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Executive Summary 
The model Bubbles provides exceptionally close predictions of nutrients and planktonic 
production over a full year (July 2016-June 2017) in Port Phillip Bay, Victoria, Australia. 
When calibrated by comparison with field data, the model proves to be uniquely able to 
predict the concentration of the 12 most abundant phytoplankton, down to individual 
species levels, as well as when aggregated to diatoms, flagellates and totals.  

The novel “volume-based” model also shows for the first time that phytoplankton life cycles 
are mostly dependent on their volumes. Such an idea is new and challenges the idea that 
each phytoplankton is fundamentally individual and needs to be treated individually. The 
best test of the volume-based concept is to utilise volume-based equations in a computer 
model to determine if the myriad complexities of primary production can be so simply and 
effectively predicted. Bubbles arose to meet this challenge by creating a new genre of 
Nutrient-Phytoplankton-Zooplankton (NPZ) models. Port Phillip Bay (PPB), a complex 
environment with an ocean entrance, multiple and different hydrodynamic zones and large 
city inputs of nutrients, is an ideal testing location. 

Bubbles uses diatom/flagellate cell volumes and temperature/light equations to fully 
describe the algae. With this innovation, Bubbles is able to simulate numerous 
phytoplankton species simultaneously, without needing a broad range of equations to 
describe each single species.  

In addition, NPZ models are traditionally very difficult to calibrate because of the many 
unknown empirical coefficients which are often mathematical rather than being directly 
related to the biological characteristics of the phytoplankton. The goal with Bubbles was to 
mostly eliminate empirical coefficients through a science-based approach, founded on 
modern biological data based on volume. Trial and error setting of coefficients by the 
operator was largely eliminated.  

Based on the same philosophy, additional innovations were developed for the zooplankton. 
A more realistic representation of growth, nitrogen uptake and egg production was 
incorporated by tracking at daily intervals through the zooplankton life-cycle. The 
zooplankton are subjected to varying environmental conditions throughout their life and the 
factors affecting egg production and hatching success can be treated specifically. 

Numerically, Bubbles blends novel Lagrangian particle advection schemes with Eulerian 
methods; the former near discharges and the latter for variables which vary smoothly in 
space. This optimal method not only greatly improves accuracy of the advection schemes, it 
also minimises computer-power requirements and speeds up the model solutions. This 
scheme is unique to the Bubbles model. 

Bubbles is coupled to other simulations, including the 3-dimensional hydrodynamic Model 
3DD. In 3-dimensional ocean/atmosphere mode, Model 3DD provides sea levels and 
currents (for the advection and diffusion of matter) and salinity and temperature variations 
(for determination of plankton life variables such as growth rates, mortality etc.), all as a 
function of depth below the sea surface.  
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Comparisons were made with measurements of individual species of phytoplankton, total 
diatoms and flagellates, nutrient concentrations, ratio of N species, seabed N and Si 
concentrations, temperature, salinity, Chl-a and zooplankton. In combination, both Models 
3DD and Bubbles showed close agreement with intensive measurements made monthly at 
multiple sites across PPB over a full year, thereby confirming the following:  

• Capacity of the hydrodynamic model 3DD 
• Volume-based approach in Bubbles 
• Mixed Lagrangian/Eulerian method 
• Embedded equations for biological and chemical processes 
• Methodology at the seabed 
• Selection of coefficients 
• Sensitivity of the model 
• Prediction accuracy 

A nutrient peak occured during late summer/autumn when there were no discharges from 
the WTP and rivers. The source of the nutrients is unknown and therefore absent in the 
model. Phytoplankton growth at the time is under-predicted, particularly near the Western 
Treatment Plant (WTP) and Central site. Further analysis suggested that the anomalous 
nutrient peak may relate to either: (1) wave action stirring up bed sediments and nutrients; 
or (2) bacterial and microbial processes active in the warm, late-summer waters of the Bay 
which may provide a non-anthropogenic source of N. 

Difficulties were encountered when simulating species of the ubiquitous Chaetoceros genus 
which exhibited a wide range of sizes and temperature responses. Additional laboratory 
analysis of this genus is recommended, with further analysis of all species volumes. 

An intensive (2-3week) field experiment is recommended to confirm and/or define factors 
such as fall velocity of diatoms, seabed inputs/outputs and growth/decay of phytoplankton 
(particularly Chaetoceros and Skeletonema). The utilisation of dissolved organic nitrogen 
(DON) and the transfers of nutrients from the seabed during wave events are currently 
unknown. The experiment may be appropriately placed in the Geelong Arm and Corio Bay 
with timing before and after rainfall and wave events, in summer or autumn. 
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Chapter 1 Introduction 
Melbourne Water commissioned studies to investigate the links between nutrient 
discharges, primary production and fish recruitment in Port Phillip Bay. Full background can 
be found in Jenkins and Black (2019a).  

 

Purpose of this report 
The goal of this report is to present the refinements and calibration of the computer models 
from the 3DD Suite, with focus on the new-genre Bubbles NPZ model. Specifically, this 
report updates model refinements and calibration using comprehensive data collected from 
July 2016 to June 2017 inclusive (Jenkins et al. 2018,2019) from Port Phillip Bay (PPB), 
Victoria, Australia.  

Bubbles has been fully described and calibrated previously (Black et al. 2015). However, 
since that work, the additional field data expanded the model calibration scope. Increased 
understanding of NPZ dynamics in PPB from the field data also aided/endorsed the model 
refinements described here. 

The calibration challenge is substantial at a bay-wide scale with numerous river inputs, 
variable weather factors and many different phytoplankton species and responses in 
different segments of the Bay.  

 

The Bubbles Model 
Bubbles is a dynamic Nutrient-Phytoplankton-Zooplankton and Fish (NPZ-F) model 
predicting primary production and the bottom-up impacts on higher trophic levels (Black et 
al. 2015). The model has been successfully applied to explain inter-annual variations in 
snapper recruitment in Port Phillip Bay, Australia (Black et al. 2016a). 

Bubbles is coupled to the comprehensive 3-dimensional hydrodynamic model “3DD” of Port 
Phillip Bay which provides currents, water temperatures and salinities over time and gridded 
space. Model 3DD has been successfully calibrated and applied over decades by Black and 
co-workers (e.g. Black et al. 1993; Harrison et al. 2007). 

The Bubbles Innovation 
Recent scientific findings reveal that many phytoplankton life cycle processes are strongly 
based on volume of the phytoplankton, i.e. growth, half saturation coefficient, fall velocity, 
nitrogen content, nitrogen uptake, cells per litre etc (e.g. Marañón et al. 2013; Marañón 
2015).  Does this mean that natural primary production is primarily determined by the 
volume of the phytoplankton species? Such an idea is new and challenges previous thinking 
which believed that each phytoplankton was fundamentally individual and needed to be 
treated individually.  

The best test of the volume-based idea is to utilise volume-based equations in a computer 
model to determine if the myriad complexities of primary production can be so simply and 
effectively predicted. Bubbles arose to meet this challenge by creating a new genre of NPZ 
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models which we describe as “Volume-based”. Port Phillip Bay, a complex environment with 
an ocean entrance and large city inputs of nutrients, is the testing location. 

Bubbles uses diatom/flagellate cell volumes and temperature/light equations to fully 
describe the phytoplankton. With this innovation, Bubbles is able to simulate numerous 
phytoplankton species simultaneously, without needing a broad range of equations 
describing each single species.  

Prior modern NPZ simulations have been classified as “Plankton Function Type” (PFT) or 
“Trait-Based” (Anderson 2005, Litchman and Klausmeier 2008, Breton et al. 2017). These 
aim to cluster or group phytoplankton species into categories, thereby simplifying the 
modelling and reducing computer requirements. However, the variations in natural 
phytoplankton species have often confounded the methodology and made the selection of 
groupings unmanageable. 

Bubbles aims to greatly reduce complexity for operational modellers. NPZ models are 
traditionally very difficult to calibrate because of the many unknown empirical coefficients 
which are often mathematical rather than being directly related to the biological 
characteristics of the phytoplankton. The goals were to eliminate such empirical coefficients 
through a science-based approach, founded on modern biological data. In this way, the trial 
and error setting of coefficients by the operator was largely eliminated.  

Based on the same philosophy, additional innovations were developed for the zooplankton. 
A more realistic representation of growth, nitrogen uptake and egg production was 
incorporated by tracking at daily intervals through the zooplankton life-cycle. The 
zooplankton are subjected to varying environmental conditions throughout their life and the 
factors affecting egg production and hatching success can be treated specifically. 

Numerically, Bubbles blends novel Lagrangian particle advection schemes with Eulerian 
methods; the latter for variables which vary smoothly in space. This optimal method not 
only greatly improves accuracy of the advection schemes, it also minimises computer-power 
requirements and speeds up the model solutions. This scheme is unique to the Bubbles 
model. 

Like most planktonic production models, Bubbles is coupled to other simulations, including 
the 3-dimensional hydrodynamic Model 3DD (Black et al. 1993, Black 1995, Jenkins et al. 
1997, 2000, Harrison et al. 2007). In full 3-dimensional ocean/atmosphere mode, Model 
3DD provides sea levels and currents (for the advection and diffusion of matter) and salinity 
and temperature variations (for determination of plankton life variables such as growth 
rates, mortality etc. as a function of depth below the sea surface).  

These coupled models come from Black’s commercial “3DD Suite of Marine Physical Process 
Models” which can also provide several other inputs, e.g. horizontal circulation due to 
waves, wave-induced sea surface turbulence, sediment transport re-suspending toxins, 
nutrients or muds/sands etc. The linked models are separately operated and calibrated, but 
their output is written to binary computer files to be utilised by the other coupled models in 
the Suite.  
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Chapter 2 Dynamics of the Bay 
Description of the Bay and Circulation 
Port Phillip Bay is semi-enclosed with an unusually narrow entrance and wide flood-tidal delta 
leading to a “saucer-shaped” inner bay (Figure 2.1). In the region between the Heads at the 
Bay’s entrance and the Great Sands (flood-tidal delta), astronomical and barometric pressure-
induced sea level variations between Port Phillip Bay and Bass Strait induce currents through 
the entrance exceeding 1.5 ms-1 (Black et al., 1993). Tidal currents are slower to the north of 
the Great Sands in the deeper and broader Central Basin where currents are mostly induced 
by wind and gravitational mixing due to temperature and salinity gradients and modified by 
wind induced up/downwelling against the shorelines. 

The Geelong Arm in the west of the Bay (Figure 2.1) is a relatively isolated dynamical 
environment, albeit linked to the Bay by hydrodynamic circulation. At the far western end of 
Geelong Arm, Corio Bay is a small, circular embayment almost cut off by a shallow sand bar 
entrance which has been dredged for shipping access. Corio Bay is fundamentally different 
from the entrance and Sands region. The Western Treatment Plant (WTP) discharges treated 
nutrients to PPB along the northern shoreline near the entrance to the Geelong Arm (Figure 
2.1), while the Yarra River discharges in the north. Port Phillip Bay is an ideal location to test 
the models, with hydrodynamically-diverse sub-regions each having different anthropogenic 
discharges from rivers. 

 
Figure 2.1  Port Philip Bay, Victoria, Australia. WTP is Western Treatment Plant operated by Melbourne 

Water. Colour scale bar is depth in metres. 
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Flushing 
The region between the entrance and Great Sands is quickly flushed, but, mixing across the 
Great Sands acts as a filter to the flushing of the inner Bay. Consequently, total Bay flushing 
times are 1-2 years (Harris et al. 1996). Black and Mourtikas (1992) suggested that the Great 
Sands primarily determines inner Bay residence times (rather than exchange rates at the 
entrance) and modelling in this study confirms their hypothesis. 

Velocities taken from Model 3DD and averaged over a year to create “residuals or net vectors” 
show that dominant net circulation patterns around the Great Sands and entrance are 
complex (Figure 2.2). However, these averaged currents align with morphological features 
and can be used to infer the locations of the sand bars and channels. Residual currents are 
normally strong and accelerating along channels, while they decelerate towards sand bars 
(e.g. Mud Island). 

In the surface layer of the model, Port Phillip Bay currents are characterised by a net clockwise 
rotation after annual averaging of flows (Figure 2.3a). The Yarra River plume is a dominant 
feature which extends southwards along the eastern shore of the Bay, driving currents to the 
south towards the entrance. Looking deeper into the water column (10 m below the surface 
in the model), two large counter-rotating gyres occur (Figure 2.3b). These were identified 
earlier by Black et al. (1993) and occur in response to wind forcing. An interesting feature is 
the net flow towards the Yarra River entrance at 10 m depth (Figure 2.3b). This flow replaces 
the volume of water entrained by shear-induced turbulent mixing into the underside of the 
buoyant freshwater surface plume. 

Salinity patterns are strongly controlled by the location and size of discharges, with the Yarra 
plume hugging the east coast of the Bay having the most substantial effect (Figure 2.4). The 
WTP influence is most evident in the Geelong Arm and around the Bellarine Peninsula.  

 

Nutrient indicators of circulation 
Model Bubbles shows 4 dominant nutrient pathways in PPB: three from the WTP and one 
from the Yarra/Patterson River around the east coast (Figure 2.5). These patterns are 
consistent from year to year. Nutrients are higher on the pathways which boosts productivity. 
Not surprisingly, many of the mussel farms have been independently placed on these 
pathways using local knowledge of mussel growth. 
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Figure 2.2  Residual velocity vectors (black arrows) above a threshold velocity of 0.25 ms-1 around the Great 
Sands region in a period with strong west winds. Depth is plotted in colour, white arrows indicate trends in 

the net currents and corresponding sand circulation patterns. 
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Figure 2.3  Residual currents in Port Phillip Bay averaged over a full year. (a) surface layer of the model (0-2 

m depth) and (b) in the layer centred at 10 m depth. 

a 

b 
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Figure 2.4  Salinity in Port Phillip Bay following a period of high run-off (from Harrison et al. 2007). 

 

    
Figure 2.5  Nutrient paths from Model Bubbles. Route 1 - Yarra: N fluxes follow the north-west coast to the 

Yarra Entrance. Route 2 –Bellarine Peninsula: towards Corio across the bay to the seagrass meadows of 
Clifton Springs and along the coast past Portarlington.  Route 3- Northern sands: south-east, along the north 
of the sands to link with flow coming down the east coast from the Yarra River.  East coast: dominant fluxes 
follow the east coast to the south and turn towards the central bay south off Frankston. This zone is known 

to be favoured for snapper recruitment. 

  



19 
 

Chapter 3 Hydrodynamic Modelling 
 

Background 
In Port Phillip Bay, 3DD has been successfully calibrated against measured currents and sea 
levels (Black, 1992; Black et al., 1993) and then used for a range of applications. Globally, 
several hundred independent and varied studies have both tested the model against 
measurements and advanced the numerical schemes, while computer speeds have improved, 
allowing much better resolution with finer numerical model grids.  

In this report, Model 3DD is chosen to simulate the hydrodynamics. Methods adopted, 
boundary conditions etc. are described by Black et al. (2015) and updated below. 

 

Bathymetry 
The bathymetry of PPB was represented on an 800 m model grid with 108 by 86 cells and an 
open boundary at the south in Bass Strait (Figure 3.1).  Dredged channel deepening in the 
entrance from 2012 has been included. Simulations were also undertaken on a 400 m grid but 
are not reported here.  

 

 
Figure 3.1 The 800 m model grid of 108x86 cells, with a southern ocean entrance in Bass Strait. Colour scale 

bar is depth in metres. 
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Hydrodynamic Model Boundary Conditions 
 
Time Series Boundaries 
Model 3DD uses a sophisticated set of boundary conditions including 1-hourly time series of 
environmental variables. Information is not available from all weather stations and so 
specialist software was written to read/blend/interpolate and write out the results in model 
boundary format. These include: 

 

• Winds from four stations spread around the Bay, i.e. Fawkner Beacon, Pt Wilson, 
Frankston and South Channel Fort 

• Air temperatures from Avalon and Frankston 

• Barometric Pressure from Moorabbin airport 

• Cloud cover from Moorabbin airport 

• Rainfall from Avalon, Laverton and Moorabbin 

• Humidity from Moorabbin and Frankston 

• Global Solar radiation from Melbourne (Tullamarine) airport 

• Sea levels in Bass Strait from the Lorne Station, used to drive the southern open 
boundary 

Sea levels measured by Port of Melbourne are available from Lorne, which is close to the 
western end of the open ocean boundary. The Lorne data (recorded at 10 min intervals) was 
running-mean smoothed at hourly intervals and written out hourly for the model. These levels 
were then applied to the boundary. 

