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GENERAL ABSTRACT 

    Aquaculture is an increasingly expanding industry driven both by economic 
opportunity and necessity, as countries seek contemporary solutions to food 
security.  However there are risks with unchecked or poorly managed expansion, 
including the potential to harm natural ecosystems in the vicinity of aquaculture 
farms. It is unknown exactly how sensitive estuarine biogeochemistry is to a major 
input of dissolved inorganic nitrogen (DIN) from finfish aquaculture. DIN is the 
limiting nutrient in autotrophic growth in temperate Australian estuaries, and 
increase in DIN loading has the potential to greatly increase primary phytoplankton 
production with possible consequences ranging from general decrease in water 
quality to harmful algal blooms and a trophic shift to eutrophication.  

    The present work investigates the impact of salmon farming on the marine 
environment and key ecological processes in the D’Entrecasteaux Channel and Huon 
Estuary in Tasmania. This study uses purpose built ecosystem models to assess the 
increase of nutrients in the region due to the nutrient input from fish farms. The 
results indicate a need to develop strategies to deal with nutrient loading from 
salmon aquaculture, particularly if the industry were to increase production beyond 
current levels. One method gaining increasing interest worldwide is Integrated 
Multitrophic Aquaculture (IMTA) in which species that utilize the waste products 
from the primary species are farmed alongside the focus species. Here I construct an 
IMTA process model to identify the most suitable macroalgae, from a set of potential 
species for this region, and present a thorough uncertainty analysis of the model. 
The model is then used within larger estuary models to quantify the potential 
benefits of IMTA at the system level.  The thesis comprises separate chapters for the 
General Introduction, General Conclusion and four standalone chapters that focus 
on quantifying the potential of using macroalgae as an agent for IMTA in conjunction 
with finfish aquaculture in southeast Tasmania.  

   In Chapter 2 the aim was to identify a suitable species of macroalgae for 
IMTA in the D’Entrecasteaux Channel and Huon Estuary. To achieve this aim, a 
macroalgae growth model was developed and then applied in a simulation of IMTA 
in a near field experiment, whereby macroalgae are grown close to a point source of 
nutrients. The model was used to compare the capacity of three species of 
macroalgae (Macrocystis pyrifera, Ulva lactuca and Porphyra umbilicalis) to remove 
‘waste’ DIN under a range of scenarios. The species were selected based on certain 
assumptions about their intrinsic worth; M. pyrifera is a species that has largely 
disappeared from the region and so has environmental and conservation value, P. 
umbilicalis has high economic value in the seafood industry, while U. lactuca has the 
highest absolute growth rate of these three rapidly-growing algae and so is an 
obvious candidate as a potential ‘nutrient pump’. The model distinguishes between 
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the species based on parameters representing sub-processes that control growth. An 
allometric growth term was developed to allow M. pyrifera to vary its height and 
thus exploit its ability to occupy the water column.  The results show that M. pyrifera 
vastly out-performs the other two species in terms of its ability to remove the DIN 
output from the finfish cages in the near field case, largely as a result of its size 
advantage over the other species. Quantifying the potential optimization of IMTA 
considering cultivation depth, site selection and harvesting, suggests that varying 
cultivation depth up to a maximum of 5m impacts M. pyrifera production but has no 
effect on the other two species; DIN removal varied with flow rate (for all 3 species) 
and the appropriate harvesting scheme can improve bioremediation by a factor of 
15 compared to non-harvested crops. 
 
             In Chapter 3 a thorough uncertainty analysis of the model was conducted and 
a method to incorporate empirical data to improve model performance was also 
developed. A Bayesian inference method was used to quantify uncertainty in the 
IMTA model with M. pyrifera used as the extractive species. The deterministic model 
was reformulated into a stochastic form through the representation of sub-
processes (e.g. mortality and maximal growth rate) as time varying, using first order 
auto-regressive processes. Parameter uncertainty was accounted for using prior 
distributions. We used data from three empirical growth experiments to test the 
effect of seeding density on ropes supporting M. pyrifera grown around salmon 
pens. The data were assimilated into the model using a Sequential Monte Carlo 
method. Through conditioning the state variables on the parameter priors alone we 
obtained a comprehensive uncertainty analysis of the model, and were able to 
constrain the model output to observed values. The results showed learning in a 
subset of model parameters, and overall the data assimilation method resulted in a 
90% reduction in model uncertainty in both the state and parameters. These results 
will assist in future applications of the model by providing a more realistic parameter 
set. We were also able to show that low to medium density as an initial seeding of 
M. pyrifera resulted in best uptake of DIN.  This approach offers a method by which 
empirical data from IMTA experiments can be used to improve IMTA process 
models. 
 
           The next two chapters incorporate the model into a three-dimensional 
coupled hydrodynamic, sediment and biogeochemical model. The 3D model, which 
was used in the original study that prompted this work, has been developed through 
numerous case studies to offer a realistic simulation of estuarine dynamics. In 
chapter 4 an idealized ‘test’ estuary was created as the setting of finfish aquaculture. 
Firstly, through incremental increases in DIN output from finfish aquaculture a 
relationship between nutrient loading rates and water quality as determined by 
chlorophyll concentration, was obtained. Through the simulation of IMTA farms 
adjacent to the finfish sites, the capacity of M. pyrifera to remediate the estuary was 
then established. The results showed that M. pyrifera could effectively bioremediate 
the output from the finfish aquaculture as loading increased. This ensured a 
classification of ‘good’ water quality based on chlorophyll concentrations, was 
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retained within the estuary. The hydrodynamic conditions was determined to be the 
primary driver of both the distribution of chlorophyll and successful IMTA. Farms in 
the southern section of the estuary achieved the highest biomass of macroalgae, but 
had little impact on the reduction of primary production due to this area being well 
flushed from strong river flow; which limited phytoplankton growth in this area. A 
region of freshwater influence was responsible for the high productivity observed in 
the northern region of the estuary, and IMTA in this section was solely responsible 
for reducing chlorophyll concentration. 

     The last phase of the study (Chapter 5) focused on a more realistic simulation 
of macroalgae-based IMTA by incorporating the stylized model into a model of the 
D’Entrecasteaux Channel and Huon Estuary - a region of intensive salmon 
aquaculture in southeast Tasmania. In this chapter the aim was to estimate 
phytoplankton production in this region stimulated from ‘waste’ DIN from finfish 
aquaculture, and investigate the effectiveness of IMTA in remediating any increase in 
production. We identify the spatial pattern and magnitude of phytoplankton 
production in the region under a range of outputs from finfish aquaculture. Scenario 
analysis showed that the most productive area to grow M. pyrifera is in the 
immediate vicinity of the salmon farms, and that growing giant kelp in this way can 
mitigate undesirable effects on chlorophyll concentration of DIN loading from the 
farms if activity expands beyond current levels. However, mitigation using IMTA is 
non-linear and there are limits to the magnitude of salmon aquaculture activity 
beyond which significant declines in water quality seem inevitable, even if M. 
pyrifera is grown extensively around farms.   

