
Validation of Model Bubbles 

1 
 

Model Bubbles 
Validation 

K.P. Black1,2 and G.P. Jenkins2 

 

 

 

Technical Report No. 2020-6 

November, 2020 
1Sanctuary Beach Pte Ltd, Singapore 

2School of BioSciences, University of Melbourne, Vic 3010 Australia 

 

The University of Melbourne   Sanctuary Beach Pte Ltd 

www.unimelb.edu.au      www.sanctuarybeach.net 

            

 
 

  

http://www.unimelb.edu.au/


Validation of Model Bubbles 

2 
 

Front page image: Skeletonema painting by Arnaud Fuega (Oil on Canvas). 

For Sale at: https://www.artmajeur.com/en/arnaud-feuga/artworks/10606246/skeletonema 

 

 

References in the series: 

Black, K. P., Longmore, A. R., Hamer, P. A., Lee, R., Swearer, S., and Jenkins, G. P. (2015). Bubbles: The Nutrient, 
phytoplankton, Zooplankton and Fish Recruitment (NPZ-F) Numerical Model. Technical Report No. 2015-1 for 
Melbourne Water. University of Melbourne and Sanctuary Beach Pte Ltd, 2015-1. 

Black, K. P., Longmore, A. R., Hamer, P. A., Lee, R., Swearer, S. E., and Jenkins, G. P. (2016a). Linking nutrient inputs, 
phytoplankton composition, zooplankton dynamics and the recruitment of pink snapper, Chrysophrys auratus, in 
a temperate bay. Estuarine, Coastal and Shelf Science 183, 150-162. 

Black, K. P., Longmore, A. R., and Jenkins, G. P. (2016b). Refinement and further development of the Bubbles model: 1. 
Desktop analysis of Silicate data. Technical Report. School of BioSciences, University of Melbourne and Sanctuary 
Beach Pte Ltd. 

Black, K. P., Longmore, A. R., and Jenkins, G. P. (2019). Model Bubbles Refinements and Calibration. Technical Report No. 
2019-2, School of BioSciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Black, K. P. and Jenkins, G. P. (2020). Model Bubbles Validation. Technical Report No. 2020-6, School of BioSciences, 
University of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P., Black, K. P., and Longmore, A. R. (2016). Refinement and further development of the Bubbles model: 2. 
Analysis of phytoplankton field data. Technical Report, School of BioSciences, University of Melbourne and 
Sanctuary Beach Pte Ltd. 

Jenkins, G. P., Longmore, A. R., and Black, K. P. (2018). Modelling pelagic pathways to productivity in Port Phillip Bay: Data 
collection and analysis. Technical Report, School of Biosciences, University of Melbourne and Sanctuary Beach Pte 
Ltd. 

Jenkins, G. P., and Black, K. P. (2019a). Pelagic Pathways to Productivity in Port Phillip Bay: Scenario Modelling. Technical 
Report, School of Biosciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P., and Black, K. P. (2019b). Contrasting impact of diatoms on dominant calanoid and cyclopoid copepods in a 
temperate bay. Estuarine, Coastal and Shelf Science 217, 211-217. 

Jenkins, G. P., Longmore, A. R., and Black, K. P. (2019c). Modelling pelagic pathways to productivity in Port Phillip Bay: 
Additional field data sourced for model input and calibration. Technical Report, School of Biosciences, University 
of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P. (2020). Validation of the Bubbles plankton dynamics model: Data Collection and Analysis. Technical Report, 
School of Biosciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

 

  

https://www.artmajeur.com/en/arnaud-feuga/artworks/10606246/skeletonema


Validation of Model Bubbles 

3 
 

Executive Summary 
The 3-dimensional Nutrient-Phytoplankton-Zooplankton (NPZ) model Bubbles has been 
shown to provide close predictions of nutrients and planktonic productivity (Black et al., 
2019). When calibrated against field data over a full year in Port Phillip Bay (PPB), Victoria, 
Australia, the model proved to be uniquely able to predict the concentration of the 12 most 
abundant phytoplankton, down to individual species and when aggregated to diatoms, 
flagellates and totals.  

In this report, model Bubbles is validated against new data to confirm its generality, using 
independent calibration and validation datasets. The model is tested using the same 
settings across 2 different years (2016-17 and 2018-19), thereby eliminating any bias in the 
selection of coefficients that may have arisen during the original calibration. Importantly, 
the two years have both common themes and some noteworthy different characteristics, 
making them ideal for model testing. The field data is presented in Jenkins et al. (2018) and 
Jenkins (2020). Additional data was provided by EPA (Vic.).  

Comparisons were made with monthly measurements in each year at 6 sites spread around 
PPB to provide data in all hydrodynamic and biological zones - from the quiet Corio Bay to 
the nutrient loads of WTP and Yarra River and the strong currents over the Sands at 
Queenscliff. The model was checked against 12 individual species of phytoplankton, total 
diatoms and flagellates, nutrient concentrations, ratio of N species, seabed N and Si fluxes 
and concentrations, temperature, salinity, Chl-a and two groups of zooplankton.  

The original goal was to re-run the calibrated model against the new dataset. However, a 
detailed data analysis provided new understanding which is blended here with the 
modelling. The model also evolved and so we re-calibrated with the 2018-19 data and 
validated against the original 2016-17 measurements.  

Models 3DD and Bubbles both showed close agreement with the calibration and validation 
datasets, thereby confirming the following: 

• Capacity of the ocean/atmosphere stratified 3-dimensional hydrodynamic model 3DD 
to simulate the baywide dynamics and density variations due to heating/cooling and 
freshwater inputs; 

• Capacity of Bubbles including, 
o Prediction accuracy 
o The equations embedded in the model which describe biological and chemical 

processes 
o Volume as the primary descriptor of phytoplankton 
o The mixed particle (Lagrangian) and gridded (Eulerian) methods developed 

and adopted 
o Methodology developed for seabed processes 
o Sensitivity of the model 
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The calibration of the model is now improved over the calibration presented in Black and 
Jenkins (2019) which showed close agreement but had two weaknesses. First, the lack of 
phytoplankton growth over the late summer and autumn in the original model was 
overcome by adjusting the N-cycle settings and through improvements in the model. 
Second, the previously poor calibration of Chaetoceros was improved by simultaneously 
simulating three different Chaetoceros species with different volumes and temperature 
responses. The largest Chaetoceros created a Chl-a peak in late November which was larger 
than the Chl-a associated with a major Skeletonema bloom in early February due to the 
different volumes of the two species. The November peak drove up zooplankton around the 
time of snapper hatching.  

Zooplankton showed a more scattered relationship to the diatom ratio in 2018-19 than in 
2016-17. However, the strong reduction in Affected zooplankton numbers in the presence 
of diatom was still evident. The calibration of the Unaffected zooplankton was good, but the 
Affected zooplankton calibration needs to be examined further. 

The final output comes after more than 500 different model simulations to test a myriad of 
setting combinations. The model proved to be robust for both the calibration and validation 
and its generality has been confirmed. With this success, Bubbles is applicable to a broad 
range of uses including scenario testing, impacts of nutrient inputs on the PPB ecosystem or 
scientific applications to understand primary production which underpins marine life in Port 
Phillip Bay.  

The coefficients adopted for the simulations proved to be very similar but not identical for 
the calibration and validation. Of the many coefficients, just the multipliers on flagellate and 
diatom growth had to be increased for the validation. This arose because the two 
simulations used different input datasets for freshwater, nitrogen and silicon. For 2016-17, 
the data came from key rivers, while the 2018-19 inputs came from a newly-calibrated 
catchment model (Jacobs, 2019). It will be necessary to permanently adopt one or other 
input method and the catchment model is preferred because it provides inputs for 70 
locations around PPB. Further development and calibration of the catchment model is 
thereby warranted. 

The novel “volume-based” model Bubbles continues to show that phytoplankton life cycles 
are mostly dependent on their volumes. Such an idea challenges the belief that each 
phytoplankton species is fundamentally individual and needs to be treated individually. 
Bubbles volume-based equations show that myriad complexities of primary production can 
be effectively predicted. Port Phillip Bay, which is a varied environment with an ocean 
entrance, multiple and different hydrodynamic zones and large city and sewerage inputs of 
nutrients, is an ideal testing location. 

Temporal, spatial and inter-species variations are difficult to unravel but, with the assistance 
of the model, much has been learned. Data averaged across PPB showed strong consistency 
between species. Many grow simultaneously with similar patterns. Even the flagellates and 
diatoms grow together until the summer when the diatoms (Skeletonema and Chaetoceros) 
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outrun the flagellates which begin to drop due to the N reduction and higher zooplankton 
grazing at that time. 

Diatoms and flagellates mostly have a similar temperature response with maximum in 
summer. The “other flagellates” and dinoflagellates display identical patterns, just different 
magnitudes, due to their different volume-based growth rates. The two small flagellates 
Hemiselmis and Plagioselmis behave identically also.  

The analysis shows that there is order amongst the confusion. Where there’s order, models 
can be effective!  

Recommendations for the Future 
• Detailed measurements of phytoplankton volumes 
• An intensive (2-3week) field experiment to measure the key parameters in the 

model. Best times are summer and autumn. Best locations are Corio Bay, Geelong 
Arm or Hobsons Bay. 

• Further analysis and modelling of the zooplankton 
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Chapter 1 Introduction 
 

Melbourne Water commissioned studies to investigate links between nutrient discharges, 
primary production and fish recruitment in Port Phillip Bay. The following reports have been 
produced: 

Black, K. P., Longmore, A. R., Hamer, P. A., Lee, R., Swearer, S., and Jenkins, G. P. (2015). Bubbles: The Nutrient, 
phytoplankton, Zooplankton and Fish Recruitment (NPZ-F) Numerical Model. Technical Report No. 
2015-1 for Melbourne Water. University of Melbourne and Sanctuary Beach Pte Ltd, 2015-1. 

Black, K. P., Longmore, A. R., Hamer, P. A., Lee, R., Swearer, S. E., and Jenkins, G. P. (2016a). Linking nutrient 
inputs, phytoplankton composition, zooplankton dynamics and the recruitment of pink snapper, 
Chrysophrys auratus, in a temperate bay. Estuarine, Coastal and Shelf Science 183, 150-162. 

Black, K. P., Longmore, A. R., and Jenkins, G. P. (2016b). Refinement and further development of the Bubbles 
model: 1. Desktop analysis of Silicate data. Technical Report. School of BioSciences, University of 
Melbourne and Sanctuary Beach Pte Ltd. 

Black, K. P., Longmore, A. R., and Jenkins, G. P. (2019). Model Bubbles Refinements and Calibration. Technical 
Report No. 2019-2, School of BioSciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Black, K. P. and Jenkins, G. P. (2020). Model Bubbles Validation. Technical Report No. 2020-6, School of 
BioSciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P., Black, K. P., and Longmore, A. R. (2016). Refinement and further development of the Bubbles 
model: 2. Analysis of phytoplankton field data. Technical Report, School of BioSciences, University of 
Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P., Longmore, A. R., and Black, K. P. (2018). Modelling pelagic pathways to productivity in Port Phillip 
Bay: Data collection and analysis. Technical Report, School of Biosciences, University of Melbourne and 
Sanctuary Beach Pte Ltd. 

Jenkins, G. P., and Black, K. P. (2019a). Pelagic Pathways to Productivity in Port Phillip Bay: Scenario Modelling. 
Technical Report, School of Biosciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P., and Black, K. P. (2019b). Contrasting impact of diatoms on dominant calanoid and cyclopoid 
copepods in a temperate bay. Estuarine, Coastal and Shelf Science 217, 211-217. 

Jenkins, G. P., Longmore, A. R., and Black, K. P. (2019c). Modelling pelagic pathways to productivity in Port Phillip 
Bay: Additional field data sourced for model input and calibration. Technical Report, School of 
Biosciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

Jenkins, G. P. (2020). Validation of the Bubbles plankton dynamics model: Data Collection and Analysis. 
Technical Report, School of Biosciences, University of Melbourne and Sanctuary Beach Pte Ltd. 

 

Description of this Report 
The validation of the ocean/atmosphere 3-dimensional hydrodynamic model 3DD and the 
new-genre Bubbles NPZ model is presented. The models are tested against two 
comprehensive datasets collected from July 2016 to June 2017 (Jenkins et al. 2018,2019) 
and July 2018 to June 2019 (Jenkins, 2020) from Port Phillip Bay (PPB), Victoria, Australia. 
Importantly, the two years have both common themes and some noteworthy differences, 
making them ideal for model testing.  Rainfall in the 2018-19 “drought” year was low. Total 
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N from the Yarra River was just 400 tonnes, compared to the long-term average of around 
1000 tonnes. The 2016-17 year had average rainfall.  

Bubbles has been fully described and calibrated previously by Black et al. (2015, 2019). 
However, an additional year of field data has been collected. Analysis of the new field data 
is blended with model developments and insights in this report. The model is re-calibrated 
with the 2018-19 data (Appendix 1) and validated against the original 2016-17 
measurements (Appendix 2). The main body of the report examines the data and modelling 
outcomes. 

The calibration/validation 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) and to the controlling 
effects of diatoms on important zooplankton species (Jenkins and Black, 2019b). 

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 challenges previous thinking which 
believed that each phytoplankton species 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 
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 
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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 method not only 
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 a,b,c). 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).  

 

Hydrodynamic modelling 
The hydrodynamic model 3DD was first established in the mid-1980’s (Black et al. 1993). In 
Port Phillip Bay, Model 3DD was successfully calibrated against measured currents and sea 
levels (Black, 1992; Black et al., 1993) and then used for a range of applications which also 
required calibration, including temperature and salinity. Globally, several hundred 
independent and varied studies have been undertaken with detailed model calibration, for 
example: 
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• 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) 

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 
 

Geomorphology 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 drive currents through 
the entrance which exceed 1.5 ms-1 (Black et al., 1993). Inside the Bay, however, tidal currents 
are slow north of the Great Sands in the deeper and broader Central Basin. Here, 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 relatively isolated, 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. 

 

Nutrient and salinity indicators of circulation 
While current patterns are variable as weather and ocean sea level conditions change, Model 
3DD and Bubbles show 3 dominant nutrient pathways in PPB: 

1. From the WTP region (Figure 2.2a) currents head (a) north along the north-west coast; 
(b) into and across Geelong Arm to the Bellarine; or (c) south-east across the north of 
the Sands.  

2. From the Yarra River (Figure 2.2b and 2.3) currents head south along the east coast of 
the bay and may then loop back towards the north west across the back of the Sands 
to create a baywide clockwise gyre.  

3. From the entrance (Figures 2.2b), currents most commonly travel north around the 
Bellarine Peninsula and then bifurcate to travel into the Geelong Arm or up towards 
the Yarra in the north. This pathway brings new ocean water to the bay and acts to 
control nutrient losses associated with outbound flows that balance the inputs. 