 

River flows, Temperature and Salinity 
Freshwater flow data recorded hourly from riverine flow gauges by Melbourne Water was 
consolidated to give mean daily freshwater inputs from the Patterson River, Mordialloc 
Creek, Yarra River (includes Maribyrnong and other tributaries), Kororoit Creek, Skeleton 
Creek, and the Werribee River. With no data available, Little River was added to the model 
by scaling the Yarra River flows by 1.5% (best guess).  

The major riverine freshwater input to Port Phillip Bay comes from the Yarra River, and the 
time series of flows from this system is shown in Figure 3.2. Yarra flows are highly 
responsive to rainfall and vary from <10 to >100 m3s-1 (Figure 3.2) and were relatively large 
from early September to late November, including three flow peaks. A peak of short 
duration in late December occurred with slightly smaller flow peaks in April followed by a 
long duration peak in June. 

Measured daily flows were available for the four WTP outfalls (15E, 145W, Murtcaim and 
Borrie) (Figure 3.3). When all outfalls are combined at WTP, the total flows are seen to drop 
in summer from around 6 to 3 m3s-1 (Figure 3.4).  
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River and WTP salinity was set to 0 ppt. Water temperatures were not available and so the 
river temperatures were set to averaged and smoothed air temperatures. First, 4 air 
temperature stations around the bay were averaged. The 24-hour average temperature was 
calculated and then a 10-day running mean smooth was applied to create the river 
temperature time series. This could be improved with measured data. Fortunately, river 
temperature had only a small influence on the results. 

Bass Strait boundary temperatures were extracted from satellite sea surface observations, 
interpolated to daily and applied to the southern boundary (Figure 3.5). The comparison 
between these data and the averaged air temperature shows that Bass Strait water 
temperature lags air temperatures, as expected. Hourly salinity readings were taken for 11 
months in 2002 from a site between the Rip and Boags Rocks (CSIRO, 2003). Salinity varied 
from 35.5-35.9 ppt and averaged 35.8 ppt, and so the model was set to 35.8 ppt. 

 

 
Figure 3.2  Mean daily flow entering Port Phillip Bay from the Yarra River, 1 July 2016 to 30 June 2017. 

 

 

 
Figure 3.3. Time series of freshwater flows through the WTP. 
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Figure 3.4  Flow from the four WTP outfalls combined for 2016/17. 

 

 

 
Figure 3.5  Southern boundary temperatures in Bass Strait from satellite sea surface temperatures compared 

to smoothed air temperatures. Bass Strait responds more slowly to air temperature due to its large heat 
capacity. 
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Chapter 4 Calibration of the Ocean Atmosphere 3-dimensional 
Model 3DD 
 

Introduction 
The 3DD hydrodynamic model was first established in the mid-1980’s (Black et al. 1993). 
Subsequent long-term studies using the same model all required detailed model calibration, 
for example: 

• Low-frequency oscillations around the coasts of Victoria, Tasmania and NSW for the 
Australian Research Council (Middleton and Black 1994) 

• King George whiting recruitment for the Australian Research Council (Jenkins and 
Black 1994, Jenkins et al. 1997, 1999, 2000) 

• Scallop investigations (Black and Parry 1999) for the Fisheries Research Development 
Corporation  

• Better Bays and Water Ways (BBWW) programme at the request of the Environment 
Protection Authority of Victoria (EPA Victoria) and Melbourne Water 

• Victoria’s Desalination Plant Environmental Assessments for the Government of 
Victoria 

• Western Sewage Treatment Plant (WTP) for Melbourne Water (Longmore  et al. 1999, 
2000) 

In view of the many previous studies in PPB and nearby Bass Strait, the calibration here is 
restricted to the temperature and salinity response of the model. Temperature is critically 
important for the growth of phytoplankton. 

 

Temperature and Salinity Annual Time Series 
Temperature and salinity was measured in 2016/17 at 3 long-term stations at: (1) Hobsons 
Bay near the Yarra River entrance in northern PPB; (2) WTP at Long Reef; and, (3) in the 
Central Bay (Figure 4.1). The model predictions are compared to those measurements here 
and to the spot measurements at the model calibration sites in a later chapter. 

The calibration shows excellent agreement for both the temperature and salinity (Figures 
4.2 and 4.3). This calibration provides a strong confirmation of the model and the boundary 
conditions, given that these variables depend on inputs from the rivers, rainfall, 
evaporation, flushing from the entrance, heat transfers to and from the atmosphere, 
circulation driving mixing and advection, plus vertical mixing of the water column. All these 
need to be in balance to obtain such good calibration over a year.  

Unlike past simulations (e.g. Harrison et al. 2007), the model has not utilised satellite sea 
surface temperature inputs to obtain better agreement. Here, the model adopts its internal 
ocean/atmosphere heat exchange equations only. The close agreement confirms the validity 



24 
 

of these equations. The three most important input time series driving the success of the 
model are hourly winds, solar radiation and air temperature, but all factors play a role.  

The model under-predicts temperature during the last 2 months of the simulation in winter 
(Figure 4.2) suggesting either: (1) deviations in the equation describing heat loss to the 
atmosphere or (2) temperature sensor measurement error. In relation to the latter, the 
deviation only occurs after a gap in the measurements around Day 300 when the sensors 
were retrieved, cleaned and re-deployed. In Chapter 8, the model is compared to the spot 
temperatures recorded at each calibration site. No systematic deviation was evident after 
Day 300, which suggests that the deviation in Figure 4.2 is due to a temperature sensor 
measurement error, not a model error. 

 

 

 
Figure 4.1 Long-term temperature and salinity monitoring stations at Hobsons, Long Reef and Central. 
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Figure 4.2 Calibration of the temperature measured at Hobsons, Long Reef and Central (red) against the 

model predictions (black).  
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Figure 4.3  Calibration of the salinity measured at Hobsons, Long Reef and Central (red) against the model 

predictions (black).  
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Chapter 5 Description of Refinements in Bubbles 
 

Introduction 
Mostly small but significant refinements were made to the Bubbles model during 
calibration. Some of these relate to the coefficients in empirical equations or variations in 
the application of the equations. New knowledge was also gained through the intensive 
field measurements. This chapter mostly neglects elements of Bubbles which have not 
changed since Black et al. (2015).  

 

Phytoplankton Mortality 
Phytoplankton mortality coefficient M (%/day) is, 

M = Mdead+MzooMV   (5.1) 

Mortality Mdead is a fixed percentage of phytoplankton (%/day set by the user). Grazing Mzoo 
(%/day) is linearly proportional to total zooplankton abundance (Ztot), 

Mzoo = (Ztot +Zadd)/Zscal   (5.2) 

The additive constant Zadd (=5000) prevents zero abundance and is not a calibration factor. 
Zscal is a scale set by calibration which was ultimately set to Zscal=8000. 

The volume factor MV accounts for higher grazing rates on smaller phytoplankton (Black et 
al. 2015), 

Mscal = 2.24 V-0.257   (5.3) 

Although functionally different, Eqn 5.3 gives very similar mortality rates to Eqn 4.4 from the 
earlier report on silicate utilisation (Black et al. 2016b) which was 

Mscal = -9.045 log2 (V) +74.419 (5.4) 

Figure 5.1 shows the difference between the two equations. While this equation received 
considerable attention during the model calibration, the final equation adopted proved to 
produce very similar mortality rates to the earlier study. 



28 
 

 
Figure 5.1  Comparison of the mortality equation used for this study and the equation adopted in the report 

on silicate utilisation of Black et al. (2016b). 

 

Fall velocity 
In Black et al. (2015), analysis was undertaken to develop a modified Stokes-based fall 
velocity equation. A comparison was made with the measurements of Seip and Reynolds 
(1995) (Figure 5.2). For volumes < 1000 µm3, the fall velocities are small and less than 0.15 
m.d-1. 

However, other published literature suggests that the fall velocities are actually closer to 1 
m.d-1 (Smayda and Boleyn, 1966). Moreover, many researchers argue that the Stokes 
formula is not valid because large diatoms have some capacity to regulate their buoyancy 
through active control of the protoplast and vacuoles (Waite et al. 1997).  

Moreover, Smayda and Boleyn (1966) also found that “old” blooms of Skeletonema fall 
faster to the seabed because their chains of cells break down and become shorter. While 
“old” is not easy to define in the model, higher fall velocities could be introduced by tracking 
the Si concentration, whereby blooms are said to be maturing when the Si concentration 
falls below a threshold level (Black et al. 2016b). Low Si, which inhibits growth, may indeed 
be the cause of the chain length reductions, rather than the age of the bloom.  

During initial calibration, diatom bloom duration was too long in the model. Two factors 
played a role: (1) inadequate Si uptake during the bloom and (2) slow fall velocities keeping 
diatoms in suspension, i.e. Stokes law was not valid.  

In accordance with the findings of Smayda and Boleyn (1966), the model’s fall velocity 
formula was changed to the values shown in Figure 5.3.  To examine “old” blooms, 
sensitivity testing included doubling the diatom fall velocity when Si concentration fell 
below a threshold level. The Si nutrient measurements made during 2016/17 (Figure 5.4) 
have median and mean of 0.11 and 0.14 mg L-1 respectively. In the model, fall velocity was 
doubled for Si concentrations <0.12 mg L-1. Egge and Aksnes (1992) observed substantial 
growth inhibition at Si <0.056 mg L-1 and so this threshold was tested also. While numerous 
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tests were undertaken, the model was found to calibrate better without the “old blooms” 
concept and so it was eventually neglected. 

 

 

 
Figure 5.2  Fall velocity (m d-1) versus diatom cell volume (µm3) showing data points of Seip and Reynolds 

(1995) (blue), the regression power curve to their data (black) and the modified Stokes equation (eqn 2.10) 
(green) (from Black et al., 2015). 

 

 

 
Figure 5.3  Fall velocity adopted for diatoms in this report, based on data from Waite et al. (1997) modified 

for small volumes. 
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Figure 5.4  Silicate measurements made in 2016/17. The median and mean are 0.11 and 0.14 mg L-1 

respectively. 

 

Half saturation coefficient 
The form of the half saturation coefficient equation was unchanged. Only the intercept was 
altered by 0.03 mg L-1, which prevented negative coefficients for small volume 
phytoplankton,  

NH = 0.0453 log10(V) – 0.06   (5.5a)  (from Silicate report) 

was changed to, 

NH = 0.0453 log10(V) – 0.03   (5.5b)  (adopted in this study) 

The change has negligible effect on phytoplankton with volumes greater than about 100 
µm3 but the reduced half saturation coefficient encourages growth of the smaller 
flagellates, such as Hemiselmis and Plagioselmis. 

In nature, there is a balance between the growth and grazing rates. In the model, grazing 
was greater for small phytoplankton (eqn 5.3) and so the effect of reducing half saturation 
to increase small phytoplankton numbers can be negated by the grazing equation. This 
interaction means that an error in one equation can be corrected by adjusting the other 
equation; there is no unique solution. However, both equations are within reasonable 
bounds and have been proven against data several times. 

 

Growth 
Phytoplankton growth is dependent on a series of multiplicative factors, 

𝐺𝐺 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓𝐿𝐿𝑓𝑓𝑇𝑇𝑓𝑓(𝑁𝑁, 𝑆𝑆𝑆𝑆)𝐴𝐴1𝐴𝐴2  (5.6) 

where 𝜇𝜇max is the maximum growth rate (eqn 2.3a,b in Black et al. 2015), fL is the light 
function (eqn 5.10), fT is the temperature function (eqn 5.9), f(N,Si) is the dependence on 
nutrient concentration, while A1 and A2 are user scales selected by the user. Just for 
operational ease, A1 is applied to all species while A2 is used for each individual species of 
phytoplankton to make minor corrections. 
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As in all previous reports, the Michaelis-Menten formulation is adopted for nutrient 
dependence, 

 

𝑓𝑓𝑁𝑁 = ( 𝑁𝑁
𝑁𝑁+𝑁𝑁𝐻𝐻

)    (5.7a)  

𝑓𝑓𝑆𝑆𝑆𝑆 = ( 𝑆𝑆𝑆𝑆
𝑆𝑆+𝑆𝑆𝑆𝑆𝐻𝐻

)    (5.7b)  

 

where N and S are the nitrogen and silicon concentrations in the water column, while NH 
and SH are the half saturation coefficients. As in previous simulations, the half saturation 
coefficients NH and SiH were set to be equal using eqn 5.5b. The measurements of Maranon 
et al. (2013) support this assumption whereby the nutrient uptake rate is proportional to 
volume of the species, irrespective of whether the species is diatom or flagellate. 

For flagellates, f(N,Si) = fN (eqn 5.7a). For diatoms, the luxury uptake formula once again 
gave best calibration results and was retained in the model, 

f(N,Si) = 2/( 1/fN + 1/fSi )  (5.8) 

Various other options for the Si term were tested comprehensively, but ultimately the 
model gave best results with the Luxury Uptake. 

 

Temperature function 
The temperature function was not altered from Black et al. (2015), i.e. 

𝑇𝑇𝑃𝑃 = (𝑇𝑇𝑊𝑊 𝑇𝑇𝑜𝑜⁄ )𝑚𝑚 

𝑓𝑓𝑝𝑝𝑇𝑇 = 𝑇𝑇𝑃𝑃𝑒𝑒(1−𝑇𝑇𝑃𝑃)   (5.9) 

where Tw is the measured temperature and To is the optimal temperature for growth.  

However, the power m (denoted as “Temperature function peakedness”) was changed to be 
a variable in Bubbles, set by the user. Figure 5.5 shows how the steepness of the 
temperature function increases with the peakedness m. High m means that a species is 
restricted to a narrow temperature range, while m=0 indicates that the species is not 
dependent on temperature at all. Figure 5.6 shows that this function fits well with the data 
of Kaeriyama et al. (2011) for Skeletonema costatum. Other similar comparisons can be 
found in Black et al. (2015). 
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Figure 5.5  Temperature function versus temperature for different peakedness values of m=0, 2 and 4. 

Optimal temperature has no influence on curve steepness. 

 

 
Figure 5.6  Comparison of the temperature function with Skeletonema costatum data of Kaeriyama et al. 

(2011). In this case, the peakedness m=2. 

 

Light function 
The light growth function has proven difficult to formulate. Indeed, Black et al. (2016b) 
found better predictions were obtained if the light function was totally eliminated from the 
model. In this study, light was re-introduced but with a different form. 
 
The standard light function adopted by Black et al. (2015) followed accepted modelling 
norms, i.e., 

𝑓𝑓𝑝𝑝𝐿𝐿 = 𝐼𝐼𝑧𝑧
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

𝑒𝑒(1−𝐼𝐼𝑧𝑧 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜⁄ )   (5.10) 

where Iz is light (watts.m-2) at depth z (m) below the water surface and Iopt is the optimal 
light for growth (watts.m-2). However, measurements of Suzuki et al. (1995) and Kaeriyama 
et al. (2011) indicate that other functions may fit the data better. Notably, we rejected 
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Kaeriyama et al. function because it doesn’t follow the reduced growth rate at higher light 
values (Figure 5.7).  

The model suggested that the standard function drops away too sharply either side of the 
peak and overly inhibits growth in low light, as also measured by Kaeriyama et al. (2011) 
(Figure 5.8). Sensitivity testing showed irrefutably that the standard equation excessively 
inhibited growth in the winter. 

Closer agreement with the data is obtained with a new equation, 

fL = fpLn    (5.11) 

where n is an unknown power applied to fpL (eqn. 5.10). When compared to data, best fit 
occurs with n=0.25-0.5 (Figure 5.8). In the model, both were tested and power n was finally 
set to 0.25, which reduces the impact of variable irradiance on growth.  