     This study provides a thorough investigation of the potential of macroalgae-
based IMTA to prevent the potentially damaging waste DIN output from finfish 
aquaculture from adversely affecting water quality (as assessed by chlorophyll 
concentration). It provides important baseline information that will help both 
management and future studies into IMTA by: (i) identifying vertical distribution as 
the most important feature for potential macroalgae culture species in near field 
IMTA; (ii) showing the impact of farm arrangement on DIN uptake by macroalgae for 
a range of potential IMTA species; (iii) describing a method for data assimilation to 
improve the validity of model results and reduce uncertainty, and (iv) providing a 
general guide to considerations for the successful implementation of macroalgae-
based IMTA to mitigate reduction in water quality resulting from the addition of 
anthropogenic nutrification in estuaries. 
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CHAPTER 1  
GENERAL INTRODUCTION, OVERVIEW AND THESIS STRUCTURE 

1.1 Background 

    Global aquaculture production reached 66 million tonnes in 2012, 
which was 43% of the world’s total fish supply, increasing from 25% in 2000 (FAO 
2014). Whilst capture fisheries have maintained steady production since the 1980s, 
the growth in aquaculture production for the past 20 years has been 6.9% per 
annum (FAO 2011). Global fish production is projected to increase to 181 million 
tonnes by 2022 with the major driver being the increase in aquaculture production 
(Lem et al. 2014). Australian aquaculture currently produces 80 thousand tonnes and 
the aim is to reach 100 thousand tonnes by 2015 (FRDC 2015). Farmed salmonids 
(salmon and trout) accounted for 34% of the total volume of aquaculture production 
by volume in (2007-08) Australia (FRDC 2015). Globally, annual production of 
Atlantic salmon reached 1.5 million tonnes in 2008, up 11.2% on the 10-year mean 
with prices up 23% on the 10-year mean (Lem et al. 2014).  

   The rapid growth in the production of carnivorous species such as salmon is 
due to favorable economics of larger scale intensive farming (Bostock et al. 2010). 
However, most aquaculture systems rely on uncosted environmental goods and 
services like waste removal (Bostock et al. 2010). Currently for coastal finfish 
aquaculture, cages are cost effective as they support expansion and are easily 
assembled. The cages allow water flow through and thus promote oxygenation and 
flushing of waste products, minimising production costs. It follows that if regulations 
were set on environmental impact and companies made to bear this cost, then the 
economics of production would be strongly affected. However, problems can arise 
from imposing regulations where, for example, only one potential impact is costed. If 
technologies that reduce that particular impact are promoted to facilitate an 
increase in overall production, the ultimate result may be even greater impacts later 
on. Thus a critical question is how issues such as nutrient cycling, disturbance 
regulation, biological control and recreational and cultural services are brought into 
company accounts. If they aren’t, then increased competition for natural resources 
will force governments to either allocate these vital resources strategically or adopt 
a policy which leaves the market to determine their use depending on activities that 
can extract the highest value. However the marine environment also has an intrinsic 
economic value, fifty percent of which is ascribed to the coastal region (chapter 8, 
Holmer et al. 2008) which is vulnerable to disturbance by anthropogenic influence. 

The aquaculture industry needs to address its environmental impacts in order 
to both obtain a social license to operate and to optimise production, as finfish 
aquaculture requires high water quality. Poor water quality can result in reduced 
biomass of fish produced (Staurnes et al. 1995) or enhance the impact of disease or 
health issues (Forrest et al. 2007) In addition, there are also water quality 
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requirements which must be maintained for a coastal body of water to be 
considered healthy. In Australia and New Zealand the ANZECC (2000) guidelines 
provide a regulatory framework for water quality in coastal areas. Coastal waters are 
a shared resource and adverse public opinion, as a result of real or perceived 
environmental impacts, may be damaging for an aquaculture company and their 
products in a world where consumers are increasingly making more informed 
choices regarding environmental sustainability of their food. Increasingly, 
aquaculture products need to provide certification that they meet certain standards 
as insurance against negative consumer sentiment (FAO 2011.) The protection of the 
environment remains a key issue in aquaculture, tightly linked to productivity and 
ultimately success. 

1.2 Impacts of aquaculture 

Carnivorous species of finfish, such as salmon, require a high protein diet. 
Consequently salmon aquaculture can modify the environment through the release 
of nutrient enriched waste into the surrounding water (Figure 1-1). This results in 
concentrating a considerable amount of feed and/or fish faeces into relatively small 
areas within an ecosystem. Dissolved inorganic nitrogen (DIN), mainly in the form of 
ammonium, can represent a significant proportion of the excreted waste, and this 
can be readily taken up by phytoplankton (Wang et al. 2012). The amount of waste 
released depends on the type of feed used and feeding procedures.  Total salmon 
feed for aquaculture is predicted to reach 4 million tonnes by 2020 (Bostock et al. 
2020). Models for waste output of DIN associated with fish farming (Islam et al. 
2005; Wang et al. 2012) have estimated that as much as 85% of total feed nitrogen is 
released back into the water. Wild-Allen et al. (2010) suggested that 65% of feed 
nitrogen is release back into the environment from salmon farms in southeast 
Tasmania, with 85% of this in dissolved form. All of these estimates are based on 
feed conversion ratios provided by the fish farmers, which provide an estimate of 
the amount of feed required to produce a given biomass of farmed fish and, knowing 
the amount of nitrogen in the feed and in the farmed product, this in turn can be 
used to calculate how much nitrogen is needed to produce each kilogram of salmon, 
with any remaining proportion of feed/ nitrogen assumed to be lost to the 
environment.  

As management practices and feeding procedures improve, feed conversions 
have become more efficient. However, given the use of cages in open waters an 
amount of waste nitrogen will always be lost to the environment. Enrichment of 
benthic regions from waste has the potential to change both sediment chemistry 
and the flora and fauna composition (Keeley et al. 2013; Keeley et al. 2014; Macleod 
et al. 2004). Dissolved nutrients can cause problems in areas with extensive 
aquaculture production or with otherwise oligotrophic or mesotrophic environments 
(Bostock et al. 2010).  In general, increasing inputs of DIN can potentially modify 
phytoplankton community composition (Buschmann et al. 2009; Bonsdorff et al. 
1997), increase algal biomass in general and, in worst cases, result in eutrophication 
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(Anderson et al. 2002; Carmona et al. 2006). Wild-Allen et al. (2010) modeled the 
effect of salmon aquaculture on a southeast Tasmanian estuary, with the results 
suggesting the potential for a shift in trophic status from oligotrophic to mesotrophic 
for 12% of the estuary, and predicting that this could extend to 53% of the estuary 
under a proposed 3-fold increase in farm leases. Importantly, whilst aquaculture 
production and the efficiency of production is increasing as a result of improved 
knowledge, the science around impacts is not as readily funded.  Buschmann et al. 
(2009) highlight the lack of scientific evaluation of the impact of coastal salmon 
aquaculture in Chile particularly given that the impact of inorganic and organic waste 
on the benthic and pelagic communities is well documented. 
 

 
 
Figure 1-1: Schematic of the effect salmon aquaculture has on the nutrient cycle in a coastal 
ecosystem. 
 

Estuaries tend to be subject to high nutrient input rates from both natural 
and, increasingly, anthropogenic sources. Hydrodynamic conditions set by 
bathymetry, tidal currents and river flow determine whether the estuary is well-
mixed or stratified and the flushing rates, which in turn determines both the 
production cycles and rate of conversion of nutrients to algal biomass within the 
estuary (Mann & Lazier 1991; Cloern 2001). A major review of ecosystems in 
estuaries and other water bodies influenced by a connection to land, showed annual 
phytoplankton primary production can vary up to 10-fold spatially and 5-fold from 
year to year depending on sinking, advection, growth and mortality processes 
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(Cloern 2014). Understanding the mechanism(s) by which exogenous nutrient output 
from finfish aquaculture affect estuarine primary production is of global interest but 
is not a straightforward task given the pronounced natural variability between and 
within estuaries. Ultimately the carrying capacity of an estuary will be determined 
through sources and sinks, flushing rates, biogeochemical processes and an 
appropriate definition of water quality. 
 
