 

a
 As defined by Gal et al. (2009) 

 

 

3.6.5. Supplementary results 

Hydrodynamics 

As Fig. 3.5 A shows, the tendency of simulated residence time to increase was 

intermittently interrupted during relative short periods, such as days 18-21 and 28 

December and 1-3, 12-13, 22-23 and 31 January (note that residence time is referred 

here interchangeably with water age without rigor). These short periods (of about 1-3 

days) of decreasing average residence time coincide with periods of relatively high 

average wind speeds. As an example, the particular sequence between 18 and 21 

December is shown in Fig. 3.S2 A-D. Under calm wind conditions surface flow 

velocities are low (Fig. 3.S2 A) and the buoyant wastewater plume, which can be seen 

as a cloud with low residence time in the centre of the domain, tends to spread radially, 

reproducing the gravitational flow. The surroundings of the plume, therefore, exhibit 

relatively uniform residence time under these calm conditions (Fig. 3.S2 A). Wind-gust 

stress breaks these calm conditions and accelerates the water surface flow to velocities 

around 0.5 m s
-1

, affecting the direction on which the plume is transported and 

generating residence time gradients along the dominant wind field direction (SW - NE 

in Fig. 3.S2 B). This gradient is generated due to advection of water entering from the 

open boundaries on one side of the domain and the pre-existing water being transported 

to the opposite side of the domain (and even leaving through the opposite open 

boundary). Later changes in wind direction and gravitational plume flow produce 

turbulence and eddies that ameliorate the residence time gradient (Fig. 3.S2 C and D). 
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At the end of the sequence the surface-averaged residence time in the domain has 

decreased from 9 to 6 days (Fig. 3.5 A).  

In general, the prevailing south-westerly breeze resulted in advection of the plume 

toward the north with an inclination to the north-east (towards the shoreline, Fig. 3.S2 

E). During afternoons and evenings the breeze usually turned slightly south-easterly and 

the plume was transported alongshore and slightly offshore to the north-west (Fig. 3.S2 

F). Other less frequent variations of the wind field (northerly and easterly wind gusts) 

also generated variations in the water flow and affected residence time. Fig. 3.S2 G 

shows the effect of northerly wind, which directed the plume southward and introduced 

water to the domain from the northern open boundary. Easterly winds pushed the plume 

towards the west, offshore, in some cases displaying alongshore residence time 

gradients, for example Fig. 3.S2 H. 
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Fig. 3.S2 Simulated-surface residence time and flow velocity. A) Calm conditions. B) 

SW wind gust. C) and D) Development of turbulence and eddies around the outfall 

plume. E) Morning SW breeze. F) Evening SE breeze. G) Northerly wind gust. H) 

Easterly wind gust. Time shown in 24-hour format 

 

 

Ecological dynamics 

Higher values of simulated TN, Chl-a and TOC were obtained for the alternative 

scenario than the current scenario. This confirmed the influence of the effluent quality 
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as shown in snapshots for the domain surface simulated water temperature (Temp), Chl-

a, TN and TOC presented in Fig. 3.S3 and 3.S4 (identical color map scales are used for 

each variable in both scenarios to facilitate comparisons). Temporal and horizontal 

variations showing relative lows and highs for TN, Chl-a and TOC concentrations 

occurred in both scenarios (i.e. differences between Fig. 3.S3 A and 3.S3 B for the 

current, and Fig. 3.S4 A and 3.S4 B for the alternative). In general, the TN 

concentration signature at the surface reproduced the advection and mixing processes of 

the effluent plume in the coastal waters (compare Fig. 3.S3 and 3.S4 to Fig. 3.S2. See 

also Supplementary Video at: 

 http://www.sciencedirect.com/science/article/pii/S0301479711004737). 

 

Although the phytoplankton dynamics results were mainly related to the availability of 

nutrients, particularly N, the temperature also affected them as shown by similarities of 

the Temp and Chl-a signatures in Fig. 3.S3 and 3.S4. Such influence is interpreted as an 

amplification effect, unlike the limitation effect of nutrients and light. It should be 

pointed out that at each time step CAEDYM uses the minimal limitation function value 

between light and nutrients to compute the production of new phytoplankton biomass 

(as Chl-a), and then computes the effect of water temperature. Simulated phytoplankton 

dynamics responded accurately to this model as well as to the hydrodynamic tri-

dimensional driver ELCOM. Simulated temporal variations and horizontal patchiness of 

Chl-a, implying variations of phytoplankton growth rates, were controlled by the 

availability of light, day/night cycles (physics) and nutrients (chemistry) especially N, 

and were amplified by the residence time (hydrodynamics) and temperature (physics). 

This is consistent with the literature, indicating the influence of physical and chemical 

interactions on the biota (Gal et al., 2009; Griffin et al., 2001; Hillmer & Imberger, 

2007a, 2007b; Imberger & Patterson, 1990), and providing evidence of the ability of the 

coupled hydrodynamic-ecological model to simulate fairly complex ecosystem 

dynamics. 

http://www.sciencedirect.com/science/article/pii/S0301479711004737


Chapter 3. ASSESSING AN ALTERNATIVE MANAGEMENT SCENARIO 

 

75 

Fig. 3.S3 Current scenario simulated surface water temperature (Temp), TN, Chl-a and 

TOC snapshots A) 9 January 2000 and B) 23 January 2000 
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Fig. 3.S4 Alternative scenario simulated surface water temperature (Temp), TN, Chl-a 

and TOC snapshots A) 20 December 2000 and B) 11 January 2000 
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Fig. 3.S5 Chl-a at four stations (N1 to N4) in a Western Australia coastal lagoon during 

PLOOM monitoring program 1996 - 2009 

 

  

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

J-
96 

J-
97 

J-
98 

J-
99 

J-
00 

J-
01 

J-
02 

J-
03 

J-
04 

J-
05 

J-
06 

J-
07 

J-
08 

J-
09 

C
h

l-
a
 (

m
g
 L

-1
) 

N1 N2 N3 N4 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

78 

 

 



 

79 

 

 

 

 

Chapter 4. 

Influence of microscale turbulence on the phytoplankton of a 

temperate coastal embayment, Western Australia  

 

 

4.1. Abstract 

The influence of microscale turbulence on the phytoplankton community in a coastal 

embayment in south-western Australia was investigated. Microstructure, physical and 

fluorometric depth-profiling field measurements and water sampling for nutrient, 

chlorophyll-a analyses and counting of the large size fraction of phytoplankton 

(microphytoplankton) were conducted in late-winter and late-spring of 2012. In both 

seasons dominance of diatoms was observed, as well as low numbers of dinoflagellates, 

low nutrient concentrations, nitrogen limitation, clear waters and high turbulence 

intensities. In late-winter, total nitrogen, chlorophyll-a and diatom cell concentrations 

were higher than in late-spring, but dinoflagellates abundance did not change 

substantially. This indicated that the chain-forming diatom life-forms that dominated 

(Leptocylindrus, Chaetoceros and Skeletonema) were able to utilize the increased pulses 

of nitrogen in late-winter. The prevailing turbulence intensities observed, associated 

with the wind speed, were such that the Batchelor scale was smaller that the length of 

the diatom chains (100-300 m), implying that these diatoms could experience 

microscale nutrient gradients. By contrast, the Kolmogorov velocity scales 

overwhelmed the motility abilities of the dinoflagellates observed, and thus would gain 

little benefit from self propulsion at high turbulence. The results suggest that, nutrient 

storage allows diatoms surviving calm periods of low nutrient availability and 

formation of siliceous cell chains provide diatoms an advantage in accessing nutrients in 

turbulent coastal ecosystems. 
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4.2. Introduction 

The availability of nutrients and light, physical properties of the water and the dynamics 

of the small scale fluid motion influence phytoplankton communities (Reynolds, 2006). 

In the seminal work “the paradox of the plankton”, Hutchinson (1961) posed the 

question of how is it possible for several species of phytoplankton to coexist in fairly 

isotropic aquatic environments? It is now accepted that co-occurring phytoplankton 

species show adaptations to specific ecological niches that result from environmental 

heterogeneity, differential demand for limiting resources and complex ecological 

interactions (Litchman et al., 2010; Naselli-Flores & Rossetti, 2010). Substantial 

evidence demonstrates that the microenvironment experienced by phytoplankton and 

other microorganisms is far from homogeneous (Stocker, 2012). Recently, there has 

been increasing interest in linking the adaptations, or functional traits, of phytoplankton 

life-forms to their habitat preferences (Litchman et al., 2010). Understanding these links 

is essential for modelling and prediction of the phytoplankton community, occurrence 

of blooms and trophic state of ecosystems (Edwards et al., 2013; Reynolds, 2012; 

Smayda & Reynolds, 2003; Trolle et al., 2012). 

 

Margalef (1978) showed that, among the large phytoplankton, diatoms dominate in the 

north-west coast of Spain during spring, when the water column was turbulent, not 

stratified and nutrient concentrations were relatively high, whereas dinoflagellates 

dominated over summer when the water column was weakly stratified and nutrient 

concentrations in the surface layer had been lowered by the diatom growth in spring. 

This seasonal pattern has also been observed in several other coastal regions, for 

example the western English Channel, the North Sea, Georges Bank off the 

Massachusetts coast (Simpson & Sharples, 2012; Smayda & Reynolds, 2001), the fjord 

coastline of Norway and other European seas and, more commonly, in upwelling 

systems (Smayda & Trainer, 2010). Furthermore, diatoms generally thrive in turbulent 

coastal environments where strong tidal and wind mixing prevail (Reynolds, 2006).  

 

In the surface layer of lakes and the ocean, turbulence intensity, , measured as the rate 

of dissipation of turbulent kinetic energy (TKE), varies in the range 10
-9

 - 10
-4

 m
2
 s

-3
 

due to wind stress stirring (Imberger, 1985; Imberger & Patterson, 1990). 

Phytoplankton cell size typically varies between less than 2×10
-6

 m (= 2 m) to around 

2×10
-4

 m (= 200 m), although some species are known to grow, up to millimetres, by 
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forming chains, filaments, coenobia and colonies (Reynolds, 2006). By comparison, the 

scale of the smallest velocity fluctuations, the Kolmogorov length microscale LK = (3
 -

1
)

1/4
, where  is the kinematic viscosity of the water, ranges from 3.2×10

-4
 m to 5.6×10

-3
 

m for the above range of TKE dissipation. Nutrient concentration gradients occur down 

to the Batchelor length microscale, LB = ( kD
2
 -1

)
1/4

, where kD is the diffusivity 

coefficient of the molecule considered (Taylor & Stocker, 2012). For bio-available 

dissolved inorganic nitrogen (DIN) and the above range of TKE dissipation, LB ranges 

from 1.4×10
-5

 m to 2.5×10
-4

 m. This implies that phytoplankton life-forms that grow 

more than LB can experience these microscale nutrient gradients and access microscale 

nutrient maxima associated with turbulent microenvironment resources heterogeneity 

(Capblancq & Catalan, 1994; Peters & Marrasé, 2000). On the other hand, 

phytoplankton life-forms able to swim, propelled by flagella, at swimming velocity (Vm) 

greater than the Kolmogorov velocity microscale, VK = ( )1/4
, can cross the nutrient 

gradients and also access microscale nutrient maxima (Guasto et al., 2012). For the 

above range of TKE dissipations, VK ranges from 1.8×10
-4

 to 3.2×10
-3

 m s
-1

. This may 

be compared to Vm of 10
-5

 - 10
-3

 m s
-1

 for marine dinoflagellates (Reynolds, 2006; 

Smayda, 2010). 