 

 

Figure 5.7  Specific growth rate in response to light for 3 diatoms species (after Kaeriyama et al., 2011). 
(Divide Irradiance units by 4.6 to convert to watts m-2.). Their function does not predict the reduction in 

growth at higher light values and so it was not used. 
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Figure 5.8 Skeletonema costatum data of Kaeriyama et al. (2011) compared to the standard light equation 
(eqn 5.10) and the modified equation (eqn 5.11) with n=0.25 and n=0.5. 

 

Light attenuation with depth 
In the absence of anomalous vertical layering in the water column (e.g. turbid stratification 
or shading by phytoplankton), light is attenuated with depth below the surface z according 
to Beer’s Law (Duarte et al. 2003), 

𝐼𝐼𝑧𝑧 = 𝐼𝐼𝑜𝑜𝑒𝑒−𝐾𝐾𝐿𝐿𝑧𝑧   (5.12) 

where Io (watts.m-2) is the light at the surface and KL is the extinction coefficient. This 
formula is well accepted but extinction coefficients vary widely in response to water clarity 
and particulates.  

The data recorded by EPA during 2016/17 included upward-looking measurements of 
Photosynthetically Active Radiation (PAR) through the water column. The full dataset shows 
the decrease in light with depth, as expected (Figure 5.9). Profile examples reveal a close fit 
with the exponential shape (Figure 5.10); mean regression coefficient for the exponential fit 
to Beer’s Law was r2=0.98. There are exceptions, e.g. Hobsons on 20 September 2016 when 
a muddy Yarra plume caused light intensity to rapidly drop over the top 2 m. 

For a total of 20 profiles spread across the Bay and over the full year, mean and median 
extinction coefficients were 0.33 m-1 and 0.31 m-1 respectively, with maximum and 
minimum of 0.61 m-1 and 0.17 m-1. For the modelling, the mean value of 0.33 m-1 was 
adopted.  

PAR at the sea surface level was not available as an annual time series; only Global Solar 
radiation (G). The fraction of PAR depends on diffuse and direct fluxes. Typically, the 
fraction PAR/G is around 0.44 on a sunny day and 0.58 under clouds, but other 
environmental variables such as air pollution and particulates play a role. We assumed a 
constant factor of 0.45 to convert the Global Solar measurements to surface PAR. While 
cloud cover was available, no sensitivity testing of a variable fraction was undertaken. 
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Temperature and Light Corrections 
When maximum growth rates were determined in the laboratory by Maranon et al. (2013), 
22 different phytoplankton species with volumes of 0.12 – 250,000 µm3 were all treated 
identically. Temperatures were maintained at 18oC and illuminated with “cool white light” 
of 250 µmol photons m-2 s-1 on a 12D:12N cycle. The irradiance converts to 54 watts m-2. 

However, many species have higher or lower optimal temperatures and irradiance levels. 
For example, species of Skeletonema have optimum temperatures around 25-30oC (Figure 
5.11) and so measurements of Maranon et al. (2013) at 18oC will under-estimate the 
maximum growth rates. Similarly for species with optimal temperatures below 18oC. 

As an example, Maranon et al. (2013) quote a maximum growth rate for Skeletonema 
costatum of µmax=0.85 (their Table 1). However, Kaeriyama et al. (2011) show growth rates 
around 1.3 (Figure 5.11). During the calibration, the model could not reproduce the large 
peaks in Skeletonema measured during the summer with µmax=0.85. Thus, a correction was 
needed, while still retaining the volume-based philosophy of Bubbles which precluded 
individual settings for each phytoplankter.  

In the model, the operator sets the optimal temperature and peakedness m at run time. 
With this information, the shape of the temperature dependence curve is known (eqn 5.9). 
From this curve which is normalised to 1.0 at the input optimal temperature, expected 
growth at 18oC can be determined. This factor is then used as a divisor to scale the 
maximum growth rates measured by Maranon et al. (2013). When the correction is applied 
to the Maranon measurements, the maximum growth rate at optimal temperature becomes 
µmax=1.43 for Skeletonema which is similar to the value of Kaeriyama et al. (Figure 5.11). All 
phytoplankton in the model were treated the same way.  

 

  

 
Figure 5.9  All PAR measurements in Port Phillip Bay over 2016/17. Data supplied by EPA (Vic.). 
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Figure 5.10  PAR versus water depth measurements (blue line) with best fit exponential decay equations. 

Data supplied by EPA (Vic.) 
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A second correction is needed for light. The light function (eqn 5.11) is normalised to 1.0 at 
optimal light, and gives fL =0 at night. Thus, growth in the model only occurs during daylight 
hours. This means that the growth rate in the model over a 12D:12N sequence occurs for 
only half the time. Even if conditions are optimal in the daytime, the total growth over a 24 
hour period will be equal to only half the maximum growth rate when averaged over a day. 
Thus, a factor of 2 must be applied to the growth rates to account for this error. For 
example, in the Maranon et al. (2013) experiments when growth rate was determined, we 
are assuming that the phytoplankton grew at nearly twice the published growth rates in the 
daytime and were close to zero at night.  

 

 
Figure 5.11 Growth versus temperature for Skeletonema species (from Kaireyama et al., 2011). FDK009 is 

Skeletonema costatum and FDK225 is Skeletonema pseudocostatum. Both were present in the PPB samples. 
Optimal temperatures are 25-30oC for these species and growth of S. pseudocostatum accelerates rapidly 

above 25oC. 

 

Quota Method 
For testing during intensive calibration, an alternative and popular growth scheme known as 
the “Quota Method” was coded into Bubbles. This embodies the concept that cells with low 
concentrations of internal nutrients will absorb nutrients until their full quota is reached. 
Maranon et al. (2013) provide volume-based empirical equations to allow this method to be 
applied. 

Specifically, the Quota method assumes that phytoplankton growth rate µ can be described 
as a function of the cellular quota (amount) of the limiting nutrient stored in the cell (Q) and 
the minimum quota (Qmin) below which cells cannot grow (Droop, 1973; Maranon et al., 
2013): 

𝜇𝜇 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚(1 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
𝑄𝑄

)   (5.13) 
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where 𝜇𝜇max is the theoretical maximum growth rate when Q is maximum in the cell, i.e. 
when the cell is saturated with nutrients and Q = Qmax. The changes in Q over time are 
controlled by the nutrient uptake rate (Vu) and the rate of nutrient assimilation into biomass 
by the cell (Nassim).  The assimilation rate is 

Nassim = µ Q   (5.14) 

The controlling equation (Droop 1973) is 

𝑑𝑑𝑄𝑄
𝑑𝑑𝑑𝑑

= 𝑉𝑉𝑢𝑢 −  𝜇𝜇𝜇𝜇   (5.15) 

 

Or substituting for µ, 

𝑑𝑑𝑄𝑄
𝑑𝑑𝑑𝑑

= 𝑉𝑉𝑢𝑢 −  𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚(𝜇𝜇 − 𝜇𝜇𝑚𝑚𝑆𝑆𝑚𝑚)  (5.16) 

 

Vu follows Michaelis-Menten kinetics, based on external nutrient concentration and half 
saturation constant. The maximum uptake rate Vmax occurs when Q is close to Qmin but 
decreases as the cells fill up with nutrients and Q approaches Qmax. The uptake rate is 
therefore dependent not only on external nutrient levels but also on the state of the cells 
represented by the difference Q - Qmin. Maranon et al. (2013) provided empirical 
relationships based on the N content of the cells which showed that Vmax, Qmax and Qmin can 
be predicted from cell volume (Figure 5.12).  

Using the above equations and the Maranon et al. (2013) empirical relationships, the quota 
method was applied in Bubbles. While further testing could be undertaken, we found that 
this method did not improve the calibration and so we reverted back to the more common 
Michaelis- Menten approach (eqn 5.6). However, additional modelling with the quota 
method may be justified by the knowledge that nutrient uptake has been shown to depend 
on both the cell condition and the external nutrient concentrations. 

 

Nutrient Pathways 
Bubbles currently tracks Phosphorus, Silicon and 3 different species of N, i.e. ammonium 
(NH4), nitrite plus nitrate (NOX) and Dissolved Organic Nitrogen (DON). DON was included 
during this study for the first time. The concentrations of DON in rivers and WTP discharges 
represent a large fraction of the total N in the run off. Phosphorus was abundant and not 
known to be limiting and so was neglected. 
 
In summary, the model’s nitrogen pathways in the water column operate as follows: 

• Outfall discharges lead to phytoplankton growth utilising N from both NH4 and NOX 
• Dead phytoplankton releases NH4 to the water column (and seabed) 
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• Zooplankton grazing absorbs phytoplankton N, while returning N as excreted NH4 (and 
Si from diatoms as SiO4)  

• DON is slowly converted as a fixed fraction per day to NH4 
• NH4 is slowly converted as a fixed fraction per day to NOX 

In the simplest terms, the biological processes in the water column utilise both NOX and NH4 

but they predominantly produce NH4 only, thereby reducing the relative NOX content. Thus, 
the Nratio (NH4/(NH4+NOX)) provides calibration insights into the model’s treatment of 
chemical pathways. Notably, the N contained within zooplankton is a very small 
(insignificant) fraction of the total N stored in the water column, seabed and the 
phytoplankton.  

 

 
Figure 5.12 The maximum nutrient uptake rate and the minimum quota are dependent on cell volume (from 

Maranon et al., 2013). 

  

DON utilisation 
In PPB and other similar locations, the knowledge about utilisation of DON by 
phytoplankton is limited, partly because there are many different forms of DON. Urea and 
amino acids are forms known to be suitable for phytoplankton uptake (Fisher and Cowdell 
1982). However, the percentage of urea or amino acids in PPB DON was not measured in 
our field study. Thus, we opted not to include DON as a direct nutrient source for the 
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phytoplankton in the model. This could be examined in more detail in the future as 
knowledge improves. Given the uncertainty in the rates of DON conversion to NH4 and NOx 
and the lack of supporting data from PPB, the rates of conversion were fixed at run time by 
the operator (see calibration chapter), and do not vary with temperature, salinity or any 
other relevant factor. 

 

Seabed 
The seabed scheme was not changed since the description in Black et al. (2015). In 
summary, the model’s nutrient pathways in the seabed are as follows: 

• A fraction of the N and Si from dead phytoplankton enters the seabed pore spaces 
causing an increase in N and Si concentration. 

• The nutrients are released to the water column as a fraction of the concentration in 
the seabed. The fraction is selected by the operator. Based on benthic chamber 
experiments, 90% of the released N comes back to the water column as NH4 and 10% 
as NOx 

• Additionally, a fraction of the N is lost to the atmosphere as N2, while a fraction of the 
Si is lost due to burial by benthic species.  

• All fractions (per day) are selected by the operator at model run time and were 
determined by considering benthic chamber experiments (Longmore, 2017) with 
model sensitivity testing during calibration. 

For comparison with seabed concentrations from core measurements, the model was 
changed to provide a seabed concentration of N and Si, using the mass of nutrient 
calculated by the model. This means that the seabed volume has to be defined. Cores 
(presented later) show that most of the nutrient is contained in the top 20 cm of the seabed 
and so we adopted that depth to be compatible with the core analysis. The seabed volume 
for a model cell is, 

𝑉𝑉𝑜𝑜𝑙𝑙 = (1 − 𝑃𝑃).𝐷𝐷.𝑑𝑑𝑑𝑑.𝑑𝑑𝑑𝑑    (5.17) 

where P is porosity, D is depth (0.2 m) and dx, dy are the horizontal dimensions of the model 
cell. 

Figure 5.13 shows porosity measurements at sites spread across the Bay (Nicholson et al. 
1996). Table 5.1 summarises typical porosities near the calibration sites which were used in 
the seabed concentration calculation. 

 

Table 5.1  Typical porosity near the calibration sites, estimated from Figure 5.13. 

Site Hobsons Long Reef Central Corio Patterson Dromana 
Porosity 0.6 0.4 0.7 0.65 0.25 0.22 
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Figure 5.13  Porosity at sites across Port Phillip Bay. Sites 16 is near Hobsons Bay, Sites 6, 8 and 9 are 

offshore of WTP, Sites 1, 2 and 3 are in Corio Bay,  Site 13 is closest to the Central Site, Sites 18, 19, 20 are 
offshore of Patterson River entrance. No measurement from Dromana but the seabed is similar to site 12. 

 

Zooplankton Growth 
The growth of zooplankton is proportional to the number of egg laying adults where the 
rate of growth is, 

𝐺𝐺𝑧𝑧 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓𝑇𝑇𝑓𝑓𝐿𝐿𝐸𝐸𝑅𝑅 �
𝐶𝐶ℎ𝑙𝑙𝑚𝑚

𝐶𝐶ℎ𝑙𝑙𝑚𝑚+𝑍𝑍ℎ𝑎𝑎𝑎𝑎𝑎𝑎
�  (5.18) 

where µzmax is the maximum growth rate, fT is a temperature function, Chla is the total 
concentration of Chl-a and Zhalf is the half saturation coefficient. Chl-a is calculated by the 
model knowing phytoplankton volumes, numbers and the fraction of Chl-a in each cell 
(Black et al. 2015). Er is the Egg Ratio defined below. 

 

Diatom influences on zooplankton 
Diatoms in the diet of some zooplankton has been shown in the laboratory to reduce 
hatching success and clutch size (Figure 5.14). In mixed diets of diatom and flagellate the 
effect was less dramatic, although the hatching success was still impacted (Figure 3 of Lee et 
al. 1999). More recently, Jenkins and Black (2019b) demonstrated the same impact on 
Paracalanus zooplankton in the field for the first time outside the laboratory. Figure 5.15 
shows the Paracalanus abundances in PPB falling as the diatom ratio increases.  

To model this important influence, Black et al. (2015) defined an “Egg Ratio” which was 
based on the fractional diatom abundance in the algae. Equation of Black et al. (2015) was, 

𝐸𝐸𝑟𝑟 = (1 − 𝑃𝑃𝐷𝐷
𝑃𝑃� )3   (5.19) 

where PD is the concentration of diatom and P is the total concentration of all 
phytoplankton species being simulated. In accordance with the new data (Figure 5.15), 
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calibration showed Paracalanus growth was being excessively inhibited with the earlier 
equation. 

Thus, the egg ratio was refined during the current study to,  

𝐸𝐸𝑟𝑟 = 𝑀𝑀𝑀𝑀𝑑𝑑( 1, 1.15(1 − 𝑃𝑃𝐷𝐷
𝑃𝑃� )3 + 0.3) (5.20) 

The cubic relationship, found by Black et al. (2015) by intuitive model calibration only, has 
now been confirmed by the data for the first time, and so is unchanged in the model. 
Modifications with a new multiplier (1.15) and offset (0.3) matched the field data better 
(Figure 5.15). The new factors reduced the impact of diatoms on the affected species and 
prevented zero growth at high diatom ratio.  

In the model, two zooplankton PFT’s are simulated. One is assumed to be unaffected by the 
presence of diatoms (Er=1.0) while the other affected species (e.g. Paracalanus) is scaled by 
eqn 5.19 in the growth term. 

 

   
Figure 5.14 Left panel: Percent survival of zooplankton nauplii versus the amount of diatom ingested (> 20 

µm) by the female adult. (b) Right panel: Percent mortality with the Michaelis-Menten equation having half 
saturation of 0.04. (Data taken from Vargas et al., 2006 and plots from Black et al., 2015). 

 

 
Figure 5.15  Paracalanus abundance (normalised by the maximum) versus the diatom ratio using the PPB 

data from 2016/17. 
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Zooplankton Mortality 
The zooplankton mortality equation is, 

𝑍𝑍𝑚𝑚 = 𝑍𝑍𝑐𝑐 �
𝑍𝑍𝑚𝑚

𝑍𝑍𝑚𝑚+50,000
� 𝑍𝑍𝑠𝑠𝑐𝑐𝑚𝑚𝑙𝑙    (5.21) 

𝑍𝑍𝑠𝑠𝑐𝑐𝑚𝑚𝑙𝑙 = Min (1,𝑍𝑍𝑚𝑚 4000)⁄    (5.22) 

 

where Zm is the mortality coefficient (%/day) and Zn is the number of zooplankton (No/m3). 
Zscal has a minor effect by inhibiting mortality at very low numbers to prevent zooplankton 
going to zero below 4000 m-3 and is not a calibration factor. The main calibration coefficient 
is Zc, set by calibration to 25% which is higher than the value found by Black et al. (2015) of 
15% due to changed maximum growth rates of zooplankton. 