1.3 Integrated Multitrophic Aquaculture 
 

Integrated multitrophic aquaculture (IMTA) involves the farming of species 
from different trophic levels within the same system whereby extractive species, 
such as macroalgae or filter feeders, are farmed alongside species that require 
feeding, such as finfish. The concept is not new, and cultivating multiple species 
simultaneously in this way is well established in Asia particularly. What has received 
more attention recently is the idea of using IMTA for bioremediation of excessive 
nutrient input from intensive aquaculture (Troell et al. 2009; Buschmann et al. 2008; 
Carmona et al. 2006). Macroalgal culture is particularly attractive not only with 
respect to removing farm waste, but also because it potentially provides capacity for  
a new market to offset costs. Consequently, algal species with high growth rates, 
particularly in summer when natural production is high, and which are easily 
cultivated and have economic potential are especially attractive (Troell et al. 2009). 
The use of local species is generally encouraged because these are suited to the 
conditions (Carmona et al. 2006) and would not have the issues that would be 
associated with introduction of non-native species. With the emphasis in IMTA 
placed on farm implementation (FAO 2009), much of the research has focused on 
matching the ratio of extractive to fed species in order to optimise IMTA (Ren et al. 
2012; Broch et al. 2013).  However given the range of macroalgal species and 
possible farm implementation schemas, and the environmental variability that may 
exist between IMTA sites within an estuary, optimization in that sense needs more 
qualification. 
 
 

The success of macroalgal based IMTA is dependent on the individual species 
used and local conditions. Buschmann et al. (2008) in a comparison of 2 species 
found that both benefitted from farm effluent (increased growth rates) but at 
different cultivation depths. Sanderson et al. (2010) similarly found enhanced algal 
growth rates using an IMTA approach but concluded that knowledge of the 
hydrodynamic flow around finfish cages is necessary to take full advantage of the 
plumes of nutrients emanating from them. There have been many trials and pilot 
studies into the potential of IMTA for sustainable aquaculture at ‘experimental’ 
scales (Abreu et al 2009; Westermeier et al. 2011; Buschmann et al. 2008; Carmona 
et al. 2006) but the results from small scale experiments do not necessarily 
extrapolate to full-scale operations due to inherent non-linear feedbacks.  For this 
reason a modeling approach should be considered by researchers when exploring a 
range of potential scenarios possible in an IMTA approach (Ren et al 2014; Broch et 
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al 2013). Modeling provides a means to extrapolateresults from small-scale field 
based IMTA studies to greater scales. Furthermore, this type of approach enables 
investigation of a range of species and IMTA scenarios that are beyond the reach of 
field-based studies or at a much lower cost than a full scale farming operation. 
 
 
1.4 General approach and structure of thesis 
 

A Previous study by CSIRO quantified the impact of finfish farming on the 
D’Entrecasteaux Channel and Huon Estuary (DHD) in southeast Tasmania (Wild-Allen 
et al. 2010). This connected system (Figure 1-2) is characterized as a micro-tidal 
estuary that is highly seasonally variable. It is used for water sports, recreational 
fishing and supports a low population base as well as a salmon industry (Butler et al. 
2006).  Using a coupled hydrodynamic, sediment and biogeochemical (BGC) model of 
the region, the CSIRO study predicted a shift in trophic status from oligotrophic to 
mesotrophic for 53% of the region based on mean annual chlorophyll concentration 
under a proposed 3-fold increase in the number of salmon farm leases.  
  

 
 
Figure 1-2: The D’Entrecasteaux Channel and Huon Estuary form a connected system, which is the site 
of salmon aquaculture (blue circles are salmon leases) in southeast Tasmania. 
 

The overarching goal of this thesis is to quantify the capacity of macroalgal-
based IMTA to remediate the DIN input into the D’Entrecasteaux Channel and Huon 
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Estuary by salmon aquaculture under current and projected future potential stocking 
regimes. The CSIRO have developed a fully coupled 3D hydrodynamic, 
biogeochemical and sediment model for this region, which was used to provide the 
initial assessment of the impacts of salmon aquaculture. The aim of the present 
research is to construct and apply an additional model component within CSIRO’s 
existing model to quantify IMTA within the region. Models require validation and this 
is often achieved through comparison with existing observations or the collection of 
specific data. Fortunately, CSIRO, the University of Tasmania and a range of 
environmental managers both in state government and industry regularly monitor 
this estuarine system, providing reliable data for calibration and validation purposes. 
There are four chapters devoted to developing an IMTA model and implementing it 
within the 3D estuary model. They comprise novel research, and relate to specific 
questions as follows: 
 

Chapter 2, details the development and implementation of a generic IMTA 
model based on the growth of macroalgae from DIN output from finfish cages. This 
model incorporates data relating to the key components of macroalgal growth. It is 
used to compare and contrast the performance of three macroalgal species and 
provides an assessment of the most suitable candidate for near-field IMTA in the 
southeast Tasmanian region. All three species are fast growing ‘local’ macroalgae, 
and each has individual characteristics that make them preferable for cultivation 
under particular circumstances, i.e. for either economic, environmental or 
bioremediation potential. The model is used to explore where differences in the 
farming approach (e.g. cultivation depth and harvesting protocols) and/ or site 
location (i.e. affecting flow rate and water clarity) might provide different outcomes 
to identify optimal farming practices. 
 
 

A vital component in a modeling approach is validation of the results. For the 
model results to be accepted there must be assessment of how well they match 
observation and fulfill other validation criteria (Rykiel 1999).  Furthermore, most 
models currently used to represent biogeochemical processes are highly 
parameterized and there is often a degree of uncertainty around the true value of 
these parameters. Chapter 3 outlines a specific method for using empirical data to 
inform the underlying model parameterization and thereby ensure greater 
confidence in the model results. The inference method proposed also makes it 
possible to fully quantify the models uncertainty based on an improved 
understanding of the uncertainty in the underlying parameters and process. In 
relation to improving understanding of IMTA specifically, this chapter analyses the 
underlying model interactions and looks at the effect of initial stocking density (for 
macroalgae sporelings) on the model results. This work offers a way of combining 
empirical data with IMTA process models in a way that both improves model 
performance and better defines the envelope of confidence in the outputs (IMTA 
results) for management.  
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Chapter 4 provides a tool for improved spatial resolution of IMTA in an 
impacted estuary. In this approach we incorporate the IMTA model within a 3D 
model of an idealised estuary (created using CSIRO’s environmental modelling suite 
[EMS] platform).  Through an incremental increase in the output of DIN from finfish 
aquaculture the general interactions between hydrodynamics, biogeochemistry, 
finfish aquaculture, macro-/ microalgae production and water quality (as defined by 
ANZECC guidelines for chlorophyll concentration) are assessed. Factors such at site 
specificity and finfish farming intensity are manipulated to analyse spatial patterns of 
phytoplankton production based on aquaculture loads. Through a subsequent 
simulation of macroalgae farms within the system the effectiveness of IMTA in 
remediating the water quality is examined. Differences associated with spatial 
positioning of farmed macroalgae were also assessed, and related to the 
determining hydrodynamic and biogeochemical factors within the estuary. In the 
idealised estuary it is possible to control environmental variability which, while it 
may not be realistic for a particular real estuary, enables the process interactions to 
be constrained and better defined, and therefore facilitates a more accurate 
interpretation of the observed spatial variability. 
 