 

The success of diatoms in coastal environments has been related to their functional 

traits, including: 1. higher growth rates than other large phytoplankton taxa, i.e. 

dinoflagellates, especially when nutrient pulses occur in nutrient limited environments 

(Smayda & Trainer, 2010); 2. relative large size and siliceous armour that protect them 

from grazers (Hallegraeff et al., 2010) and increases stiffness (Young et al., 2012); 3. 

rapid nutrient uptake under turbulent conditions and the ability to store nutrients in 

vacuoles (Reynolds, 2006; Tozzi et al., 2004); and 4. photo adaptation capability that 

allows them to tolerate high and low light intensities corresponding to different depths 

of the mixed layer (Estrada & Berdalet, 1997; Simpson & Sharples, 2012). Collectively, 

these attributes give diatoms a general advantage in a turbulent, fluctuating light 

intensity, low nutrient environments subject to nutrients pulses, such as the turbulent 

surface layer of some oligotrophic coastal seas. Long celled diatoms have higher 

surface-to-volume ratios than spherical life-forms (Litchman et al., 2010) and often 

form chains that, due to the fluid small-scale shear, rotate describing Jeffery orbits and 

affect nutrient transport (Guasto et al., 2012). These chains, presumably, allow diatoms 

to access microscale peak nutrient concentrations occurring under strong turbulent 

conditions (Musielak et al., 2009; Pahlow et al., 1997). In this contribution we present 
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values of the turbulent Batchelor length scale, estimated from measurements taken in 

the coastal embayment of Cockburn Sound, south-western Australia, to validate the 

hypothesis that chain-forming diatoms are advantaged relative to dinoflagellates when 

their length exceeds the Batchelor length scale and nutrient gradients occur. 

 

This chapter is organized as follows. First, the characteristics of the microphytoplankton 

taxa commonly found in the study site are presented, followed by a description of 

physical, chemical and phytoplankton observations from two fieldwork campaigns. The 

occurrence of phytoplankton life-forms is then related to the combined influence of 

nutrient availability and the microscales associated with turbulence. Finally, a brief 

discuss of the implications at the broader ecosystem scale and for coupled 

hydrodynamic-ecological models is included. 

 

 

4.3. Methods 

4.3.1. Study site 

Description 

Cockburn Sound (32º12’S, 115º43’E) is a semi-enclosed embayment located on the 

south-western Australian coast, 20 km south of Perth (Fig. 4.1). The Western Australian 

(WA) coast is characterized by low nutrient concentrations, low phytoplankton biomass 

(oligotrophic) and lack of large-scale upwelling due to the atypical pole-ward Leeuwin 

current (Pearce et al., 2006). Alongshore, coastal currents, driven by the prevailing 

southerly winds in the area, dominate year-round with highest velocities in summer; in 

winter, more variable conditions are observed leading also to a more energetic onshore-

offshore exchange (APearce et al., 2006; Zaker et al., 2007). Chains of islands and 

submerged limestone reefs, aligned parallel to the shoreline between 3 and 10 km from 

the coast, reflect and dampen the approaching surface waves and the Indian ocean swell 

(Zaker et al., 2007). The tidal regime is mainly diurnal and has a small range (< 1 m). 

The weak river flow from the Swan River discharges at Fremantle and occasionally 

enters from the north into Cockburn Sound (Stephens & Imberger, 1996). Treated 

effluents from the local wastewater treatment plants, the Kwinana Industrial area and 

the Perth Seawater Desalination Plant, discharge through coastal outlets, near the Sepia 

Depression and directly into Cockburn Sound at the locations indicated in Fig. 4.1. The 

wastewater effluent forms a buoyant plume, relatively rich in nutrients (Lord et al., 

2000), whereas the desalination effluent forms a negatively buoyant hyper-saline 
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underflow (Marti et al., 2011). Other industrial effluents are also discharged directly 

into Cockburn Sound, but their discharge has been considerably lessened in recent 

decades due to environmental legislation (DEPWA, 1996). In general, the shallow 

waters of the Perth coastal margin are well mixed, clear and have low levels of nutrients 

and phytoplankton biomass (DEPWA, 1996; Johannes et al., 1994; Thompson & Waite, 

2003; Pearce et al., 2006); with ratios of nitrogen to phosphorous (N:P) and nitrogen to 

silicon (N:Si) below the Redfield-ratio, indicating N limitation for phytoplankton 

growth year-round (Lourey et al., 2006; Lord et al., 2000; Thompson et al., 2011). 

Seasonal variations of nutrient and phytoplankton concentration have been reported for 

the study area, with higher levels occurring in autumn and winter when sources of N 

and other nutrients including exchange with offshore waters, groundwater discharges, 

superficial runoff, and nutrient release from the sediments are all most active 

(Greenwood, 2010; Johannes et al., 1994; Loveless et al., 2008; Machado & Imberger, 

2014). 
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Fig. 4.1 Location and bathymetry of Cockburn Sound and surrounding study area, depth 

given in m Australian High Datum. Fieldworks were conducted on the 30
th

 of August 

(austral late-winter) and 16
th

 of November (austral late-spring) of 2012. Solid lines 

show the four transects profiled with the PFP, from left to right: offshore transect (OT), 

embayment deep transect (EDT), embayment shallow transect (EST), and the lower 

Swan River estuary transect (LET). ● indicates stations profiled in both seasons, □ 

profiled only in late-winter, and ■ profiled only in late-spring. ☆ indicates locations 

where water samples were collected in both seasons, △ collected only in late-winter, 

and ▽ collected only in late-spring. Locations of the Australian Bureau of Meteorology 

Garden Island station (GI) and the Fremantle Ports tide gauge (F) are indicated. The 

wastewater effluent Sepia Depression outlet (SDo) and the Perth Seawater Desalination 

Plant outlet (DPo) are shown as doted lines 
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Phytoplankton 

Routine historical monitoring by DEPWA (1996) showed that diatoms 

(Bacillariophyceae) were the most abundant phytoplankton group in the Perth coastal 

margin, including Cockburn Sound. Also frequently present were dinoflagellates 

(Dinophyceae) and Prasinophyceae. Further, Cryptomonadales (Cryptophyceae) were 

regularly observed, but rarely in large abundance, as they tend to be brackish-freshwater 

species. Silicoflagellates (Dictyochophyceae) dominated the winter assemblage in 

Cockburn Sound during the early 1990s; this observation was attributed to the high 

levels of dissolved heavy metals present at that time. Cyanobacteria, in particular 

Trichodesmium (=Oscillatoria) have been reported to be occasionally abundant, mainly 

during summer, both in the near shore and offshore regions (DEPWA, 1996; P 

Thompson & Waite, 2003). In addition to being the most abundant group, diatoms were 

found to be more diverse, with around 200 taxa listed, including several chain-forming 

species, in comparison with around 45 taxa of dinoflagellates (DEPWA, 1996). P 

Thompson and Waite (2003) reported diatoms dominance in the area, 43-61% by cell 

counts along the Perth coastal margin, throughout the year and observed that sites 

influenced by wastewater effluent discharges showed relatively higher abundance of 

diatoms, evidencing an increased growth of diatoms in association with nutrient pulses. 

Fearns et al. (2007) monitored a cross-shore transect 30 km north of Fremantle over one 

year, and reported that 75-80% of the microphytoplankton fraction counted (mostly >20 

m)  were diatoms with higher abundance in winter and an increase of dinoflagellate 

numbers in late summer, particularly over the mid-shelf. Characteristics of diatom and 

dinoflagellate species commonly observed in the study area, including cell length, shape 

and ornaments, sinking rate (VS), effects of turbulence, half saturation constants for 

nutrient limitation (K) and growth rates (r’), are summarised in Table 4.1. 
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Table 4.1 Characteristics of phytoplankton commonly found in Cockburn Sound and 

surroundings 

Characteristics 
a
 Bacillariophyceae (diatoms) Dinophyceae (dinoflagellates) 

Genera or life-

forms commonly 

found 
b
 

Chain-forming diatoms: 

Leptocylindrus, Chaetoceros, 

Skeletonema, Thalassiosira  

Other diatoms: Nitzschia, 

Cylindrotheca, Rhizosolenia, 

Pseudonitzschia 

Gymnodinioid and Prorocentroid 

dinoflagellates 

Length range 5 - 50 m for single cells. 

Chains, of two to up to tens of 

cells, can be up to 500 - 700 

m long 

5 - 40 m. Some species like 

Ceratium can be larger 

Sinking rates (VS) 
c
 10

-6
 - 10

-3
 m s

-1 
 10

-5
 - 10

-4
 m s

-1
  

Motility or 

buoyancy control 
c
 

Non-motile. Show form-

resistant to sinking and 

increased buoyancy during 

active growth phase  

Flagella-mediated self-

propulsion. Swimming speed 

(Vm) measured in lab 

experiments ~10
-5

 - 310
-4

 m s
-1

 

Effects of 

turbulence 
d
 

Turbulent mixing decreases 

their tendency to sink. In 

general cope well with high 

dissipation rates. 

Negatively affected by high 

turbulence, some reported to lose 

their flagella which ameliorates 

motility. Favoured by vertical 

stratification. 