The scaling using an equation of Michaelis-Menten type is novel and was added to the 
model during calibration. It acts to stabilise the balance between growth and loss, which 
was found to be very difficult to achieve without the new addition. This scaling reduces 
mortality as the number of zooplankton drop (Figure 5.16). Previously, zooplankton would 
rapidly approach zero without this function. 

 

 

 
Figure 5.16  An example of zooplankton mortality (%/day) versus zooplankton concentration. 

 

Particle simulation methods 
Bubbles uses a unique Lagrangian particle scheme. All of the model region is divided into 
“Bubbles” of fluid, each of which holds nutrients, phytoplankton and zooplankton. The full 
NPZ model evolves inside each bubble. The Bubbles advect with the currents coming from 
the hydrodynamic model 3DD and, at stages through time, exchanges of material and 
chemicals occur between the Bubbles to simulate diffusion. This is an extraordinarily 
accurate solution with high resolution, when some 1 million Bubbles are being treated 
simultaneously. However, achieving this level of accuracy slows the computer simulations. 
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For example, a 1-year model run takes nearly 2 days to run on a fast desktop computer. 
In the current project, another advance was made with the goal of speeding up the solution, 
while retaining the important particle solution. This was achieved by blending Eulerian and 
Lagrangian solutions into the model. A full Eulerian solution, as adopted by the well-tested 
Model 3DD, was embedded into the code. In practice, the model works as follows. 

Many variables vary slowly and have small spatial gradients, particularly away from 
discharges. Tests of the model showed similar results were achieved with Eulerian and 
Lagrangian (Bubble) methodology in these zones. The Eulerian scheme is much faster. 
However near outfalls, river entrances etc. the spatial gradients are strong. In these 
locations, the Lagrangian schemes are superior. 

Thus, in the new refined version, the two schemes are used together. All background NPZ 
dynamics, advection and diffusion are done on the Eulerian fixed grid, while discharges from 
the rivers and outfalls are simulated using particles. Through time, the particles blend with 
the background concentrations due to mixing and dilution until their concentrations are 
similar to the background grid, at which time the particles are fully mixed into the grid and 
eliminated. To our knowledge, this type of blended scheme has not been achieved before. 
Most importantly, a 1-year simulation can now be completed within 1 hr on a desktop 
computer. 

Bubbles gives the operator the choice of (1) just Bubbles, (2) just Eulerian or (3) mixed. 
Figure 5.17 demonstrates the benefits and quality of the mixed scheme. With just the 
Eulerian scheme a good prediction of the diatom ratio is achieved at the Hobsons site 
(Figure 5.17a). However, there is a noticeable improvement when the Lagrangian Bubbles 
are included (Figure 5.17b). The improvement between the old Bubbles model (blue line) 
and the new mixed scheme (black line) relates to the detailed calibration undertaken in this 
study. The final calibration was done using the mixed scheme. 
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Figure 5.17a  Prediction of the diatom ratio at Hobsons of the calibrated model using only the Eulerian 

scheme (black line). The blue line comes from previous modelling with the full Bubbles model.  
 

 

 
Figure 5.17b  Prediction of the diatom ratio at Hobsons of the calibrated model using the mixed Lagrangian 
and Eulerian scheme (black line). The blue line comes from previous modelling with the full Bubbles model. 

Notably, the prediction is improved with the new mixed scheme and after detailed model calibration. 
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Chapter 6 Selection of Species and Temperature Responses 
 

Phytoplankton species 
Ten of the most common phytoplankton species in the Bay were selected for the modelling. 
Of these, the Chaetoceros spp. (which potentially includes up to 20 species) was sub-divided 
into 3 different sizes. Thus, 12 different phytoplankton were modelled with 7 diatoms, 4 
flagellates and 1 dinoflagellate (Table 6.1).  

The most common species during 2016/17 (Jenkins et al. 2018, 2019) are normally most 
common in other years also (Table 3.3 of Black et al., 2015). Black et al. (2015) suggested 
that these species have sizes around the peak in the growth curve and this mostly explains 
their consistent abundances, although other factors such as temperature dependence play 
an important role. 

 

Table 6.1  Species simulated in the model. 

Species Type 

Skeletonema costatum; 

japonicum/pseudocostatum 

Diatom 

Chaetoceros sp. (Unident.) Type 1 Diatom 

Chaetoceros sp. (Unident.) Type 2 Diatom 

Chaetoceros sp. (Unident.) Type 3 Diatom 

Pseudo-nitzschia delicatissima group Diatom 

Leptocylindrus danicus Diatom 

Cylindrotheca closterium Diatom 

Hemiselmis sp. (Unident.) Cryptophyte flagellate 

Plagioselmis prolonga Cryptophyte flagellate 

Pyramimonas spp. Cryptophyte flagellate 

Chrysochromulina sp. (Unident.) Haptophyte flagellate 

Gymnodinioid spp Dinoflagellate 

 

 

Temperature Responses 
The optimal temperature and peakedness m (eqn. 5.9) was determined by examining the 
2016/17 measurements (Jenkins et al. 2018, 2019). In Figure 6.1, the abundance of each 
species is plotted against temperature with the selected optimal temperature and 
peakedness. Many of the species show very little dependence on temperature and so m=1 
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was adopted. For example, Plagioselmis with m=1 exhibits high abundances across a broad 
temperature range from 12-23oC. Chaetoceros spp. appears to have two different peaks 
around 15oC and 22oC. Ultimately, we modelled 3 different Chaetoceros phytoplankton 
when the size data and peaks at individual sites were further analysed.  

On the other hand, Skeletonema and Pseudo-nitzschia were tightly constrained, only 
growing at temperatures above 21oC and so m=4 was adopted for these species. Notably, 
Figure 5.6 with data from Kaeriyama et al. (2011) indicated a lower value of m=2 for 
Skeletonema. However, the data in Figure 6.1 and the model calibration indicated the need 
for m=4. For Skeletonema and pseudo-nitzschia, optimal temperatures of 23oC and 25oC 
respectively were selected in accordance with the scientific literature. This means that both 
species may bloom more often if the Bay temperatures became hotter, e.g. due to El Nino 
or Climate Change. 

Because every variable describing the phytoplankton is volume dependent except for the 
temperature/light function, further research into the temperature responses for the 
abundant species in PPB is warranted. 

 

    

    

Figure 6.1 continued below. 

Topt=13, 18, 22  m=1 or 2 Topt=23  m=4 

Topt=21  m=1 Topt=17  m=1 
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Figure 6.1 Phytoplankton abundance versus temperature after pooling the measurements from all sites over 

2016/17. The numbers show optimal temperature and peakedness m for each species. 

  

Topt=25  m=4 Topt=14  m=1 

Topt=18  m=1 Topt=16  m=1 

Topt=17  m=2 Topt=21  m=3 
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Chapter 7 Settings adopted during Calibration 
 
Introduction 
All parameter values were initially taken from best expectations, measurements and 
scientific literature. However, all were subsequently re-considered during sensitivity testing 
and the calibration process. Noting that many parameter values are either not known or 
uncertain in PPB, the model acts as a learning platform for better understanding and future 
use. The modelling thereby enhances our knowledge about primary production in the Bay. 

 

Selected values 
The model settings, boundary conditions and other parameters adopted during the 
calibration are described here. The modelled phytoplankton is presented in Table 7.1 with 
the volumes. Table 7.2 shows the nutrient cycling settings, while other settings are 
presented in Tables 7.3 to 7.5.  

 

Volume Settings 
For each species of phytoplankton, volume can vary over time and there are multiple sizes 
within the species at any given time. Sizes were obtained for several species by laboratory 
analysis of the samples taken in 2016/17 and confirmed from the science literature, but 
some were not measured and all were only analysed from one set of samples. There are 
also some uncertainties due to the range of volumes found locally and globally. For 
example, Chaetoceros spp. exhibited multiple size classes both in our measurements and in 
the literature. Given the importance of volume, the remaining uncertainty in species 
volumes could be a focus of additional field work and research. The adopted volumes are 
shown in Table 7.1. 

 

Nutrient Transitions 
Nutrient parameters include the rates of mineralisation of N and Si in the water column, 
rate of loss of N as N2 to the atmosphere; burial rate of Si; rate of return of Si from sediment 
to the water column; rates of return from sediment to water column of the differing forms 
of DIN; the rate of oxidation of NH4 to NOX, and DON to NH4 in the water column; and the 
concentrations of NH4, NOX and SiO4 in sediment pore water.  

In all cases, estimates are used as a guide for the modelling only, while final values were set 
through sensitivity testing and calibration.  
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Table 7.1  Simulated phytoplankton species chosen for their high abundance in PPB.  

Species Type Volume 
(µm3) 

Optimal 
temp (oC) 

Temp 
power m 

Skeletonema costatum; 

japonicum/pseudocostatum 

Diatom 120 23 4 

Chaetoceros sp. (Unident.) Type 1 Diatom 800 18 1 

Chaetoceros sp. (Unident.) Type 2 Diatom 50 22 1 

Chaetoceros sp. (Unident.) Type 3 Diatom 850 13 1 

Pseudo-nitzschia delicatissima 
group 

Diatom 190 25 4 

Leptocylindrus danicus Diatom 840 18 2 

Cylindrotheca closterium Diatom 350 17 2 

Hemiselmis sp. (Unident.) Cryptophyte 

Flagellate 

30 21 0 

Plagioselmis prolonga Cryptophyte 

Flagellate 

52 17 0 

Pyramimonas spp. Cryptophyte 

Flagellate 

410 16 1 

Chrysochromulina sp. (Unident.) Haptophyte 
flagellate 

170 21 3 

Gymnodinioid spp Dino- 
flagellate 

1000 14 1 

 

 

Table 7.2.  Settings for nutrient transitions 

Parameter Nitrogen Silicon 

% day-1 returned to water column from seabed 2 1 

Immediate remineralisation percent 50 5 

% day-1 lost to atmosphere (N) or burial (Si) 20 8 

% day-1 of DON converted to NH4 in water 10 - 

% day-1 NH4 converted to NOx in water 0.01 - 
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Table 7.3  Chemical composition of phytoplankton (by weight, normalised to C). Si for diatoms was 
increased from 0.37 to 0.45. 

Phytoplankton C N P Si Chl-a 

Diatom 1.00 0.17 0.03 0.45 0.025 

Flagellate 1.00 0.21 0.05 0.00 0.0143 

 

Table 7.4 General Constants 

Parameter Value Units 

Mortality coefficient (%) 25 Cells L-1 

Grazing denominator for phytoplankton mortality 8000 No. m-3 

Optimal light for all species 25 watts m-2 

Extinction coefficient for PAR 0.33 m-1 

PAR fraction of Global Solar Radiation (G) 0.45 - 

   

Table 7.5  Zooplankton settings 

Parameter Affected 
species 

Unaffected 
species 

Maximum growth rate (day-1) 0.75 0.40 

Half saturation coefficient for zooplankton (No. m-3) 0.85 0.85 

Mortality coefficient (% day-1) 25 25 

 

Boundary Conditions for Bubbles 
The nutrient loads to the Bay are the single most important boundary condition for Bubbles. 
The inflow of nutrients drives the whole NPZ system. Other factors like currents, mixing, 
temperature etc. are all accurately provided by the hydrodynamic model 3DD. The 
boundaries contain three species of N (NH4, NOx, DON) and the Si concentrations.  

 

Flows 
Flows from WTP and the rivers were the same as those applied in the hydrodynamic model 
3DD (Chapter 3). 
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Nutrients 
Concentrations of nitrogen forms in the rivers were available from weekly measurements 
taken by Melbourne Water. Table 7.6 shows the average values adopted in the model for 
2016/17 based on the monitoring. Silicate concentrations were not monitored and instead 
we used constant concentrations adopted by Black et al. (2015) based on historical 
measurements. 

Concentrations of nitrogen forms in the Yarra River were based on water quality monitoring 
measurements taken by Melbourne Water over 5 years (2013 – 2017) at the Yarra Chandler 
Highway monitoring site. Historical measured data were used to find a relationship between 
nutrients and flow (Figure 7.1). Model boundary conditions for the Yarra were then 
determined based on these relationships as a function of flow measured during 2016/17. 
The dominant N discharge from the Yarra is NOx. Silicate concentrations were not 
monitored; the constants adopted by Black et al. (2015) based on historical measurements 
were used. 

At WTP, the N species were measured weekly and so a time series was available for the 
model. Si concentrations were taken as constant for each WTP outfall, based on 
measurements during previous years (Black et al. 2015). Given the importance placed on 
silicate in this model, accurate river and WTP silicate data is a clear need.  

There are considerable seasonal variations in nutrient discharges from the WTP (Figure 7.2). 
Flows are highest, retention times lowest, and discharges greatest during winter and spring. 
NH4 dominates during 2016/17 but falls to nearly zero in summer, while DON rises all year 
until late autumn (Figure 7.2). The total loads for 2016/17 show the NH4 dominance at WTP 
(Table 7.8). 

Bass Strait data were inferred from measurements at the Heads during the PPBES 
(Longmore et al., 1996) (Table 7.6). In Bass Strait, silicate data were obtained from historic 
measurements in the State Government Water DataWarehouse, but no silicate data were 
available for the modelling years.  
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Figure 7.1  Yarra River N concentrations as a function of flow at Chandler Highway monitoring site (2013 – 
2017) 
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Figure 7.2   Concentrations from all WTP outfalls combined. NH4 drops to near zero in summer, while DON is 

a substantial fraction and rises in late summer when the NH4 falls. NOx stays relatively even through the 
year but rises during heavy rains in winter. 

 



55 
 

Table 7.6 Concentrations adopted in the model boundary conditions for 2016/17. Little River is a time series 
with 1.5% of Yarra flow. 

Site NH4-N NOX-N DON-N SiO4-Si 

Mordialloc Drain 0.124 0.404 0.704 6 

Patterson 0.0135 0.193 0.323 4.45 

Werribee 0.031 0.265 0.705 4.7 

Kororoit 0.034 0.510 0.887 3.8 

 Little River - - - - 

Skeleton 0.017 0.088 0.625 4 

Bass Strait 0.002 0.014 0.001 0.028 
 

 

Table 7.7  Total annual nitrogen loads (tonnes yr-1) from WTP during 2016/17 calculated from the measured 
values used in the model boundary time series. Si was not measured. 

Chemical NH4 NOx DON Total N SiO4 

Annual Load  1670 1213 339 3223 1843 
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Chapter 8 Calibration of Bubbles 
 

Introduction 
Calibration of such an innovative model serves multiple purposes, including confirming the 
following elements: 

• Volume-based approach 
• Mixed particle/Lagrangian method 
• Embedded equations 
• Selection of coefficients 
• Sensitivity of the model and its assumptions 
• Prediction accuracy 

Port Phillip Bay contains several sub-regions which have fundamentally different 
hydrodynamics, flushing, nutrient inputs and phytoplankton/zooplankton responses. Thus, 
the calibration must show that the model is accounting for these spatial variations. 
Accordingly, each calibration variable is considered one-by-one with all sites presented on 
the same Figure, which means that the differences between the sub-regions can be more 
easily discerned and discussed. 

 

Calibration sites 
The model’s predictions of temperature, salinity, nutrients and phytoplankton are compared 
to monthly data over 2016/17 from the EPA (Vic.) sites at Hobsons, Long Reef, Corio, 
Central, Patterson and Dromana (site locations are shown in Figure 8.1) (Jenkins et al. 2019). 
EPA collected integrated water samples over the top 6 m of the water column for 
phytoplankton counts. Surface water samples were taken for nutrient analysis (Jenkins et al. 
2019). Data was extracted from the model at the same levels. The calibration includes 
comparisons with individual phytoplankton species for the first time. 

The zooplankton are compared to another six sites monitored for this study, i.e. Hobsons, 
Geelong Arm Entrance, Central, Corio, Carrum and Queenscliff (Jenkins et al. 2018). The 
zooplankton was captured from nets hauled through the top 10 m of the water column 
(Jenkins et al. 2018). The sites are different to the EPA positions because of the 10 m depth 
requirement. 