These patterns are consistent from year to year. Not surprisingly, many of the mussel farms 
have been independently placed on these pathways using local knowledge of mussel growth, 
particularly north of the Sands which receives inputs from both the WTP and Yarra pathways, 
and the water is refreshed by inputs from Bass Strait across the Sands. 
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Figure 2.1  Port Philip Bay, Victoria, Australia. WTP is Western Treatment Plant operated by Melbourne 

Water. Colour scale bar is depth in metres. 

 

 

    
Figure 2.2  Nutrient paths from Model Bubbles. a) 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. b) 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. Entrance: N from Bass Strait follows the west coast 
northwards before diverging eastwards and westwards at the entrance to the Geelong Arm. 
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Figure 2.3  Salinity in Port Phillip Bay following a period of high run-off (from Harrison et al. 2007). The arrow 

shows a common circulation pathway in the Bay. 
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Chapter 3 Model Methods and Inputs 
 

Introduction 
For the 2018-19 simulations, boundary inputs (flows and nutrients) were taken for the first 
time from a recently-calibrated catchment model (Jacobs, 2019). This allowed the number of 
baywide inputs to be greatly increased to 70 rivers and drains, rather than the more limited 
use of gauging stations from key rivers adopted for the original calibration. The gauging data 
and chemical inputs are compared with the catchment model in this chapter. Also, the 
calibration and validation years are compared to identify the similarities and differences in 
these datasets. 

 

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. 

 
Model Boundary Conditions 
Time Series Boundaries 
The models require a sophisticated set of boundary conditions including 1-hourly time series 
of environmental variables. Information is not available from all weather stations and so 

Port Phillip Bay 



Validation of Model Bubbles 

21 
 

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 

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.  

 

WTP 
Measured daily flows were provided by Melbourne Water for the four WTP outfalls (15E, 
145W, Murtcaim and Borrie) (Figure 3.2). When all outfalls are combined at WTP, the total 
flows are seen to drop in summer from around 6 to 3 m3s-1. When the two different years 
are compared, this trend in evident in both years. However, the discharges from WTP are 
highest in late autumn and summer during the validation year and other differences can be 
seen in Figure 3.2. 

 

Catchment Model 
Input errors can make it impossible to calibrate a model. In a worst case, the model may be 
accurate but this can’t be demonstrated due to poor inputs coming from other models. 
Thus, finding the most accurate input data is crucial for modelling success.  
 
The Port Phillip and Western Port Bay catchment model provides information at 70 outlets 
to PPB (Figure 3.3; Table 3.1). Several revisions have each improved the quality of the 
outputs but the model is hampered by insufficient flow and nutrient measurements at the 
drain and river outlets along the shoreline of PPB. The latest revision of Jacobs (2019) 
provides a detailed assessment of the model which concludes that:  

… “this project has provided significant improvements to the PP-WP Source model, 
notably updated land use representation (especially in urban areas) and a much-
improved flow calibration …. The model’s ability to simulate catchment nutrient and 
sediment concentrations has improved but needs further enhancement to reduce 
model uncertainty in estimating peak load events.”… 
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Flow comparisons with the catchment model 
For the original calibration of Bubbles (Black et al., 2019), measurements were only available 
in the key rivers at inland gauges, necessitating empirical corrections to estimate the flows 
into Port Phillip Bay. These are denoted here as “corrected gauge measurements”. To 
enable comparisons with the catchment model, the measurements were obtained for 2018-
19 and prepared using the same techniques adopted for the model calibration (Black et al., 
2019) (Figures 3.4 and 3.5).  
 
Yarra River flows in 2018-19 from the corrected gauge measurements are compared to the 
catchment model in Figure 3.5. There is good overall agreement and some systematic 
deviations, e.g. the relative intensity of the 3 peaks around November 28.  
 
Nutrient comparisons with the catchment model 
At the Yarra River entrance, the catchment model shows significantly more variation in Total 
N than the values calculated from corrected gauge measurements (Figure 3.6). Values are 
less in the dry periods and more during the wet. When accumulated over the full year, the 
two methods give surprisingly similar results with both showing annual loads of ~405 
tonnes-N for 2018-19 (Figure 3.6).  

The anticipated average load for the Yarra River is about 1000 tonnes-N (Longmore, pers. 
comm), but 2018-19 was a dry year (Figure 3.4). In 2016-17, the annual load was 812 
tonnes-N from the Yarra based on corrected gauging and so the two cases are very different 
with 2016-17 having double the catchment load. The total loads for all of the 70 rivers and 
drains entering PPB is 781 tonnes in 2018-19, according to the catchment model (Table 3.2). 

Figure 3.7 shows measured N concentration versus flow in the Yarra River at Chandler 
Highway from the calibration report (Black et al., 2019). The relationship to flow is 
scattered. For NH4, the concentration decreases with flow. In the catchment model, 
correlation between flow and total N is also scattered (Figure 3.8).  

Figure 3.9 indicates that the catchment model is allowing N to build-up during dry weather 
and the accumulated concentration discharges during the next rain event. In that way, the 
varying duration of preceding dry periods over-rides the direct correlation between the flow 
intensity and concentration. 
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Figure 3.2  Flow from four WTP outfalls combined for 2016/17 (upper panel) and 2018/19 (lower panel) 

 

 

 
Figure 3.3 Revised PPB and Western Port sub-catchment delineation and node-link network. From Jacobs 

(2019) their Figure 3.2. 
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Figure 3.4  Mean daily flow entering Port Phillip Bay from the Yarra River from 1 July 2016 to 30 June 2017 
based on corrected gauge measurements. 

 

 
 

Figure 3.5  Mean daily flow entering Port Phillip Bay from the Yarra River from 1 July 2018 to 30 June 2019, 
for both the catchment model and corrected gauging. 
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Figure 3.6   Comparison of catchment model with calculated total N for the Yarra River showing the time 

series (upper panel) and the cumulative total in tonnes (lower panel).  

 

 
Figure 3.7  Yarra River N concentrations from 2013-17 versus flow at the Chandler Highway monitoring site. 

Upper panel: oxidised N, middle panel: ammonium, lower panel: dissolved organic nitrogen 
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Figure 3.8  Total N concentration versus flow (both from the catchment model) for the Yarra River.  

 

 
Figure 3.9  Comparison of flow and Total N from the catchment model for Yarra River. 
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Table 3.1 The 70 catchment model sites around Port Phillip Bay. 
Station 
Number 

Model I Model J  East (m) North (m) %NH3 %NOX  %DON  SI 
(mg/L) 

Names 

160 72 80 310033 5805717 5 35 60 5 Cherrys 

173 80 83 315330 5808976 5 35 60 5 YarraR 

179 47 61 289771 5791048 5 35 60 5 Lollypop 

181 82 84 317386 5809717 5 35 60 5 RosnySt 

183 83 84 318775 5808680 5 35 60 5 PtMelbourne 

189 87 80 321312 5806754 5 35 60 5 StKilda 

190 65 71 304387 5799548 5 35 60 5 PointCook 

191 65 71 304387 5799548 5 35 60 5 PointCookCk 

192 67 74 306556 5801718 5 35 60 5 Skeleton 

193 80 80 315978 5806272 5 35 60 5 Williamstown 

194 69 78 307614 5805263 5 35 60 5 Laverton 

196 75 81 312509 5807433 5 35 60 5 Kororoit 

199 87 80 321664 5806198 5 35 60 5 Shakespeare 

200 87 79 321793 5805624 5 35 60 5 Elwood 

203 56 66 297068 5794363 5 35 60 5 LowerWerribee 

211 46 61 288585 5790103 5 35 60 5 LittleRiver 

215 88 76 322510 5802962 5 35 60 5 Brighton 

220 88 73 322775 5800765 5 35 60 5 ParkSt 

223 52 61 294142 5790789 5 35 60 5 WTP 

230 90 69 324018 5797802 5 35 60 5 Greenville 

233 59 67 299846 5795808 5 35 60 5 DuncansRd 

237 29 49 275454 5779787 5 35 60 5 Avalon 

239 91 67 325077 5796162 5 35 60 5 Hampton 

240 97 64 330315 5792749 5 35 60 5 Mentone 

241 96 64 328649 5793436 5 35 60 5 CromerRd 

242 96 64 328993 5793648 5 35 60 5 CharmanRd 

243 92 65 325394 5795050 5 35 60 5 BlackRock 

246 93 64 326823 5793145 5 35 60 5 ReserveRd 

252 40 56 284066 5785881 5 35 60 5 LakeBorrie 

259 26 51 273213 5784177 5 35 60 5 Hovells 

261 104 52 334772 5783988 5 35 60 5 Patterson 

264 22 46 269657 5778917 5 35 60 5 NorthGeelong 

273 25 49 271676 5781343 5 35 60 5 Corio 

277 36 48 280788 5780399 5 35 60 5 PointWilson 

278 75 81 311689 5807089 5 35 60 5 WBKOR0278 

284 53 47 294493 5779398 5 35 60 5 Portarlington 

285 60 42 299679 5776417 5 35 60 5 IndentedHead 

286 44 42 287178 5775324 5 35 60 5 Griggs 

287 21 42 268527 5776268 5 35 60 5 GeelongWest 

288 33 39 278769 5772768 5 35 60 5 Curlewis 

291 25 40 272046 5773249 5 35 60 5 Geelong 

293 102 41 333707 5775217 5 35 60 5 Seawater 
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295 58 34 298068 5769897 5 35 60 5 EdwardPoint 

296 60 36 300105.7 5771638 5 35 60 5 StLeonards 

299 101 41 333152.3 5774609 5 35 60 5 Kackeraboite 

303 99 38 331353.1 5772709 5 35 60 5 Earimil 

305 51 26 292604.7 5763415 5 35 60 5 Yarram 

306 54 31 295419.9 5767323 5 35 60 5 ShepardsRd 

309 98 36 330876.9 5771540 5 35 60 5 Gunyong 

310 96 34 329659.8 5769873 5 35 60 5 Manmangur 

315 52 28 293697.5 5764971 5 35 60 5 NyeRd 

318 95 33 328178.1 5768687 5 35 60 5 Tanti 

322 93 31 327040.4 5766968 5 35 60 5 Fishermans 

328 93 26 326484.8 5763475 5 35 60 5 Henley 

333 50 23 292141.7 5760859 5 35 60 5 PointLonsdale 

338 92 26 325770.4 5762602 5 35 60 5 Hearn 

339 90 24 324606.2 5761332 5 35 60 5 Sunshine 

344 90 20 324394.5 5758342 5 35 60 5 Brokil 

348 63 16 302751.6 5755061 5 35 60 5 Portsea 

349 90 19 324103.5 5757443 5 35 60 5 Dunns 

350 89 18 323362.7 5756622 5 35 60 5 Sheepwash 

354 88 17 322780.6 5756093 5 35 60 5 Dromana 

358 88 17 322198.5 5755696 5 35 60 5 PierSt 

359 85 16 320478.7 5754691 5 35 60 5 Coburn 

361 74 11 311588.7 5751225 5 35 60 5 Tootgarook 

362 82 14 317938.7 5753421 5 35 60 5 Waterfall 

365 80 13 315927.9 5752706 5 35 60 5 Rosebud 

367 77 12 313493.7 5751701 5 35 60 5 Chinamans 

499 101 61 331929.9 5791002 5 35 60 5 Mordialloc 

502 103 42 334442.1 5776051 5 35 60 5 Kananook 
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Table 3.2  Site name, Site Number and Total Load (tonnes) over 2018-19 from the catchment model. The 
total across PPB is 781 tonnes (excluding WTP). 

 

 

For the Patterson River, total N during the 2016-17 simulations was taken as constant at 1.4 
mg/L but the catchment model shows major peaks and troughs varying from 0.05-1.64 mg/L 
(Figure 3.10). Peaks play a role because the relationship between phytoplankton growth and 
nutrient concentration is not linear. Algal blooms will be more common if there are 
concentration peaks, even if the net load over the year is similar.  

     Cherrys                                 160 9.39      Portarlington                           284 2.52
     YarraR                                  173 404.84      IndentedHead                            285 2.19
     Lollypop                                179 5.96      Griggs                                  286 4.64
     RosnySt                                 181 1.06      GeelongWest                             287 1.19
     PtMelbourne                             183 0.38      Curlewis                                288 2.78
     StKilda                                 189 1.46      Geelong                                 291 4.27
     PointCook                               190 0.38      Seawater                                293 2.75
     PointCookCk                             191 4.23      EdwardPoint                             295 2.31
     Skeleton                                192 8.18      StLeonards                              296 1.67
     Williamstown                            193 1.06      Kackeraboite                            299 5.71
     Laverton                                194 5.56      Earimil                                 303 3.25
     Kororoit                                196 0.64      Yarram                                  305 4.61
     Shakespeare                             199 1.73      ShepardsRd                              306 2.38
     Elwood                                  200 7.77      Gunyong                                 309 1.05
     LowerWerribee                           203 11.1      Manmangur                               310 1.33
     LittleRiver                             211 20.38      NyeRd                                   315 1.15
     Brighton                                215 1.7      Tanti                                   318 5.4
     ParkSt                                  220 1.77      Fishermans                              322 2.51
     WTP                                     223 1.11      Henley                                  328 17.89
     Greenville                              230 4      PointLonsdale                           333 4.95
     DuncansRd                               233 0.51      Hearn                                   338 0.99
     Avalon                                  237 5.66      Sunshine                                339 2.83
     Hampton                                 239 0.63      Brokil                                  344 13.34
     Mentone                                 240 4.93      Portsea                                 348 3.73
     CromerRd                                241 1.79      Dunns                                   349 3.94
     CharmanRd                               242 0.84      Sheepwash                               350 3.73
     BlackRock                               243 0.64      Dromana                                 354 3.54
     ReserveRd                               246 2.18      PierSt                                  358 0.94
     LakeBorrie                              252 3.23      Coburn                                  359 3.95
     Hovells                                 259 19.62      Tootgarook                              361 7.57
     Patterson                               261 67.83      Waterfall                               362 8.88
     NorthGeelong                            264 7.91      Rosebud                                 365 1.74
     Corio                                   273 1.1      Chinamans                               367 16.12
     PointWilson                             277 0.13      Mordialloc                              499 6.03
     WBKOR0278                               278 15.34      Kananook                                502 4.52
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In summary, there are clearly fundamental differences between the two methods. Jacobs 
(2019) indicated catchment model “uncertainty in estimating peak load events”. 
Nevertheless, we have chosen to use the catchment model, partially because it provides 
predictions of flow over many more sites. Moreover, the catchment model calculates the 
inputs at Port Phillip Bay, rather than at inland gauges. While uncertainty remains, we 
adopted the catchment model for both the flows and N concentrations.  