In chapter 5 the IMTA model is modularised within the estuary model of the 
D’Entrecasteaux Channel and Huon Estuary (DHD), which is nested within 
intermediate and regional scale hydrodynamic models to provide boundary 
conditions. The DHD model includes forcing for salmon aquaculture, with details 
provided by industry to ensure an accurate and realistic representation. This realistic 
simulation is used to quantify the effectiveness of macroalgae based IMTA to 
remediate DIN waste output from salmon farms in the D’Entrecasteaux Channel and 
Huon estuary regions in SE Tasmania. The impact of finfish aquaculture is defined in 
terms of chlorophyll concentration based on ANZECC guidelines. A series of scenarios 
look at the impact of finfish aquaculture on the DHD model with and without IMTA 
present. Scenarios examining the effect of different farming practices and farm 
arrangements offer a fully quantitative approach.  
 

Overall, this study provides important information to environmental and 
aquaculture managers regarding the potential of the IMTA approach in general, and 
its specific application in the D’Entrecasteaux Channel and Huon estuary. The 
modeling tools developed and their application is innovative and offer a way to 
assess the potential for IMTA for species of macroalgae in any specific situation. 
There is also a method of incorporating empirical results from field-based 
experiments to improve model performance and provide greater confidence in the 
results. The study develops from the general model to offer a specific quantification 
of the effectiveness of IMTA if it were to be used in D’Entrecasteaux Channel and 
Huon Estuary, centered on providing an insight into the effectiveness of different 
farming arrangements and procedures as well as siting of algal farms. 
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Chapters 2-5 of this thesis were all prepared as standalone publications and 
so any redundancy in the form of repeated contextual information contained in the 
introduction section of each chapter was unavoidable.  
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CHAPTER 2  
MODELLING MACROALGAE GROWTH AND NUTRIENT DYNAMICS FOR INTEGRATED 
MULTITROPHIC AQUACULTURE 

 
 

 

 
Preface: One of the first objectives of this research was to identify the species of macroalgae that 
would be used in the subsequent quantification of IMTA. This was achieved by developing an IMTA 
process model and using it to compare the bioremediation capacity of three candidate species of 
macroalgae.  
 
This chapter represents the first objective. The successful species is determined through subsequent 
application of the model developed herein. The bioremediation capacity of each species is examined 
through a range of environmental conditions which assists our understanding of IMTA. 
 

               This work has been published in a refereed journal and is presented below in an identical form. The 
citation for the original publication is:  

 
             Hadley S, Wild-Allen K, Johnson CJ, Macleod CK (2015) Modeling macroalgae growth and  

dynamics for integrated multi-trophic aquaculture. J Appl Phycol 27:901-916 
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Abstract 
 
Integrated Multi-Trophic Aquaculture (IMTA) is being explored on both economic and 
environmental grounds in many traditional aquaculture regions. To test a variety of suitable 
macroalgae species and management scenarios, a numerical model is developed to quantify 
the remediation of dissolved nutrients and production of macroalgae near a nutrient source. 
Differences in the morphological, physiological and economic characteristics of different 
macroalgae species can provide flexibility when considering the cost and benefit of farming 
macroalgae. Results show that of the three species studied Macrocystis pyrifera removed 
75% of DIN input from a point source, while Porphyra umbilicalis and Ulva lactuca removed 
5%. Both M. pyrifera and P. umbilicalis have reduced bioremediation capacity at increasing 
flow rates. U. lactuca showed increased bioremediation potential as flow rate increased 
from low to moderate flows. Increasing the optical depth increased the bioremediation 
potential of M. pyrifera for moderate values of the light attenuation coefficient, whereas 
bioremediation was unaffected by optical depth for both U. lactuca and P. umbilicalis. 
Harvesting increased bioremediation capacity of all species by up to 25 fold dependent on 
the establishment phase and harvesting frequency. We conclude that the choice of 
macroalgae species greatly affects the success of IMTA and both harvesting and farm 
arrangements can be used to greatly optimize bioremediation.  
 
 
2.1 Introduction 
 
            An important potential environmental impact of salmonid farming is the 
accumulation of waste products in the waterway. In estuaries where water circulation may 
be restricted, there is a possibility that the accumulation of farm waste will form a nutrient 
rich system with a resultant shift in trophic status (Wild-Allen et al. 2010). Integrated multi-
trophic aquaculture (IMTA), which involves farming of fed species like finfish together with 
‘extractive’ species such as seaweeds and filter feeders to take up inorganic and organic 
nutrients respectively, has the potential to mitigate the environmental impacts of salmon 
aquaculture (Buschmann et al. 2008).  
 
         The extractive species can have economic value in their own right. IMTA takes a more 
balanced ‘whole of ecosystem’ approach to management, and typically takes into 
consideration site specificity, operational limits, revenues and food safety guidelines, as well 
as environmental quality and regulations (Troell et al. 2009) . There have already been some 
empirical studies into the effects of the nutrient output from fish farms on the growth of 
macroalgae (Buschmann et al. 2008; Hernandez et al. 2005; Sanderson et al. 2008). These 
studies found that macroalgae biomass increased in the presence of the fish farms but 
concluded that more detailed studies were needed to model nutrient dynamics, optimize 
farm design and identify suitable seaweed species, all which may be site specific. Empirical 
studies have been conducted to show comparisons between different species in the 
filtration of DIN from fish effluent (Hernandez et al. 2002; Hernandez et al. 2005). However 
these studies were conducted in tanks and plant morphology was not considered. 
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           Results from small-scale systems do not necessarily extrapolate to large-scale 
operations because the removal of nutrients involves non-linear interactions between many 
variables. A modeling approach can help to understand these interactions, as full-scale trial 
operations may be prohibitively expensive.   Models have been used to quantify the 
potential benefits of IMTA in an existing aquaculture system (Broch et al. 2013; Ren et al. 
2012; Silva et al. 2012), however in these studies the assessment of macroalgae was limited 
to one species. Buschmann et al. (2008) showed that two commercial macroalgal species in 
Chile had similar bioremediative potential but at differing cultivation depths. This has 
significant implications for any potential farming operation. A key goal in implementing 
IMTA is to optimize the ratio of fed to extractive species (based on local hydrodynamic, 
physical and chemical water quality characteristics) to maximize the overall cost-benefit 
ratio. Another key goal is to identify an optimal harvesting strategy. Frequent harvesting 
enables constant removal of nutrients from the water (Chopin et al. 1999), but harvest 
strategies have to guarantee an increase in bioremediation and need to be balanced by 
economic considerations. 
 
           Species previously identified as most suitable for IMTA are those that are at their 
most productive in summer; have high rates of nutrient uptake (and thus high growth 
rates); have economic value in their own right; and are easily cultivated (Troell et al. 2009). 
Identifying suitable seaweed species and determining farm design to optimize the impact 
and economic return of IMTA will be aided greatly by development of suitable models that 
can be applied readily to locations anywhere in the world. 
 
In this paper we apply a macroalgal growth model to compare the bioremediation capacity 
of three species of macroalgae in a flexible IMTA environment. Using a set of scenarios we 
examine the effect of variation in ammonium loads, refresh rate, optical depth and 
harvesting schemes, on seasonal yield of macroalgae. 
 

2.2 Model description 

 

          The macroalgal growth model we used here is based on those originally described by 
Solidoro et al (1997) and Aldridge and Trimmer (2009). We have introduced a term for the 
increase in height of Macrocystis pyrifera based on biomass. We can use this term to assess 
the potential difference between kelp and smaller macroalgae grown for the purposes of 
IMTA.  We are simulating a mesocosm, which represents a macroalgal farm with a salmon 
farm point source inputting a nitrogen load into the farm volume.   Here we present a brief 
description of the state equations; more detailed processes and parameter information is 
included in appendix 2-A.  
 