 

Calibration procedures 
Initial sensitivity assessments revealed how the different factors in the model interact. In 
total, there are only a few unknowns but tests of all parameters and equations like half 
saturation, temperature sensitivity, mortality etc. were undertaken. In the final phase, the 
model was calibrated against the data. 
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Treatment of nutrient uptake and scaling 
It’s imperative that nutrients predictions are close to correct because the growth functions 
for phytoplankton are based on nutrient concentrations. However, if N and Si 
concentrations in the model are to match field data, all species in the Bay which are using 
nutrients need to be accounted for, but only 12 of the phytoplankton species are being 
modelled, rather than the full population. Other macro, micro and bacterial organisms are 
not present in the model, but they use and recycle N.  

 

 
Figure 8-1. Map of Port Phillip Bay showing sites sampled for water quality by EPA Victoria. Major nutrient 

inputs are from the Yarra River and the Western Treatment Plant (WTP). 

 

The first assumption made is that other organisms utilise minor amounts of the nutrients, 
i.e. phytoplankton dominates the N and Si cycling (Harris et al. 1996; Barbee et al. 2016). 
Small deviations from this assumption can be balanced by adjusting growth and mortality 
coefficients. 

Second, the 12 modelled phytoplankton species only accounted for a fraction of the total 
number of phytoplankton which were counted at each site. For example at Hobsons, the 
number of diatoms and flagellates in the modelled species was some 97% and 67% 
respectively of the totals recorded at the site (Figure 8.2). At Long Reef, the percentages 
were 85% and 67% for diatoms and flagellates respectively (Figure 8.2). This meant that the 
12 species were engaging only a fraction of the nutrients.  
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To resolve this, we used the 12 species as a surrogate for all species, i.e. the second 
assumption is that the species not accounted for always grow at the same relative rates and 
in the same proportions as the species being simulated. Importantly, this allows the total 
nutrient utilisation to be reconciled. To put this into practice, we calibrated against total 
numbers of phytoplankton, which includes the species not being simulated. This meant that 
the numbers of the 12 species must be larger than measured to account for the missing 
phytoplankton. Thus, when individual species were compared to measurements, the 
numbers were scaled back using the percentages shown in Table 8.1 for each site.  

 

Treatment of compounding errors 
Volumes were obtained from field data and scientific literature and then kept fixed 
(excluding sensitivity testing), thereby eliminating the need to treat the volumes as a 
calibration variable. However, volumes of a species can vary and exhibit a range within any 
population of phytoplankton. In addition, there can be errors in other settings such as 
mortality. To treat these compounding errors, calibration corrections were undertaken by 
successive adjustments using the parameter A2 (eqn 5.6), which is a multiplier on the 
growth rate for each phytoplankton species.  

 

Error estimates for the phytoplankton counts 
In the laboratory, phytoplankton are counted under a microscope in a small sub-sample of 
the 1 L sample of water collected from the Bay (Jenkins et al. 2018, 2019). To examine 
sampling error we analysed data from sampling in 2016 at Hobsons Bay where 1 L water 
samples were taken 3 times from 3 and 10 m depth an hour apart on 5 separate sampling 
dates over a six-week period over April-May (Jenkins et al. 2016). 

In Figure 8.3, the ratio of twice the standard deviation over the mean is shown for 3 
successive samples taken an hour apart for each date and depth. Two standard deviations 
should give 96% certainty, assuming a normal distribution. These errors include small-scale 
spatial and temporal variability on a given sampling day in the field, as well as the error 
associated with sub-sampling and counting in the laboratory.  

For total phytoplankton, diatoms, flagellates, dinoflagellates and other flagellates, the error 
ratio varies from 15-138%. Dinoflagellates and other flagellates suffer the biggest errors, 
possibly because they are less common. No tests have been done to find the error in counts 
of a single species. However, we can assume an error of order +/-50% in the counts with 
some results up to 100%. Notably, the diatom ratio involves two variables both with errors, 
which compounds the total error. When reviewing the calibration, the accuracy of the 
model must be considered against the accuracy of the data. 
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Table 8.1. Number of diatoms and flagellates for the species modelled as a percentage of the total of all 
diatoms and flagellates. 

Site % Diatom % Flagellate 
Hobsons 97 67 

Long Reef 85 67 
Central 75 55 
Corio 97 52 

Patterson 98 56 
Dromana 92 42 
Average 91 57 

 

    

    
Figure 8.2. Comparison of the measured total number of diatoms and flagellates in the species modelled 

versus the total number measured for Hobsons and Long Reef. 

 

 
Figure 8.3  Error estimates for phytoplankton counts, set to twice the standard deviation over the mean for 

samples collected in Hobsons Bay in 2016 (Jenkins et al. 2016). 
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Classification of calibration sites 
The calibration sites have very different character and so they provide a broad test of the 
model. For discussion, we classify them as follows: 

Close - Hobsons and Patterson are both near river entrances and both respond directly to 
the river discharges which depend almost solely on the model boundary conditions. The 
rivers have more NOx than NH4. Notably, Patterson also receives distant nutrient inputs 
from the Yarra River and so is partially mixed.  

Mixed - Long Reef is influenced by the WTP discharge but, at times, the WTP plume does 
not directly pass through this site, and so it can be described as “mixed”, i.e. near an outfall 
but sometimes behaving like a more distant site.  

Distant - Corio and Central have no close discharges and so the nutrients have been 
recycled before reaching these sites.  

Mixed Ocean - Dromana is near the PPB entrance and experiences water coming directly 
from Bass Strait, albeit mixed with water from within PPB. 

The close sites should respond well if the boundary conditions in the nearby river are 
correct. However, the distant sites are much more dependent on the model settings related 
to nutrient recycling, including immediate remineralisation, seabed processes, fraction of 
nutrient lost to the atmosphere etc. Thus, they form a separate sub-class.  

When calibrating, adjustments to coefficients were made in the knowledge that distant sites 
respond to different coefficients, which allowed better discrimination and decision making. 
If all sites were in front of a river, it would have been difficult to set many of the coefficients 
and this would have been a less robust test of the model. 

 

Calibration results 
Seawater variables 
Seawater temperature and salinity come from Model 3DD and have been compared already 
with the permanent stations in Chapter 4. Here, they are compared to the spot 
measurements from the field sites which cover a broader spatial range in PPB. 

 

Temperature 
The model is very closely reproducing the water temperature (Figure 8.4) at all calibration 
sites.  

 

Salinity 
The model is very closely reproducing the salinity (Figure 8.5) at all calibration sites. The 
results are very good near the Yarra and Patterson River entrances suggesting that the flow 
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boundary data is correct. There is a small (<0.2 ppt) deviation at Dromana which is caused 
by the Bass Strait boundary condition. Lack of measured data meant that salinity was set to 
35.8 ppt over the full year on the boundary. Better results would have been obtained with a 
boundary value of 35.6 ppt, which is still well within the range of historical salinity 
measurements in Bass Strait.  

A second systematic deviation (<0.3 ppt) occurs at Corio. The salinity is lower in the model 
during the summer/autumn heating period, suggesting that the evaporation may be under-
estimated by Model 3DD. On the contrary, in early winter the salinity is too high in the 
model, suggesting that catchment inputs to Corio Bay are being missed in the boundary 
conditions. These deviations have no effect on the phytoplankton growth.  

 

   

    

    
Figure 8.4  Model (black line) and measured surface water temperature (oC) (blue squares). 
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Figure 8.5  Model (black line) and measured surface water salinity (ppt) (blue squares). 
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Nutrients 
In this section, the model is compared to nutrient data at the field sites. 

 

Nitrogen 
The model is closely reproducing the total DIN in NOx+NH4 at all calibration sites (Figure 
8.6). DON is not included because no measurements were available. The nitrogen is very 
difficult to treat due to many interdependencies, not the least of which is the utilisation by 
phytoplankton. Relevant settings in the model which determine the N balance are: 

• Inputs from the rivers and WTP 
• Fraction of N in each phytoplankton species (set from scientific literature for diatom 

and flagellate) 
• Volume of the phytoplankton species 
• Total phytoplankton for each species (including the species not being directly 

simulated) 
• Immediate remineralisation in the water column 
• Fall velocity of diatoms 
• Percent to the seabed from phytoplankton mortality 
• Percent from the seabed back to the water column 
• Amount absorbed and recycled by zooplankton 
• Percent lost to the atmosphere from the seabed 
• Conversion of DON to other N species 
• Conversion of NH4 to NOx in the water column 
• 3-dimensional advection by the model 
• Horizontal and vertical mixing and diffusion in the model cells 

Given these very complex and inter-dependant N pathways, the agreement between the 
model and data is exceptional. At Hobsons, close to the Yarra entrance, the agreement is 
very close. At Patterson, there seems to be a small systematic error with the model N being 
too high, which must be due to poorly defined and constant N over the year in the Patterson 
River model boundaries. The distant sites like Corio, Central and Dromana receive recycled 
N (rather than direct river inputs) and so they provide a very effective confirmation of the 
model. 

There is a small over-estimate at the start of the simulations at Corio and Central, which 
may be due to unknown initial settings. No baywide data in the water column or seabed was 
available from July 1 and so initial conditions throughout the Bay were set by interpolating 
the data measured in late July. 

The main and significant deviation is a nutrient peak of 0.1 mg L-1, which occurs during late 
summer/autumn around March 6. This peak is absent in the model, particularly at the Long 
Reef and Central sites (see arrow). Indeed, at Long Reef, N is the highest for the whole year 
at that time. Inspection of the boundary files revealed no large discharges from the WTP or 
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rivers and no rainfall around this time (Figure 8.7a). It is not represented in the boundary 
conditions and so the model has no knowledge of this peak. There is no obvious reason why 
the peak should be there. Thus, we denote this peak as the “anomalous nutrient peak 
around 6 March”. Unfortunately, the missing nutrient inputs lead to deviations that feed 
right through the phytoplankton prediction to the zooplankton around March 6. 

Further analysis suggested that the anomalous nutrient peak may relate to either: (1) wave 
action stirring up bed sediments and nutrients; or (2) bacterial and microbial processes 
active in the warm, late-summer waters of the Bay which may provide a non-anthropogenic 
source of N.  

Figure 8.7b shows that the wind was strong (up to 15 ms-1) from the east-south-east. The 
fetch of the wind to WTP is maximum from this direction (Figure 8.8), and winds of this 
strength would produce waves of 1-2 m around the shallow WTP shoreline which has been 
previously inundated by nutrients from the shoreline outfall discharges. Thus, the sudden 
rise in nutrients may be due to wave stirring of bottom sediments and nutrients. 

Table 8.2 indicates that the median DIN concentration in offshore sandy sediment cores is 
0.5 mg L-1, with a maximum of 2.25 mg L-1. Thus, if the pore water from the top 20 cm of the 
sediment was suspended at maximum concentration, the water column concentration 
would increase by about 0.02 mg L-1 in a 10 m-deep water column. Thus, wave suspension 
may not fully account for the observed peak of 0.1 mg L-1 unless pore water nutrient 
concentrations are higher in the nearshore sediments. Coring along a cross-shore transect,  
before and after wave activity, would be useful. 

High nutrients may be coming from microbial activity when the water is warm in March 
(about 22oC). Alternatively, a discharge from WTP may have been missed by the weekly data 
monitoring. 

A broader discussion is warranted because such a surge in nutrients is shown later to have 
measurable impacts on primary production, including the growth of Paracalanus 
zooplankton. Unfortunately, without knowing the source of the nutrients, the model cannot 
simulate this event. With more knowledge, the model could be upgraded and tested again. 
If the source is the seabed, then coupled wave modelling will be required with additional 
field investigations. 
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Figure 8.6  Model (black line) against measured N concentrations (mg L-1) for combined NOx and NH4 (blue 

squares). The arrow highlights a peak in the measurements which is absent from the river and WTP 
boundary conditions. 
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Figure 8.7a. Rainfall is zero for nearly 3 weeks prior to 6 March, when an anomalous nutrient peak occurs in 

the data. 

 

 
Figure 8.7b   Wind speed (ms-1) and direction (oT) around 6 March, when an anomalous nutrient peak occurs 

in the data. Winds are east to south-east with speeds up to 15 ms-1. 
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Figure 8.8  Fetch for wind-generated waves at WTP is long (shown by the black arrow) for east to south-east 

winds, and sufficient for 1-2 m waves to be generated by 15 ms-1 winds. 

 

Nutrient Ratio 
The “Nutrient Ratio” considers the relative proportions of N contained in NOx and NH4 and is 
defined as 

   Nratio = NNH4/(NNOX+NNH4)   (8.1) 

This is a critical parameter because rivers have relatively high concentrations of NOx but the 
Bay has a much higher NH4 concentration due to chemical transitions caused by 
phytoplankton growth and seabed processes. The ratio is a strong confirmation of the 
nutrient cycling and the model’s treatment of NH4 production. Low values indicate river 
discharges, while high values indicate in-situ N re-cycling.  

The model prediction is very close to the measurements (Figure 8.9). At Hobsons near the 
start of the simulation, four NOx spikes are slightly under-estimated. Nutrient 
measurements are from the surface in the river plume where there is a strong halocline. The 
model shows the average concentration in the top layer which is around 1-2 m thick 
(thickness varies with tidal sea levels) and so mixing processes with Bay water from below 
the plume dilutes the NOx content in the model.  

Great 
Sands 

WTP 

Corio Bay 
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Yarra River 
Hobsons Bay 

Bass 
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Patterson 
River 
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The absent peak at Long Reef around 6 March is evident in the Nutrient Ratio at several 
sites (see arrows). It has a high relative concentration of NOX at Long Reef (Nratio=0.22), 
suggesting a land-based source, which is contrary to the suggestion that the N came from 
wave-stirred bottom sediments. Thus, the cause of this peak is uncertain, given that it does 
not occur in the model boundary files and that it appears simultaneously at several sites. 

There is more scatter at Central, but the annual trends are still strongly evident. Two data 
points at Corio are outliers with high NOx content, suggesting a river-based source. These 
are presumably due to poor input boundary conditions in Corio Bay and could be improved 
with an accurate Catchment Model. While there are some anomalous measurements, the N 
ratio is a powerful confirmation of the model’s N cycling methodology. 

 

    

   

    
Figure 8.9  Model (black line) against the N ratio (the N contained in NH4/(NOx+NH4)) (blue squares). The 

arrows show the anomalous peak in N. 
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Silicon 
The model is closely reproducing the Si at all calibration sites (Figure 8.10a). However, low 
measured Si at Hobsons and Patterson in January was not being reproduced initially (Figure 
8.10a). Low Si can limit or dissipate diatom blooms and the low Si data occurs after the 
biggest peak in Skeletonema.  

When the fraction of Si contained in each diatom cell was changed from the literature 
estimate of 0.37 to 0.45, the agreement with data was greatly improved (Figure 8.10b). Si 
limitation is now evident in summer and autumn at Hobsons and Patterson, which acts to 
control the duration of diatom blooms. Si limitation was not as strong in the measurements 
at the other sites (Figure 8.10a) which all show good agreement with the measurements. 

The spike in Si in September at Central relates to a parcel of water from Hobsons.  

 

    

    

    
Figure 8.10a  Model (black line) and measured Si (mg L-1) (blue squares). 
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Figure 8.10b  Model (black line) against measured Si concentrations (mg L-1) after the fraction of Si within 
each phytoplankton cell was changed from 0.37 to 0.45. Si limitation is now seen in summer and autumn. 
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Individual phytoplankton species 
In this section, the model is compared to counts of individual phytoplankton species. 

Skeletonema 
The model is closely reproducing the Skeletonema measurements (Figure 8.11). 
Skeletonema dominates the plankton numbers in summer, reaching >4x106 cells/L at 
Hobsons in January and a peak occurs at all sites. It remains present in the samples in 
smaller numbers throughout the summer and autumn. The model reproduces these peaks 
and the overall agreement throughout the year is close. 