Shape and 

symmetry  

Predominantly cylindrical, 

some lanceolate, others discoid 

Highly polymorphic and 

asymmetric with distinct upper 

(epitheca) and lower (hypotheca) 

parts 

Cell walls, 

ornaments and 

flagella  

Valves or thecas with rigid 

siliceous cell walls. Ornaments 

associated with form resistance 

to sinking 

Posses two flagella, one 

transverse and the other 

longitudinal. Prorocentroid and 

others are armoured with 

cellulose plates, Gymnodinioid 

are unarmoured 

 KN ~ 18 (6 - 30) g DIN-N L
-1 

 KN ~ 45 (13 - 77) g DIN-N L
-1 
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Half saturation 

constants for N, P 

and Si growth 

limitation ~ mean 

(range) 
e
 

KP ~ 3 g PO4-P L
-1

  

KSi ~ 40 (1 - 78) g SiO2-Si L
-1

  

KP ~ 5 g PO4-P L
-1

   

 

Survival strategy 

and growth rate (r’) 

f
 

R-strategists, disturbance 

tolerant ruderals, capable of 

attuning to low nutrient levels 

and grow relative fast in 

favourable conditions (r’ ~ 0.1 

- > 0.9 d
-1

) 

C-CS-strategists, opportunistic 

competitors, some of them can 

be mixotrophic and can grow 

fast during blooms (r’ ~ 0.1 - 

>1.0 d
-1

) 

a
 information mainly from Hallegraeff et al. (2010) and Reynolds (2006), 

complemented from: 

b
 DEPWA (1996); Thompson and Waite (2003) 

c
 Smayda (2010)  

d
 Capblancq and Catalan (1994); Estrada and Berdalet (1997)

 

e
 Machado and Imberger (2012) 

f
 Smayda and Reynolds (2001) 

 

 

Seasonal weather variations 

Two fieldwork campaigns were conducted, on the 30
th

 of August and the 16
th

 of 

November of 2012, hereafter referred as late-winter and late-spring, respectively. For 

the week of the late-winter campaign, the wind field exhibited a more variable direction 

and slower speeds (4.2 ± 2.0 m s
-1

, mean ± standard deviation) than during the week of 

the late-spring campaign, when stronger southerly winds prevailed (7.3 ± 2.3 m s
-1

; Fig. 

4.2a-b). The solar shortwave radiation was considerably lower in the late-winter period, 

with maximum values of less than 600 W m
-2

, compared to 900 W m
-2

 in the late-spring 

period (Fig. 4.2c-d). In addition, the duration of the photoperiod, indicated by the daily 

average number of hours of sunshine, increased from 7.5 h d
-1

 in August to 10.6 h d
-1 

in 

November, data obtained from the Australian Bureau of Meteorology (BoM) Perth 

station. The monthly rainfall recorded at Perth station within the 30 days before the late-

winter and late-spring field campaigns was 87.2 mm and 43.6 mm respectively. This 

suggested higher input of nutrients from land, through superficial runoff, Swan River 

discharge and submarine groundwater discharge before and during the late-winter field 
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trip compared to that during the late-spring field trip. The tidal range, as measured at 

Fremantle, was ~ 0.5 m for the late-winter campaign and ~ 0.8 m during the late-spring 

campaign (Fig. 4.2e-f). 

 

 

Fig. 4.2 Wind field vectors (a, b), solar shortwave (SW) radiation (c, d) and mean sea 

level in m Australian Height Datum (AHD) (e, f), in the study area during the weeks of 

the late-winter (left panel) and the late-spring (right panel) field campaigns. Sea level 

height data were obtained from the Fremantle Ports station (F in Fig. 1). The Australian 

Bureau of Meteorology (BoM) provided the wind speed and direction data from Garden 

Island station (GI in Fig. 1). SW radiation data were obtained from the Centre for Water 

Research - University of Western Australia station, located in the Swan River estuary 

(16 km upstream of F). One week of observations, 6 days prior plus the days of the 

fieldworks (shaded areas) are shown for each campaign. Three-hour average data 

calculated from 15 minutes interval data are presented 

 

 

4.3.2. Fieldwork 

During both fieldwork campaigns, profiles and water samples were collected along four 

transects, two within the Cockburn Sound embayment, one immediately offshore of 

Garden Island and one into the mouth of the Swan River estuary (Fig. 4.1) using the 
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Centre for Water Research (CWR) boat, Djinnang IV. Along these transects, 

approximately every 2 km, profiles were collected with the Portable Flux Profiler 

(PFP), a multi-scale probe developed by the CWR. The sensors mounted on the PFP 

included a microstructure flux profiler with electrode combined conductivity and 

temperature sensors of accuracy 0.0004 S m
-1

 and 0.001 °C, a pair of two-component 

Laser Doppler Velocimeters (LDV) each able to measure the vertical and one horizontal 

component of the velocity with a resolution of 0.001 m s
-1

 (Saggio & Imberger, 2001), a 

fine-scale profiler (F-Probe) equipped with depth, temperature, conductivity, 

photosynthetically active radiation (PAR) sensors (Imberger & Head, 1994) and a 

multi-wavelength fluorometer probe, FluoroProbe TS 7-07, bbe Moldaenke, Germany 

(Beutler et al., 2002). The FluoroProbe has six excitation wavelengths (370, 470, 525, 

570, 590 and 610 nm) allowing the identification of four phytoplankton groups with 

different fluorescence excitation spectra, i.e. Cyanobacteria, Cryptophyta, Green algae 

(Chlorophyta), and the polyphyletic group “Brown algae” that includes the diatoms, 

dinoflagellates and Haptophytes, as well as coloured dissolved organic matter (CDOM) 

(Alexander et al., 2012). At each profiling station, the PFP was deployed in free-fall 

mode, with a fall velocity of approximate 0.1 m s
-1

; with the microstructure sampling at 

100 Hz, the F-Probe at 50 Hz, and the FluoroProbe at 1 Hz, yielding measurements in 

the vertical approximately every 1 mm, 2 mm and 10 cm respectively.  

 

 

4.3.3. Laboratory analyses 

In addition to the PFP profiles, bottlewater samples were collected for nutrient analyses 

and phytoplankton identification and cell counts. Samples were collected, with a small 

pump, at the selected stations indicated in Fig. 4.1, , using a small pump and metered 

hose to sample water, from the surface and near bottom, at the depths indicated in Table 

4.2. The samples were stored in 5 L clear plastic bottles, preserved in ice and 

transported to the laboratory within 24 h from collection. The chemical analyses were 

conducted at the Marine and Freshwater Research Laboratory at Murdoch University 

(Perth, Australia), following the standard methods (APHA, 2012) of flow-injection for 

ammonia (NH4), nitrate plus nitrite (NO3 +NO2), orthophosphate (PO4), silicate (SiO2), 

total nitrogen (TN) and total phosphorous (TP) using a QuikChem 8500 analyzer; high 

temperature combustion for total organic carbon (TOC) using a TOC-Vcsh analyzer; 

acetone extraction - spectrophotometry for total chlorophyll-a (Chl-a) using a Cary 50 

Probe spectrophotometer. The subsamples for the dissolved inorganic nutrient 
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determinations were filtered through 0.45 m cellulose acetate membrane syringe 

filters. For the Chl-a analyses, 2 L subsamples were filtered through 0.7 m glass 

microfiber (Whatman) filters. Unfiltered subsamples were preserved adding acid 

Lugol’s solution for the identification of microphytoplankton and cell counting 

conducted by the inverted-microscope (Utermöhl) method at the laboratory Dalcon 

Environmental (Perth, Australia). The Utermöhl method has proven to be effective for 

identifying and counting phytoplankton taxa of equivalent size > 4 m in the study area, 

assuring the quantification of the microphytoplankton groups that this work focussed 

on, i.e. diatoms and dinoflagellates of interest. 

 

 

4.3.4. Processing of profiling data 

The fine-scale temperature and conductivity signals were sharpened and matched for the 

response times of the sensors according to Fozdar, Parker, and Imberger (1985). Salinity 

was then calculated from these signals using the UNESCO algorithms (Fofonoff & 

Millard, 1983). The TKE dissipation rate,  was determined directly from the high-

resolution velocity LDV signals as described by Saggio and Imberger (2001). The 

Batchelor length scales LB, the Kolmogorov length scales LK, velocity scales VK and 

time scales, tK = ( -1
 )

1/2
 were then calculated assuming a constant  = 10

-6
 m

2
s

-1
 and 

the diffusivity of nitrate, kD = 1.710
-9

 m
2
s

-1
 (Wishaw & Stokes, 1954). All PFP data 

were interpolated along each transect using an elliptical search radius interpolation 

scheme (Prince, 1984). The combined fluorescence spectral dataset from both 

campaigns (5662 sampling points) was processed using the principal component 

analysis (PCA) developed by Alexander et al. (2012). Their method identifies distinct 

fluorescent groups of phytoplankton that cluster at the extremes or end-points of the 

PCA space defined by the first three eigen-axes. The end-points were resolved as the 

centroids of three subsets of samples identified to have the highestrelative responses, 

above 99th percentile, at the wavelengths with the higher PCA coefficients. The end 

points were then rendered in a color-scheme that allowed visualising the spatial 

variations of fluorescent-assemblage. 
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4.4. Results 

4.4.1. Phytoplankton abundance and community composition 

Identification and cell counts 

The cell counts, performed in the laboratory from water samples collected in the field, 

indicated that diatoms (Bacillariophyceae) were the most abundant microphytoplankton 

class during both the late-winter and late-spring fieldwork campaigns (Fig. 4.3). The 

cell counts of diatoms in the late-winter water samples averaged 1.210
6
 cells L

-1
, about 

100 time higher than in late-spring, average of 3.210
4
 cells L

-1
. In contrast, the cell 

counts of non-diatom phytoplankton groups did not change substantially from one 

campaign to the next (Fig. 4.3c-d); however, there were substantial changes in terms of 

relative abundance (Fig. 4.3a-b). In late winter, Bacillariophyceae comprised 97% of 

cell counts, while Dinophyceae and Prasinophyceae each represented around 1%, and 

other three classes, together, i.e. Cryptophyceae, Chrysophyceae and 

Dictyochophyceae, less than 1%. In late-spring, as the cell counts of Bacillariophyceae 

decreased its relative abundance declined to 56% while that of Dinophyceae, 

Prasinophyceae and other classes increased (Fig. 4.3b). 

 

Fifty two genera were identified from the water samples taken during the late-winter 

field trip. The diatom, Leptocylindrus made up 99% of cells counted in the water 

samples taken from both the deep (EDT) and the shallow (EST), transects of Cockburn 

Sound. In the offshore transect (OT), Leptocylindrus made up 48% of the cells counted 

and another diatom, Chaetoceros, accounted for 23%. In the upstream section of the 

lower estuary transect (LET), the diatom Skeletonema was the most abundant genera. 

Leptocylindrus, Chaetoceros and Skeletonema are all chain-forming diatoms and were 

observed to form chains of 100 - 300 m (See Appendices Fig. 4.S8a-c). 

 

During late-spring 43 genera were identified and the microphytoplankton fraction was 

less unevenly distributed as all the diatom genera had decreased in abundance. As in 

late-winter, Leptocylindrus, Chaetoceros and Skeletonema were common but other 

diatoms were also relatively abundant, e.g. Nitzschia, Pseudonitzschia, Thalassiosira, 

Licmophora and Cylindrotheca. The most abundant non-diatom taxa were 

Gymnodinioid dinoflagellates, Prorocentroid dinoflagellates, and Prasinophytes (Fig. 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

92 

4.S8d-f). In late-spring, in the LET, the dinoflagellates comprised more than 50% of the 

cells counted. 