For model 3DD, flows from the catchment model were reformatted using purpose-written 
software to convert the 70 input time series into suitable boundary conditions.  

For Model Bubbles, the same software extracted the N values. The catchment model 
predicts total N only. As such, existing field data was examined to specify the percentage of 
NH4, NOx and DON in the total. As shown in Table 3.3, these percentages were taken as 5%, 
35% and 60% respectively, with no temporal variation. The catchment model provides no Si 
information, and so a constant value of 5 mg/L was applied (Table 1). There is a weak 
relationship between flow and Si in the Yarra River at Chandler Hwy (Figure 3.11). 

At WTP, approximately weekly measurements of NH4 and NOx were interpolated to daily 
intervals and applied in model Bubbles. 

River and WTP salinity was set to 0 ppt. Water temperatures were not available and so the 
temperature of the input flows was set to averaged and smoothed air temperatures. Four 
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. 

 

 
Figure 3.10   Comparison of catchment model with calculated total N for the Patterson River.  
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Figure 3.11  Water quality measurements from 2018-19 showing Silicon versus flow. There’s a weak 

relationship of flow to Si concentration and no measurements at high flows. 

 

 

Table 3.3   Water quality measurements from 2018-19 used to specify the fraction of the N species for model 
boundary conditions. 

 

 

 

 

 

 

 

 

 

 

 

Site NH4-N NOX-N DON-N SiO4-Si %NH4 %NOX %DON
Patterson River National Sports 0.099 0.523 0.738 11.000 7.3 38.5 54.3
Mordialloc Creek at Wells Road 0.159 0.164 0.573 17.8 18.3 63.9
Yarra River at Chandler Highway, Kew 0.044 0.436 0.468 4.900 4.6 46.0 49.4
Kororoit Creek, Altona 0.041 0.520 1.075 2.5 31.8 65.7
Skeleton Creek, Laverton 0.035 0.168 0.749 3.7 17.7 78.7
Werribee River at Cobbledicks Ford 0.017 0.182 0.546 2.3 24.4 73.3
Little River at Little River 0.003 0.012 0.575 0.4 2.0 97.5
Average 0.057 0.286 0.675 7.950 5.5 25.5 69.0
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Chapter 4 Data Insights 
 

Introduction 
Short-term variations between sites often masks the underlying events driving primary 
production. In this Chapter, baywide averages are used to identify key patterns that are 
relevant throughout PPB while also smoothing out some of the data scatter found at 
individual sites.  

Monthly measurements made by the EPA (Vic) in 2018-19 are analysed, while our field 
measurements are adopted for independent model validation in later chapters. Both 
baywide averages and site-by-site analyses are made. 

 

Site locations 
The Jenkins and EPA measurement sites are shown in Figure 4.1.  Hobsons, Central and 
Corio are close together in both datasets. Long Reef is near WTP while Geelong AE is further 
offshore. EPA Patterson site is closer to the river entrance than our Carrum Site. Dromana 
and Queenscliff are independent on opposite sides of the Bay (Table 4.1).  

EPA sites are closer to river entrances for monitoring of water quality, while the Jenkins’ 
sites are mostly deeper to enable zooplankton trawling which requires a minimum of 10 m 
depth. The same field techniques were adopted by both groups, except our data 
additionally includes salinity and zooplankton counts. Nutrient concentrations were 
recorded in the top metre, while phytoplankton were sampled over the top 6 m of the 
water column. The baywide averages were obtained by averaging variables recorded on the 
same day at the six EPA measurement sites.  

 

Averaged River inputs 
As a surrogate for the full catchment input to PPB, Yarra River flows and total nitrogen 
inputs from the catchment model are presented. These are averaged over the previous 2 
weeks to reflect conditions that phytoplankton experienced prior to the EPA sampling date 
(Figure 4.2).  

N concentrations are relatively even throughout the year, but N loads show 3 distinct peaks 
in August, Nov/December 2018 and May 2019 (Figure 4.2). Largest loads occur over a long 
period during spring and early summer, i.e. Oct, November and Dec. On the contrary, loads 
are relatively small over a long period during summer and autumn (Jan-Apr 2019 inclusive), 
and increase again in May and June. At WTP, the loads are mostly larger than the Yarra River 
and are highest in winter and lowest in summer (Figure 4.3). 
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Figure 4.1 Sampling sites adopted by Jenkins and EPA (Vic) field surveys  

 

Table 4.1  Field sites adopted by Jenkins and the sites chosen by EPA. I, J are model coordinates.  

   I    J      Depth Easting (m)  Northing (m)      Site Name 

82.0     80.6    12.0     317681  5806872    Hobsons 

76.3     53.9 21.5     313119    5785543    Central 

98.4     52.5    14.3     330754  5784365    Carrum 

51.1     52.0     9.4     292976    5784029     Geelong AE 

23.8     43.4     7.4     271070  5777139     Corio 

57.4     24.0     9.7   297977  5761609     Queenscliff 

 82.7 80.2     5.1     318264  5806575    Hobsons EPA 

76.4     54.1    21.5     313161  5785715    Central EPA 

103.3     52.0     4.9     334668  5783966     Patterson EPA 

45.8     57.2     3.9     288725    5788196     Long Reef EPA 

24.8     46.7     7.2     271909    5779786     Corio EPA 

90.4     20.3     3.4     324363  5758611   Dromana EPA 

Hobsons  
Hobsons EPA 

Central   
Central EPA Carrum 

GeelongAE 

Corio 

Queenscliff 

Patterson EPA 

Long Reef EPA 

Corio EPA 

Dromana EPA 
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Figure 4.2  Yarra River flow, N concentration and N load averaged over the previous 2 weeks. Taken from the 

catchment model. 
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Figure 4.3  At WTP, the loads are mostly larger than the Yarra River and largest in winter. 

 

 

Baywide Analysis 
Flagellates and diatoms reach a maximum in summer, but the peak for diatoms (early Feb) is 
6 weeks after the flagellates (mid-Dec) (Figure 4.4). They grow at about the same rates until 
the flagellates drop once the diatoms begin their mid-summer bloom. 

The baywide flagellate numbers follow the N discharges, rising to their peak in mid-
December in synchrony with the Yarra River nitrogen loads (Figure 4.5). Surprisingly, the 
diatoms peak later, even though the N loads are small at the time. (Notably, the Yarra River 
is a surrogate for all river discharges in the Bay and the loads have been averaged over the 
previous two weeks.) 

Baywide Skeletonema appears to show little response to the timing of the N discharges 
(Figure 4.6). The bloom gets underway at the end of a major nutrient input, but continues 
well beyond the peak discharge when catchment inputs are small. 

Diatom (and Skeletonema) numbers are modulated by water temperature, peaking in early 
February when water temperatures are maximum (Figure 4.7). Flagellates show a similar 
response to water temperature (Figure 4.8), but numbers drop in early February because 
the N concentrations are being exhausted by the continued diatom growth during a period 
of low river discharges. The diatoms become dominant because they grow faster than 
flagellates in summer. 

Over the year, the baywide diatom ratio sits around 0.5 (i.e. equal numbers of diatoms and 
flagellates) (Figure 4.9). The faster growth of diatoms in summer raises the diatom ratio to 
about 0.8 baywide. It drops again to 0.5 in early March. 
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Figure 4.4 Concentration (No./L) of flagellates and diatoms reach a maximum in summer, but the peak for 

diatoms (early Feb) is 6 weeks after the flagellates (mid-Dec).  

 

 

 
Figure 4.5  (upper panel) Baywide flagellate concentrations follow the N discharges, rising to their peak in 
mid-December in synchrony with the Yarra River nitrogen loads. (lower panel) Diatoms peak later, even 

though the N loads are small at the time. 
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Figure 4.6  Baywide Skeletonema concentrations with N load from the Yarra River.  

 

Silicon is relatively stable throughout the year except when Si concentrations fall during the 
Skeletonema diatom bloom in early February (Figure 4.10). The concentrations fall to about 
0.056 mg/L, which is the limiting concentration for diatom growth, as noted and confirmed 
in many of our previous reports. Thus, the summer diatom bloom is stimulated by 
temperature and stops once the Si availability falls to around 0.056 mg/L. After the bloom, 
Si in the diatoms is returned to the water column as the diatom numbers drop. This increase 
in Si does not re-stimulate the bloom because water temperatures are also falling at the 
same time causing Skeletonema growth rates to reduce. 

The Si replenishment over about 80 days is closely following the drop in diatom (Figure 
4.10), suggesting a direct mineralisation to the water column with no lag. This was not 
expected, noting that Si in the diatom shell is anticipated to remineralise at a much slower 
rate. 

 

 
Figure 4.7  Diatom concentration (No./L) with water temperature.  
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Figure 4.8 Flagellate concentration (No./L) with water temperature 

 

 
Figure 4.9  Baywide average diatom ratio. 

 

 
Figure 4.10  Silicon concentration (mg/L) with total Diatom concentrations (No./L).  

 

Dinoflagellates and other flagellates behave almost identically, except that the larger 
dinoflagellates achieve a maximum of 180,000 per litre, while the others achieve 400,000 
per litre (Figure 4.11). This means that the two groups have the same growth dynamics. The 
smaller flagellates either (1) grow faster or (2) are grazed less by predators. General belief is 
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that the smaller phytoplankton are more prone to predation by grazing zooplankton and so 
we may assume that the bigger flagellates simply grow more slowly, which is in accordance 
with general belief and the Maranon growth curve that shows maximum growth at a peak 
for volumes around 100-200 µm3, which is much less than the volumes of dinoflagellates. 

Within the “Other Flagellate” category (non-Dinoflagellates), Hemiselmis and Plagioselmis 
also exhibit almost identical dynamics and they both achieve the same maximum during 
mid-December (Figure 4.12). The larger Plagioselmis appears to be slightly more 
temperature sensitive, noting the relatively smaller concentrations in June/July (Figure 
4.12). 

 

 
Figure 4.11 Baywide average concentration (No./L) of Dinoflagellates with Other Flagellates. 

 

 
Figure 4.12 Baywide average concentration (No./L) of Hemiselmis and Plagioselmis flagellates. 

 

Gymnodinium, Chrysochromulina and Pyramimonas are all very similar in magnitude and 
annual response (Figure 4.13). They all exhibit low concentrations and minimal variation 
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during the year (i.e. 30,000 +/- 20,000 per litre). They respond mildly to annual water 
temperature (or light) changes. These species have volumes of 700, 170 and 410 µm3 
respectively. They show minor differences in their response to the January/February fall in N 
during the diatom bloom, with the Gymnodinium dinoflagellate responding less.  

In the diatom category, Chaetoceros are more consistent through the year than the 
Skeletonema which exhibit a major outbreak in early February (Figure 4.14). The 
Chaetoceros peaks in mid December and then again in early February and seems to be 
present all year. They both lead and lag the Skeletonema. Overall, Chaetoceros is a major 
component of the baywide phytoplankton and needs to be prioritised for further 
investigation. 

 

 
Figure 4.13  Baywide average concentration (No./L) of Gymnodinium,  Chrysochromulina and Pyramimonas 

 

 
Figure 4.14  Baywide average concentration (No./L) of Chaetoceros and Skeletonema.  

 

The dinoflagellate Gymnodinium and the diatom Chaetoceros actually exhibit very similar 
trends, although Gymnodinium is less abundant (about 15%) and exhibits less variation 
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(4.15). Both show dips in numbers at the same time and both increase throughout the year, 
but the Gymnodinium dips are much less.  

The Baywide rate of growth is calculated by dividing the difference in phytoplankton 
numbers by the time elapsed in days between the monthly field trips. When averaged over 
this time period, growth is up to 15,000 phytoplankton per day for diatoms and 10,000 per 
day for flagellates (Figure 4.16).  

 

 
Figure 4.15  Baywide average concentration (No./L) of Chaetoceros and Gymnodinium.  

 

 
Figure 4.16  Baywide growth rates (No./L/d) for diatoms and flagellates.  

 

Summary 
When the species are averaged baywide, substantial consistency is evident. Many species 
grow simultaneously with similar patterns. Even the flagellates and diatoms grow together 
until the summer when the diatoms (Skeletonema and Chaetoceros) outrun the flagellates 
which suffer more from the drop in N. The diatoms appear to be less prone to this, 
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suggesting that they are more dependent on Si, rather than N (Figure 4.4). This finding later 
leads to a change in the growth formulae adopted in the model.  

Both diatoms and flagellates have a similar temperature response with maximum in 
summer (Figures 4.7 and 4.8). The Other flagellates and Dinoflagellates display identical 
patterns, just different magnitudes, due to their different volume-based growth rates. The 
two small flagellates of Hemiselmis and Plagioselmis behave identically also.  

It seems that there is order amongst the confusion. Where there’s order, models can be 
effective!  

 

Site Analysis 
Corio Bay 
The calibration showed Corio Bay to be anomalous compared to other sites around PPB. 
Corio is isolated at the far end of the Geelong Arm where currents are slow. The prevailing 
winter winds from the south-west quadrant drive surface water out of the bay to be 
replaced by near-bed flow and the opposite occurs in summer. It has a low exchange rate 
compared to more open parts of PPB. Corio gets hotter in summer and cooler in winter and 
has higher salinity due to evaporation and the small volumes of river flow coming into Corio 
Bay. In biological terms,  

Over the 2018-19 period, salinity rises almost linearly in Corio Bay until the start of May 
2019 (Figure 4.17). The 3DD hydrodynamic modelling reveals that evaporation is 
responsible. Many other variables rise in concert with the salinity, e.g. Chl-a (Figure 4.17), 
fluorescence (Figure 4.18) and even copepods (Figure 4.19). 

Total flagellates show a similar pattern (Figure 4.20), although their numbers drop around 
early March due to nitrogen limitation during a Chaetoceros bloom (Figure 4.21). 

Corio is conserving its contents; even the nutrients like silicon (Figure 4.22). Moreover, Si 
falls during the Chaetoceros bloom, as expected, and then fully bounces back after the 
bloom collapses, without any apparent lag expected due to remineralisation delays. The 
dissolved inorganic nitrogen (NOx+NH4) is also conserved, noting variations due to 
uptake/return of nutrients to phytoplankton (Figure 4.23). 

As the water evaporates, all of the Bay’s contents increase in concentration proportionally. 
This response cannot be driven by salinity, but must relate to mass conservation as water 
evaporates. Moreover, the evaporation leads to a net current into Corio Bay from Geelong 
Arm to replace the lost water. This brings a one-way net flow of nutrients, phytoplankton 
and zooplankton into the Bay to further support the rising concentrations.  

Corio Bay is a priority site for field-based and modelling research as it provides a unique 
opportunity to understand the nutrient cycling in a contained and manageable water body. 
Further discussion follows in the modelling sections below. 
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Figure 4.17  Salinity and Chl-a over 2018-19 in Corio Bay. 