          Dissolved inorganic nitrogen (DIN) is modeled in two forms: nitrate (NO3;  mg N m−3) 
and ammonium (NH4;  mg N m−3) (Figure 2-1). This allows distinguishing the output from 
the salmon farms, which is largely in the form of ammonium (~97% of ammonia derived 
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from the salmon is assumed to be protonated to ammonium instantly), from background 
concentrations of ammonium and nitrate. The currency of N is chosen for this study because 
this nutrient limits autotroph growth in the region (Thompson et al. 2005). Dissolved 
inorganic phosphorous (DIP) is a potentially limiting nutrient in estuarine systems however 
it is also output as waste from the salmon farms. The ratio of DIN to DIP output from salmon 
farms ranges from 5:1 to 12:1 (mol:mol) (Wang et al. 2012; Wild-Allen et al. 2010) which is 
well below the Redfield ratio of 16:1 and Atkinson ratio 30:1 for phytoplankton and benthic 
marine plant tissue composition. We therefore assume DIN remains in shortest supply and 
is the limiting nutrient in proximity to the fish farms. 
 

         The total concentration of DIN in the water passing through the macroalgae farm is 
calculated from the combination of the concentration of the inflow at the background 
reference concentration, NXxref , and the outflow at the macroalgae farm’s internal 
concentration, NXx. There are internal DIN losses due to farmed macroalgae as well as 
transformations due to the processes of nitrification and remineralisation and an input of 
ammonia from the salmon farm, which gives: 
 
 

Vfarm  dNH4
dt

= FinNH4ref − FoutNH4 − f(NH4, Q)BVMA  + Fishin    + VfarmrLD – VfarmrNNH4   (2-1) 
 

Vfarm  dNO3
dt

= FinNO3ref − FoutNO3 − f(NO3, Q)BVMA  + VfarmrNNH4                 (2-2) 
 
 
Vfarm  =  z Afarm is the volume of our macroalgae farm. Here z is cultivation depth and 
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the macroalgae farm area. Similarly VMA  =  hMA Afarm is the volume occupied by 
the macroalgae (inside Vfarm) with hMA the height of the macroalgae in m.  In (2-1) and (2-
2), Fin =  Fout represents the flow rate through Vfarm.  B (Eq. 2-A9) represents biomass, 
f(NXx, Q). (Eq. 2-A1) controls the uptake rate of NXx by macroalgae dependent on the 
internal quotient Q (Eq. 2-A10).  Fishin is the point source input of NH4 from the salmon 
farm into Vfarm. The term rLD represents the remineralisation of detritus into NH4. Finally, 
rNNH4 is the nitrification of ammonia to nitrate. 
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Figure 2-1: Biogeochemical model of nutrient uptake by macroalgae.  A load is placed on the system by the 
salmon farms in the form of dissolved ammonia. This is either absorbed by the algae or nitrified (to nitrate) in 
the water column. The algae have a two-step uptake process where nitrogen is first stored in intracellular pools 
and then assimilated into the algae’s cellular structure at a rate dependent on environmental factors. Finally 
the algae dies and fixed N is returned to detrital pools and stored N is returned to ammonia. 
 

In (2-1) and (2-2) we divide through by Vfarm to get 
 
 
dNH4
dt

= λR(NH𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 − NH𝟒𝟒) − f(NH4, Q)B[max(hMA
z

, 1)]  + Nfarm    + rLD − rNNH4        (2-3) 
 

 dNO3
dt

=  λR(NO3ref − NO3) − f(NO3, Q)B[max(hMA
z

, 1)]  + rNNH4           (2-4) 
 
 
         Here λR is the refresh rate which is the ratio Fin/Vfarm and is a measure of how quickly 
the ambient nitrogen concentration inside Vfarm  returns to reference level without 
macroalgae present. We use this formulation (Aldridge and Trimmer 2009)  to provide a 
method for examining effect of the flow rate on algae growth in the absence of an 
advection diffusion model. The default value for λR = 0.25 d−1 is as used by Aldridge and 
Trimmer (2009), but we vary this parameter to examine the effect of flow rate on the algae 
growth. The term max �hMA

z
, 1� is introduced in this model and determines the proportion 
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of DIN the macroalgae can access in the farm volume (the maximum value of this term is 1 
when macroalgae reaches the water surface). Finally, Nfarm is the daily input of ammonia 
from the salmon farm averaged over our macroalgae farm volume. 
 
In the model the seaweeds Ulva lactuca (Chlorophyta) and Porphyra umbilicalis 
(Rhodophyta) are given a constant height,  
hMA= 0.2 m, taken from literature values (Table 2-A2.) The giant kelp Macrocystis pyrifera 
(Ochrophyta) is allowed to change its height according to an allometric term, 
 
 
hMA = (0.00174Nf/num_fronds)1.047      (Eq.  2-A11 in appendix) 
 
 
         This term is derived from the work by Utter and Denny (1996) relating frond mass to 
height for M. pyrifera. In our model we determine mass per m2 of macroalgae but not the 
number of fronds within this area. We introduced the dimensionless parameter 
num_fronds to scale the macroalgae height within an area. It represents the average 
number of M. pyrifera fronds in per area, where we are assuming that a plant consists of 
several fronds all the same length hMA.  The value of num_fronds = 7 (dimensionless) was 
determined through model calibration. This involved running the model for different values 
of num_fronds, with a value of 7 resulting in M. pyrifera height increasing at a realistic rate. 
M. pyrifera eventually achieves a maximum height, equivalent to cultivation depth, with the 
parameter num_fronds controlling how quickly it achieves this maximum.  The increase in 
height of the kelp effectively increases both its exposure to the DIN passing through the 
farm volume and its access to light. 
 
          Macroalgal growth is modeled as a two-step process. First DIN is taken up into 
intracellular pools as an internal reserve of stored nitrogen (Ns;  mg N m−3), and then Ns is 
converted into fixed nitrogen (Nf;  mg N m−3) resulting in increased macroalgae biomass B. 
The uptake of Ns is observed to be independent of light (Aldridge and Trimmer 2009)  and  
is modeled as dependent on the external concentration of DIN (ammonia and nitrate) and 
the internal nitrogen quota Q. The conversion of Ns to Nf (growth) is dependent on internal 
reserves, light and temperature. 
 
 
dNs
dt

= f(NXx, Q)Bmax(𝐡𝐡𝐌𝐌𝐌𝐌
𝐳𝐳

, 1)  − µg(E, Q, T)Ns − dMNs                  (2-5)       
 
dNf
dt

= µg(E, Q, T)Ns − dMNf                                                         (2-6) 
 
 
         In equations 2-5 and 2-6, µg(E, Q, T) (eq. 2-A2) represents the growth function for 
macroalgae dependent on light (E), internal nutrient reserves (Q) and temperature (T), 
whilst dMNs and dMNf are mortality terms. The breakdown of macroalgal tissue forms 
detritus (D; mg N m−3), with subsequent remineralisation of D back to NH4 as well as 
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release of Ns (from lost tissue) as NH4. We also model the loss of detritus from the farm 
volume, with Dref the background concentration of the natural system. 
 
 
  dD
dt

=  λR(Dref − D) + dMNf − rLD                                                     (2-7)  
 
 
Equations 2-3 to 2-7 form the state equations for our system. 
                                      
2.2.1 The Environment 
 
          The model was forced with a seasonal cycle of irradiance, temperature and nutrients, 
using the functional form, 
 
 
X = Xav + SD ∗ sin �2πt

365
+ts� .      (2-8) 

 
 
Here X is the instantaneous value of one of the environmental variables; 𝑁𝑁𝑓𝑓𝑎𝑎 is the annual 
mean; SD is the standard deviation from the annual mean; t is time (days) and ts (days) 
controls the phase shift of the sine function (nutrients have peak concentrations in winter, 
whilst PAR and temperature have peak values in summer). The values for temperate 
Australian waters were obtained from the CSIRO Atlas of Regional Seas (CARS) database 
(CSIRO 2009)  for (approximate) latitude 43.0902 (S) and longitude 147.0231 (E) (Figure 2-2). 
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Figure 2-2: The irradiance is PAR and is approximated by a smooth function, to represent the range and 
seasonal strength typical of the region, with a peak in summer months. This is the same seasonal signal for sea 
temperature.  Ambient nitrate and ammonia (𝑁𝑁𝑁𝑁𝑥𝑥) are highest in winter.  
 