 

    

    

    
Figure 8.11  Model (black line) and measured  (blue squares) Skeletonema (No./L). 
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Pseudo-nitzschia 
The model is closely reproducing the Pseudo-nitzschia measurements (Figure 8.12). This 
species occurs in synchrony with Skeletonema, but is less abundant. Both are warm water 
species, but Pseudo-nitzschia has a higher optimal temperature of 25oC. The model predicts 
concentrations at Hobsons which are slightly higher than the data in late summer/autumn. 
However, the data occurs in the troughs of the model variations and so there is no way of 
knowing if the small peaks predicted by the model are real. The overall level of agreement 
and the good prediction of the relative size of the peaks at the widely varied sites is a 
powerful confirmation of the model.   

 

    

    

    
Figure 8.12  Model (black line) and measured  (blue squares) Pseudo-Nitzschia (No./L). 
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Chaetoceros spp. 
While the general magnitudes are close and some peaks are being simulated, the model is 
not closely following the Chaetoceros spp. measurements, especially at Hobsons even 
though the nutrient loads are well defined there (Figure 8.13). Chaetoceros is ubiquitous in 
the measurements, representing a range of species with a broad range of sizes and 
varieties. It proved to be very difficult to simulate, especially when volume measurements 
were limited and restricted to only one sample. Many short-lived peaks don’t appear in the 
model. Eventually, three different Chaetoceros were modelled with different size and 
temperature responses, but the results are still disappointing. To deal with the complexities, 
it may be necessary to get much stronger field data which tracks species volume, 
temperature responses etc. In essence, while only one genus, Chaeteceros is made up of up 
of up to 20 species in Port Phillip Bay but are currently not identified to species level. 

 

    

    

    
Figure 8.13  Model (black line) and measured  (blue squares) Chaetoceros spp. (No./L). 
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Leptocylindrus danicus 
The model is closely simulating the measurements of Leptocylindrus (Figure 8.14). In 
accordance with measurements, the model predicts low numbers <40,000 L-1. Some single 
data point peaks in the data may relate to counting or sub-sampling errors due to the low 
numbers, or they are short-lived events not being simulated. Predicted numbers are small, 
but too large during Oct/Nov at several sites. 

 

    

    

       
Figure 8.14  Model (black line) and measured  (blue squares) Leptocylindrus danicus (No./L). 
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Cylindrotheca closterium 
The model is closely reproducing the Cylindrotheca closterium measurements (Figure 8.15). 
Both the general magnitudes of <50,000 L-1 and the peaks are closely aligned. Exceptions 
relate to the anomalous peak in nutrients around and after 6 March, which was not in the 
boundary conditions and has an unknown source. Cylindrotheca are responding to these 
measured nutrients (particularly at Hobsons, Long Reef and Central).  

 

    

    

    
Figure 8.15  Model (black line) and measured  (blue squares) Cylindrotheca closterium (No./L). 
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Hemiselmis spp. 
The model is closely reproducing the Hemiselmis spp. measurements (Figure 8.16). There 
are short peaks not seen in the model, particularly at Hobsons and Corio. However, the 
overall magnitude of the plankton numbers and the main peaks are being reproduced. The 
anomalous 6 March peaks are missing in the model, as expected. 

Hemiselmis is the smallest phytoplankter simulated (V=30 µm3). This species exhibited high 
sensitivity to the half saturation coefficient (eqn 5.5b) in the Michaelis Menten growth 
curve. A small change of <0.02 mg L-1 produced strong effects on Hemiselmis numbers in the 
model; more influence than the maximum growth rate, temperature or mortality. Bigger 
phytoplankton were almost unaffected and so the half saturation coefficient mostly controls 
the relative numbers of small cells. Possibly, grazing by zooplankton may need to more 
strongly favour small phytoplankton so that the growth rate could be increased to create 
the short-lived peaks. 

    

    

    
Figure 8.16  Model (black line) and measured  (blue squares) Hemiselmis spp. (No./L). 
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Plagioselmis prolonga 
The overall agreement is close between the model and data for Plagioselmis (Figure 8.17). 
Main deviations occur during the anomalous nutrient peak around 6 March, especially at 
Long Reef. Like Hemiselmis, this is a small phytoplankter (V=52 µm3) and is similarly affected 
by the half saturation coefficient, and possibly by zooplankton grazing preference for 
smaller plankton. 

 

    

    

    
Figure 8.17  Model (black line) and measured  (blue squares) Plagioselmis spp. (No./L). 
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Pyramimonas spp. 
There is close agreement between the model and data for Pyramimonas spp. (Figure 8.18). 
The agreement is very close at all sites. The anomalous 6 March peaks are missing from the 
model, as expected. The peak in winter at Central rises in harmony with the data.  

 

    

    

    
Figure 8.18  Model (black line) and measured  (blue squares) for Pyramimonas spp. (No./L). 
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Chrysochromulina spp. 
There is close agreement between the model and data for Chrysochromulina spp. (Figure 
8.19). The overall magnitudes and peaks are in excellent agreement, with a small deviation 
at Hobsons before 18 August. The 6 March peaks are missing in the model. 

 

    

    

    
Figure 8.19  Model (black line) and measured  (blue squares) for Chrysochromulina spp. (No./L). 
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Gymnodinioid spp 
For Gymnodinioid spp, there is close agreement with the model (Figure 8.20). The numbers 
in the model are too small around 6 March and remain slightly too small for 1-2 months.  

 

    

    

    
Figure 8.20  Model (black line) and measured  (blue squares) for Gymnodinoid spp. (No./L).  

 

 

Combined phytoplankton variables 
In this section, the individual variables are summed to produce totals of Chl-a, diatoms, 
flagellates and the diatom ratio. The combined variables rely on the accuracy of the 
individual species; making the combined variables potentially prone to accumulated 
systemic errors.  
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Total Chl-a 
Total Chl-a is an important trial of the model because so many factors play a role. Chl-a of 
each individual species is calculated using total numbers, volumes and their Chl-a content as 
a fraction of the total mass. The summation is very sensitive to phytoplankton volume. We 
have assumed that each cell has a fixed fraction of Chl-a throughout the simulation which is 
0.025 and 0.0143 times the Carbon mass for diatoms and flagellates respectively (Black et 
al. 2015). Thus, Chl-a is only 1.5-2.5% of the Carbon mass. In reality, Chl-a content in 
phytoplankton varies as the cells respond to nutrient levels, light, temperature and the 
internal nutrient quota. These factors have not been treated in the model due to 
inadequate field data.  

Given the innate complexity and the need to sum the 12 modelled species, the results are 
surprisingly close (Figure 8.21). The predicted magnitudes of Chl-a, (ranging from about 0.1-
2.0 µgL-1) are very similar to the measurements at all sites. Moreover, several peaks are well 
predicted and the model discriminates between the sites; notably with highest levels at 
Hobsons and lowest at Dromana, as expected. However, there are two systemic errors. Chl-
a peaks not reproduced by the model relate to (1) poor prediction of Chaetoceros and (2) 
March 6 nutrient event of unknown origin. 

Chl-a was scattered in the data and did not correlate well with other data like fluorescence 
or the Chl-a monitoring at the nearby long-term stations when the field data was analysed 
(Jenkins et al. 2019). Thus, the model is the first to obtain effective predictions from the Chl-
a measurements. 
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Figure 8.21  Model (black line) and measured  (blue squares) for Chl-a (µg.L-1). 
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Total diatoms 
The prediction of total diatoms is very close to the data (Figure 8.22). A small peak is not 
being reproduced near 7 October at Hobsons and Long Reef, which is mostly Chaetoceros. 
Overall, the model is in good agreement, with the exception of minor Chaetoceros events. 

 

    

    

    
Figure 8.22  Model (black line) and measured  (red squares) for total diatoms (No./L). 
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Total flagellates 
The prediction of flagellates is close to the overall magnitudes of the measurements (Figure 
8.23). However, the flagellate prediction exhibits some systematic deviations. Most notable 
is the peak in the data around 6 March which is not evident in the model. This is due to the 
peak in nutrients of unknown source around that time and has propagated through from 
the individual species. There are short intermittent peaks at Hobsons around August which 
are not being predicted. 

 

    

    

    
Figure 8.23  Model (black line) and measured  (blue squares) for total flagellates (No./L). 
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Diatom Ratio 
The diatom ratio is crucial for the prediction of Paracalanus zooplankton, which depends on 
the egg ratio (eqn 5.19) to determine egg production inhibition due to diatoms. Indeed, if 
the diatom ratio is poorly defined, then the zooplankton prediction will not agree with the 
data. In turn, the diatom ratio depends on the relative abundances of the diatoms and 
flagellates which comes from the combined variables. A poor prediction of zooplankton 
feeds back to the phytoplankton numbers through the grazing term. Such feedback loops 
make it intrinsically difficult to find a prediction that matches the data. 

The prediction of diatom ratio is close to the measurements (Figure 8.24). The main outlier 
occurs around 6 March (circled) and is associated with the nutrient peak of unknown origin 
at that time. In the next section, this has a negative impact on zooplankton numbers 
because the nutrient peak generates mostly flagellate which induces Paracalanus 
zooplankton to grow in PPB at that time.  This one nutrient peak which is not in the model 
boundary conditions has ultimately created deviations that feed right through to the 
zooplankton.  

Excluding the March 6 event: 

At Hobsons, the agreement is almost perfect, except for one data point near the start of the 
simulation which is affected by the unknown baywide initial conditions for the model. 

At Long Reef, one data point around 7 October is missed because the model under-
predicted Chaetoceros at this time.  The ratio comes down too slowly after summer, i.e. 
diatoms are slightly too dominant. 

At Central, the prediction is very close, excluding the 7 October Chaetoceros peak. 

At Corio, the prediction is extremely close throughout. 

At Patterson, the prediction is very close except for the 7 October Chaetoceros peak. 

At Dromana, the prediction is very close but there are not enough flagellates present 
around 26 November.  

In summary, the weak prediction of the very complex Chaetoceros spp. creates one systemic 
deviation. More laboratory analysis of the Chaetoceros volumes from PPB water samples is 
needed for a range of conditions, and divided into the various types/species of Chaetoceros 
found in PPB. 

The unknown cause of the peak around 6 March is disturbing an otherwise exceptional 
prediction of diatom ratio. Only Hobsons seems to be unaffected by this anomalous peak of 
unknown source.  
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Figure 8.24  Model (black line) and measured  (blue squares) for the diatom ratio. Ellipses indicate points 

affected by the unknown nutrient source around 6 March. 
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Seabed  
Sediment cores were collected by divers from 21 sites in July 1993, 8 sites in January 1994 
and 8 sites in July 1994 (Nicholson et al. 1996). Pore waters were extracted at up to 10 
depth intervals from triplicate sediment cores varying in length between 10 and 65 cm and 
analysed for dissolved nutrient concentrations.   

Sediment core sites were dominated by the Sandy Surround (11 sites), with 3-4 sites in each 
of the other zones. Both analysis of radioisotope tracers in sediment cores (Hancock and 
Hunter 1999) and analysis of inert tracers injected into benthic chambers (Berelson et al. 
1999) indicated exchange with the water column occurred to at least 20 cm depth in the 
sediment. No times series are available, but typical concentrations in the seabed are known 
from these cores (Table 8.2) for comparison with the model. 

Nitrogen 
The model plots show the combined N contained in NOx+NH4 (Figure 8.26). The model 
demonstrates that the concentrations in the seabed are constantly changing. They rise in 
response to inputs during algal blooms followed by a slower loss of nutrient back to the 
water column and atmosphere when the bloom finishes. The cores show the same 
behaviour. In Figure 8.25, concentrations of NH4 in the field data are much lower in winter 
than in summer when phytoplankton numbers are larger, as in the model. Concentrations 
averaged over the top 20 cm are about 3.5 mg L-1 in the cores, which is similar to the 
maximum in the model of 2.4 mg L-1. This is close, given that the two datasets are from 
different years. The minimum concentration in the core in June/July is about 1.1 mg L-1, 
which is significantly higher than the model. Possibly, organisms and chemical processes 
within the sediment are keeping nutrient levels higher in winter than in the model. 
However, Table 8.2 shows that N concentrations in the cores are often as low as 0.001-0.04 
mg L-1, the same as the model. 

 

 
Figure 8.25  Core concentrations near the Hobsons site ( Nicholson et al. 1996). There are two in winter 

(black=30 July 1993 and blue=10 July 1994) and one in summer (red=10 January 2004). When the units are 
converted, the maximum in summer is about 4.5 mg L-1. 
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It appears that the model (Figure 8.25) is fully compatible with the measurements of N 
concentrations in the seabed (Table 8.2). 

Hobsons: Measured NOx+NH4 concentration varied between 0.01-5.9 mg L-1 with a median 
of 1.44 mg L-1.  The model shows variations from about 0.01-2.4 mg L-1, with a mean around 
0.4 mg L-1. 

Corio Bay: Measured NOx+NH4 concentration varied between 0.12-0.98 mg L-1 with a 
median of 0.58 mg L-1.  The model shows variations from about 0.01-0.95 mg L-1, with a 
mean around 0.35 mg L-1.  

Central: Measured NOx+NH4 concentration varied between 0.01-1.09 mg L-1 with a median 
of 0.58 mg L-1.  The model shows variations from about 0.01-1.38 mg L-1, with a mean 
around 0.3 mg L-1.  

Sandy surround: Measured NOx+NH4 concentration varied between 0.04-2.25 mg L-1 with a 
median of 0.48 mg L-1.  Examining the most similar sites of Patterson and Dromana, the 
model shows variations from about 0.01-0.55 mg L-1 and median of approximately 0.2. 

In summary, the comparison shows that the model is compatible with the data and that the 
model explains the primary process, i.e. “more into the bed from phytoplankton = more out 
of the bed later”. Thus, it will be helpful in future if phytoplankton numbers are measured 
for a period prior to a benthic chamber deployment and that benthic chamber fluxes were 
considered as a percentage of the sediment pore water concentrations for context. 
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Figure 8.26  Total DIN concentrations (mg L-1) in the seabed pore water. 
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Table 8.2 Chemical concentrations (mg L-1) in PPB seabed core pore waters, averaged down to 20 cm from 
the surface. Variations are temporal from multiple cores at different times of the year.  

NH4 

Hobsons Bay 

Corio Bay 

Central 

Sandy surround 

Lowest 

0.04 

0.12 

0.01 

0.03 

Highest 

5.77 

0.90 

0.87 

1.76 

Median 

1.44 

0.56 

0.28 

0.48 

NOX 

Hobsons Bay 

Corio Bay 

Central 

Sandy surround 

 

0.003 

0.003 

0.001 

0.01 

 

0.119 

0.078 

0.218 

0.49 

 

0.022 

0.017 

0.028 

0.030 

SI 

Hobsons Bay 

Corio Bay 

Central 

Sandy surround 

 

0.46 

0.11 

1.21 

0.27 

 

14.4 

5.43 

7.59 

8.15 

 

6.87 

3.39 

4.08 

3.30 

 

 

Silicon 
Si concentration in the cores varied between 0.11 and 14.4 mg L-1 (Table 8.2) with the 
highest concentrations at Hobsons. In the model, maximum value at Hobsons is 20 mg L-1 
and the minimum is around 0.1 mg L-1. This is the same as the cores and both the model and 
data show Si concentration being much higher than N. 

The median value at the other sites is about 50-70% of the Hobsons value, and ranges 
between 5-8 mg L-1. The model shows a very similar range.  

In summary, the model is predicting seabed Si concentrations (Figure 8.27) which agree with 
measurements from cores, noting that an absolute comparison is not possible because the 
data comes from a different year. 
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Figure 8.27  Si concentrations (mg L-1) in the seabed pore water. 

 

  



92 
 

Zooplankton 
The model prediction of Paracalanus zooplankton is close (Figure 8.28) but unfortunately 
some predictions are badly affected by the missing nutrient peak around March 6 and, to a 
much lesser extent, by the short Chaetoceros bloom around 7 October. The model correctly 
predicts typical zooplankton numbers and relative variations across PPB (Figure 8.28). 

Hobsons:  very close with the peak at the right time and with the correct magnitude. 

Geelong Arm entrance: although in good agreement for the first 4-5 months, a long period 
of elevated zooplankton numbers (30,000 m-3) in summer is not being predicted. 

Central: the results are close, noting that zooplankton data is expected to exhibit some 
scatter. There is just one outlier data point in late January. 

Corio: the agreement is close, although the large peak in the model lies between data points 
and cannot be confirmed. Corio had the correct diatom ratio at this time. 