 

 
Figure 4.18  Fluorescence and salinity over 2018-19 in Corio Bay. 

 

 
Figure 4.19  Copepods and salinity over 2018-19 in Corio Bay. 
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Figure 4.20  Total flagellates and Salinity over the 2018-19 in Corio Bay. 

 

 

Figure 4.21  Total flagellates and diatoms over 2018-19 in Corio Bay. 

 

 
Figure 4.22  Silicon and salinity over 2018-19 in Corio Bay. 
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Figure 4.23  Dissolved inorganic nitrogen (NOx+NH4) and salinity over 2018-19 in Corio Bay. 

 

Fraction of phytoplankton in the PFT’s 
The 12 most dominant phytoplankton species are being modelled; 7 diatoms and 5 
flagellates. This is an intense modelling effort but these species still don’t fully account for 
all of the numbers of phytoplankton in total. Because the growth rates are dependent on 
the absolute magnitude of the nitrogen concentration, the nitrogen can’t be balanced in the 
Bay if all N users are not accounted for. As such, we need to treat the 12 species as a 
surrogate for all species, i.e. plankton functional types (PFTs) divided into diatoms and 
flagellates.  

Figure 4.24 presents scatter plots of the number of flagellates and diatoms totalled for the 
12 species being simulated (known as PFT flagellates and PFT diatoms) versus the total 
counted in the sample (known as “Total Flagellates” and “Total Diatoms”). The data points 
on the plots relate to each monthly sample over the year. A linear regression through the 
origin gives a gradient which is the fraction of total numbers accounted for by the PFT’s. The 
regression coefficient r2 is always close to 1 which indicates that the fraction over the year is 
essentially constant at each site, but the gradient changes from site-to-site. This fraction is 
summarised in Table 4.2. 

On average, the 12 dominant species account for just 0.59 of the total flagellates and 0.84 
of the total diatoms. Interestingly, Central, Geelong AE, Corio and Queenscliff PFT’s account 
for less than 90% of the diatoms at each site, with Central PFT accounting for just 70%. On 
the contrary, Hobsons diatom PFT accounts for 96%, which is mostly due to the high 
Skeletonema abundance in summer causing the missing fractions to be relatively small. For 
the flagellates, only 51-62% are accounted for. This means that scaling is essential to get the 
N balance right.  

Another analysis (not shown here) attempted to find the dominant species when ranked in 
order of Total N contained within their population. This involved multiplying their numbers 
by their volume and re-ranking all species. Very few appeared on both lists of the top 12. 
We didn’t choose the second list for modelling because of the interest in the most common 
species, rather than those which dominate N cycling.  
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Figure 4.24  The relationship between total flagellate and diatom numbers per litre versus the number in the 

modelled species. 

 

There are two approaches that can be adopted in the model: 

1. Scale up the nutrient content in the species being modelled to account for the 
missing phytoplankton; or 

2. Grow the species beyond their measured values to calibrate against total diatoms 
and flagellates. Then scale the individual species down to show the calibration for 
each of them at each site. 

In the model, Option 2 was chosen (as adopted by Black et al., 2019) using the scale factor 
at each site shown in Table 4.2 which comes from the gradients in Figure 4.24. There is no 
way to scale on the N content of the various species because we don’t have certainty about 
the volumes of all PPB species. As such, the simple scaling by numbers had to be adopted.  
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Table 4.2 Fraction of diatoms and flagellates accounted for by the PFT species. 

Site Diatom Flagellates 

Hobsons 0.957 0.595 

Central 0.697 0.51 

Carrum 0.905 0.619 

Geelong AE 0.83 0.577 

Corio 0.892 0.596 

Queenscliff 0.77 0.589 

Average 0.841833 0.581 

S.D. 0.087604 0.034122 

 

  



Validation of Model Bubbles 

49 
 

Chapter 5 Zooplankton  
 

Introduction 
The zooplankton data are uniquely spread through all of PPB’s key zones and cover a full 
year. The zooplankton is divided into two classes: those unaffected and those affected by 
the presence of diatoms, called “Unaffected Zoo” and “Affected Zoo” respectively. 
Paracalanus is used for the Affected Zooplankton count. The Unaffected Zooplankton was 
obtained by subtracting Paracalanus numbers from the Total Zooplankton count.  Notably, 
we don’t know yet if other PPB zooplankton species are impacted by diatoms. If there are 
more, then the model calibration may contain that error. 

Zooplankton food 
In the science literature, zooplankton growth is modelled on Chl-a concentration. We have 
the advantage of a model that also predicts phytoplankton numbers.  Two different 
scenarios are relevant: 

Scenario 1: Zooplankton hunting success is proportional to phytoplankton concentration 
(No./L), which should therefore govern the growth. Big phytoplankton particles at low 
densities may not be easily found or eaten. As such, total phytoplankton should be used in 
the model to control zooplankton growth. 

Or 

Scenario 2: Phytoplankton volume is also important because bigger phytoplankton will “give 
them a sufficient feed” faster than small phytoplankton. Thus, the model should use Chl-a 
for the growth function, irrespective of total phytoplankton density, noting that Chl-a is 
heavily dependent on volume of the cells. (Chl-a is obtained by multiplying phytoplankton 
numbers by their volume, and scaled by the fraction of Chl-a. Later we show that the big 
cells dominate the Chl-a levels). 

In this chapter, the field data is used to compare the unaffected zooplankton abundances 
with measured Chl-a and total phytoplankton numbers. Time series have been used instead 
of scatter plots in order to see the lags and patterns. Both of these are lost with scatter 
plots.  

Phytoplankton numbers describe zooplankton counts better than Chl-a at Hobsons, Geelong 
AE and Central but Carrum and Queenscliff show very little correlation with either, while 
Corio is about the same for both (Figure 5.1). The correlation with total phytoplankton is 
very strong at Hobsons. 

To examine the time for zooplankton growth to occur, a lag of 19 days was applied to the 
phytoplankton numbers in some plots (see plot heading). In Figure 5.2, the lag was removed 
for the Hobsons site where zooplankton are rising before the phytoplankton, which is 
surprising. There is also no reason for the zooplankton to start falling while the 
phytoplankton numbers continue to grow. 
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Chlorophyll-a     Phytoplankton numbers 

   

   

   
Figure 5.1  Part 1:  Left column: Time series of Chl-a and Unaffected Zooplankton numbers. Right column: 
Time series of Total phytoplankton and Unaffected Zooplankton numbers. For Hobsons, Geelong AE and 

Central. 
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Chlorophyll-a     Phytoplankton numbers 

   

   

   
Figure 5.1 Part 2:  Left column: Time series of Chl-a and Unaffected Zooplankton numbers. Right 

column: Time series of Total phytoplankton and Unaffected Zooplankton numbers. For Corio, Carrum and 
Queenscliff. 
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On the contrary, the Chl-a at Hobsons doesn’t exhibit these anomalies (Figure 5.2). Chl-a 
rises before the zooplankton, peaks at the same time, and falls in synchrony. The Chl-a rise 
at this time is due to moderate numbers of a large Chaetoceros species (cell volume = 5000 
µm3), while the much bigger peak in phytoplankton numbers occurs later during the 
Skeletonema bloom with a cell volume of 190 µm3 (Figure 5.3). The zooplankton tracks the 
Chaetoceros. In Figure 5.4, the Chl-a peaks in early December (not later in January during 
the Skeletonema bloom) and induces an earlier peak of zooplankton which is highly 
beneficial for snapper larvae that often hatch in November/December in PPB, rarely in late 
January. 

In relation to the modelling, the data is suggesting that Chl-a is a better predictor and 
supports Scenario 2. 

There are both direct and inverse correlations between Chl-a and Zooplankton numbers 
(Figure 5.1, left column). The inverse cases mostly occur when zooplankton numbers are 
low, e.g. near the start of the simulation at Geelong AE. At low numbers, the phytoplankton 
are reacting almost entirely to nutrient inputs. At higher zooplankton numbers, the 
zooplankton themselves begin to control the phytoplankton by grazing and they both tend 
to rise and fall together (i.e. a direct correlation). 

Other interesting relationships were found during the analysis. For example, the 
zooplankton numbers at Carrum are surprisingly well correlated with the lagged total 
phytoplankton at the distant Corio site (Figure 5.5). This may be explained as follows: Corio 
is showing the underlying response to phytoplankton while Carrum is greatly modulated by 
advection, zooplankton grazing etc. causing the nutrients there to be modified and not 
strongly reflect the measured zooplankton numbers. 

The poor correlation between local Chl-a and zooplankton at Queenscliff is explained in 
Figure 5.6 which shows good association between zooplankton at Queenscliff and the total 
phytoplankton numbers at Central. The Chl-a at Central leads the zooplankton by about 19 
days, while the zooplankton magnitudes are about 5 times less at Queenscliff. This suggests 
that the zooplankton is mostly growing in the bay and being advected to Queenscliff, rather 
than coming from Bass Strait or growing locally. They are also being mixed by diffusion with 
waters of lower numbers creating a 5x drop in concentration between Central and 
Queenscliff (Figure 5.6). The zooplankton must be still breeding and growing during this 
journey.  

In Figure 5.7, there is correlation between baywide zooplankton numbers and water 
temperature, with growth increasing with temperature over the full data range. Many of the 
species being modelled also show similar temperature patterns which may be influencing 
zooplankton growth. Thus, a specific relationship between zooplankton growth and water 
temperature is difficult to tease out without the model.  
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Figure 5.2    Hobsons at a larger scale with no lags with total phytoplankton (top panel) and Chl-a (bottom 

panel).  

 

 
Figure 5.3  Unaffected zooplankton at Hobsons peaks in response to a Chaetoceros bloom in early 

November, not under a much larger Skeletonema bloom in January. The Chaetoceros has a volume around 
5000 µm, while the Skeletonema volume is around 190 µm. 
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Figure 5.4  Chl-a peaks in early December, not later in January during the Skeletonema bloom. This earlier 

peak increases zooplankton numbers in time for hatching of fish larvae in PPB. 

 

 
Figure 5.5 Zooplankton concentrations at Carrum plotted with phytoplankton concentration at Corio with a 

19-day lag applied. 
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Figure 5.6 (upper panel) Chl-a at Central compared to zooplankton at Queenscliff with a 19 day lag applied. 

(lower panel) Zooplankton at Central and Queenscliff. 

 

 
Figure 5.7  Relationship of baywide zooplankton numbers to water temperature. Note that one outlier data 

point at Hobsons during the Skeletonema bloom has been deleted. 
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Affected Zooplankton 
Affected zooplankton are negatively impacted by diatoms that reduce egg production (Black 
et al., 2019; Jenkins and Black, 2019b).  In the model, the process is parameterised by the 
Diatom Ratio. 

The 2016-17 dataset showed a clear drop in zooplankton numbers as the diatom ratio 
increased (Black et al., 2019). However, this result is more scattered in the data for 2018-19. 
Thus, an alternative method was adopted to demonstrate the impact of diatoms on 
Paracalanus.  

Figures 5.8a-f show times series of the diatom ratio with the zooplankton ratio for each site. 
The former is defined as the number of diatoms divided by the total phytoplankton 
numbers. The latter is defined as the number of Affected Zooplankton divided by the 
number of Unaffected Zooplankton. As expected, due to the negative effect of diatoms on 
the Affected Zooplankton, the zooplankton ratio is less than 1.0 for all sites, albeit one 
exception at Central in summer. A negative correlation between the two time series is 
anticipated, i.e. as the diatom ratio increases, the affected zooplankton numbers should 
drop and cause a decrease in the zooplankton ratio. 

Inspection of the figures clearly shows negative correlation as anticipated. Carrum is a good 
example. There are some exceptions when the two time series appear to respond together. 
This is sometimes evident at Geelong AE and Queenscliff and occurs when the diatom 
numbers are small, which allows both the Affected and Unaffected numbers to grow/decay 
in synchrony.  

There are some unexpected outcomes, e.g. the Paracalanus appears to be growing with the 
diatom Chaetoceros at Hobsons (Figure 5.9), but not at other sites. The apparent correlation 
may relate to a lag in the response of the zooplankton which takes about 20-30 days to 
grow to maturity and breed.  

In summary, this new data continues to show the anticipated impact of diatoms on the 
Paracalanus zooplankton.  However, the direct relationship found in the 2016-17 data was 
more scattered in 2018-19, which is a dry year with low numbers of flagellates.  

 

Zooplankton reproduction rates 
Chl-a varies over a narrow range from 0.1-2.4 µg/L (Figure 5.10). The zooplankton varies 
over a range from 1,000-90,000 (No./m3) with most of the affected zooplankton 
concentrations being less than 20,000 (No./m3). 

Unaffected and Affected zooplankton numbers show a linear increase when plotted against 
Chl-a with r2=0.66 and 0.35 respectively, which is statistically significant. The gradients are 
27,250 (zooplankton per µg/L-Chl-a) and 7,484 respectively suggesting that the unaffected 
zooplankton reproduce about 4 times faster than the affected zooplankton, due to diatom-
induced egg inhibition.  
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Figure 5.8a-c  Diatom ratio (right axis scale) with the zooplankton ratio (left axis scale) at 3 sites across Port 

Phillip Bay. 
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Figure 5.8d-f  Diatom ratio with the zooplankton ratio at 3 sites across Port Phillip Bay. 
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Figure 5.9  Time series of Paracalanus, Chaetoceros and Skeletonema for Hobsons (upper panel), with re-

scaling showing the zooplankton apparently growing in response to the diatom Chaetoceros (lower panel).  
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Figure 5.10  Unaffected and Affected zooplankton versus Chl-a with the linear equation passing through the 

origin. 
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Chapter 6 Basis of Bubbles 
 

Introduction 
The equations and methods in Bubbles, described in several prior reports, aren’t repeated 
here. However, some matters keep cropping up and the new data needs to be fully 
assimilated to help resolve any issues. This chapter is a composite of issues; as much a 
discussion, as a results chapter. Each matter is essential to Bubbles and its capabilities and 
so the unification of the new data analysis, literature search and modelling techniques is 
justified accordingly. 

 

Solving Mortality Instability 
A key equation in every NPZ model is the balance between growth and mortality. In Model 
Bubbles, growth is a function of phytoplankton volume (modulated by 
nutrient/environmental factors). In most models, the mortality rate is a fixed percent per 
day of the number of phytoplankton. The growth-mortality equation is simply, 

𝑃𝑃𝑁𝑁 = 𝑃𝑃(𝐺𝐺 −𝑀𝑀).∆𝑡𝑡  6.1 

where PN is the new phytoplankton number and G and M are the growth rate and mortality 
rate respectively over a time step ∆t (e.g. 1 day). The decay is a fixed fraction of the 
phytoplankton number (c1) and so, 

𝑃𝑃𝑁𝑁 = 𝑃𝑃(𝐺𝐺 − 𝑐𝑐1).∆𝑡𝑡  6.2 

This equation states that the phytoplankton numbers are determined by the growth minus 
the loss, and this formula is common in NPZ models. However, the equation is intrinsically 
unstable.  