2.2.2 Macroalgae Species  
 
           The three species of macroalgae selected for comparison (Ulva lactuca, Porphyra 
umbilicalis; and Macrocystis pyrifera) all occur naturally in southeast Tasmanian waters 
(Sanderson and Di Benedetto 1988), and are suited to the local conditions, which is an 
important factor in choosing a suitable species (Carmona et al. 2006). All three have both 
high growth rates and low nitrogen storage capacity. Each of these species has been tested 
experimentally for potential in IMTA (Buschmann et al. 2008; Carmona et al. 2006; 
Yokoyama and Ishihi 2010) with encouraging results.  
 
          U. lactuca, P. umbilicalis and M. pyrifera differ in their economic value, bioremediation 
potential, and conservation value to the natural ecosystem. The potential growth of each 
species is distinguished in our model by the individual species parameters (Table 2-A2, 
Appendix 2-A). We also differentiate between the smaller seaweeds U. lactuca and P. 
umbilicalis (height = 0.2 m), and the giant kelp M. pyrifera (variable height). We use this 
variation in height to investigate how kelp optimizes its light environment and increases its 
nutrient capturing capacity in contrast to the smaller species that do not have the ability to 
grow over a large range of heights. 
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2.3 Model Simulations   
 
           All model simulations described in this section are run over a growing season of 365 
days (unless otherwise stated) beginning in spring (September). 
 
2.3.1 General Behavior 
 
          The following simulations are designed to establish the general behavior of our model.  
Firstly we conduct a reference run using the parameter values specified in table 2-A2 for 
each algal species and the environmental forcing outlined in section 2.2.1 The reference 
level of input of ammonium from the salmon farms is set at Nfarm = 100 mg N m−3d−1.  
The initial concentrations of Nf and Ns were set to 100 mg N m−3 in all model runs. We use 
this reference run to establish the bioremediation capacity of each species under ‘typical’ 
site conditions. We then look at the effect that changing the ammonium output from the 
salmon aquaculture has on the model results. We use two values of Nfarm = 50, 
100 mg N m−3d−1 and run the model forward until steady state is reached, and then 
compare the results for our two values. Finally we run the model with Nfarm =
5000 mg N m−3d−1 so that growth achieves steady state due to light limitation (nutrient 
replete system) and analyze the results. 
 
2.3.2 Model validation 
 
          The purpose of this study is to apply a macroalgae model to compare the 
growth/bioremediation capacity of 3 different species of macroalgae in an IMTA 
environment. In order to validate our results we need to offer evidence that the model is 
able to offer reasonable simulations of macroalgae growth for all of three species examined. 
This gives us confidence in the results from the simulations carried out in our comparison 
study. We establish the fitness of purpose of our model by comparing model growth rates 
against those published in empirical studies on IMTA for each algal species. To do this we 
use the environmental forcing, DIN loads and growth period outlined in each empirical 
study in our model setup and compare the growth rates predicted by our model results with 
the literature values according to the formula, 
 
 
 SGR = 100 ∗ ln (wt − wo)/t       (2-9) 
 
 
Where 𝑤𝑤0 is the initial weight of the macroalgae and 𝑤𝑤𝑡𝑡is weight at the end of the growing 
period t.  
 
2.3.3 Sensitivity Analysis 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
          To determine the sensitivity of the model to changes in a parameter value, we perturb 
each parameter in turn by 10% and assess the sensitivity according to  
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Sensitivity =
�V(1.1p)-V(0.9p)�

0.2V(p)       (2-10) 

 
 
where V(p) is the output from the model with a parameter value equal to p, and V(1.1p) 
and V(0.9p) represent the model output with the parameter equal to 110% and 90% of the 
value of p respectively (Everett et al. 2007) . This normalized relative sensitivity (2-10) is 
equivalent to the relationship.  
 
 
∆ln (V(p))
∆ln (p)

                    (2-11) 

 
 
so that Sensitivity = 2 implies V(p) ∝ p2 and therefore a doubling of the parameter value p 
results in V(2p) ∝ 4p2, i.e. a fourfold increase in output. In the sensitivity analysis results 
𝑁𝑁𝑓𝑓 is used for the model output V in (2-10). 
 
 
 
2.3.4 Flow Rate  
 
          In the model refresh rate is used a proxy for flow and thus by varying λR we can 
investigate the effect of changing the flow rate on the model state variables for each 
species. In this simulation we run the model using the reference values established in 
section 2.3.1 with the exception that we vary the value of the refresh rate parameter.  We 
use two values of the refresh rate parameter, the first λR = 0.05 d−1 represents a five-fold 
decrease in reference value given in table 2-A2 (λR= 0.25 d−1) and this represents low flow 
conditions (in this simulation). The second value, λR = 1.0 d−1 is a four-fold increase in the 
reference value and is representative of higher flow conditions. We then compare the 
model results to assess the effect of flow rate on system dynamics. 
 
2.3.5 Optical Depth 
 
         Optical depth is the product of the actual cultivation depth z and the light attenuation 
coefficient of the water Kd. For this simulation we keep z constant at 3 m and vary K𝑑𝑑. We 
set the reference value for Kd = 0.1 m−1  (Table 2-A2) which is equivalent to the 
background light attenuation coefficient of seawater (K𝑤𝑤). In this simulation we include 
attenuation due to coloured dissolved organic matter (CDOM) (we are not considering 
phytoplankton in this study). Light attenuation due to CDOM in the Huon Estuary (site of the 
environmental forcing in section 2.2.1) can range between 0.1-6.0 m−1 for surface water 
and 0.1-2.0 m−1 at a depth of 3 m (Clementson et al. 2004) . We examine the response of 
each species to a change in the light field by running the model for varying 
Kd(0.2, 0.6 and 1.0 m−1) and compare the model results. 
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2.3.6 Harvesting 
 
         We assess the effect of harvesting algal biomass on the model results for each species. 
Thinning of crops is a common farming practice that optimizes growth by reducing the 
limiting effects of self-shading. Harvesting can also be imposed by the economic demand of 
market supply. In practice P. umbilicalis has been traditionally left for an initial phase of five 
months and then harvested at two weekly intervals, while U. lactuca has a lifespan of 
approximately three months (ElkhornSlough.org 2012)  and so must be harvested more 
regularly.  Giant kelp fronds typically have a lifespan of at least six months (North et al. 
1986) , whereas P. umbilicalis can live at least a whole season (MarLIN 2012).  
 
          We define a harvesting scheme as (establishment phase, harvest frequency). The 
establishment phase is the period that macroalgae is grown before harvesting commences. 
The harvesting frequency is the time between harvests. ‘Harvest amount’ is the percentage 
of total macroalgae in the farm that is taken per harvest. We have constructed 9 schemes 
(Table 2-1) varying in establishment phase and harvesting frequency. Each scheme 
incorporates the lifespan of the species being harvested and ensures that there is no 
harvest interval greater than the maximum age of a frond so that we can discount natural 
losses due to senescence.  
 