Carrum: poor agreement because the peak in the model occurs too early and is under-
estimated. The main data peak occurs around March 6, and so the model cannot simulate 
that event because of the missing nutrient inputs at that time. 

Queenscliff: well predicted with the model showing short-term variation in numbers due to 
tidal currents. Numbers drop when the tide is coming in from Bass Strait and rise again 
when water flows out of the bay during ebb tides. The measurements of zooplankton at 
Queenscliff which are lower than other sites are fully compatible with the model. 

In summary, there is a high quality prediction of zooplankton at Hobsons but the model is 
less effective at other sites. The biggest deviation relates to the missing nutrient peak 
around 6 March, particularly at Corio and Carrum. 
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Figure 8.28  Model (black line) and measured  (blue squares) for Paracalanus zooplankton (No./m3) 
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Chapter 9  Nutrient Cycling Discussion 
Introduction 
In this chapter, the model settings for nutrient transitions are compared to prior knowledge 
and discussed against the chosen values for the modelling. 

Immediate mineralisation of N  
Existing knowledge 

A significant fraction of the nitrogen bound in phytoplankton cells is deposited on the 
sediment surface, but a large fraction is released into the water column when cells are 
grazed. No local data exists for this parameter, though the PPBES model suggested that on 
an annual basis, about five times more N is recycled in the water column than from the 
sediment (Murray and Parslow 1999; Figure 7). 

Using a continuous-flow chemostat, Rodgers and DePinto (1983) estimated the decay rate 
of freshwater diatoms in the dark at 0.05-0.65 (mean 0.35) day-1, using fluorescence as an 
indicator of biomass. The decomposition rate increased with increasing eutrophy, and 
depended strongly on the abundance and type of microbial community present. 
Decomposition rates were higher if the phytoplankton population was growing under sub-
optimal conditions (e.g. nutrient-limited).  

Garber (1984) studied the decomposition of cultured marine phytoplankton at 8 and 18oC. 
He found that up to 50% of the particulate N in phytoplankton cells was immediately 
released as DON. Over 30 days, about 50-60% of the original N in phytoplankton was 
mineralised to DIN (mostly as NH4) in two stages. The labile phase decayed at 0.02-0.2 day-1, 
while the less labile phase had a decomposition rate of 0.003-0.02 day-1.  

Burkhardt et al. (2014) studied the decomposition in the dark of POM from laboratory 
cultures and natural marine phytoplankton populations. They studied the change in DIN of 
batch cultures every 5 minutes for the first 30 min then every 3 hours for 5 days. Only 1-3% 
of the PON in phytoplankton was decomposed to NH4 within 30 minutes, and 37-40% was 
remineralised over 5 days (an average rate of 6-8% d-1).  A value of 10% may be appropriate 
for the immediate remineralisation of N in Port Phillip Bay as DIN, but up to 50% may be 
returned to the water column as DON. However, factors such as wave turbulence, microbial 
and bacterial activity and other ingestion could not be simulated in the laboratory and so 
the value may be higher. 

Model results 

In the model, all N due to immediate remineralisation was transferred to the NH4 pool in the 
water column. The immediate remineralisation coefficient in the model was 50%, i.e. half 
the N in phytoplankton mortality went immediately back to the water column and half went 
to the seabed. 

This coefficient has the largest control on the Nratio, which was shown to be accurately 
reproduced, thereby supporting the model decision not to put N to NOx or DON. However, 
DON is also eventually converted to NH4 at a rate of 10% per day and maybe the difference 
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in the pathway has only a minor impact on the modelling. No sensitivity tests were done. 
The model setting is in good agreement with Garber (1984) discussed above. 

The immediate remineralisation has a profound effect on the size and duration of algal 
blooms. For example, during the Skeletonema blooms in January, the peaks were too brief 
and small in the model if the immediate remineralisation was less than 50% and too long-
lasting and big for the converse. 

 

Immediate mineralisation of Si to SiO4 

Existing knowledge 

No local data exists for the immediate mineralisation of Si. The absolute amount of silicate 
recycled from diatoms in the water column depends on many factors, including the time 
before deposition (fall rate and water depth), grazing rate, temperature, ambient silicate 
concentration and the presence of protective coatings and bacteria (Bidle and Azam, 2001).  

Bidle and Azam (2001) carried out silicate regeneration experiments over 15 days using 
diatom detritus suspended in seawater with bacteria. They found a mineralisation rate of 0-
8 (mean 6) % day-1, with higher rates in the presence of bacterial communities. 
Mineralisation rate varied by 300% depending on the dominant bacterial species. The 
silicate recycling rate was lower than that for N, because of the differing lability of N and Si. 
In the open ocean, Ragueneau et al. (2002) estimated that about 50% of the biogenic silica 
is recycled in the upper 100 m of the water column, but a smaller proportion could be 
expected in a shallower system like PPB where Si may fall to the seabed. Laboratory studies 
(Moriceau et al. 2007) carried out over 5-30 days indicated that diatom dissolution rates of 
6.6% per day could be expected for isolated cells in the dark, and dissolution in aggregations 
was about half as fast (2.9% day-1). Demarest et al. (2009) estimated that up to 60% of the 
biogenic silica in Southern Ocean diatoms could be recycled over 60 days. In laboratory 
studies of the dissolution of estuarine (Baltic Sea) diatoms, Sun et al. (2014) observed about 
75% of biogenic silica was released over 20 days in the dark.  A rate of about 6% for 
immediate remineralisation of Si seems appropriate for PPB. 

Model Results 

The model setting for immediate remineralisation of Si was 5% per day which is very close 
to the existing knowledge suggesting 6%. 

 

Seabed N to atmosphere, by Bay zone 
Existing knowledge 

In the period 2002-2017, more than 600 benthic flux measurements were made in Port 
Phillip Bay (Longmore 2017; Jenkins et al. 2018). Flux measurements included the 
proportion of DIN recycled from the sediment that is lost to the atmosphere as N2. 
Incubations in which the N2 flux was negative were excluded, because this indicated N 
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fixation by the sediments, which seems an unlikely process in PPB, where benthic microbes 
capable of N fixation are rarely found (Edmunds et al. 2006). Instead, the negative N2 fluxes 
were attributed to faulty sampling/analysis. 

For the cases with negative N flux into the seabed, the Redfield ratio of C:N was used as a 
surrogate to estimate the N2 flux. After these two steps, the number of meaningful DE 
measurements was 367 with 6 in Corio Bay, 40 in the Sandy Surround, 159 in Central PPB 
and 162 in Hobsons Bay.  Hobsons Bay occupies 15 km2 of Port Phillip Bay, Corio Bay 40 km2, 
the Sandy Surround 800 km2 and Central PPB 1095 km2. So, in terms of spatial coverage, the 
data is highly skewed toward the smallest zone (Hobsons Bay). 

Denitrification Efficiency (DE) varied from 41 to 100%, with the median differing between 
Corio Bay, Hobsons Bay and the two remaining zones (Figure 9.1). ANOVA on the arcsin-
transformed denitrification efficiency measurements indicated that DE varied significantly 
between zones (F3, 366=33.3, P<0.0001). DE was significantly lower at the 0.05 level in Corio 
Bay than the other zones, significantly lower in Hobsons Bay than the Sandy Surround and 
Central PPB, and not significantly different between Central PPB and the Sandy Surround 
(Figure 9.1). A rate of about 60-70% of the N going to the atmosphere seems appropriate for 
most of Port Phillip Bay.  

 

 
Figure 9.1  Box plot of arcsin-transformed Denitrification Efficiency by zone.  

 

Model results 

The surprisingly high value of 60-70% loss of N from the seabed to the atmosphere means 
that virtually all inorganic nitrogen in the sediments is released to the atmosphere in just 2-3 
days. The model setting was much lower at 20%. Any higher percentages in the model led to 
loss of nearly all N in the bay in less than a week. Logically, the bay does not have enough 
regular inputs to offset a 60-70% loss per day, while still sustaining primary and other 
productivity. Moreover, inputs occur mostly in rain and this can be highly intermittent and 
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much less frequent in droughts. The frequency can be much longer than a week. In the 
model, big losses to the atmosphere lead to quick degradation of phytoplankton numbers 
resulting in more N to the seabed which is quickly lost and not replaced by rivers. 

Examination of the benthic chamber measurements undertaken for this study showed that 
negative denitrification efficiencies occurred but were eliminated from the averages. The 
modelling suggests that further analysis of these cases is warranted and it may suggest that 
the denitrification efficiency of the bed sediments may be less than previously thought (e.g. 
Berelson et al. 1998). Indeed, the negative inputs suggest the bed is absorbing N, rather 
than releasing it to the atmosphere, due to seabed biological activity. 

Figure 9.2 shows the total phytoplankton numbers in the water column prior to benthic 
chamber deployments for this study (Jenkins et al., 2018) versus the N flux from N2. Total 
phytoplankton was taken from the most recent field measurements made by EPA (Vic) prior 
to chamber deployment. Although the number of data points is small, N absorbance 
(negative N from N2) becomes stronger after bigger phytoplankton blooms. Theoretically, 
bigger blooms create more detritus at the bed and thereby stimulate biological processes 
able to absorb the N for growth, rather than releasing it to the atmosphere. After the inputs 
cease or decline, these same processes will also decline and would then be likely to release 
the N to the atmosphere or the water column. Thus, it would appear that the timing of a 
chamber deployment may lead to different and negative DE values if there has been a 
recent algal bloom. 

This analysis suggests a parallel with the water column where N is constantly being turned 
over by phytoplankton, with net loss from the water column when blooms are growing and 
vice versa. Logically, the same type of N cycling should occur at the bed. If the negative DE 
values were included in the averaging, then the average loss of N to the atmosphere would 
reduce and be more in agreement with the model. 

Notably, denitrifiers extract energy using both C and N in the detritus. Compared to the 
sediment, the detritus is N-rich. The expression of N-fixing genes has been observed in PPB 
sediments (Marshall 2018), but there are still no direct measurements to show that N-fixers 
are enhanced after blooms. An alternative explanation is that DE may be lower after blooms 
because decomposition of recently-deposited detritus leads to oxygen limitation in the 
sediment which prevents nitrification, a pre-cursor to denitrification (Eyre and Ferguson 
2009, Testa and Kemp 2012). Further investigation is clearly warranted. 
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Figure 9.2 Total phytoplankton measured before dome deployments versus calculated N from N2. The two 

negative values come from Hobsons and Carrum near the Patterson River. 

 

Burial of Si  
Existing knowledge 

No local data exists for the percent of Si buried per day. Mass balance budgets for the world 
oceans indicate that 90% of the Si taken up by diatoms is recycled in the water column. 
About 10% of diatom production is deposited on the sediment, but most of this is recycled, 
and only 2% is permanently buried (Canfield et al. 2005). But Port Phillip Bay is much 
shallower than the world ocean, and a smaller proportion of diatom Si would be recycled in 
the water column, while a greater proportion of production must reach the sediment.  

A three-box model for the major basins in the Baltic Sea (Conley et al. 2008) estimated 
retention of Si in the sediment at 23-32% (average 25%) of the annual input. Wu et al. 
(2017) carried out a mass budget for Si in the Yellow Sea. They concluded that on an annual 
basis about 35% of the Si taken up by diatoms was deposited in the sediment.  As a 
shallower but less productive system than either of these examples, the burial rate in Port 
Phillip Bay could be about 30% of the annual input. 

Model results 

The model setting for burial of Si was 8% per day. This is higher than the 2% suggested by 
Canfield et al. (2005) which may be explained by the shallower Bay waters. 

Seabed releases to the water column as NH4, NOx and N2, by zone 
Existing knowledge 

The benthic fluxes back to the water column of NH4, NOx and N2 measured in Port Phillip Bay 
during 2002-2017 varied between N form and zone (Table 6.2). NH4 flux varied from an 
uptake of 75 to a return of 182 mg N m-2d-1, NOx varied from an uptake of 10 to a return of 
13 mg N m-2d-1 and N2 varied from an uptake of 670 to a return of 720 mg N m-2d-1.  
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Comparing median fluxes, NH4 comprised 9% of the total DIN flux from the seabed in 
Central PPB, 21% in the Sandy Surround, 26% in Hobsons Bay and 51% in Corio Bay. NOx 
comprised 4% of the total in the Sandy Surround, 3% in Hobsons Bay, 2% in Central PPB and 
<1% in Corio Bay.  N2 comprised 49% of the total DIN flux in Corio Bay, 71% in Hobsons Bay, 
75% in the Sandy Surround and 89% at Central PPB.  

Model results 

The model released 2% of the N per day back to the water column. This cannot be 
compared to the above numbers which are absolute, rather than a percentage. In the 
model, the release back to the water column can be calibrated against the residual 
concentrations in the seabed. If too much is released, the model under-estimates the 
concentration in the seabed. The calibration in the previous chapter showed that the model 
compared well with the measured N concentrations in the top 20 cm of the seabed. 

 

Seabed releases to the water column of SiO4, by zone 
Existing knowledge 

Wu et al. (2017) estimated that about 31% of the Si deposited in Yellow Sea sediments was 
recycled to the water column.  Of the Si taken up by diatoms, about 11% was recycled from 
the sediment. While there is no local data on the percentage of silicate deposited on the 
sediment or the proportion that is recycled to the water column, benthic fluxes collected in 
Port Phillip Bay between 2002 and 2017 (Longmore 2017) could be used to estimate the 
percentage recycled, using modelled diatom deposition rates. The benthic flux data 
indicated a much larger median flux in Hobsons Bay than in the other zones, indicating that 
the flux out is proportional to the flux in, which is highest at Hobsons where diatom growth 
is stimulated by Yarra River discharges. 

Model results 

The model operates in accordance with the “more flux in, more flux out” concept. For Si, the 
model releases just 1% per day. 

 

Conversion of NH4 to NOx in the water column 
Existing knowledge 

No local data exists for the percent per day of NH4 converted to NOx in the water column. 
Nitrification rates measured elsewhere vary with the trophic state of the system examined. 
In a transect of extremely oligotrophic waters from north to south Atlantic, Clark et al. 
(2008) measured nitrification rates of ~ 1-10 nanomoles N/L/d. In the subpolar North 
Atlantic, Painter (2011) measured nitrification rates of 83-3051 nanomoles N/L/d. Tolar et 
al. (2017) measured rates in the range 150-450 nanomoles N/L/d in coastal Georgia. Jantti 
et al. (2018) found similar rates (up to 80 nanomoles N/L/d) in the brackish central Baltic, 
and when compared to ambient NH4 concentrations, nitrification was equivalent to 10%/d 



100 
 

(range 0.2-29%/d). Ward (2005) used 15N tracers in the 900-m deep Monterey Bay every 2 
months for 2 years and found that nitrification rates varied 4.5 fold over the 2 years. The 
cause of the variation was not clear but may have related to variations in the NH4-oxidising 
bacterial community. Rates were reduced at high light levels, and the proportion of NH4 
converted to NOx ranged from 0.4 to 8% per day.  Manning et al. (2017) measured 
nitrification in upwelled water in Monterey Bay, and found rates of 0.1-0.2 m mol/m2/d, 
which accounted for 17-35%/d of ambient NH4, but supported less than 2% of nitrate 
uptake. The Clark et al. (2008) measurements in the oligotrophic Atlantic equated to a 
percentage conversion of ammonium to nitrate of 1-50 % (mean 10%) per day.  Given the 
relative trophic status of PPB, the percentage conversion of NH4 to NOx could be up to 10% 
per day. 

Model results 

In the model, the NH4 was converted to NOx at a very small rate of 0.01% per day, which is 
essentially zero. When the factor was larger, the model produced a poor Nutrient Ratio 
calibration, i.e. NH4 concentration was too small relative to NOx. 