 

 

 

Fig. 4.3 Phytoplankton community composition and cell counts during the 2012 late-

winter (left panel) and late-spring (right panel) campaigns. The size of the pies in a) and 

b) indicates the relative seasonal variation of number of cells; c) and d) show the cell 

counts in each sample collected along the four transects: offshore (OT), embayment-

deep (EDT), embayment-shallow (EST), and lower estuary (LET). Total cells L
-1

 of 

each sample are shown as black dots with error-bars indicating the level of uncertainty 

of the counts. Horizontal lines indicate the average of the total counts per campaign. 

Note the logarithmic scale on the y-axis 

 

 

Fluorescence profiling data 

Data of the fluorescence profiles measured in situ with the FluoroProbe and analysed 

using the PCA method indicate that, overall, the results of phytoplankton identification 

and cell counts from the water samples collected are representative of the 

microphytoplankton of the study area at the periods sampled. There was relatively little 

variation within the fluorescence spectral data as indicated by the similar shapes of the 

mean fluorescence response spectra of the PCA end-points, denoted A, B and C (Fig. 

4.4a-c). The first three eigen-axes of the PCA explained 86% (62%, 15% and 8%, 
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respectively) of the variability of the fluorescence dataset (Fig. 4.4d). Within the PCA 

space defined by these three axes, the extremities of the data were distinguished by 

subsets of sampling points, indicated with the aid of colour shading in Fig. 4.4d. These 

subsets, i.e. end-points A, B and C, had relative spectral maxima above the 99
th

 

percentile for 470, 370 and 590 nm, respectively, which were the three wavelengths 

with the highest PCA coefficients. The shapes of the end-point spectra (Fig. 4.4a-c) 

were indicative of high relative abundance of Brown and Green algae (spectrum A), the 

influence of CDOM (spectrum B) and the presence of Cryptophyta (spectrum C). All 

end-point spectra had highest relative fluorescence emission intensity at 470 nm, which 

is a characteristic shared by the Brown and Green fluorescent algae groups (Alexander 

et al., 2012). These spectral results are consistent with the results of the 

microphytoplankton cell counts of the water samples analysed (Fig. 4.3), which showed 

abundance of Brown algae (diatoms and dinoflagellates) and Green algae 

(Prasinophyceae); the latter possibly underestimated in the cell counts due to potential 

shortcomings in the application of the Utermöhl method, for example the use of low 

magnification, the choice of preservative and observer-related limitations.. The 

relatively high concentration of CDOM associated with spectrum B was indicated by 

relatively high emission intensity at 370 nm (Fig. 4.4b). The profiles corresponding to 

spectrum B were collected in the upper section of the lower estuary transect during late-

winter (Appendices Fig. 4.S1); this is consistent with the relative high concentration of 

TOC measured in water sample A12 collected at the same location and period (Table 

4.2). Spectrum C was more associated with the data of the late-spring campaign than the 

late-winter, and it showed relatively high emission intensity at 590 nm (Fig. 4.4c), 

which is characteristic of the Cryptophyta algae group (Beutler et al., 2002). This is 

consistent with the cell count results that showed higher abundance of Cryptophyceae 

(part of the category ‘Other’ in Fig. 4.3) in late-spring than in late-winter.  
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Fig. 4.4 Fluorescence data collected during both fieldworks. a), b) and c) show the mean 

response spectra A, B and C that correspond to the three end-points of the dataset within 

the PCA space formed by the first, second and third eigen-axes. In each of these plots, 

the thick, coloured vertical bars at each wavelength indicate the range in response 

spectra within each subset; whereas, the thin, grey bars at each wavelength indicate the 

range in response spectra over the entire dataset. d) shows a three-dimensional 

representation of the PCA space indicating the locations of A, B and C, which were 

determined as the centroids of the subsets of sampling points with spectral maxima 

above the 99th percentiles for the excitation wavelengths with the highest PCA 

coefficients (470, 370 and 590 nm), indicated by green, red and blue squares, 

respectively. Every sampling point is coloured in proportion to the distance to A, B and 

C (as described by Alexander et al., 2012) to facilitate the visualization of clustering of 

sampling points in the PCA space  

 

 

4.4.2. Chemical analyses results 

The results of the laboratory analyses of the samples collected show that nutrient and 

Chl-a concentrations were low during both seasons (Table 4.2). Within Cockburn 

Sound, water samples collected from the bottom layer of the deep transect (A07, A08, 

N06, N08 and N10) had higher Chl-a concentrations than those from the surface layer 
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(A06, A09, N05, N07 and N09). This surface-bottom difference was not so apparent in 

the offshore transect samples (A02, N02 from the surface and A03 and N03 from the 

bottom). Nutrients, N:P, TOC and Chl-a values were slightly higher in the upstream 

section of the lower estuary (samples A12, A13 and N13) than in the samples from 

Cockburn Sound and offshore waters (A01-A10, N01-N11). The exception was the 

surface samples at the location of the Sepia Depression wastewater effluent outlet (A04 

and N04), where nutrients were relatively higher and had higher N:P and N:Si ratios. 

 

The low dissolved inorganic nitrogen (DIN = NH4+NO2+NO3) concentrations and the 

N:P and N:Si values, which were well below the Redfield-ratio in most samples (Table 

4.2), indicated that phytoplankton growth was likely to be limited by N availability. 

Limitation function values of N, P and Si for diatoms and dinoflagellates, during each 

campaign, were estimated following the Michaelis-Menten expression described by 

Margalef (1978) and using the mean half saturation limitation values indicated in Table 

4.1. These estimations suggest that N was about twice as limiting as P for both diatoms 

and dinoflagellates, and N was also more limiting than Si by about 30% for diatoms 

(Appendices Table 4.S2).  

 

In late-winter the median Chl-a concentration (0.8 g Chl-a L
-1

) was double than in 

late-spring (0.4 g Chl-a L
-1

), suggesting increased N availability in the former season. 

In addition, the standard deviations of DIN and TN were large in comparison with the 

median values (Table 4.2) indicating relative large spatial variations of N concentration, 

especially for the late-winter samples. It is relevant to note here that large-scale nutrient 

gradients subsequently result in heterogeneous distribution of nutrients at the 

microscopic scale due to turbulence, which generates microscale gradients of length 

characterised by the Batchelor scale (Stocker, 2012), as expanded on in the discussion. 

 

 



 

 

 

Table 4.2 Nutrient concentrations and phytoplankton biomass (Chl-a) in water samples collected in the study area in late-winter and late-spring of 2012 

Season Late-winter Late-spring 

Transect OT EDT EST LET MSD OT EDT EST LET MSD 

Sample No. A0

1 

A02 A03 A04
a
 A05 A06 A07 A08 A09 A10 A11 A12 A13

b
 - N01 N02 N03 N04

a
 N05 N06 N07 N08 N09 N10 N11 N12 N13  

Depth [m] 4.0 4.0 15.0 0.4 3.0 3.0 15.5 20.5 3.0 5.5 0.5 0.5 0.4 - 3.0 3.0 18.0 0.5 3.0 17.5 3.0 19.0 3.0 19.0 3.5 2.0 1.0  

DIN [g 

DIN-N L
-1

] 

7 < 5 9 124 < 5 < 5 < 5 < 5 < 5 8 9 7 - 634 7 11 < 6 90 < 5 < 5 < 5 < 5 < 5 < 5 7 < 6 17 523 

FRP [g 

FRP-P L
-1

] 

4 3 3 29 < 2 < 2 4 12 3 3 3 < 2 - 38 < 2 3 < 2 19 7 12 4 6 5 6 4 5 3 55 

SiO2 [g Si 

L
-1

] 

27 23 20 36 19 9 24 140 11 6 54 480 - 24134 46 33 26 47 100 140 48 57 48 52 46 43 370 4892 

TN [g N 

L
-1

] 

80 120 120 330 90 140 90 100 80 90 230 320 - 11092 80 180 70 160 90 130 80 100 140 120 80 90 200 10042 

TP [g P L
-

1
] 

14 13 12 43 14 20 16 27 14 15 16 17 - 169 15 14 10 30 18 26 15 19 18 18 15 15 19 185 

N:P 

[M ratio] 

3.9 3.7 6.6 9.5 5.5 5.5 2.8 0.9 3.7 5.9 6.6 7.8 - 5.52.3 7.8 8.1 6.6 10.5 1.6 0.9 2.8 1.8 2.2 1.8 3.9 2.7 12.5 2.83.2 

N:Si 

[M ratio] 

0.5 0.4 0.9 6.9 0.5 1.1 0.4 0.1 0.9 2.7 0.3 <0.1 - 0.51.9 0.3 0.7 0.5 3.8 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.3 0.1 0.21.0 

TOC [mg C 

L
-1

] 

0.8 1.0 0.9 1.1 0.8 1.1 1.0 1.1 1.0 1.0 1.4 3.7 - 1.00.8 0.9 0.9 0.9 0.9 1.3 1.1 0.9 1.1 1.0 1.1 1.1 1.2 2.1 1.10.3 

Chl-a [g 

Chl-a L
-1

] 

0.4 0.6 1.0 0.8 1.0 0.8 1.3 2.3 0.5 0.5 0.7 1.4 1.5 0.80.5 0.2 0.4 0.4 0.3 0.6 1.6 0.5 0.8 0.3 0.8 0.3 0.3 1.9 0.40.5 

a Samples collected on the surface near the location of the Sepia Depression outlet; b collected on the 28th of August 2012 and analysed only for Chl-a and phytoplankton counts;  

MSD = medianstd.dev. 
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4.4.3. Physical properties of the water column 

A summary of the environmental and phytoplankton data collected in the two fieldwork 

campaigns is presented in Table 4.3. 

 

Light attenuation 

The water transparency was high during both fieldwork campaigns. The euphotic depth, 

i.e. the 99% light level, extended to the sediment in all transects as shown by the values 

of the light extinction coefficient () and percentage of PAR at the bottom of the water 

column (Table 4.3). The water in OT and EDT was slightly clearer, with mean  < 0.1 

m
-1

, than in EST and LET where the mean attenuation was 0.1 m
-1 

<  < 0.2 m
-1

. 

 

Water temperature and salinity 

Overall, the seasonal variation of water temperature was larger than the spatial 

variations as indicated by data from the PFP field measurements, with values between 

16C and 18C in late-winter and between 19C and 21C in late-spring (Table 4.3). 

During both campaigns, the vertical profiles of seawater temperature were uniform for 

the offshore transect. Inside Cockburn Sound and in the upstream section of the lower 

estuary the water column was weakly stratified with a 1C difference between the 

surface and the bottom layers (Appendices Fig. 4.S2-S3). Evidence of differential 

cooling was observed, with the offshore transect being warmer during late-winter and 

cooler during late-spring in comparison with the shallower near shore transects. 

 

Except for the lower estuary, the seasonal and spatial variations of salinity were less 

apparent than those of temperature, as most measurements in Cockburn Sound and 

offshore were around 35 PSU (Table 4.3 and Appendices Fig. 4.S4-S5). The surface 

salinity decreased with upstream distance from the river mouth, indicating a freshwater 

overflow. This effect was more pronounced in late-winter, as upstream salinity 

decreases to around 27 PSU (Table 4.3). Within Cockburn Sound, slightly higher 

salinity (36 PSU) was observed on the bottom of the southern section of the EST, close 

to the location of the Perth Seawater Desalination plant outlet indicated in Fig. 4.1. 