Figure 6.1 shows an idealised growth curve where G varies over a year with zero growth in 
the winter and maximum in summer. This sort of curve could be due to light or water 
temperature responses of a phytoplankton species. Applying eqn. (6.2) and a mortality 
c1=0.5 per day, the model predicts some 1016 phytoplankton around Day 240! The peak 
occurs where the growth per day eventually drops below the mortality of 0.5 at Day 240. In 
practice, this instability creates major difficulties when trying to calibrate a model. The 
balance between growth and mortality is just too sensitive to be manageable.  
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Figure 6.1 (a) Growth function; (b) phytoplankton numbers using the standard growth-mortality function. 

 

One solution is zooplankton grazing which helps to keep the phytoplankton within 
reasonable bounds.  If we assume that zooplankton numbers increase in proportion to 
phytoplankton numbers and zooplankton grazing is a fixed fraction of the total 
phytoplankton (c2), then total mortality now becomes, 

 

𝑃𝑃𝑁𝑁 = 𝑃𝑃(𝐺𝐺 − 𝑐𝑐1 − 𝑐𝑐2𝑃𝑃).∆𝑡𝑡  6.3 

 

A new term appears which is quadratic (P2) (eqn. 6.3). Applying this equation with c1=0.5 
and c2=10-6, the prediction of phytoplankton numbers is shown in Figure 6.2 and the 
exponential peak is gone. The quadratic term acts to control the peak because the mortality 
becomes stronger as the phytoplankton numbers increase due to the proportional 
zooplankton growth and grazing. Interestingly, the shape of the curve is reminiscent of 
phytoplankton peaks measured in PPB with a steep increase in numbers followed by a 
longer tail as the bloom decays. The peak now occurs near Day 180 at the time of peak 
growth. This simple addition to the mortality term changes the timing of the main 
phytoplankton peak by 2 months, from Day 240 to Day 180! Clearly, the model must have 
the right functions for mortality to be successful.  

In practice, zooplankton growth is not always proportional to phytoplankton numbers, e.g. 
the diatom ratio impacts on some species or there may be adverse environmental 
conditions. Indeed, the zooplankton growth (and the proportional grazing) may be better 
reflected by an equation of Michaelis-Menten form so that eqn (6.3) becomes, 

 

𝑃𝑃𝑁𝑁 = 𝑃𝑃(𝐺𝐺 − 𝑐𝑐1 − 𝑐𝑐2𝑃𝑃/(𝑃𝑃 + 𝑐𝑐3))∆𝑡𝑡  6.4 

 

Figure 6.3 shows examples of the phytoplankton numbers with this equation and 
coefficients: Mort c1 = 0.3, 0.5 and 0.7; Mult c2 = 1 and 0.8; Const c3 = 106. Once again, the 
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phytoplankton curve has a steeper face and slower decay as seen in our measurements. The 
various coefficients control the peak magnitude and the timing of the peak.  

 

 
Figure 6.2  Predicted phytoplankton numbers with the quadratic mortality term in eqn (5.3) after adopting 

the same growth curve and mortality of 0.5. 

 

 

 
Figure 6.3  (top panel) Phytoplankton numbers using the Michaelis-Menten modified growth-mortality 

function with Mult=1 and Const=1,000,000; and (bottom panel) phytoplankton numbers using the Michaelis-
Menten modified growth-mortality function with Mult=0.8 and Const=1,000,000. 
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After several weeks juggling the mortality against growth across 12 different species (all 
with different growth rates), while also dealing with a variable zooplankton response, the 
decision was taken to adopt eqn. 6.4 in Model Bubbles. Notably, the zooplankton should be 
doing the work of the extra term in the mortality equation by grazing and so it was added to 
supplement the zooplankton function, rather than replace it. This was achieved by selecting 
“calming”, rather than controlling, coefficients. The zooplankton grazing was also included. 
In practice, the coefficient c2 was set to 1.0 without adjustment while c3 was chosen to be at 
least five times the peak measurement of the particular species. For example, c3=108 for 
Skeletonema and c3=600,000 for Gymnodinioid. 

To our knowledge, this form of the phytoplankton mortality equation has not been used 
before.  The calibration and validation modelling demonstrate validity. Because the new 
term is based on processes that are occurring the Bay, this result is a novel Bubbles’ 
advance. Above all else, it makes the calibration process more manageable! 

 

Volume again 
In our series of reports, phytoplankton volume has been highlighted as a key variable 
because of its relationship to growth rate. But volume controls the primary production in 
other ways and is a dominant factor.  

In the prior calibration report (Black et al., 2019), Chaetoceros was troublesome because 
there was insufficient knowledge of the volumes present in the Bay. Chaetoceros seemed to 
have a wide range of volumes and we saw only scatter in the limited data.  No more volume 
data was available for this study but the new phytoplankton values were less dominated by 
Skeletonema, allowing the Chaetoceros to have a bigger role. There were clear inverse 
correlations between the Si variations and Chaetoceros. The magnitude of the Si changes 
suggested that the Chaetoceros was large. However, there appeared to be at least 3 
different Chaetoceros with individual volumes and temperature responses. (Let the games 
begin!) 

Using systematic trial and error (and much patience), 3 Chaetoceros species were eventually 
identified with volumes of 5,000, 2,000 and 800 µm and optimal temperatures of 13, 25 and 
16oC respectively. Of course, this is not the right approach because the volumes should have 
been measured during the field programme as a model input, instead of asking the modeller 
to spend much time attempting to infer them, which also reduces calibration purity. 
Surprisingly, the good Chaetoceros prediction also led to an improvement in the flagellate 
prediction in both 2016-17 and 2018-19. 

Chaetoceros volume matters because the big Chaetoceros extract from the water and hold a 
sizeable fraction of the total N. They provide a storehouse for N. In the calibration report, 
the model struggled to keep the N levels sufficiently high in a dry late summer/early autumn 
to allow the flagellates to grow. We inferred that the N may be locked up in bacteria or 
other summer species (and of course this may still be true). However, the new modelling 
shows a slow decay of the big Chaetoceros slowly releases N to help keep the NH4 levels 
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high enough for flagellate growth during this period. The balance is highly sensitive, highly 
dependent on volume and highly important for other smaller species which come and go 
more quickly. 

The same phenomenon is important in winter when the huge Rhizosolenia cells carry N 
through the winter into autumn. They prefer cold water under 10oC and thrive every year, 
particularly near the sea bed due to their large Silicon shell. We didn’t simulate this species, 
partially because our water samples were restricted to the top 6 m of the water column 
(and they reside near the bed mostly) and because we had no initial conditions from the 
previous months of winter. However, it appears that the large Chaetoceros of 5,000 µm3 
with optimal temperature around 13oC takes over as the Rhizosolenia release their load of 
N. Without the big Chaetoceros species in the model to absorb this N, the N prediction was 
well above measured values in the late winter/early autumn. This then led to excessive 
numbers of flagellates from June to September because they thrive with the larger NH4 
concentrations, particularly in the Geelong Arm around WTP. The introduction of the big 
Chaetoceros helped to solve the N problem, and unequivocally demonstrated the 
importance of the big species and greatly improved the model calibration.  

Absolutely Based on N 
One difficult aspect of NPZ modelling is the fact that “All the growth is based on absolute N 
and SI concentrations in the Bay”. 

But both nutrients depend on so many factors, not the least of which is river inputs coming 
from an uncertain catchment model, losses through the entrance, WTP concentrations etc. 
Then, there are chemical and biological factors like seabed denitrification, N cycling 
including defining the favoured components of NH4, NOx and DON for phytoplankton 
uptake, and the growth and decay of phytoplankton, zooplankton and other associated N 
user groups. There are some 20 matters of high significance on this list. 

We are expecting that the model will get the right N concentrations throughout the whole 
bay so that the phytoplankton and zooplankton can grow correctly, while denying that the 
bay contains many other species which can absorb N. Thus, an important first premise is 
that the phytoplankton absolutely dominate the N cycle, not some unknown bacteria or 
“monster from the deep” that has yet to be photographed. 

All this can be described simply as … “if we knew all this, we never would have started 
modelling”. But the bigger the adversity, the better is the eventual triumph.  

The calibration of two very sophisticated models (Appendix 1) demonstrates clearly that the 
essential character of the bay has been described. It was never enough to simply model a 
single representative diatom and flagellate. The break-down into volume-based species of 
phytoplankton was essential because volume matters. It was also necessary to eliminate 
non-essential matters and to find sub-models that effectively describe the components such 
as seabed, water column, phytoplankton, zooplankton, heating/cooling, salinity, mixing etc. 
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Growth rates again 
 

The Maranon et al. (2013) and Maranon (2015) papers present a compelling argument that 
nutrient uptake, nutrient assimilation and growth of phytoplankton can be determined from 
volume alone. They make no discrimination between species or even between diatom and 
flagellate. The Bubbles modelling shows that volume is undoubtedly the primary driver. 
However, Bubbles allows for manual scaling adjustments to the Maranon growth function, 
even for individual species. This was needed due to uncertainties in our unmeasured 
volumes, and corrections for temperature because Maranon measured all growth rates at 
18oC which doesn’t favour all species (Black et al., 2019). Moreover, diatoms needed faster 
growth than flagellates of the same volume to account for the losses due to fall velocity. 
This was not discussed in the Maranon paper. 

The new data shows some major peaks in Chaetoceros and Skeletonema (1-4 million L-1) 
while the flagellates are mostly very low (< 100,000 L-1 with many species having  <20,000 L-

1), i.e. the 2018-19 data is clearly showing a notable difference in the growth of diatoms 
over flagellates and model calibration confirmed this. 

In an assessment (Chisholm, 1992) of growth rates against carbon content (which is 
equivalent to cell volume), the authors note that diatoms are growing faster than flagellates 
(see figure below). There is also no maximum in growth around 200 µm3, as found by 
Maranon. The Maranon study has the advantage of being very broad with controlled 
experimental measurements but the data in the figure below suggests the need for 
discrimination between diatoms and flagellates, as found with the Bubbles modelling. 

In a recent paper by Shi et al. (2020), they choose a growth rate of 1.3 day-1 for diatoms and 
0.3 day-1 for flagellates (see table below). While their model is much simpler than Bubbles, 
their settings are compatible.  

In the current calibration, we have allowed a broader difference in the growth rates of 
diatom and flagellate which ultimately turned out to be less extreme, but similar to those in 
the Shi et al. (2020) paper. 
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From: Chisholm S.W. (1992). 

 

 

From Ji Shi et al. 2020 
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Half Saturation Coefficient Again 
The half saturation coefficients for phytoplankton growth (Nh for Nitrogen and Sh for Silicon) 
in the Michaelis-Menten equation is particularly important in low nutrient conditions. 
Indeed, if N is low for much of the time, as in PPB, the Nh value must be lower, or growth 
simply stops. Low half saturation values increase the absolute value of the growth function 
and the variation in growth which induces larger peaks in the predictions. Both of these 
outcomes can be used during model calibration to infer Nh. 

In our prior reports, there has always been a section on Half Saturation coefficients because 
there has been no final definitive answer. Once again, the new data provides further 
evidence to help settle the on-going uncertainty. 

It’s clear from the current dataset that Nh must be very small, and was found by calibration 
to be a function of volume and ranged from 0.001 to 0.004 mg/L which is very similar to 
common levels of NH4 in the Bay. Indeed, it suggests that either the phytoplankton have 
adapted to natural low N levels by putting downward pressure on the half saturation 
coefficient, or only species that can cope with low levels are present.  

Even with low Nh values, the flagellate numbers are still small in PPB because the common 
baseline levels of N are only just enough to keep the primary production functioning (Figure 
6.4). A total of only 4,000 tonnes per year of N into a water body of volume near 5.6x1010 
m3 induces a rise of only 0.071 mg-N/L over the year, notwithstanding losses out the 
entrance, denitrification, seaweed on beaches, fish etc.   

 

Controlling Diatom Growth 
What controls diatom growth … N, Si or both? Clearly, the diatom must take up both Si and 
N and our previous reports have discussed various options known as Minimum, Luxury, 
Multiplicative and others for the growth function. In all cases, the Michaelis-Menten 
equation is used to find a growth rate associated with each of the N and Si concentrations, 
but the question is how do you blend them? The minimum method assumes that the 
smallest of the two growth functions is adopted on the understanding that phytoplankton 
growth is limited by either Si or N, whichever is the smaller. 

The decision has been borderline between Luxury and Minimum in prior reports. However, 
for the first time, the Luxury uptake formula was found to be less effective than the 
Minimum formula.  

For Si, we have seen many events in PPB where the diatom growth stops when Si is below 
about 2 µM or 0.056 mg/L. This must mean that the Si half saturation coefficient must be 
larger than 0.056 mg/L. Prior modelling suggested a median value of Sh=0.09 mg/L. In the 
current modelling the standard equation for Bubbles was used to find Sh, 

𝑆𝑆ℎ = 0.0453 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑉𝑉)− 0.03  6.1 

where V is the cell volume. Nh was set for the first time to be much smaller where Nh = 
Sh/25. The 25 factor was set by calibration. However, it turned out to be similar to the 
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average ratio of Si/NH4 concentrations in PPB which we assume relates to phytoplankton 
adaptations that allow them to flourish in typical PPB concentrations. 

 

 

 
Figure 6.4  Growth factor at Hobsons for two Half Saturation coefficients of Nh=0.066 and 0.066/4. 

 

Food preference 
A phytoplankton nutrient preference formula to discriminate between NH4 and NOx was 
removed from Bubbles about 4 years ago due to lack of field data confirmation. Moreover, 
the predicted ratio NH4/(NH4+NOx) proved to be close to measurements during calibration.  

On the contrary, the new dataset shows a strong tendency for the NH4 to be utilised before 
the NOx. Similarly, Balode et al. (1998) used cultures to test the nutrient preferences and 
found that NH4 was used first and NOx was only absorbed after the NH4 was essentially 
exhausted (Figure 6.5). Consequently, a preference for NH4 was re-introduced into the 
model Bubbles for the new calibration. 

A simple spreadsheet model was developed to estimate the preference factor by duplicating 
the Balode et al. results (Figure 6.6). Food preference was then taken as 95% NH4 and 5% 
NOx. Also, in the model is a factor which converts NOx to NH4 which was set to 3% per day. 
We are assuming that other micro processes such as bacteria are converting NOx at a small 
background rate. 