 
 
Table 2-1: A harvesting scheme is defined by the establishment period and harvesting frequency. The 3 
establishment periods and 3 harvesting frequencies combine to form the 9 schemes we examined. 
 

Scheme Establishment Period (days) Harvest frequency (days) 
1 30 14 
2 30 28 
3 30 90 
4 60 14 
5 60 28 
6 60 90 
7 90 14 
8 90 28 
9 90 90 
 

For each scheme the model is run forward until t=establishment phase (est) days. We then 
remove a fraction H=0.2 (25%) of both Nf(t = est) and Ns(t = est) and restart the model 
with new initial conditions, 
 
[NH4(t = est); NO3(est); (1 − H)Ns(est); (1 − H)Nf(est);  D(est)].  
 
         We repeat this process running the model forward for each harvesting (har.) period 
and removing the same proportion of Nf  and Ns  until the end of the season. The 
accumulated total of removed Nf + Ns is added to the end of season amount of Nf +  Ns to 
give a total N for each scheme. We repeat the simulation for H=0.5 i.e. a 50% removal rate. 
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The simulations for M. pyrifera are conducted so that the plants are thinned with no 
reduction in height (and height is constant for the other species).  Model runs are 
conducted for each species at the reference values.  
 
2.4.  Simulation Results 
 
         All state variables are presented in terms of mass per area rather than mass per 
volume for easier interpretation of the results. We define the following terms used in this 
section: Fixed N = Nf ∗ hMA (mg N m−2); Stored N = Ns ∗ hMA (mg N m−2); and Total N 
removed = Fixed N + Stored N which is the total amount of nitrogen removed by the 
macroalgae per unit area of the macroalgal farm.  
 
2.4.1 General Behavior 
 
         We completed a reference run (outlined in section 2.3.1) for each species. From the 
model results we calculated the daily accumulated N per unit area of macroalgae farm input 
from the salmon aquaculture activity as Accumulated N = Nfarmtz (mg N m−2).  We then 
compared Total N removed, Accumulated N and the difference (Accumulated N – Total N 
removed) for each species (Figure 2-3).  These results show the bioremediative capacity of 
each species at a reference site by directly comparing the amount of N put into the system 
by aquaculture with the amount removed by the macroalgae. This shows that M. pyrifera is 
able to significantly impact the DIN from mid summer (Feb.) After April the bioremediated 
input from the salmon farm no longer accumulates but instead reduces, eventually 
becoming approximately constant (Figure 2-3; dotted line) because the growth of the 
macroalgae is matching the input from the salmon farm (Figure 2-3; solid line). End of 
season values for the Accumulated N and Accumulated N – Total N (Figure 2-3; dashed 
versus dotted lines) indicate that M. pyrifera has removed approximately 75% of the salmon 
farm output of DIN. Using the same comparison, U. lactuca and P. umbilicalis remove only 
approximately 5% each. 
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Figure 2-3: The bioremediation of 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  for each species per m2 of the macroalgae farm. The dashed line 
shows the farm input over a season per m2. The solid line shows the total N removed by macroalgae per m2 
and the dotted line is the net N input into the system, i.e. farm input – total N removed by macroalgae. We 
multiplied Nfarm by the water depth (z) to calculate the salmon load per m2. Similarly we multiplied (Nf + Ns) 
by the instantaneous height of the macroalgae (hMA) to calculate the total N. 
 
           If farm loads are increased all three species eventually reach steady state (for all 
loads) after 10 years (Figure 2-4). In the nutrient limited cases when Nfarm = 50  (solid line) 
and 100 mg N m−3d−1 (dashed line) respectively, a doubling in farm load results in a 
doubling of end of season yield of Fixed N. The trajectories of Fixed N are similar for U. 
lactuca and P. umbilicalis, including similar final steady state values at all rates of farm input. 
The final Fixed N for the M. pyrifera is an order of magnitude (x10) larger than those 
obtained by the smaller species at the lower loads, and double that of the other two species 
at the highest value of farm load. In the nutrient replete system (dotted line), model results 
gave the maximum end of season biomass for each species as: M. pyrifera ~ 86–94 
kg ww m−2; P. umbilicalis ~ 23-26 kg ww m−2 and U. lactuca ~ 24-27 kg ww m−2.  
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Figure 2-4: The steady state of fixed N as we increase the value of Nfarm. We multiply Nf by the instantaneous 
macroalgae height (hMA) to calculate fixed N for each species per m2. Only the value of Nfarm is changed 
between model runs, and all other environmental forcing is kept at the reference level. Growth is eventually 
limited by the amount of N in the system for the two lower values of Nfarm.  At Nfarm = 5000 mg N m−3 d−1 
we are simulating a nutrient replete system where growth is eventually limited by light for all three species. 
 
2.4.2 Model validation 
 
           The Specific Growth Rates (SGR) predicted by the model (Table 2-2) are similar to the 
results reported for each species from empirical experiments. The experiments with P. 
umbilicalis and M. pyrifera were conducted around fish farms while the empirical work 
measuring growth of U. lactuca was conducted in tanks using effluent from fish (Neori et al. 
1991) and abalone (Robertson-Andersson et al 2008) culture respectively.   
 
Table 2-2: Comparison of the growth rates as determined by the model result with that for the same species 
evaluated in a field based IMTA experiment. All the studies in table 2 define Specific Growth Rate as 
SGR = 100 ∗ ln (wt − wo)/t, where wt, w0 are the weight of algae at time t and 0 respectively and t is the 
growing period.  
 
Species                                      DIN 𝛍𝛍𝐌𝐌                    SGR % (𝐠𝐠 𝐰𝐰𝐰𝐰 𝐝𝐝−𝟏𝟏)                                 Study 
M. pyrifera  0.08-30 6    (t = 9 months)           (Buschmann et al., 2008) 
M. pyrifera  10-13 4             This study 
    
U. lactuca 10 - 78 7.4-17.9 (t = 2 weeks)           (Neori et al. 1991) 
U. lactuca 5.0 1.6-6.3    (t = 2 weeks) (Robertson-Andersson et al., 2008) 
U. lactuca  10 - 13 7           This Study 
    
P. umbilicalis 150 13.1 (t = 4 weeks)          (Carmona et al., 2006) 
P. umbilicalis 150 16          This study 
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2.4.3 Sensitivity analysis 
 
         The model is relatively insensitive to the range of parameter values defining U. lactuca 
and P. umbilicalis (Table 2-3). For M. pyrifera the model shows mild sensitivity to the 
parameters Qmin, Is and Kc. Two of these are related to the internal storage capacity of M. 
pyrifera whilst the saturation constant dictates sensitivity to photoinhibition. 
 
Table 2-3: Sensitivity analysis results are based on a comparison of the end of season total of Nf using Eq. 9. 
We show the 5 most sensitive parameters for each species where an absolute value of 0.3 is determined as the 
threshold for the model to be sensitive to the parameter. A negative value means total Nf decreases as the 
parameter increases. 
 ‘ 

M. pyrifera U. lactuca P. umbilicalis 
Parameter Sensitivity Parameter Sensitivity Parameter Sensitivity 

Qmin -0.82 dM -0.24 dM -0.23 
Is 0.53 rL 0.11 Qmin -0.18 
Kc 0.44 Qmin -0.10 rL 0.10 
Kd 0.29 T0 -0.05 𝐕𝐕𝐍𝐍𝐍𝐍𝟒𝟒  0.09 
dM -0.25 µ 0.05 µ 0.07 

 
 
 
2.4.4 Flow Rate 
 
          At the lower flow rate M. pyrifera and P. umbilicalis achieve consistently higher 
remediation over the whole season than that achieved at the higher flow (Figure 2-5). This 
difference is greater for P. umbilicalis particularly at the end of the season where total N for 
M. pyrifera appears to converge for both values of λR. For U. lactuca, initially total N 
increases at a faster rate in low flow conditions (compared with higher flow) but this rate 
slows and crosses the trajectory for total N under the higher flow conditions about mid 
season, then continues at a lower rate until the end of the season. Bioremediation capacity 
is slightly increased for U. lactuca under higher flow conditions. 