 

Conversion of DON to NH4 in the water column 
Existing knowledge 

No local data exists for the percent per day of DON converted to NH4 in the water column. 
Garber (1984) examined the decomposition of cultured marine phytoplankton and natural 
seston from Narragansett Bay, Rhode Island. About 50% of the PON was immediately 
released as DON, and nearly all of the DON was subsequently remineralised to NH4 over 30 
days. The initial rate of remineralisation was 0.02-0.2 day-1. Rain-Franco et al. (2014) 
measured the photodegradation of DON to NH4 in upwelled water off Chile, and found an 
ammonium production rate of 0.06-0.2 umol/L/h.  Plough and Bergkvist (2015) measured an 
ammonification rate of 0.052 d-1 in sinking marine aggregates. Miranda et al. (2008) 
measured ammonification rates of 0-6 (mean 2) umol N/L/h in Kochi backwaters (India). A 
conversion rate of DON to NH4 of less than 10% day-1 may be appropriate for PPB. 

Model Result 

The model adopted a value of 10% per day in accordance with the existing knowledge. 
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Chapter 10  General Discussion and Conclusions 
 

Benefits of nutrients 
These are several well-known bay responses that provide indirect confirmation of the 
model. The one presented below compares the baywide N averaged over the 1-year model 
simulation compared to substrate macro-algae and seagrass (Figure 10.1). A clear 
correlation can be seen with the macro-algae and seagrass being more prolific in the 
locations with higher average N. Interestingly, mussel farmers have placed their farms on 
two of the zones of higher N, it’s known that seagrass grows better in wet years than in 
droughts due to increased nutrient inputs (Jenkins et al. 2015, Hirst et al. 2016, Hirst and 
Jenkins, 2017). 

Clearly, N benefits and is essential in PPB. The question to be addressed is “When do the 
benefits stop and become replaced by harmful algal blooms”. This is tested in Jenkins and 
Black (2019a) report which presents scenario simulations with higher and lower nutrient 
inputs to the Bay. 

 

 
Figure 10.1  Model averaged N concentration averaged over 2016/17 with substrate biota overlaid. A strong 

link is evident between WTP nitrogen and biota.  
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Is volume The One? 
Model calibration showed that nature’s primary production balance is sensitive, albeit 
predictable. The novel modelling shows for the first time that phytoplankton growth and 
decay factors are primarily dependent on the volume of the phytoplankton species. Such an 
important advance makes it possible to model numerous species without treating each 
species individually. Only temperature, salinity and light response had to be defined for 
each species. In PPB, the temperature equations played an important role, while salinity and 
light had a much lesser impact and no discrimination between species was required. The 
two key variables were just volume and temperature. 

 

Temperature dependence of phytoplankton growth 
A new system was introduced for the response of phytoplankton to temperature. First, the 
equation presented in Black et al. (2015) is used with the coefficient called the Temperature 
Power or “Peakedness” (eqn 5.9). This allows for weak or strong response of a species to 
water temperature, with power of 0-4 respectively. Many of the flagellates showed a very 
weak dependence on water temperature and were set to Power=1, while Skeletonema and 
Pseudo-nitzschia was set to Power=4. Second, new scaling was applied to the growth 
function. This arose because the function µmax (in Black et al. (2015) modified from Maranon 
et al. (2013)) was derived in the laboratory using a common temperature of 18oC for all 
species. However, many species have higher or lower optimal temperatures and so the 
laboratory measurements are under-estimating their maximum growth rates. A correction 
was developed to overcome this deficiency.  

 

Light 
There has been substantial research over PPB seagrass beds to measure the vertical decay in 
PAR and these measurements were analysed. However, the relationship of irradiance to 
phytoplankton growth is less well known.  

Light was dropped from the model in Black et al. (2016b). In this report, however, a function 
describing irradiance was developed and found to be valid by calibration and sensitivity 
testing. The new function reduces the impact of light on the species; more growth is 
occurring above and below optimal light levels.  

The calibration adopted the same optimal light and only one shape of the light curve for all 
species. This means that no discrimination between species was needed and suggests that 
the mid-Latitude species found in PPB depths may be similarly adapted to light. 

 

Systemic errors 
Issue 1: The ubiquitous Chaetoceros spp. contains many different species with different 
sizes and temperature responses. The model failed to reproduce much of the variability in 
measured Chaetoceros spp. abundance.  
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Issue 2: The unknown source of nutrients which appeared around 6 March had dire 
consequences for predictions of phytoplankton and zooplankton around that time. The 
cause/source of the peak needs to be determined. 

The nutrient peak was large at Long Reef; bigger than all other measurements of water 
column N at Long Reef and it appears simultaneously on the Nratio plots for sites from Corio 
to Dromana (Figure 8.9). These anomalous N levels are not erroneous because they 
stimulated a concomitant measured flagellate increase.  

Unfortunately, the source of this nutrient input has not been identified. It was not evident in 
the boundary conditions and there was no rainfall at the time. The measured nutrients at 
Long Reef had relatively low Nutrient Ratio which typifies river-based sources. Possible 
explanations include: 

• Wave-induced stirring of the seabed suspending sediment and nutrients 
• Heightened biological and bacterial activity after a long period of warm water (around 

23oC), either at the seabed or in the water column 
• Illegal discharges to the Bay or rivers 
• Environmental flows in the Werribee River 
• Missed discharges from WTP 
• Decay of seagrass, drift algae or macro-algae after breaking apart under large wave 

conditions  
• Delayed N discharges from the seabed some 2 months after the Skeletonema bloom 

 

Growth formula defining nutrient dependence 
The equation governing diatom growth dependence on nutrients (N and Si) is troublesome 
and opinions are divided in the scientific literature. We ultimately re-adopted the Luxury 
Uptake formula (eqn 5.8) for diatom growth. Others have supported the “minimum limiting 
nutrient (MLN)” concept, where growth is limited by the nutrient with the lowest 
concentration. MLN is logical in many ways. First, there are only a few occasions in the 
modelling when Si is limiting but Si always enters the calculation in the Luxury Uptake 
formula, irrespective of Si concentration. Si simply scales the Luxury Uptake formula, making 
it more cumbersome than the simpler N-based formula applied to flagellates.  

During the calibration process, both Luxury Uptake and MLN were tested, including home-
grown modifications to MLN to limit growth when Si was low. The model results were 
similar but direct comparisons require full calibration with each formula. In this report, we 
have presented results from Luxury Uptake after a quality calibration was obtained. Future 
studies should return to the MLN and Quota method for further testing using the field work 
currently underway during 2018/19. 
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Growth multipliers 
In Figure 10.2 (top panel), the growth functions for diatoms and flagellates are shown from 
the Hobsons site. The Luxury growth formula (eqn 5.8) applied to diatoms produces a higher 
growth rate than the formula for flagellates (eqn 5.7a) and so, for ease of operation, the 
Luxury Formula (eqn 5.8) was scaled by 1/1.4 to, 

f(N,Si) = 1.43/( 1/fN + 1/fSi )   (10.1) 

so that both diatoms and flagellates were subject to the same average magnitude of their 
respective growth functions (Figure 10.2, bottom panel).  

 

 

 
Figure 10.2  Diatom and flagellate growth functions. Top panel: With the luxury growth for diatoms from 

eqn 5.8. Bottom panel: After scaling the luxury formula by 1/1.4. 

 

The growth multipliers in the model permit corrections to growth, mostly due to inadequate 
knowledge of the volumes, mortality coefficients and temperature corrections. These 
multipliers came from trial and error adjustments during calibration.  
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From Table 10.1, the average multiplier applied to diatoms and flagellates proved to be the 
same (1.18/1.19) suggesting that diatoms and flagellates respond the same to nutrients and 
the environment, i.e. they are not functionally different.  

Because the average of the multipliers is >1.0, the mortality coefficient may be too large. 
However, trials with lower mortality led to the loss of sharp phytoplankton peaks. Most of 
the multipliers are within 20% of 1.0, which suggests that the chosen volumes are close and 
the myriad processes in the model are being reproduced effectively without requiring major 
corrections.  

The outlier multipliers are the diatoms Skeletonema and Pseudo-nitzschia, both with 
multipliers of 1.46, and the flagellate Hemiselmis with multiplier of 1.39. The model showed 
that the diatom peak in January was better reproduced with faster growth and decay as 
indicated by the higher multiplier. Hemiselmis is the smallest phytoplankter. The higher 
multiplier suggests that the equation describing predation versus volume (eqn 5.3) may be 
excessively penalising the small phytoplankton. However, the multiplier is successfully 
compensating. 

 

Table 10.1  Growth scaling multipliers applied in the model. 

Diatoms Multiplier 

Skeletonema costatum; 

japonicum/pseudocostatum 1.46 

Chaetoceros sp. (Unident.) Type 1 1.10 

Chaetoceros sp. (Unident.) Type 2 1.22 

Chaetoceros sp. (Unident.) Type 3 1.10 

Pseudo-nitzschia delicatissima group 1.46 

Leptocylindrus danicus 0.97 

Cylindrotheca closterium 0.97 

Average for diatoms 1.18 

Flagellates Multiplier 

Hemiselmis sp. (Unident.) 1.39 

Plagioselmis prolonga 1.15 

Pyramimonas spp. 1.13 

Chrysochromulina sp. (Unident.) 1.01 

Gymnodinioid spp 1.26 

Average for flagellates 1.19 
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NH4 and NOX preference 
The challenge of incorporating a relationship defining the preference of phytoplankton for 
different species of N is substantial due to the lack of concise published relationships. More 
general information is available, e.g. as stated by Glibert et al. (2016): 

“NH4+ and NO3- are key drivers of the abundance and diversity of phytoplankton 
taxa (Berg et al. 2003, Lomas and Glibert 1999a). Assimilation of NH4+ is generally 
preferred by phytoplankton as it requires less energy, whereas NO3- must first be 
reduced to NH4+ within the algal cell. Generally, systems more enriched in NH4+ have 
phytoplankton communities dominated by mixotrophic algae such as dinoflagellates 
and cyanobacteria (Berg et al. 2003, Glibert et al. 2001, LaRoche et al. 
1997, Rothenberger et al. 2009). Conversely, some diatoms preferentially assimilate 
NO3-, particularly in NO3- rich environments (Goldman 1993, Lomas and Glibert 
1999a,b). However, in many cases the presence of NH4+ at concentrations as low as 1 
µmol L-1 inhibits NO3- uptake by phytoplankton (Dortch 1990, Lomas and Glibert 
1999a). Therefore, the relative availability of NH4+ and NO3- exerts an important 
control on phytoplankton community composition.” 

Acknowledging the above opinions, no NH4:NOx preference was applied in Bubbles due to 
the mathematical uncertainty about the response of phytoplankton to the various ratios of 
N species. Uptake rate was weighted more simply by the relative abundances of each N 
species, without applying any preference.  

 

Importance of zooplankton grazing 
Zooplankton growth increases with water temperature and numbers typically peak in 
summer and/or autumn. There are several consequences. First, zooplankton was found to 
systematically modify the relative balance in phytoplankton numbers between the seasons. 
Second, snapper recruitment occurs around November when the water temperatures are 
only 17-18oC. Paracalanus zooplankton concentrations at that time are typically less than in 
February/March, unless the diatom ratio is low at the time of juvenile recruitment. 
Interestingly, the key diatoms of Skeletonema and Pseudo-nitzschia have high optimal 
temperatures around 24-25oC making them less common in November when the fish are 
recruiting. 
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Conclusions 
Intensive measurements were made monthly at multiple sites across PPB over 2016/17. 
Measurements of individual species of phytoplankton, total diatoms and flagellates, 
nutrient concentrations, ratio of N species, seabed N and Si concentrations, temperature, 
salinity, Chl-a and zooplankton were all compared to the predictions of Models 3DD and 
Bubbles. Close agreement was obtained. 

The calibration thereby confirms the following methodologies and outcomes:  

• Capacity of the hydrodynamic model 3DD to simulate the complex processes of 
circulation, ocean atmosphere heat exchange, discharges and their consequences on 
temperature and salinity, all in 3-dimensional space. 

• Capacity of the NPZ Model Bubbles 
• Utilisation of twelve phytoplankton and two zooplankton to describe the Bay’s 

primary production. 
• Unambiguously confirming that cell volume is the most important aspect controlling 

phytoplankton life cycles.  
• Environmental and input boundary methods (with some nutrient exceptions) 
• Mixed Lagrangian/Eulerian methods, which produced substantial improvements to 

computer speeds while retaining the high resolution and accuracy of the particle 
method. 

• The many embedded equations for biological and chemical processes which interact 
with each other to form the final solution.  

• Seabed equations, which can be summarised as “concentration out is primarily 
proportional to the concentration coming into the seabed as detritus”. 

• Sensitivity of the model 

Given the underlying complexity of primary production, the calibration result is a strong 
proof of model methods and equation/coefficient selection. 
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Appendix 1 Further Recommendations 
 
Introduction 
The modelling highlights several data and knowledge gaps which could be examined further. 

 

Automated monitoring stations 
Due to restrictions on boat travel during rough or windy weather, most of the data was 
collected during calm periods with no rainfall. As such, many measurements occur in the 
troughs of the phytoplankton time series when compared to the model.  

Suggestion: Alternative data collection techniques such as long-term, automated 
monitoring stations need to be established, with a focus on nutrient concentrations, 
phytoplankton counts, volume and identification. 

 

Detailed volumes in the field and laboratory 
Phytoplankton volume has been revealed as a key variable by the modelling.  

Suggestion: More laboratory time series measurements of phytoplankton volume, 
rather than focussing mostly on species identification. Better automated systems 
may be needed. 

 

Short-term experiment 
An intense (2-3 week) field experiment focussed on NPZ would confirm and/or define 
factors such as fall velocity of diatoms, seabed inputs/outputs and growth/decay of 
phytoplankton (particularly Chaetoceros and Skeletonema). Another factor is the utilisation 
of DON.  

Suggestion: An experiment is needed with high temporal resolution. This may be 
appropriately placed in the Geelong Arm or Corio Bay with timing before and after 
heavy rainfall in summer or autumn. 

Cross-shore coring of the seabed before and after waves, high resolution water 
column and seabed nutrient measurements before and after waves and rainfall, 
further investigation of WTP and Werribee River discharges, additional discussions 
with expert scientists. 

 
Effects of waves on nutrients 
Waves may have created an anomalous peak in water column nutrients. 

Suggestion: Further consideration of wave impacts on seabed nutrient transfers. 
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Catchment inputs 
There are notable deficiencies in the catchment inputs while sensitivity to nutrient 
concentrations is fully demonstrated by the model. Flows are mostly measured but all the 
nutrient concentrations are much more poorly defined (particularly for Si) and we had to 
adopt a constant nutrient concentration throughout the year for the rivers. In Corio Bay, no 
flow or load information was available. And small rivers and drains throughout PPB were 
neglected.  

Suggestion: Greater emphasis on Catchment Models and measurements of 
discharges to the Bay, including Corio Bay. 

 

Growth dependence on nutrients 
The Luxury Uptake equation has been retained to describe the growth dependence on 
nutrients. However, the “minimum limiting nutrient (MLN)” and the “Quota” methods were 
also tested with similar success. The matter of which is correct needs to be finalised and can 
be done only with detailed calibration using both alternatives. The new data being collected 
in 2018/19 will be highly beneficial. 

Suggestion: Further calibration of the model using the MLN and Quota Method. 

 

DON as a direct food / nutrient source for phytoplankton 
The link between DON and phytoplankton growth is not well understood. With the model, 
we found that DON is not likely to be a direct nutrient source (excluding some small 
molecules such as urea). We did not include DON in the growth calculation. Instead DON 
was introduced to the bay from the boundary sources and then slowly converted to NH4 
through time at a fairly fast conversion rate of 10% per day. Sensitivity tests gave best 
results around 10% but we cannot conclude that this percentage is definitive. 

Suggestion: Further consideration of the role of DON.  

 

Effect of water column light dissipation 
The effects of muddy plumes, wave-induced seabed suspension of muds and plankton self 
shading have been neglected in the model.  

Suggestion: Further consideration of light attenuation by muds and plumes 

 

Utilisation of existing data 
The existing datasets in PPB are numerous.  

Suggestion: An assessment of the existing data, including reliability and suitability for 
NPZ modelling. 
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Model resolution 
With the Lagrangian particle model, sharp concentration gradients can be simulated. 
However, further improvements to the results overall may arise using the blended 
Lagrangian/Eulerian scheme in Bubbles, with finer Eulerian grid size. This is now achievable 
with the more efficient model and faster computers.  

Suggestion: Duplication of the results on a 400 m model grid for sensitivity testing. 
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