 

 

 

 

 

Table 4.3 Summary of phytoplankton data and environmental conditions observed in the study area during late-winter and late-spring of 2012 

 
Season Late-winter Late-spring 

Transect OT EDT EST LET OT EDT EST LET 

Depth (m) 12 - 22 15 - 21 9 - 13 4 - 15 11 - 21 15 - 21 9 - 14 4 - 15 

 

Phytoplankton 

        

Biomass [g Chl-aL
-1

] 0.4 - 1.0 0.5 - 2.3 0.5 0.7 - 1.5 0.2 - 0.4 0.3 - 1.6 0.3 0.3 - 1.9 

Abundance [cells L
-1

] 0.110
6
 2.210

6
 1.710

6
 0.710

6
 1.710

4
 3.510

4
 2.310

4
 5.810

4
 

Richness [No. Genera] 30 37 30 33 22 39 24 22 

Diatoms [cells %] 95% 99% 99% 96% 73% 49% 73% 36% 

Most abundant Genera 

or life-form [cells %] 

Leptocylindrus (48%) 

Chaetoceros (23%) 

Asterionellopsis (6%) 

Leptocylindrus (98%) 

Thalassiosira (1%) 

 

Leptocylindrus (99%) 

 

Leptocylindrus (49%) 

Skeletonema (41%) 

Chaetoceros (3%) 

Nitzschia (20%) 

Licmophora (13%) 

Prasinophyte (10%) 

Chaetoceros (17%) 

Prasinophyte (16%) 

Gymnodinioid (15%) 

Chaetoceros (29%) 

Leptocylindrus (14%) 

Gymnodinioid (12%) 

Gymnodinioid (34%) 

Prorocentrum (21%) 

Nitzschia (14%) 

Fluorescent-assemblage 

spatial variations 

Relatively uniform in 

the vertical, except for 

differentiation of the 

bottom-north end 

Pronounced 

differences between 

the bottom-south and 

surface-north ends 

Differences between 

the surface and the 

bottom-south end 

Upstream variations, 

with distinctive 

assemblage towards 

the upper estuary 

Fairly uniform, with 

slight differences in 

the transect’s centre 

Evident differences 

between the surface 

and the bottom-south 

end 

Slight differences 

between the surface 

and the bottom-south 

end 

Variations along the 

upstream direction 

 

Physical 

        

Temperature [C]  17.2 - 18.0 16.4 - 17.4 16.8 - 17.6 16.8 - 18.0 19.6 - 19.8 19.4 - 20.2 19.8 - 20.6 20.0 - 21.0 

Salinity 
a
 35 35 35 34 - 27 35 35 35 - 36 35 - 33 

Turbulence dissipation  

 [m2
 s

-3
] 

Surface 10
-6 

- 10
-4

 

Bottom 10
-7 

- 10
-5

 

Surface 10
-6

 - 10
-5

 

Bottom 10
-9 

- 10
-8

 

Surface 10
-6

 - 10
-5

 

Bottom 10
-7 

- 10
-6

 

Surface 10
-6

 - 10
-5

 

Bottom 10
-7 

- 10
-6

 

Surface 10
-6

 - 10
-4

 

Bottom 10
-8 

- 10
-6

 

Surface 10
-6

 - 10
-4

 

Bottom 10
-9 

- 10
-8

 

Surface 10
-6

 - 10
-4

 

Bottom 10
-7 

- 10
-6

 

Surface 10
-5

 - 10
-4

 

Bottom 10
-7 

- 10
-6
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Microscales 

Kolmogorov scale 

length, LK [m] 

time, tK [s] 

velocity, VK [m s
-1

]  

 

710
-4

 - 210
-3 

0.1 - 5 

510
-4

 - 110
-3 

 

210
-3

 - 410
-3 

0.5 - 16 

210
-4

 - 110
-3

 

 

110
-3

 - 310
-3 

0.1 - 6 

410
-4

 - 110
-3

 

 

710
-4

 - 210
-3 

0.1 - 6 

510
-4

 - 110
-3

 

 

610
-4

 - 210
-3 

0.1 - 6 

410
-4

 - 110
-3

 

 

910
-4

 - 410
-3 

0.1 - 16 

310
-4

 - 110
-3

 

 

610
-4

 - 210
-3 

0.1 - 6 

410
-4

 - 110
-3

 

 

510
-4

 - 210
-3 

0.1 - 6 

410
-4

 - 110
-3

 

Batchelor scale 

length, LB [m] 

 

310
-5

 - 810
-5

 

 

410
-5

 - 210
-4

 

 

210
-5

 - 910
-5

 

 

310
-5

 - 910
-5

 

 

210
-5

 - 910
-5

 

 

210
-5

 - 110
-4

 

 

210
-5

 - 910
-5

 

 

210
-5

 - 910
-5

 

 

 

Resources 

        

Nutrients 

TN [g N L
-1

] 

N:P 

 

80 - 330 

3.9 - 9.5 

 

80 - 140 

0.9 - 5.5 

 

90 

5.9 

 

230 - 320 

6.6 - 7.8 

 

70 - 180 

7.8 - 10.5 

 

80 - 140 

0.9 - 2.8 

 

80 

3.9 

 

90 - 200 

2.7 - 12.5 

N:Si 0.4 – 6.9 0.1 - 1.1 2.7 <0.1 - 0.3 0.3 - 3.8 0.1 - 0.2 0.3 0.1 - 0.3 

Light (PAR) 

Extinction coeff.  [m
-1

] 

[% at bottom]  

 

0.091 

1.6% 

 

0.072 

1.7% 

 

0.124 

11.1% 

 

0.209 

4.5% 

 

0.069 

5.9% 

 

0.085 

1.4% 

 

0.114 

3.2% 

 

0.154 

0.9% 

 

Weather 

        

Photoperiod 
b
 [h d

-1
] 7.5 10.6 

Wind speed 
c
 [m s

-1
] 4.22.0 7.32.3 

a Measured using the Practical Salinity Scale 

b Daily average for the 2012 months of August (late-winter) and November (late-spring) of observations at BoM’s Perth station 

c mean ± standard deviation for the one-week periods shown in Fig. 2 
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4.4.4. Water column turbulent structure 

Turbulence intensity 

The TKE dissipation rate  in the study area varied between 10
-9

 and 10
-4

 m
2
 s

-3
 (Fig. 

4.5). The higher  values ( ≥10
-5

 m
2
 s

-3
) occurred near the surface during the late-spring 

fieldwork (Fig. 4.5 right panel). The lowest  (10
-9

 - 10
-8

 m
2
 s

-3
) was observed near the 

bottom of the deep transect in Cockburn Sound during both seasons (Fig. 4.5c-d). 

Fluctuations of turbulence intensity are associated with variations of the shear exerted 

by unsteady wind stress on the water surface. The average wind speed in the study area 

was 4.2 ± 2.0 m s
-1

 during the week of the late-winter fieldwork and 7.3 ± 2.3 m s
-1

 

during the week of the late-spring fieldwork (mean ± standard deviation calculated 

from data at Garden Island station, provided by BoM and shown in Fig. 4.2). Despite of 

the differences in wind speed between the two fieldtrips, these winds were on average 

strong enough to produce the high values of turbulence intensity ( ≥10
-6

 m
2
 s

-3
) 

observed on the water surface during both fieldtrips (Fig. 4.5, late-winter left panel and 

late-spring right panel). By comparison, the one-week wind averages for late-winter and 

late-spring are lower and higher, respectively, than the averages for each season of the 

year 2012 (summer 6.6 ± 2.4 m s
-1

, autumn 5.3 ± 2.3 m s
-1

, winter 5.1 ± 2.6 m s
-1

 

and spring 6.5 ± 2.7 m s
-1

). This indicates that the fieldwork periods cover the 

prevailing range of wind speed occurring in the study area throughout the year, showing 

high turbulence intensities prevail in the study area. 

 

Kolmogorov microscales 

The Kolmogorov length microscale LK was always larger than 500 m in all profiles 

(Fig. 4.6). The smallest LK occurred in the surface layer where higher  (≥ 10
-6

 m
2
 s

-3
) 

were observed. The more pronounced vertical variations of LK were observed in 

Cockburn Sound along the EDT (Fig. 4.6c-d). No marked differences of LK were 

observed between late-winter and late-spring (Fig. 4.6 left and right panel, respectively). 

The Kolmogorov velocity microscale VK varied in the range 10
-4

 to 10
-3

 m s
-1

, while the 

Kolmogorov time scale tK ranged from 0.1 s to 16 s (results for each transect are 

summarised in Table 4.3). Both the lowest VK and longest tK occurred in the deep area 

of Cockburn Sound (Appendices Fig. 4.S6-S7) where  was the lowest (Fig. 4.5c). 

Given the relative high average wind speed in the Perth coastal margin throughout the 

year, high turbulence intensities must occur all year and thus the observations of the 
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Kolmogorov microscales (Table 4.3) can be considered characteristic of prevailing 

conditions in the study area. The range of LK observed (500 m - 5 mm) is up to three 

orders of magnitude larger than the size of the phytoplankton taxa commonly found in 

the area (5 - 50 m for single cells, Table 4.1; ~ 100 - 300 m for cell chains, Fig. 

4.S8). This indicates that microscale velocity fluctuations occur smoothly at the 

microphytoplankton size scale, as further discussed in section 4.5. 