Notably, during the original calibration modelling (Black et al., 2019), phytoplankton utilised 
both NOx and NH4 but no preference was imposed. The NH4 and NOx were depleted in the 
ratio of the abundance of each nutrient at the time of the phytoplankton growth 
calculation. This is not appropriate according to Figure 6.5. 
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Figure 6.5  From Balode et al. (1998) 

 

   
Figure 6.6 Idealised duplication of the Balode et al. (1998) pattern in a simple spreadsheet model. 

 

Special characteristics of phytoplankton 
Some of the species which are common in PPB have special characteristics that may need to 
be treated. We examine three of these here. 

Salinity matters: Skeletonema and Pseudo-nitzschia 
Many scientific studies have shown that growth rates for some diatoms vary with salinity. 
The adaptation enables successful growth across a broad range of salinities, from brackish 
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to ocean water. Indeed, both Skeletonema and Pseudo-nitzschia show strong responses 
(Schlesinger et al., 1981; Thiessen et al., 2005). Their fastest growth occurs around 25 psu 
(Figure 6.7 and 6.8) and when water temperature is around 25oC. This occurs commonly in 
summer at the entrance to the Yarra River. Blooms around the Yarra River entrance have 
been measured in January 2016-17 and 2018-19, each with more than 4 million cells per 
litre. With higher nutrient in a river flood, temperatures approaching 25oC and lowered 
salinity around the entrance, the model has successfully predicted these blooms (Figure 
6.7).  

However, the model was also predicting the same blooms at other locations around the Bay. 
Some other variable was sought to discriminate spatially, and salinity was felt to be an ideal 
candidate. As a model modification for this study, the salinity response was added to 
simulate the curve in Figure 6.7, and both Skeletonema and Pseudo-nitzschia were treated 
the same. After calibration, the model was able to discriminate between sites using the 
salinity coming from Model 3DD to encourage the bloom at Hobsons while discouraging 
simultaneous Skeletonema blooms at sites with higher salinity.  

Gymnodinium 
The new data shows that Gymnodinium is more abundant and resilient than other 
flagellates (Figure 4.13), even though this dinoflagellate has a larger volume and should be 
growing more slowly. A literature search revealed that Gymnodinium sanguineum (not the 
same species in PPB) is a mixotrophic dinoflagellate (Bockstahler et al., 1993). Mixotrophic 
organisms can combine two functionally different modes of nutrition: (i) by using 
photosynthesis for inorganic carbon fixation; and (ii) by taking up organic sources. This may 
provide the explanation for why Gymnodinium was growing well, even when the DIN levels 
were low in the water column in late summer and autumn (Figure 4.12). Other flagellates 
dropped in numbers while the Gymnodinium continued to flourish. Gymnodinium also 
showed no evidence of light or temperature sensitivity during the winter months (Figure 
4.15) and the species has been ubiquitous in all our samples. 

Bockstahler et al., (1993) found that they were feeding on nanociliate populations in 
Chesapeake Bay. They state that daily removal of ciliate biomass represented “6 to 67% of 
the ≤20-μm oligotrich standing stock”. Daily consumption of ciliate biomass by G. 
sanguineum averaged 2.5% of body carbon and 4.0% of body nitrogen with large maximal 
values of 11.6 and 18.5%, respectively. 

They also conclude that ingestion of ciliates may help balance nitrogen requirements for G. 
sanguineum and give this species an advantage over purely photosynthetic dinoflagellates 
in nitrogen limited environments, as seen in our 2018-19 data.  

At this stage, no changes were made to the model to specifically account for the 
Gymnodinium mixotrophic behaviour. However, we show later in the calibration chapter 
that the measured Gymnodinium numbers are higher than the model prediction during 
periods of low N. 
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Figure 6.7 (left panel) Measured Skeletonema bloom at the entrance to the Yarra River with the model 

prediction; and (right panel) Growth rate as a function of salinity for Skeletonema (after Schlesinger et al., 
1981). 

 

 
Figure 6.8  From Thiessen et al. (2005) showing growth of Pseudo-nitzschia as a function of salinity. 
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Cylindrotheca and other Benthic Diatoms  
In the 2018-19 data, Cylindrotheca was found to grow well, particularly around 20-25oC 
water temperature (Figure 6.9). Stock et al. (2019) found the same result, but also showed 
that different types of Cylindrotheca adapt to different temperatures giving them a high 
level of versatility (Figure 6.10).  

Cylindrotheca is a benthic diatom, i.e. it can grow attached to benthic substrates, floating 
debris, and on macrophytes. Skeletonema and Pseudo-nitzschia can be dormant at the sea 
bed also. For example, in Osaka Bay Japan, benthic cells of S. costatum were found at 
densities ranging from 4.6x106 cells.g-1 of wet sediment in summer (June, 1986) and up to 
1.1x106 cells.g-1 wet sediment in autumn (October, 1987) (Yamochi, 1989). These densities 
are similar in magnitude to the bloom numbers seen in summer in Port Phillip Bay. 
 
Benthic species can be suspended by seabed turbulence during storm events, which 
explains why the measurements sometimes show zero counts in the water column followed 
by high counts a month later. The benthic behaviour may need to be incorporated into 
Model Bubbles in future. 
 

 
Figure 6.9  Baywide numbers of Cylindrotheca are comparable to Chaetoceros. 

 

 
Figure 6.10  Temperature response for Cylindrotheca. From Stock et al., 2019. 
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Chapter 7 Seabed again 
 

Introduction 
 

“As it appears that N is the limiting nutrient in PPB, any perturbation of the 
denitrification process which leads to less N2 being liberated will likely have major 
deleterious effects associated with increased production within the Bay” Nicholson et 
al. (1996) 

“Denitrification within the Bay was very efficient with about 60 - 70% N lost to the 
system annually” Nicholson et al. (1996) 

 
Losses of N 
The main N losses from PPB are: 

• Fluxes through the entrance 
• Fluxes from the seabed to the atmosphere 

There are others, including macroalgae or seagrass being washed up to the beaches and 
collected, fish catches or other events that absorb N for growth. However, prior studies 
have suggested that the N lost by these processes is small (e.g. less than 100 tonnes) and 
that the phytoplankton dominate the N cycle. 

Figure 7.1 shows the losses of N and Si through PPB entrance from the model over 2018-19. 
Very little N is lost, only about 384 tonnes for the full year. This compares with inputs to the 
Bay of some 4,000 tonnes.  The losses are small because N concentrations outside the bay 
are similar to those inside the bay, i.e. N flushed to Bass Strait is replaced by about the same 
amount of N from Bass Strait waters. The N concentration gradient through the entrance 
controls the losses, in accordance with Fick’s Law. 

With Si, the losses are much larger (Figure 7.1), i.e. about 3,100 tonnes lost while net inputs 
to the Bay are 4056 tonnes from WTP and the catchment. Even though the net inputs are 
similar to N, the loss through the entrance is greater for Si because the gradient in 
concentration between the Bay and Bass Strait is much larger. Interestingly, this mechanism 
suggests that nutrient losses to Bass Strait would increase at an accelerated rate if input 
loads into the bay grew larger. More study of this could be useful for WTP management. 

Returning to the N losses, the model shows that the net fluxes through the entrance are 
beneficial, but not dominant, which means that fluxes to the atmosphere are the most 
important. The benefits of seabed denitrification must be recognised. However, this does 
not mean that the load coming to the seabed is excessive or that the bed cannot work 
harder. 
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Figure 7.1  Tonnes of Si and Total N lost through the entrance of PPB over 2018-19 

 

The model shows that the bed is currently neutral, i.e. all inputs of N are either returned to 
the water column or atmosphere. There is no gradual build-up of N and the field 
measurements over many years with domes and cores do not show a progressive increase 
of N, which should be large and obvious if the bed is not keeping up with inputs, given the 
large amounts of N that pass thru the bed each year: 

• Nitrogen enters the bed from phytoplankton which take N from the water and 
transfer it to the bed due to mortality 

• Stimulated phytoplankton growth brings more N to the bed 
• More N at the bed induces larger losses to the atmosphere. 

The seabed deals with more N around the Yarra entrance than Queenscliff because the 
delivery is proportional to the phytoplankton concentrations in the water column. 

Denitrification Efficiency  
Probably the most important question is “Does Denitrification Efficiency (DE) drop with 
higher loads?” There appears to be a clear drop as NH4 flux rises in Figure 7.2 (Longmore 
data, pers. comm.).  
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Figure 7.2  Denitrification Efficiency (DE) inferred from DIN and TCO2 versus the NH4 flux 
from the seabed. (Data from A. Longmore). 
 
Nicholson et al. (1996) stated that “Sediment coring estimated fluxes caused by diffusive 
processes only whereas benthic chambers measured fluxes caused by diffusion, advection 
and bio-irrigation. Diffusive fluxes differed between sites whilst temperature and site 
differences were evident from benthic chamber flux rates”.  
 
Longmore is suggesting that there are two different sets of bed processes. The model also 
suggests that the seabed nutrient dynamics consists of two parts: 

1. Seabed immediate remineralisation: The pore water component of the seabed is a 
continuation of the water column (called “diffusive” by Longmore) where water 
column remineralisation may also continue. The pore water N is elevated by 
diffusion of dead phytoplankton and is discharged by near-bed diffusion and/or 
disturbance (e.g. under waves or currents). We call the NH4 production in the pore 
water “seabed immediate remineralisation”. 

2. Slow mineralisation and denitrification: Organisms that are actively re-working the 
N deeper within the sediments by bioturbation act on longer time scales to produce 
a “slow remineralisation and denitrification” zone. N2 is generated in this region. 

 

In confirmation of the diffusive nature of the immediate remineralisation zone, Longmore et 
al. (1996) found that mean N concentrations in the sediments were commonly highest at 
the sediment surface and at most sites decreased rapidly and non-linearly with depth before 
assuming an asymptotic aspect (their Figs. 8a and 8b). 
 
After an algal bloom, inputs to the seabed greatly increase which subsequently drives up the 
immediate N fluxes coming back to the water column from the pore water (Figure 7.3). 
However, slow mineralisation takes longer to react. This combination leads to increased 
NOx+NH4 fluxes relative to N2 production. The impression is that DE has dropped, but the 
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denitrification processes creating the N2 may be simply unchanged or stimulated by extra N 
inputs to increase more slowly than the pore water diffusion and immediate mineralisation 
processes. We have seen results from our own cores that appear to support this 
explanation.  
 

 

Figure 7.3 Relationship between sediment CO2 flux and primary productivity of the water column. 
(Data of Longmore from Port Phillip Bay, Figure 2.15b reproduced from Black et al., 2015). 

 

We can examine the DE responses in other ways. First, phytoplankton concentrations are 
higher at Hobsons than other sites. Hobsons accordingly receives larger inputs to the bed; 
core samples show higher concentrations of seabed N at Hobsons than at other sites (Table 
7.1a,b). Moreover, the response to water column phytoplankton abundance is confirmed by 
Longmore et al. (1996) … “During summer periods, fluxes measured from chamber 
deployments were generally more than twice the magnitude of the fluxes measured from 
sediment coring”. And that “the greatest fluxes measured from chamber deployments were 
at sites near major terrestrial inputs of nutrients to the Bay when water temperatures were 
near their annual maximum.” 
 
Measured fluxes of N from the seabed at Hobsons average around 22 mg m2 day-1 (Table 
7.2). When averaged over the year 2018-19, the calibrated Model Bubbles shows the same 
rate (Figure 7.4). In the model, this rate depends on total phytoplankton mortality for inputs 
and a decay rate loss as the outputs. Both need to be correct for the model to agree with 
measurements and so this result is a strong confirmation of the model calibration. 
Apparently, N is not building up at decadal time scales in the sediments at Hobsons. Thus, 
we can assume that the bed at Hobsons is coping with the inputs and that other sites in the 
Bay may be able cope with input levels of N that are at least as large as the Hobsons site, 
noting that the nature of the seabed (e.g. sand or muds) must play a role. Putting this in a 
global context, seabeds in locations worldwide have fluxes that are more than an order of 
magnitude larger than at Hobsons Bay (Table 7.3). 
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Table 7.1a  Seabed concentrations of NOx and NH4 at Hobsons in the top 10 cm. (Longmore, 
pers. comm.) 

 Concentrations at Hobsons. Average 611 ug L-1 

Date NOX 

1-5 cm 

NOX 

5-10 cm 

NH4 

1-5 cm 

NH4 

5-10 cm 

Average 

Total N 

Mar 2015 30 30 723 681 732 

November  
2015 

23 32 626 410 545.5 

February 2016 56 39 474 542 555.5 

 

Table 7.1b  Seabed concentrations of NOx and NH4 at Central in the top 10 cm. (Longmore, 
pers comm.) 

 Concentrations at Central. Average 314 ugL-1 

Date NOX 

1-5 cm 

NOX 

5-10 cm 

NH4 

1-5 cm 

NH4 

5-10 cm 

Average 

Total N 

Mar 2015 77 53 75 207 206 

November  
2015 

57 30 17 114 109 

February 2016 58 47 502 649 628 

  

Table 7.2   Fluxes of NOx and NH4 from the seabed at Hobsons (HB) and Central Port Phillip 
Bay (CPPB). (Data provided by A. Longmore). 

Fluxes   

mg m-2 day-1 

NH4/(NH4+NOX) 

NOX NH4 Ratio 

 HB CPPB HB CPPB HB CPPB 

1.820 1.400 26.460 6.020 0.94 0.81 

0.980 0.420 19.320 2.100 0.95 0.83 

1.680 1.540 18.060 7.980 0.92 0.84 
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Table 7.3 Compilation of seabed ammonification and nitrification rates, taken from Herbert 
(1999). 

 
 

Site mg N m-2 day-1 
 

 
NH4 NOX Fraction 

NH4 

North Sea 
 

2 
 

North Sea 
 

9 
 

Kingoodie Bay UK 
 

20 
 

Limjforden Denmark 30   

Limjforden Denmark 95 38 0.66 

Normsinde Denmark 
 

112 
 

Ochlockonee Florida 
 

84 
 

Southern North Sea 11 
  

Southern North Sea 74 26 0.74 

Narrangansett USA 106 23 0.82 

Chesapeake USA 120 14 0.90 

Chesapeake USA 430 23 0.95 

Patuxent USA 157 26 0.86 

Kysing Denmark 
 

25 
 

Odawa Bay Japan 
 

40 
 

Aarhus Denmark 7 
  

Kaltegat Denmark 34 
  

Kaltegat Denmark 
   

Oyster Bay Jamaica 229 
  

Izembek Lagoon Alaska 396 
  

Crane Cove Alaska 508 
  

Mangoku-Ura Japan 644 
  

Moreton Australia 50 
  

Moreton Australia 490 
  

Great Harbour Woods Hole 225 
  

Great Harbour Woods Hole 1125 
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Figure 7.4  Flux of N from the seabed at the Hobsons site over 2018-19. The average is 22.0 mg m-2 day-1. 