 

Batchelor microscale 

The Batchelor length microscale LB varied from around 20 m in the surface to 200 m 

in the bottom layers as shown in Fig. 4.7. Vertical variations of LB occurred in all 

transects; however, the offshore bottom layer showed a patchy distribution, with 

generally smaller LB (Fig. 4.7a-b) than similar depths inside Cockburn Sound (Fig. 4.7c-

d). Since the range of average wind speeds measured during the two fieldwork 

campaigns encompasses the mean wind speed of every season, then, the range of LB 

observed during both fieldwork campaigns (20 m - 200 m, Table 4.3) is considered 

to be representative of the length of the microscale nutrient gradients that occurred in 

the study area. By comparison, the longer cell chains of the diatoms observed to 

dominate in late-winter (Fig. 4.4a-c) were 1.5 - 15 times larger than the range of LB, 

indicating that these chain-forming diatoms can experience the microscale nutrient 

gradients. 
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Fig. 4.5 Contours of turbulence intensity, estimated as the rate of dissipation of 

turbulent kinetic energy (, in decimal logarithmic m
2
 s

-3
 intervals), in late-winter (left 

panel) and late-spring (right panel) of 2012 along the four transects: a), b) OT; c), d) 

EDT; e), f) EST; and g), h) LET. The zero on the x-axis indicates the location of the 

first profiling point in each transect; dashed lines indicate the PFP profile locations 
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Fig. 4.6 Contours of Kolmogorov length microscale (LK in 1 mm intervals, note 

colorbar range starts in 0.5 mm), estimated in late-winter (left panel) and late-spring 

(right panel) of 2012 along the four transects: a), b) OT; c), d) EDT; e), f) EST; and g), 

h) LET. The zero on the x-axis indicates the location of the first profiling point in each 

transect; dashed vertical lines indicate the PFP profile locations 
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Fig. 4.7 Contours of Batchelor length microscale (LB in 10 m intervals), estimated in 

late-winter (left panel) and late-spring (right panel) of 2012 along the four transects: a), 

b) OT; c), d) EDT; e), f) EST; and g), h) LET. The zero on the x-axis indicates the 

location of the first profiling point in each transect; dashed vertical lines indicate the 

PFP profile locations 
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4.5. Discussion 

4.5.1. Chain-forming diatoms vs. motile dinoflagellates in the turbulent 

microenvironment 

Turbulence redistributes sinking phytoplankton, and thus contributes to keep a viable 

population in the euphotic zone (Margalef, 1978). This can be verified by calculating 

the entrainment quotient,  = VS/(15VK), described by (Spigel & Imberger, 1987), 

which compares the sinking rates of phytoplankton VS to the turbulent velocity 

fluctuations VK. For the range of VK observed (10
-4

 - 10
-3

 m s
-1

, Table 4.3) and the 

typical VS range of diatoms and dinoflagellates (10
-6

 - 10
-3

 m s
-1

 and 10
-5

 - 10
-4

 m s
-1

, 

respectively, Table 4.1),  is always less than 1, indicating that effective entrainment 

prevails. Therefore, at the turbulence intensities observed in the study area, viable 

populations of diatoms keep being re-suspended in the relative shallow water column 

(<25 m maximum depth) of the study area. 

 

Vertical mixing is known to bring nutrient enriched water from deep layers into the 

euphotic zone of marine systems (Pearce et al., 2006; Smayda & Trainer, 2010). In the 

study region this has been reported during winter, when in addition, pulses of nutrients 

from land sources are more likely to occur due to increased groundwater, runoff 

discharges and sediment resuspension (Greenwood, 2010; Johannes et al., 2004; 

Loveless et al., 2008; Machado & Imberger, 2014; Thompson et al., 2011). Sources of 

nutrients are heterogeneously distributed also at the small-scale in marine systems, 

including for example: excretions of larger organisms, faecal pellets, marine snow and 

cell lysis (Stocker, 2012). As a product of turbulence, this heterogeneous distribution of 

nutrients in the marine microenvironment results in spatial nutrient gradients down to 

the Batchelor scale LB (Guasto et al., 2012), that in the study area varied between 20 m 

and 200 m as estimated from the turbulence measurements (Table 4.3).  

 

Phytoplankton life-forms larger than LB, like the chain-forming diatoms observed in the 

samples collected (Fig. 4.3), have been thought to be able to access microscale peak 

nutrient concentrations (Peters & Marrasé, 2000). Musielak et al. (2009) conducted 

numerical simulations and showed that in patchy nutrient environments diatom chains 

consume more nutrients than solitary cells. This is consistent with the dominance and 

higher abundance of chain-forming diatoms found in the study area during the late-



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

106 

winter period (Fig. 4.3), the season when enhanced nutrient concentrations and larger 

spatial gradients of nutrient occur in the region as shown by previous studies (Lourey et 

al., 2006; Machado & Imberger, 2014; Pearce et al., 2006). The numerical simulation 

results of Musielak et al., 2009 also demonstrated that stiffer siliceous chains show 

higher resistance to the flow, covering larger volume of water, increasing the 

probability to encounter the heterogeneously distributed nutrients; they suggest that, in 

overall, this explains the enhanced nutrient uptake by diatom chains. In addition, 

Pahlow et al., 1997 reported that turbulence increases nutrient transport towards solitary 

diatom cells and even higher uptake by diatoms chains with specialised structures like 

spaces between the cells. 

 

The relative high turbulent velocity fluctuations observed (VK > 510
-4

 m s
-1

 near the 

surface) were greater than the top swimming speed of Gymnodinioid and Prorocentroid 

dinoflagellates (Vm ~ 310
-4

 m s
-1

) measured in laboratory experiments (Smayda, 2010). 

Therefore, at the high  observed and for the time scale relevant for diffusion, i.e. the 

Kolmogorov time scale tK, turbulence overwhelms the self-propulsion ability of these 

dinoflagellates. It is noted that Vm < VK does not necessarily prevent vertical migrations 

if the overall shear flow is dominated by horizontal motions, as often is the case in 

marine systems (Hoecker-Martínez & Smyth, 2012); however, such analysis is not the 

purpose of the present contribution. On the other hand, motile life-forms could also 

benefit from microscale nutrient gradients if they were able to move faster than the time 

taken for molecular diffusion to dilute the peak concentrations (Capblancq & Catalan, 

1994). This behavioural strategy involving self-propulsion is known as chemotaxis and 

has been reported to be common in dinoflagellates (Smayda, 2010). For chemotaxis to 

be advantageous, motile phytoplankton need to cover several LB during tM, the time 

scale of nutrient mixing by diffusion defined as tM = LB
2
 kD

-1
 (Taylor & Stocker, 2012), 

it can be shown that tM = tK. The effective velocity at which microorganisms move 

across nutrient gradients, referred as chemotactic velocity (VC), is equal to the 

component of the swimming velocity in the direction of the gradient, and thus VC is 

only a fraction of their top swimming speed Vm (Guasto et al., 2012). Microfluidics, 

swimming behaviour experiments (Seymour et al., 2010) reported values of VC up to 

135 m s
-1

, or 35% of Vm, for the dinoflagellate Oxyrrhis marina. Using this percentage, 

the VC of the dinoflagellates observed was estimated to range around 3.5 - 105 m s
-1

 

(~35% of a Vm range of 10
-5

 - 310
-4

 m s
-1

, Table 4.1). For the higher turbulence 
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intensity, observed close to the surface in the study area, tM varied between less than 0.1 

s and 1 s (Table 4.3 and Appendices Fig. 4.S7). Therefore, for the above estimated VC, 

the motility range of dinoflagellates would be in the order of 1-100 m before 

molecular diffusion dominates. This motility range is considerably shorter than the 

length of the larger diatom cell chains observed suggesting that chemotaxis is a less 

advantageous strategy at the high  values observed in the study area. Furthermore, 

laboratory experiments have demonstrated that turbulence causes negative effects on 

dinoflagellates (Peters & Marrasé, 2000), including inhibition of cell growth and 

division (Estrada and Berdalet, 1997) and loss of flagella (Capblancq and Catalan, 

1994).  

 

The rate of dissipation of TKE on the surface can be related to the wind speed U in 

order to determine a critical wind speed, Uc, for which the Batchelor scale can be 

associated to the length of the diatom cell chains. Following the Taylor (1938) 

hypothesis, which relates the temporal to the spatial fluctuations in turbulent flows, and 

considering the dependence of the wind stress on the wind speed on the surface,  =  

U
3
 h

-1
, where h is the depth of the mixed layer and  is a coefficient of proportionality. 

From the values observed in the study area during late-winter, i.e.  = 10
-7

 m
2
 s

-3
, U = 

4.2 m s
-1

 and h = 6 m, a value of  = 0.6 can be estimated. On the other hand, a cell 

chain length of 100 m is associated to a critical rate of dissipation of TKE, c =  kD
2
 

LB
-4

 = 410
-8

 m
2
 s

-3
; subsequently, the above relation between U and  yields a critical 

wind speed Uc = 3.1 m s
-1

. By comparison, during the month prior to the late-winter 

fieldwork campaign, the wind data from Garden Island had U < Uc during 66 periods of 

mean length 3.6 hours ranging between 15 minutes to 22 hours. During these periods of 

calm conditions, the cell chains temporarily loose the advantage in accessing peak 

nutrient concentrations. However, diatoms can breach these periods by relying on their 

storage vacuoles, which have been found to allow maximal growth rates for at least one 

generation, i.e. time scale of hours to days (Tozzi et al., 2004). Finally, the rigid 

siliceous cell walls of diatoms enhance their flexural stiffness, helping them to resist the 

shear induced by turbulence (Young et al., 2012). Shear makes elongated particles 

rotate in the water, describing Jeffery orbits, which has been suggested to enhance 

nutrient transport towards the microorganisms (Litchman et al., 2010). Two-

dimensional simulations carried out by Musielak et al. (2009) predicted that this effect 

is enhanced in stiff siliceous diatom chains when compared to single cells. Overall, our 
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results indicated that high turbulence intensity was an environmental condition favoring 

the dominance of chain-forming diatoms in the study area, especially during late-winter 

when N availability was likely to be higher due to increased nutrient pulses from land 

and ocean sources occurring in the region as described in the literature (Greenwood, 

2010; Lourey et al., 2006; Loveless et al., 2008; Machado & Imberger, 2014). 

 

 

4.5.2. Phytoplankton strategies and seasonal environmental variations 

The dominance of diatoms among the microphytoplankton taxa observed in the study 

area (Fig. 4.3) is consistent with the general pattern of diatoms dominating well-mixed 

coastal environments (Simpson & Sharples, 2012) and environments where weak 

stratification may develop during periods of calm conditions (Reynolds, 2006). In 

addition, the higher phytoplankton biomass and diatom cell counts observed in the late-

winter campaign (up to 2.3 g Chl-a L
-1

 and 310
6
 cells L

-1
, Table 4.2 and Fig. 4.3) 

agree with previous reports of increase of diatoms during winter in the study region 

(Lord et al., 2000; Pearce et al., 2006), as well as with observations in other coastal 

systems at the end of winter and during spring when nutrient concentrations increase 

(Margalef, 1978; Smayda & Reynolds, 2003; Smayda & Trainer, 2010). Leptocylindrus, 

Chaetoceros and Skeletonema were the most abundant diatoms in late-winter (Table 

4.3). These species are listed as R-strategist diatoms by (Reynolds, 2006), these species 

have slender morphology, accentuated by chain formation, cope well with continuous 

entrainment and are favoured by relative increase of nutrient concentrations. Overall, 

this is consistent with several earlier studies reporting increase of N availability from 

summer to winter in the region (DEPWA, 1996; Johannes et al., 1994; Lourey et al., 

2006; Machado & Imberger, 2014; Pearce et al., 2006) and matching seasonal variations 

of phytoplankton in the Perth coastal margin (DEPWA, 1996; Fearns et al., 2007; 

Greenwood, 2010; Thompson and Waite, 2003). 

 

A modest increase of small celled Gymnodinioid and Prorocentroid dinoflagellates from 

late-winter to late-spring was observed (Fig. 4.3), this may be associated to functional 

traits described in the literature for these dinoflagellates including the preference for 

warmer water temperature and stratified waters (Margalef, 1978). These dinoflagellates 

are considered to be C-CS-strategists, mixotrophic, capable of alternating between 

fulfilling their requirements for energy and nutrients (Smayda & Reynolds, 2001) and 

their abundance commonly increases during warmer, stratified summer conditions 
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(Fearns et al., 2007; Smayda and Trainer, 2010). Therefore, the relative increase of 

dinoflagellates abundance observed from late-winter to late-spring may be the due to a 

transition towards summer conditions evidenced in enhanced solar radiation, warmer 

water temperature (Table 4.3) and daily wind fluctuations with calmer mornings and 

stronger afternoon winds observed (Fig. 4.2b). Such conditions are common along the 

Perth coastal margin throughout summer when weak stratification may develop 

(Machado & Imberger, 2012; Zaker et al., 2007), and resemble the cycles of 

stratification and relaxation periods associated to dinoflagellates blooms in other 

upwelling zones (Smayda, 2010). 

 

 

4.5.3. Life-form dominance, stochastic species-selection and ecosystem time history 

The question of why specific species dominate at certain time and place has been 

repeatedly asked in the study of phytoplankton communities, with special attention 

given to harmful algal blooms (Reynolds, 2012). This question may be asked regarding 

the dominance of Leptocylindrus observed in late-winter in Cockburn Sound (up to 99% 

cells, Table 4.3). Life-form selection, stochastic species-selection and ecosystem time 

history may each contribute. Smayda & Reynolds (2001) proposed that the selection of 

dominant species reflects two basic features: life-form selection and species selection; 

the former operates choosing the best adapted life-form to the environmental conditions, 

whereas the latter is stochastic and thus specific species become dominant “as a result 

of being at the right place at the right time at suitable inoculum levels”. Diatoms are 

able to exhibit high growth rates when nutrient pulses occur in low nutrient 

environments (Simpson & Sharples, 2012; Smayda & Trainer, 2010), posses storage 

vacuoles (Tozzi et al., 2004), diatoms can also tolerate high and low light intensities 

occurring at different depths of the mixed layer (Estrada & Berdalet, 1997) and their 

siliceous armour and relative large size provide protection from grazers (Hallegraeff et 

al., 2010; Reynolds, 2012). In addition, our results showed that the dominant chain-

forming diatoms found during late-winter, i.e. Leptocylindrus, Chaetoceros and 

Skeletonema, experience the microscale nutrient gradients in the highly turbulent 

waters. This set of traits made chain-forming diatoms a successful life-form in the study 

area. 

 

However, these traits are common of several diatom species, therefore, the dominance 

of Leptocylindrus in Cockburn Sound can be seen as the result of stochastic selection 
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that in turn depends on the time history of the ecosystem. The high cell numbers of 

Skeletonema observed in the upstream section of the lower estuary (Table 4.3) can be 

seen as the result of different species being stochastically-selected upstream and 

downstream along the lower estuary. However, given that the environmental conditions 

in the lower estuary depend on both the seaside and upstream dynamics (Marti & 

Imberger, 2011; Robson et al., 2008), it is inferred that being at suitable inoculum levels 

for stochastic selection is actually the result of earlier environmental and biological 

interactions (Reynolds, 2012), i.e. the time history of the ecosystem. Advection can 

greatly influence the time history of aquatic ecosystems (Imberger & Patterson, 1990; 

Johannes et al., 1994; Simpson & Sharples, 2012). The flushing time of Cockburn 

Sound, which provides an indication of the advection time scale, has been estimated to 

be 11-30 days (Loveless et al., 2008; Marti & Imberger, 2011). Using net exponential 

growth rates of 0.2 and 1.0 d
-1

 (Table 4.1), a 10-fold increase in the abundance of 

diatoms is estimated to take between 2 and 11 days. This growth time scale is smaller 

than the advection time scale, suggesting that the phytoplankton community of 

Cockburn Sound mainly reflects the time history of the semi-enclosed embayment. By 

contrast, on the offshore side of Garden Island, enhanced alongshore transport and 

exchange with open shelf waters take place, as shown by regional cross-shelf 

observations, satellite observations (DEPWA, 1996; Greenwood, 2010; Lourey et al., 

Pearce et al., 2006; Thompson et al., 2011) and numerical simulations (Machado & 

Imberger, 2014; Zaker et al., 2007). Therefore, the samples collected in the offshore 

transect are likely to contain phytoplankton transported by currents from the broader 

coastal region to the sampling stations. However, the dominance of Leptocylindrus 

(48%) and Chaetoceros (23%) observed in late-winter (Table 4.3) indicates that 

conditions favourable for coastal chain-forming diatoms, i.e. pulses of nutrients and 

turbulence, prevail in the region during the winter season. 

 

 

4.5.4. Implications for hydrodynamic-ecological modelling 

The results of this study demonstrate the influence of turbulence microstructure on the 

large fraction of the phytoplankton community, i.e. microphtoplankton. However, most 

hydrodynamic-ecological numerical models do not include an explicit representation of 

turbulence as a selective factor of phytoplankton life-forms in their equations. 

Conventional models typically focus on nutrients, light and temperature limitation, in 

cases grazing pressure and some include the effects of sinking, buoyancy control and 
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motility (Trolle et al., 2012). Recently, there has been an increasing interest in including 

additional functional trait-variations in model formulations (Edwards et al., 2013; 

Naselli-Flores & Rossetti, 2010; Reynolds, 2012). We advocate for turbulence intensity 

to be incorporated into such formulations because it defines the microscales upon which 

phytoplankton source nutrients within the microenvironment. Ultimately, the 

microenvironment surrounding individual microorganisms dictates their chance of 

succeeding (Reynolds, 2006; Stocker, 2012). When conducting hydrodynamic-

ecological simulations, there might be cases in which bulk flow, average-concentrations 

are enough to capture the features of interest (Imberger and Patterson, 1990; Stocker, 

2012). In other cases however, having the option of including microscale fluctuations 

and their selective effects could be helpful. We believe that a new generation of 

process-based coupled hydrodynamic-ecological models should aim to provide this 

option. 

 

 

4.6. Conclusions 

Diatoms were the most abundant group among the large phytoplankton fraction sampled 

(microphytoplankton) in the nitrogen limited, clear waters of Cockburn Sound and its 

surroundings during both the late-winter and late spring fieldwork campaigns. They 

accounted for 97% of the community in late-winter and 56% in late-spring, by cell 

counts. In late-winter, Chl-a concentration was twice (median 0.8 g Chl-a L
-1

) than in 

late-spring (median 0.4 g Chl-a L
-1

), TN decreased slightly between the two 

campaigns and showed larger spatial variations in late-winter, in agreement with 

previous reports for the study region (Machado & Imberger, 2014). The results indicate 

that high turbulence intensity, especially near the surface, was an important 

environmental condition influencing the success of chain-forming diatoms. Analysis of 

turbulence microscale properties suggests that, at high turbulence, size elongation of 

diatoms enhanced by formation of cell chains is a more advantageous strategy than the 

motility of dinoflagellates. Diatom chains of up to 300 m were 1.5-15 times larger than 

the microscale nutrient gradients observed, as characterised by the Batchelor length 

scale. By contrast, as indicated by the results of the Kolmogorov velocity scales, motile 

phytoplankton require swimming at velocities greater than 10
-3

 m s
-1

 to benefit 

substantially from these gradients. This is higher than the swimming speeds reported for 

most dinoflagellates (Smayda, 2010). The turbulent microscales observed in Cockburn 
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Sound indicate that large phytoplankton life-forms, like elongated chain-forming 

diatoms, can access microscale peak nutrient concentrations in the heterogeneous 

microenvironments of turbulent coastal ecosystems. 
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4.7. Appendices Chapter 4 

4.7.1. Phytoplankton cell counts data 

Table 4.S1 Phytoplankton cell counts (Genus) of samples collected in the study area 

during the late-winter (samples A01-A13) and late-spring (samples N01-N13) 

campaigns 

(Available in a separate spreadsheet file due to size limitation) 

 

 

4.7.2. Supplementary results 

 

Table 4.S2 Limitation function values (lf) of Nitrogen (N), phosphorous (P) and silicon 

(Si) for diatoms and dinoflagellates during the two fieldwork campaigns. The values 

were estimated, following the Michaelis-Menten expression, using the average 

inorganic nutrient concentrations of DIN, PO4 and SiO2 measured in the study area in 

late-winter and late-spring for each campaign and the half-saturation constants from 

Table 4.1 

Campaign Late-winter Late-spring 

lf N lf P lf Si lf N lf P lf Si 

Diatoms 0.47 0.66 0.64 0.43 0.69 0.67 

Dinoflagellates 0.26 0.54 - 0.23 0.57 - 
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Fig. 4.S1 Phytoplankton fluorescent-assemblage (represented on a PCA-derived color-

scheme) and biomass (solid contour lines, 0.5 g Chl-a L
-1

 intervals) from fluorometric 

profiles collected on late-winter (left panel) and late-spring (right panel) of 2012, along 

four transects: a), b) OT; c), d) EDT; e), f) EDT; and g), h) LET. Colors represent the 

influence of the fluorescence dataset end-point spectra A (green), B (red) and C (blue) 

shown in Fig. 4.4. Every fluorescence sampling point along each transect was coloured 

in proportion to the distance to the three end-points in the PCA space. The zero on the 

x-axis indicates the location of the first profiling point in each transect; dashed vertical 
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lines indicate the PFP profile locations. A01-A13 (late-winter) and N01-N13 (late-

spring) indicate the locations where samples for phytoplankton cell counts were 

collected 

 

 

Fig. 4.S2 Contours of water temperature (T in 0.2 ºC intervals) measured during late-

winter of 2012 along the four transects: a) OT; b) LET; c) EDT; and d) EST. The zero 

on the x-axis indicates the location of the first profiling point in each transect; dashed 

vertical lines indicate the PFP profile locations 
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Fig. 4.S3 Contours of water temperature (T in 0.2 ºC intervals) measured during late-

spring of 2012 along the four transects: a) OT; b) LET; c) EDT; and d) EST. The zero 

on the x-axis indicates the location of the first profiling point in each transect; dashed 

vertical lines indicate the PFP profile locations 
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Fig. 4.S4 Contours of salinity (in 1 PSU intervals for the range 27-35 PSU and 0.2 PSU 

intervals for the range 35-36 PSU) measured during late-winter of 2012 along the four 

transects: a) OT; b) LET; c) EDT; and d) EST. The zero on the x-axis indicates the 

location of the first profiling point in each transect; dashed vertical lines indicate the 

PFP profile locations 
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Fig. 4.S5 Contours of salinity (in 1 PSU intervals for the range 27-35 PSU and 0.2 PSU 

intervals for the range 35-36 PSU) measured during late-spring of 2012 along the four 

transects: a) OT; b) LET; c) EDT; and d) EST. The zero on the x-axis indicates the 

location of the first profiling point in each transect; dashed vertical lines indicate the 

PFP profile locations 
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Fig. 4.S6 Contours of Kolmogorov velocity scale (VK in 100 m s
-1

 intervals), estimated 

in late-winter (left panel) and late-spring (right panel) of 2012 along the four transects: 

a), b) OT; c), d) EDT; e), f) EST; and g), h) LET. The zero on the x-axis indicates the 

location of the first profiling point in each transect; dashed vertical lines indicate the 

PFP profile locations 
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Fig. 4.S7 Contours of Kolmogorov time scale (tK in 2 s intervals), estimated in late-

winter (left panel) and late-spring (right panel) of 2012 along the four transects: a), b) 

OT; c), d) EDT; e), f) EST; and g), h) LET. The zero on the x-axis indicates the location 

of the first profiling point in each transect; dashed vertical lines indicate the PFP profile 

locations 
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Fig. 4.S8 Phytoplankton taxa observed in samples collected in the study area in both 

campaigns. Chain-forming diatom species that dominated during the late-winter 

campaign: a) Leptocylindrus, b) Skeletonema and c) Chaetoceros. Other non-diatom 

taxa observed: d) Prorocentroid dinoflagellates, e) Gymnodinioid dinoflagellates and f) 

Prasinophyte. The scale shown in a) applies to all specimens, which are focused in the 

centre of the field using 400 amplification. Photos courtesy of Mitchell Ranger, 

Dalcon Environmental (Perth, Australia) 
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Chapter 5. 