 

Storms matter 
Phytoplankton extract N from all the water column but the detritus goes to the seabed and 
N is subsequently released again at the seabed. This mechanism is shown by the model to 
deplete the water column of N while elevating near-bed levels. Of course, if the Bay is 
active, turbulent shear mixes the water column. However, when the winds are low and the 
tidal currents are small or when there is vertical stratification due to a thermocline or 
halocline, N may reside near the bed until a storm stirs the pot. For example, winds in the 
2018-19 season were relatively weak during January (Figure 7.5).  

A storm can suddenly introduce N to the surface waters (sometimes with benthic diatoms) 
and an algal bloom may result. As described above, the pore water component of the 
seabed N can be easily exchanged from the bed due to wave or current turbulence. In a next 
generation model, these turbulent factors should be included, potentially to explain peaks in 
N in the water column during dry periods.  

This same mechanism can help to explain the different behaviour of Corio Bay which is very 
sheltered, with negligible tidal currents. N may be staying near the bed or is being heavily 
utilised by other bottom species such as seagrass or seaweed. A more complete 
representation of turbulence in model Bubbles may be warranted. The same mechanism 
may provide an “near-bed delivery system” of N for drift algae which cluster near the 
seabed. 
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Figure 7.5  Wind speeds averaged over 4 days during 2018-19. 

 

Calibrating Total N in the seabed 
The total N in the top 20 cm of the bed sediments is just 155.3 tonnes (Nicholson et al., 
1996) (Table 7.4), which is small compared to annual inputs into the Bay of about 4000 
tonnes yr-1. Notably, the total N passing into and out of the bed is greater than the inputs to 
the bay because the N is recycled several times through phytoplankton growth and 
mortality. The small mass implies that N is not building up in the bed; the Bay is coping with 
the inputs.  

To understand the stored mass of N better, a simple spreadsheet model was developed. In 
the spreadsheet model, the water column phytoplankton vary between zero and 4.5 million 
(cells/litre) on a 3-month sequence (Figure 7.6). The N input to the seabed was calculated 
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assuming that the phytoplankton are Skeletonema. Two cases are considered (1) Case A: 
Seabed losses of 20% per day, due to the combination of N lost to the atmosphere and back 
to the water column; and (2) Case B: Seabed losses of 2% per day. 

With 20% loss per day (10% to the water and 10% to the atmosphere), the seabed N content 
closely follows phytoplankton numbers, with only a small lag (Figure 7.6a). Retention at the 
bed is small with the mass of N ranging from close to zero up to 0.17 g.m-2 (Figure 7.6a). If 
the bed releases only 2% per day (e.g. 1% to the atmosphere and 1% to the water) then 
seabed N now lags behind the phytoplankton by about 20 days, while the variations now 
range between 0.7 and 1.2 g.m-2 (Figure 7.6b). The mean is about 10 times higher.  

Over the seabed surface area of PPB, the volume stored with 2% losses per day is 1700 
tonnes of N. The volume stored with 20% losses per day is much smaller at about 170 
tonnes, which agrees with the measured amount of 155 tonnes (Table 7.4).  

In both test cases, DE (Denitrification Efficiency) is the same at 50%, i.e. the amount of N 
back to the water column is the same as the amount of N2 to the atmosphere. But the bed is 
acting as a much bigger store in the 2nd case. Irrespective of the percentage amount leaving 
per day, the bed eventually goes into equilibrium with the inputs. This means that DE is 
strictly not a measure of the seabed’s ability to deal with the total N inputs because flux out 
equals inputs from water column primary production.  

 

Table 7.4 Mean N and Si Pool (tonne per region) in the sediments (from  Nicholson et al., 1996, their Table 
2).  

N:  Region NOX  NH4  Total N Mean 

Central 4.0, 1.8, 1.2 (2.3) 10.5, 37.8,9.7 (19.3) 21.6 

Northern 0.5, 0.6,0.3 (0.5) 93.4, 64.7, 24.9 (61) 60.5 

Surround 2.6, 3.6, 3.7 (3.3) 52.8, 50.6, 19.6 (41) 44.3 

Western 1.0, 0.2,1.0  (0.7) 34.4, 20.9, 29.4  (28.2) 28.9 

Total 6.8 149.5 155.3 

Si:  Region Measured Si (tonne per region) Mean (tonne) 

Central 246.5, 395.9, 221.6 288 

Northern 334.4, 49.2, 190.9 191.5 

Surround 416.4, 316.5, 166.4 299.8 

Western 201.2, 176.2, 141.3 172.9 

Total  952.1 
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Figure 7.6a,b  Spreadsheet model showing phytoplankton numbers and N stored in the seabed (gm m-2).  
(Top panel) N in the seabed with losses of 20% day; and (Bottom panel) N for 2% per day. 
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Chapter 8 Model Calibration and Validation 
 

Introduction 
Model calibration comparisons are made with monthly measurements from 6 sites spread 
around PPB’s hydrodynamic and biological zones - from the quiet Corio Bay to the nutrient 
loads of WTP and Yarra River and the strong currents over the Sands at Queenscliff. The 
model was checked against 12 individual species of phytoplankton, total diatoms and 
flagellates, nutrient concentrations, ratio of N species, seabed N and Si fluxes and 
concentrations, temperature, salinity, Chl-a and two groups of zooplankton.  

The model is tested across 2 different years (2016-17 and 2018-19), thereby eliminating any 
bias in the selection of coefficients that may have arisen during the original calibration. 
Importantly, the two years have both common themes and some noteworthy different 
characteristics, making them ideal for model testing. The field data is presented in Jenkins et 
al. (2018) and Jenkins (2020). Additional data was provided by EPA (Vic.).  

The original goal was to re-run the calibrated model against the new dataset. However, a 
detailed data analysis provided new understanding which led to model and coefficient 
changes and so the model was re-calibrated with the 2018-19 data and validated against the 
original 2016-17 measurements.  

For 2018-19, the boundary flow and nutrient inputs come from a catchment model, while 
key rivers and averaged nutrient concentrations had to be used for 2016-17 because the 
catchment model data were not available for that period. As seen in Chapter 3, there are 
substantial differences between the key river method and catchment model, e.g. in the 
number of discharge sites and the character of the time series, including the Yarra River. 
These differences should impact on settings and calibration.  

The calibration/validation results using the calibration settings are presented graphically in 
Appendix 1 (2018-19) and Appendix 2 (2016-17). 

 

Results 
Models 3DD and Bubbles both showed close agreement with the calibration and validation 
datasets, thereby confirming the following: 

• Capacity of the ocean/atmosphere stratified 3-dimensional hydrodynamic model 3DD 
to simulate the baywide dynamics and density variations due to heating/cooling and 
freshwater inputs. 

• Capacity of Bubbles including: 
o Prediction accuracy 
o The equations embedded in the model which describe biological and chemical 

processes 
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o Volume as the primary descriptor of phytoplankton 
o The mixed particle (Lagrangian) and gridded (Eulerian) methods developed 

and adopted 
o Methodology developed for seabed processes 
o Sensitivity of the model 

 

With this success, Bubbles is applicable to a broad range of uses including scenario testing, 
impacts of nutrient inputs on the PPB eco-system or scientific applications to understand 
primary production which underpins marine life in Port Phillip Bay.  

 

Discussion  
Data errors 
The accuracy and scatter in the data defines the expected agreement that can be achieved 
with the model. But relevant information has been difficult to obtain and so we have very 
few estimates of data error.  

The opportunity to check for scatter arose when both the Jenkins and EPA field data were 
recorded at the same site of Central in 2018-19. While the timing of the field trips was not 
identical, comparison of the two datasets gives some insights into the variability which can 
relate to natural short-term fluctuations, counting errors in the laboratory or systematic 
errors. Jenkins obtained hose samples averaged over the top 10 m (to match his standard 
zooplankton haul) while the EPA used a 6 m hose to sample phytoplankton, which could 
lead to differences. Jenkins took nutrients and Chl-a, from the hose sample (i.e. integrated 
over the top 10 m) while the EPA took nutrients and Chl-a from a surface sample at 0.5 m, 
which is a significant methodology difference. 

Figure 8.1 shows both datasets plotted together for a range of measured variables. 
Generally, they both agree on average but there are some variables that follow each other 
better than others. NOx is generally close, but NH4 exhibits factors of 2-5 differences 
towards the end of the year. Chl-a appears to be systematically higher in the Jenkins data. 
Plagioselmis and Chrysochromulina appear to be mostly higher in the EPA data by factors of 
1-4 and 1-2 respectively. Diatom ratio appears to vary by up to +/-0.1, while some points are 
in good agreement. Skeletonema, Pseudo-nitzschia and Chaetoceros counts are mostly 
higher in the EPA data. Si is often less. 

In general, some of the variability appears to be systematic (likely related to differences in 
sampling methods). Some must be related to natural variability; the model shows peaks and 
troughs of 1-2 weeks duration. For the modelling assessment, factor of 2 variations appear 
to be common in the field data, suggesting an error estimate of this order. 
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Figure 8.1 Comparison of Jenkins (blue squares) and EPA (orange dots) data at the Central for 2018-19. 
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Figure 8.1 cont.  Comparison of Jenkins (blue squares) and EPA (orange dots) data at Central for 2018-19.  
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Improvements 
The calibration of the model is improved over the calibration presented in Black et al. (2019) 
which showed close agreement but improvements have been made.  

1. Improved phytoplankton growth over the late summer to early winter 

This problem is best seen in the original calibration of the Total Flagellates (Figure 8.2, left 
column). The low flagellate prediction was solved in the modelling presented here (Figure 
8.2, right column) by adjusting the N-cycle settings in the context of the model changes 
presented in the body of this report. The flagellates are reproduced better throughout the 
2016-17 year at all sites, particularly at Hobsons and Patterson. 

2. Improved calibration of Chaetoceros 

There were clear inverse correlations between the Si variations and Chaetoceros in the 
2018-19 data (Chapter 6). The magnitude of the Si changes suggested that some large 
Chaetoceros were present; at least 3 different Chaetoceros with individual volumes and 
temperature responses were apparent. By inference from the Si and Chl-a measurements, 
with trial and error modelling, these 3 Chaetoceros were eventually specified (Table 8.1).  

The Chaetoceros calibration was greatly improved (Figure 8.3) and this led to a much closer 
prediction of Chl-a (Figure 8.4) which is highly dependent on cell volume for its calculation. 
Chl-a and Si variation both confirm the selected volumes for the 3 Chaetoceros. 

In the 2018-19 data (Appendix 1), the largest Chaetoceros created a Chl-a peak in late 
November which was larger than the Chl-a associated with a major Skeletonema bloom in 
early February due to the different volumes of the two species. The November peak drove 
up zooplankton around the time of snapper hatching.  

Notably, three Chaetoceros were included in the Black at al. (2019) calibration, but their 
sizes and temperature responses were hard to extract from the dataset because the large 
Skeletonema blooms swamped the Chaetoceros effect. 

 

Cylindrotheca 
For the 2016-17 validation, the new Cylindrotheca predictions are much better in the second 
half of the model year, but worse in the first half compared to the old calibration (Figure 
8.5). Cylindrotheca may be responding to two different water temperatures in PPB. As 
shown in Figure 6.10, the favoured temperature is above 20oC but there is another group of 
Cylindrotheca around 11oC, which is not being simulated. However, the problem doesn’t 
occur in 2018-19. The calibration of 2018-19 shows close reproduction of the measurements 
(Figure 8.6). Notably, the correct timing of the Cylindrotheca peaks in Figure 8.6 results from 
zooplankton grazing. Without the zooplankton in the model, the peaks occur much earlier. 
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Left column: Original Calibration of 2016-17       Right column: Validation of 2016-17 

   

   

   
Figure 8.2  Measured Total Flagellates compared to the original calibration of 2016-17 in the left column and 
the improved validation (this report) in the right column. The period from mid-January to June 30 is circled. 
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Left column: Original Calibration of 2016-17      Right column: Validation of 2016-17 

   

   
Figure 8.3  Measured Chaetoceros compared to the original calibration of 2016-17 in the left column and the 

improved validation (this report) in the right column.  

 

 

   
Figure 8.4  Measured Chl-a compared to the original calibration of 2016-17 in the left column and the 

improved validation (this report) in the right column.  
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Table 8.1  Three inferred Chaetoceros species included in the model. 

Name Volume (um3) Optimal temperature 
(oC) 

Temperature 
Power 

Chaetoceros 1 5000 13 3 
Chaetoceros 2 2000 25 2 
Chaetoceros 3 800 21 2 

 

   
Figure 8.5  Measured Cylindrotheca compared to the original calibration of 2016-17 in the left column and 

the validation (this report) in the right column.  

 

   
Figure 8.6  Measured Cylindrotheca in 2018-19 with the model calibration at Geelong AE and Hobsons.  

 

Gymnodinium 
The reproduction of Gymnodinium measurements is mostly very good (Figure 8.7) and 
better than the original calibration. However, Gymnodinium measurements appear to be 
higher than the model whenever the N is low. For example, this can be seen around 6 March 
2017 and early January 2019 in Figure 8.7. At Central, with low nutrients during the autumn, 
the model appears to be under-predicting also (Figure 8.8). The Gymnodinium mixotrophic 
abilities, whereby it can swap to an organic food source when other species are impacted by 
low nutrients, may provide an explanation. More information about the Gymnodinium 
species in PPB is needed. 
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2016-17    2018-19 

   

   
Figure 8.7  Measured Gymnodinium with the model Validation (left column) and Calibration (right column). 

 

 
Figure 8.8  Gymnodinium at Central compared to the model calibration in 2018-19. 

 

Bridging the years 
One overall goal of the project is to develop powerful models that can be used across 
different years without (too much) adjustment of the coefficient settings (or the model 
code). To this end, we felt it would be instructive to do the 2016-17 validation twice, i.e. 

“Validation with 2018 settings”: Use settings coming from the 2018-19 calibration to 
simulate the 2016-17 dataset 

“Validation with Independent settings”: Re-calibrate 2016-17 with settings that are 
independent of the 2018-19 calibration settings. 
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“Settings” are external to the computer code. They identify boundary files and a range of 
selected coefficients that define the phytoplankton volumes, optimal temperatures, 
nutrient re-cycling rates etc. In the calibration and the two validation sets of simulations, 
the model code was identical.  

For the “validation with 2018 settings” case, just one setting had to be changed from the 
values found during the 2018-19 calibration. The growth multiplier across all flagellates and 
diatoms had to be increased from 0.6 to 0.8 and 1.3 to 1.4 respectively. We believe this 
relates to the different boundary conditions for the nutrient inputs (catchment model 
versus key rivers). All other settings were the same as the 2018-19 calibration, which 
confirms the generality of the model and its ability to simulate across different years 
without adjusting the model coefficients.  