Conclusions and recommendations 

 

5.1. Summary 

 

Understanding of the influence of physical processes and treated wastewater effluent on 

phytoplankton dynamics in the highly dispersive coastal environment of the Perth 

coastal margin was advanced in this thesis. Processes occurring at a range of spatial and 

temporal scales were studied in this nitrogen limited, oligotrophic, diatom dominated 

coastal ecosystem (Pearce et al., 2006; Thompson & Waite, 2003).  

 

In Chapter 2, the drivers of seasonal variations in the concentrations of dissolved 

inorganic nitrogen (DIN) and phytoplankton biomass (Chl-a) were investigated in a 

coastal domain that receives the discharge of wastewater effluent from the Beenyup 

WWTP (Lord & Hillman, 1995). The results from analysis of historical monitoring 

data, remote-sensing data and simulations with the three-dimensional hydrodynamic-

ecological model ELCOM-CAEDYM indicated: 

 

- Seasonal variations of DIN and Chl-a were determined by exchange with 

offshore and surrounding coastal waters, which were driven by the wind field. 

 

- The seasonal variations of vertical stratification, mesoscale currents and nutrient 

dynamics in the offshore region influenced the seasonal dynamics of nutrients 

and phytoplankton growth in the nearshore. 

 

- Inputs of DIN from surface runoff, groundwater and atmospheric deposition 

vary with seasons but make a small total annual contribution compared to inputs 

from wastewater effluent and exchange with offshore waters. 

 



PHYSICAL PROCESSES AND WASTEWATER EFFLUENT INFLUENCE ON PHYTOPLANKTON 

 

124 

- Treated effluent was an important point-source of nutrients but it did not control 

the seasonal variations of DIN nor Chl-a in the domain. However, effluent 

discharge influenced short-term, i.e. hours to days, variations of DIN and 

phytoplankton at the simulation domain scale, in particular during periods of 

calm wind conditions. 

 

- Implementation of further treatment for nutrient removal to decrease nitrogen 

concentrations in the effluent at the local wastewater treatment plant is unlikely 

to have any pronounced effect on the phytoplankton dynamics at the spatial 

scales of the simulated domain and temporal scales of seasons or longer. 

 

In Chapter 3, an alternative wastewater management scenario was examined in which 

the nutrients from the effluent of the Beenyup WWTP were considered as useful 

resources instead of waste (Andreen, 2006; Langergraber & Muellegger, 2005), in this 

case to foster ecosystem productivity. The hydrodynamic-ecological simulations of the 

conventional, i.e. current, and alternative management scenarios found: 

 

- The prevailing winds during the simulated summer period, which were 

representative of the typical summer conditions along the Perth coastal margin, 

generated a highly dispersive aquatic environment. In this environment, the 

influence of wastewater effluent discharge was restricted to the vicinity of the 

outlet. 

 

- Lessening of wastewater nutrient removal, as implemented in the alternative 

scenario simulation, enhanced nutrient and Chl-a concentrations, but 

concentrations remained within the ranges previously reported in the study area. 

 

- The alternative scenario simulation results suggested that a moderate increase of 

phytoplankton biomass, within values occurring in the region, could possibly 

enhance overall ecosystem productivity. This may result in promoting some 

ecological services yet preserving the oligotrophic state of the aquatic 

ecosystem. 
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- Coupled three-dimensional hydrodynamic-ecological numerical modelling 

proved to be useful for assessing alternative scenarios of coastal ecosystem and 

wastewater discharge management. 

 

- Further detailed investigations taking into account factors out of the scope of 

this thesis, like the effect of increased primary production on superior levels of 

the food web and the potential impacts of emergent pollutants, could help to 

develop an optimised integral management strategy for the local coastal margin. 

 

 

Considering the strong influence of the winds on the dynamics of the Perth coastal 

margin (Zaker et al., 2002) and taking into account that high turbulence intensities in 

the surface layers of aquatic environments are associated to the wind stress (Imberger, 

1985), the influence of microscale turbulence on the phytoplankton of the study area 

was investigated in Chapter 4. The analysis of field measurement and further scaling 

arguments indicated: 

 

- Relative high turbulence intensities were observed during both the winter and 

spring field trips.  

 

- High turbulence occurred at very small scales indicating heterogeneous 

distribution of nutrients taking place in the water column with gradients of 

concentration occurring down to sizes characterised by the Batchelor scale. 

 

- The turbulence intensities observed were such that phytoplankton cells and 

chains of cells were indicated to remain effectively entrained in the water 

column avoiding settling. 

 

- The dominance of diatoms in the Perth coastal margin was associated to 

environmental conditions observed, with high turbulence intensity and limited 

availability of nitrogen considered to be of critical importance. 

 

- At the high turbulence intensities observed, chain-forming diatoms are thought 

to gain a competitive advantage over motile dinoflagellate life-forms because of 

the ability to form stiff siliceous cell chains of length longer than the Batchelor 
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scale, which allows such diatoms to experience and benefit from the microscale 

nutrient gradients. 

 

- Scaling arguments suggested that diatoms could withstand periods of low 

turbulence by relying on nutrients stored inside the cells, either in specialised 

structures like vacuoles or in organic pools rich in essential nutrients including 

nitrogen. 

 

 

5.2. Recommendations 

 

The following is a list of some recommendations for further work arising from this 

thesis. The recommendations are grouped according to their implications for research 

and management and modelling. 

 

For research 

 

 The effects of turbulence on other microorganisms, for example bacteria and 

zooplankton, can be now studied in situ using the instrumentation and 

methodologies developed in the Centre for Water Research at The University of 

Western Australia. This could lead to new breakthroughs about biophysical 

interactions occurring at microscopic scales (Guasto et al., 2012). Such type of 

studies could be conducted in natural and manmade environments, including 

coasts, lakes, estuaries as well as reservoirs and the standing waters of ponds and 

treatment plants. 

 

 The study of the dynamics of the microbial loop and its influence on nutrient 

cycling of autochthonous and allochthonous organic matter in the Perth coastal 

margin warrants more detailed consideration given the relative low 

concentrations of inorganic nutrients in the WA coast (Thompson et al., 2011). 

 

 Mineralisation and release of nutrients from sediments, detritus and pore water, 

have been found to be important in the recycling of nutrients in other coastal 

ecosystems like the Great Barrier Reef (Alongi & McKinnon, 2005). The effect 

of these processes could be studied in detail in the Perth coastal margin; 



Chapter 5. CONCLUSIONS AND RECOMMENDATIONS 

 

127 

however, given the dependence on the dynamics of the benthic layer and the 

influence of factors like surface waves and bottom currents (Greenwood, 2010), 

field investigations and numerical models that account for such factors are 

required. 

 

 As the dynamics of the Perth coastal margin are highly influenced by the local 

and regional meteorological conditions, research into the effects of climate 

change scenarios could yield interesting results and insights. Changes at two 

temporal scales would be worth looking in this regard: first, the long-term 

change of the prevailing conditions; and second, the frequency and intensity of 

extreme events like storms and cyclones (Webster et al., 2005). 

 

 The trophic dynamics and transfer of biomass and energy to secondary and 

superior trophic levels of the food web need to be investigated to determine in a 

precise manner how the changes in phytoplankton dynamics could affect the 

ecological services provided by the coastal margin. In addition to the modelling 

approach used in this thesis, other techniques like for example stable isotopes 

and fatty acids have been suggested as potential biomarkers to track, in situ, the 

fate of primary production on coastal ecosystems (Hanson, Hyndes, & Wang, 

2010). 

 

 Multidisciplinary research involving ecocomic and social sciences would be 

required for a proper quantification of the socio-economic benefits and costs of 

alternative wastewater and coastal management approaches.  

 

 

For management and modelling 

 

 Point-sources of inorganic nutrients have been confirmed to be dispersed at 

relatively short space and time scales in the Perth coastal margin. However, it 

would be prudent to assess the cumulative impact of human activities and that of 

emergent pollutants on the coastal ecosystem. Coupling weather, ocean 

circulation and hydrodynamic-ecological models, using a framework as that 

suggested by Marti and Imberger (2011), could be a helpful approach for this 

purpose. 
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 There exist opportunities to optimise wastewater treatment and effluent 

management in the Perth metropolitan area. This could bring environmental and 

economic benefits to the community. In this regard, treatment and discharge 

management customized for the seasonal changing environmental conditions 

could be aided by realtime modelling and monitoring, contributing to improve 

our understanding of the local environment and fundamental processes. 

 

 Given the importance of the connectivity and exchange between coastal margins 

and offshore waters, increased assimilation of remote-sensing data is 

recommended for improving the modelling of coastal hydrodynamics and 

ecology. This reinforces the suggestions of other authors (Greenwood, 2010; 

Pearce et al., 2006). Remote-sensing data can be particularly useful to force 

offshore boundary conditions as well as on model validation. 

 

 It is suggested that coupled hydrodynamic-ecological numerical models should 

aim to incorporate the influence of microscale turbulence on the dynamics of 

phytoplankton and other microorganisms given the importance that small scale 

process can have on overall ecosystem functioning. 

 

 

5.3. Final remark 

 

This thesis demonstrated that physical processes, operating at different spatial and 

temporal scales i.e. extending from micrometers to kilometres and seconds to years, 

have a strong influence on the variations in abundance and composition of 

phytoplankton in the Perth coastal margin. The approach and findings of this work are 

not restricted to the study area but are also relevant to other coastal environments. 
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