For the “validation with independent settings”, it was hoped that the independent settings 
may align with the calibration settings; they proved to be close but not exactly the same.  

The two different validation runs are compared in Figure 8.9a,b which shows the measured 
flagellates with the predictions of the model. Both cases show similar results and give 
essentially the same outcomes. While flagellates have been used in this example, the same 
pattern was evident for all the simulated variables, with some better than others.  

The independent calibration did not provide better results over the 2018-19 calibration 
settings. This comforting result demonstrates that the model is robust and can be used 
between years with the same settings without a loss of efficacy.  

The most substantial difference arose due to the different methods for the nutrient 
boundary conditions. For example in 2016-17, Silicon appears to be too high at all sites 
(Figure A2.3) and the ratio of NH4 and NOX is deviant (Figure A2.7), both due to the 
corrected river boundaries. It will be necessary to use just one boundary method in future 
and the comprehensive catchment model is recommended. More focus should be given to 
the calibration of the catchment model. 

Corio Bay 
Corio Bay proved to be the worst calibration (see example of Flagellates in Figure 8.9b or 
the full calibrations in Appendices 1 and 2). The model prediction is closer to the 
measurements after 3-4 months of simulation suggesting that the problem partially relates 
to initial conditions in the model. 

The deviations all stem from the same cause. The N content of the water is too high over 
the first few months of the simulation, particularly NH4. The source is WTP which puts out 
maximum N loads in winter (Figure 8.10). The model is simply not able to use the N before it 
reaches Corio. The same root cause affects Geelong AE, but Corio is the most impacted. 
Data analysis in Chapter 4 revealed that Corio Bay is mostly conserving nutrients, 
presumably re-cycling within the Bay.   

The model provides several possible explanations for the anomaly. The most likely is that an 
N sink in the Geelong Arm may be missing at the start of the simulation. If a big 
dinoflagellate is added to the model arbitrarily, the N levels drop in Corio Bay. Another 
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candidate is the large diatom Rhizosolenia. These big, slow-growing phytoplankton act as an 
N store taking up the excess N. Even if their numbers remain constant, they are always 
extracting N from the water column and depositing the N at the seabed due to mortality. 
However, there were no measurements prior the start of the simulation to set proper 
boundary conditions. 

Other possibilities are macro-algae, seagrass, seaweeds or drift algae which have 
proliferated in the Geelong Arm around WTP. Proposed studies of drift algae may explain 
the Corio N anomaly during winter and early Spring. 

 

Figure 8.9a  Total flagellates in 2016-17 for the validation with the calibration coefficients 
from 2018-19. 
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Figure 8.9b  Total flagellates in 2016-17 for the validation with independent coefficients. 

 

 

 
Figure 8.10  Concentration of NH4 from the WTP outfalls over the period from July 1, 2016 to June 30, 2017. 

Highest concentrations occur in winter. (Extracted from Black et al., 2019). 
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Reality check of Model coefficients 
The coefficients adopted for the calibration are shown in Tables 8.2-8.6. The numbers in 
brackets show the values adopted by Black et al. (2019). Many coefficients are unchanged 
or only adjusted slightly. However, there are two main substantial shifts. 

First, the baywide analysis and literature search suggested that most of the phytoplankton 
grew best at temperatures exceeding 20oC. All of the flagellates now have optimal 
temperatures of 22-23oC and a “temperature power” of 1. Most of the diatoms have 
optimal temperatures above 22oC and only the Chaetoceros are showing a broader range, 
including a cold species at 13oC. The simplification of temperature response is a major 
bonus for the modeller because difficult decisions about individual phytoplankton and their 
response to temperature are nearly eliminated. 

The other major shift is in the nutrient cycling. In the old calibration, 22% of the N was lost 
from the bed per day. We have found almost the same total at 17.25% in the new 
calibration. However, the percentage is partitioned very differently with most of the N being 
returned to the water column (15% day-1) and only 2.25% goes to the atmosphere as N2 
(Table 8.3). If more than 2.25% N was put to the atmosphere per day, the bay was simply 
running out of N in the model. The smaller value of losses to the atmosphere was a key 
element that led to a better prediction of phytoplankton during the summer/autumn in the 
model.  

In the old calibration, the breakdown was 20% to the atmosphere and only 2% back to the 
water column. This difference of 20% to 2.25% lost is substantial because it implies that the 
seabed Denitrification Efficiency is small, indeed much less than prior assertions in the 
science literature. 

There are two possible explanations. First, the change may be due to (incorrect) low inputs 
to the Bay by the catchment model. As noted in Chapter 3, the loads from the Yarra River of 
just 406 tonnes per year in 2018-19 were surprisingly low compared to the long-term 
average of over 1,000 tonnes (Longmore, pers. comm.). 

Second, the value may be explained by the fact that N is cycled through the seabed many 
times. Taking an average flux from the bed of 10 mg m-2 day-1 across PPB (Table 7.2), the 
total flux over a year in PPB (area=1,933 km2) is 7057 tonnes. This is about double the total 
inputs to the Bay and occurs because phytoplankton are constantly taking N from the water 
and putting it to the seabed. The model suggests that average fluxes are closer to 20 mg m-2 
day-1, which means that the N which enters the bay each year is recycled through the bed 4 
times! As such, if the losses to the atmosphere are 2.25% per day each time the N returns, 
the total losses are at least 4x 2.25% per day. Of course, N stays longer at the bed. These 
desktop calculations suggest that the 2.25% value may be close to correct. But overall bay 
DE is said to be 60-70% over the year (Nicholson et al., 1996), although prior estimates using 
seabed domes are limited and sometimes use indirect methods to infer N2 fluxes (Chapter 
7). 
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If the N inputs from the catchment model are correct, then the model provides a powerful 
tool to determine a rate that is very difficult to measure in the field and so the model was 
upgraded to provide DE estimates. 

The model predictions shown in Figure 8.11 confirm the desktop theory. At total of 4096 
tonnes-N was introduced to PPB by WTP and the catchment over 2018-19. Of this, a nett 
387 tonnes left through the entrance, while 3092 tonnes-N was lost to the atmosphere. This 
gives a baywide Denitrification Efficiency of 76% over the year, with a model setting of only 
2.25% day-1 lost to the atmosphere. (Last word: The model is always right). 

 

 

Figure 8.11  Accumulated N balance showing the Total N input to the Bay from WTP and the 
catchment, N lost through the entrance and the N lost to the atmosphere. 
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Table 8.2  Modelled phytoplankton. Numbers in brackets show the values adopted for the calibration by Black et al. 
(2019).  

 

Species Type Volume 
(µm3) 

Optimal 
temp (oC) 

Temp 
power m 

Skeletonema costatum; 

japonicum/pseudocostatum 

Diatom 190 23 4 

Chaetoceros sp. (Unident.) Type 1 Diatom 5000 
(850) 

13 (13) 3 (1) 

Chaetoceros sp. (Unident.) Type 2 Diatom 2000 (50) 25 (22) 2 (1) 

Chaetoceros sp. (Unident.) Type 3 Diatom 800 (800) 21 (18) 2 (1) 

Pseudo-nitzschia delicatissima group Diatom 190 25 4 

Leptocylindrus danicus Diatom 840 23 (18) 1 (2) 

Cylindrotheca closterium Diatom 350 25 (17) 3 (2) 

Hemiselmis sp. (Unident.) Cryptophyte 

Flagellate 

30 22 (21) 1 (0) 

Plagioselmis prolonga Cryptophyte 

Flagellate 

52 22 (17) 1 (0) 

Pyramimonas spp. Cryptophyte 

Flagellate 

410 22 (16) 1 

Chrysochromulina sp. (Unident.) Haptophyte 
flagellate 

170 22 (21) 1 (3) 

Gymnodinioid spp Dino- 
flagellate 

700 
(1000) 

23 (14) 1 

 

Table 8.3  Settings for nutrient transitions. Brackets show the values adopted for the calibration by Black et al. (2019).  

 

Parameter Nitrogen Silicon 

% day-1 returned to water column from seabed 15 (2) 11 (1) 

Immediate remineralisation percent 70 (50) 50 (5) 

% day-1 lost to atmosphere (N) or burial (Si) 2.25 (20) 0.25 (8) 

% day-1 of DON converted to NH4 in water 2 (10) - 

% day-1 NOx converted to NH4 in water 4 (1) - 
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Table 8.4  Chemical composition of phytoplankton (by weight, normalised to C). Si for diatoms was increased from 0.37 
to 0.45. Brackets show the values adopted for the calibration by Black et al. (2019).  

 

phytoplankton C N P Si Chl-a 

Diatom 1.00 0.17 0.03 0.5 (0.45) 0.025 

Flagellate 1.00 0.21 0.05 0.00 0.0143 

 

 

Table 8.5 General Constants. Brackets show the values adopted for the calibration by Black et al. (2019).  

 

Parameter Value Units 

phytoplankton mortality coefficient 25-35 (25) % 

Grazing denominator for phytoplankton mortality 50,000 (8,000) No. m-3 

Optimal light for all species 50 (25) watts m-2 

Extinction coefficient for PAR 0.33 m-1 

PAR fraction of Global Solar Radiation (G) 0.45 - 

    

Table 8.6  Zooplankton settings. Brackets show the values adopted for the calibration by Black et al. (2019).  

 

Parameter Affected 
species 

Unaffected 
species 

Maximum growth rate (day-1) 0.55 (0.75) 0.45 (0.40) 

Half saturation coefficient for zooplankton (ug-Chl-a L-1) 0.4 (0.85) 0.4 (0.85) 

Mortality coefficient (% day-1) n/a (25) n/a (25) 

 

 

Zooplankton Calibration 
Zooplankton showed a more scattered relationship to the diatom ratio in 2018-19 than in 
2016-17. However, the strong reduction in Affected Zooplankton numbers in the presence 
of diatoms was still evident. The calibration of the Unaffected Zooplankton was good, but 
the Affected Zooplankton calibration needs to be examined further. 

The model was originally based on Chl-a for prediction of zooplankton, but this was changed 
to Total Phytoplankton numbers. In this study, the evidence suggested that Chl-a should be 
re-instated because it includes volume and is therefore a better measure of total N being 
ingested, than phytoplankton numbers. To be compatible, the diatom ratio may also need 
to be changed from diatom and flagellate numbers to the ratio of Carbon or Nitrogen in 
diatoms and flagellates. Multiplication by the volume of each species would be needed.  
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In addition, the improved prediction of the large Chaetoceros indicates that the Chl-a is now 
being better predicted which means that previous settings in the model determining the 
influence of diatom ratio on affected zooplankton may need to be updated. The 
measurements over the two years also showed different responses to diatoms.  

Many correlations were found in the zooplankton data that have not been reported here. A 
complete check of the methods being adopted for the prediction of Affected Zooplankton 
species is needed, using the good predictions of Unaffected Zooplankton and the 
phytoplankton time series coming from the model.  
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Appendix 1  Calibration 2018-19 
 

2018-19 Calibration: Measured variables from 6 sites are plotted with the prediction of the 
model.  

 

 
Figure A1.1 Ammonium NH4 (mg L-1) 
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Figure A1.2 NO2+NO3 (NOx mg L-1) 
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Figure A1.3 Silicon (mg L-1) 
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Figure A1.4 Total Diatoms (No. m-3) 
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Figure A1.5 Total Flagellates (No. m-3) 
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Figure A1.6 Diatom Ratio 
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Figure A1.7  N Ratio ( NH4/(NH4+NOx) ) 
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Figure A1.8  Chl-a (µg L-1) 
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Figure A1.9  Water Temperature (oC) (from Model 3DD) 
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Figure A1.10  Water Salinity (psu) (from Model 3DD) 
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Figure A1.11  Skeletonema costatum (No. L-1) 
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Figure A1.12  Pseudo-nitzschia delicatissima group (No. L-1) 
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Figure A1.13  Chaetoceros spp. (No. L-1) 
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Figure A1.14  Leptocylindrus danicus (No. L-1) 
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Figure A1.15  Cylindrotheca closterium (No. L-1) 
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Figure A1.16  Hemiselmis sp. (Unident.) (No. L-1) 
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Figure A1.17 Plagioselmis prolonga (No. L-1) 
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Figure A1.18  Pyramimonas spp.  (No. L-1) 
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Figure A1.19  Chrysochromulina spp.  (No. L-1) 
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Figure A1.20  Gymnodinioid spp.  (No. L-1)  
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Figure A1.21  Seabed flux of Nitrogen  (mg m-2 day-1) 
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Figure A1.22  Seabed flux of Silicon  (mg m-2 day-1) 
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Figure A1.23  Seabed nitrogen concentration  (mg L-1) 
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Figure A1.24  Seabed Silicon concentration  (mg L-1) 
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Figure A1.25  Affected zooplankton (Paracalanus)  (No. m-3) 
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Figure A1.26  Unaffected zooplankton (non-Paracalanus)  (No. m-3) 
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Appendix 2  Validation 2016-17 
 

2016-17 Validation: Measured variables from 6 sites are plotted with the prediction of the 
model.  

 

 
Figure A2.1 Ammonium NH4 (mg L-1) 
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Figure A2.2 NO2+NO3 (NOx mg L-1) 
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Figure A2.3 Silicon (mg L-1) 
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Figure A2.4 Total Diatoms (No. m-3) 
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Figure A2.5 Total Flagellates (No. m-3) 
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Figure A2.6 Diatom Ratio 
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Figure A2.7  N Ratio ( NH4/(NH4+NOx) ) 
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Figure A2.8  Chl-a (µg L-1) 
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Figure A2.9  Water Temperature (oC) (from Model 3DD) 
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Figure A2.10  Water Salinity (psu) (from Model 3DD) 
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Figure A2.11  Skeletonema costatum (No. L-1) 
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Figure A2.12  Pseudo-nitzschia delicatissima group (No. L-1) 
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Figure A2.13  Chaetoceros spp. (No. L-1) 
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Figure A2.14  Leptocylindrus danicus (No. L-1) 
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Figure A2.15  Cylindrotheca closterium (No. L-1) 
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Figure A2.16  Hemiselmis sp. (Unident.) (No. L-1) 
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Figure A2.17 Plagioselmis prolonga (No. L-1) 
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Figure A2.18  Pyramimonas spp.  (No. L-1) 
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Figure A2.19  Chrysochromulina spp.  (No. L-1) 
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Figure A2.20  Gymnodinioid spp.  (No. L-1) 
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Figure A2.21  Seabed Nitrogen concentration  (mg L-1) 
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Figure A2.22  Seabed Silicon concentration  (mg L-1) 
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Figure A2.23  Affected zooplankton (Paracalanus)  (No. m-3) 
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Figure A2.24  Unaffected zooplankton (non-Paracalanus)  (No. m-3) 
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