 24 



Chapter 2                                                                           Modelling Macroalgae Growth for IMTA 
 

 
Figure 2-5: Total N (=(Ns + Nf)hMA) removal by per m2 by each species for two values of the refresh rate. By 
setting λR = 0.05 d−1 (solid line) we are simulating growth in low flow conditions. Setting  λR = 1.0 d−1 (a 20 
fold increase in net flow) simulates higher flow conditions. All other environmental forcing is kept at the 
reference level. 
 
 
 
 
2.4.5 Optical Depth 
 
          Under low light, photosynthetic growth (fixed N) is less for U. lactuca and P. umbilicalis 
(Figure 2-6) and growth strictly increases as light increases. For M. pyrifera photosynthetic 
growth is lowest when the light is highest. This species also has the highest growth at the 
mid-range of the optical depths examined. As the photosynthetic growth decreases, stored 
N increases for all three species. The net effect of this is an unchanged bioremediation 
capacity (total N) for both U. lactuca and P. umbilicalis across all optical depths examined. 
The bioremediation capacity of M. pyrifera is lowest in highest light and greatest at the mid-
range.  
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Figure 2-6: Fixed N, Stored N and Total N for each species at increasing values of the light attenuation 
coefficient Kd. The increase in KD simulates increasing turbidity in the water column. Environmental forcing 
was kept at the reference level with only kD varying. 
 
2.4.6 Harvesting  
 
          The results for all three species (Figure 2-7) show that, compared with non-harvested 
crops, schemes with an establishment phase of 30 days result in a decrease in 
bioremediation (total N); 60 days results in an approximate doubling of bioremediation; and 
90 days results in the greatest increase in bioremediation, but which varied greatly 
depending on harvest frequency. Across all schemes total N increased with establishment 
phase and decreased with harvesting frequency. As the percentage removed (H) increased, 
total N removed increased for schemes with establishment phases of 90 days, but in the 
other schemes the effect was negligible. For all macroalgae, schemes with a 90-day 
establishment period resulted in a 5-25 fold increase in bioremediation dependent on both 
harvesting frequency and H. 
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Figure 2-7: Total N removed by each species.  The total N removed is calculated for each harvesting scheme 1-
9 with at first 25% removed per harvest and then 50%. 
 
2.5 Discussion  
 
2.5.1 General model behavior 
 
          An aim of the study was to quantify the bioremediation potential of three macroalgae 
species within the context of a modeling approach. The model indicates conclusively that of 
our three species M. pyrifera is the most effective at removing the ammonia in a near field 
i.e.75% of farm load, whereas the two smaller species remove only 5% each. However, 
beginning the simulation in September, it took until March for M. pyrifera to better the 
removal rates of the other algae. Although we did not simulate phytoplankton in this study, 
in the natural environment phytoplankton may remove the DIN before M. pyrifera is able 
to, thus reducing its growth and therefore its height and bioremediation capacity. Growing 
M. pyrifera earlier in the season may be an option as they may be at the height required to 
remove adequate quantities of DIN before phytoplankton become active (spring/summer). 
However the light climate may not be adequate to achieve the growth rate required in 
which case growing kelps over consecutive seasons would seem a sensible solution. An 
obvious conclusion is that, in the near field case, the height of macroalgae is a critical factor 
in its bioremediation potential. It may be possible to grow several of the smaller species on 
vertical lines to increase their vertical distribution.  
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          Macroalgae growth reaches steady state due to nutrient limitation when Q~Qmin at 
which point Ns~0, i.e. stored nitrogen is close to 0. Theoretically macroalgae could be 
grown in the long term around a constant N source and after a period (10 years in this case) 
it would match its growth exactly to the input source to achieve a system in equilibrium 
(although this does not take into account environmental losses, changes in seasonal cycle 
and natural senescence). In the case of light limitation the algae could not grow past a 
maximum biomass and its bioremediation capacity would have reached its upper limit. In 
this experiment the simulated final biomass for all three species due to light limitation is; M. 
pyrifera ~ 86–94 kg dw m−2; P. umbilicalis ~ 24-27 kg dw m−2 and U. lactuca ~ 23-26 
kg dw m−2. U. lactuca grown in a land-based IMTA facility demonstrated a production 
potential of 4.5 kg dw m−2 (Bruhn et al. 2011) . It is therefore plausible that U. lactuca 
could reach the concentration found in this study before self-shading stops growth entirely. 
Although we have not found similar empirical results for our other two species, we interpret 
the results for U. lactuca as partial validation for the light component of the model. 
 
2.5.2 Model validation 
 
           Similar formulations of the model used in this study have previously been validated 
against observation for different species of macroalgae (Aldridge and Trimmer 2009; 
Solidoro 1997). The results of our validation were conclusive in predicting growth rates 
achieved in field IMTA experiments for the species studied here. The model (eqns. 2-3 to 2-
7) has been partially validated using a fitness for purpose criteria (Rykiel 1995).  
 
2.5.3 Sensitivity Analysis 
 
          The sensitivity analysis showed the model is not sensitive to parameter values in the 
range describing U. lactuca and P. umbilicalis. Our three species in effect represent a large 
perturbation of the parameter space and it is encouraging to note that the model is not 
unduly sensitive across this perturbation which is evidenced by the fact that end of season 
Nf were similar across all species for each value of farm loading investigated. The model for 
M. pyrifera showed the greatest sensitivity to parameter perturbations, where Qmin, Is and 
Kc all showed sensitivities above the 0.3 threshold (section 2.3.3). Firstly the growth model 
had a slightly different formulation for M. pyrifera, where the hMA varied. M. pyrifera has 
the lowest nitrogen storage capacity of the 3 species, and decreasing this capacity further 
decreases growth. Increasing Kc increases growth rate by allowing the macroalgae to fix a 
greater proportion of internal nitrogen before its growth is satiated. M. pyrifera is sensitive 
to photoinhibition in the field (Buschmann et al., 2008) and increasing Is reduces this effect, 
i.e. increases growth rate. Overall the model is not unduly sensitive however it is important 
to make parameters as realistic as possible to constrain model output to reasonable values. 
 
2.5.4 Flow rate 
 
          The uptake of DIN into the macroalgae is modeled as dependent on biomass 
concentration (Eqns. 2-3 & 2-4). As λR increases so too does the rate at which Nfarm is 
flushed out of the macroalgae farm. Conversely the farm volume is being replenished by 
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external DIN at an increasing rate. The net effect on bioremediation resulting from the 
increase in refresh rate is an end of season increase in total N for U. lactuca and decrease 
for the other two species. Of the species investigated, U. lactuca has the highest growth 
rate and is able to reach the biomass required to remove DIN at a rate that enables it to 
surpass the growth rate at the lower flow regime. Al-Hafedh et al. (2014) found that 
increasing the rate of effluent flow increased biomass yield for U. lactuca and that flow rate 
was more important in this regard than stocking density.  
 
          Although M. pyrifera and P. umbilicalis showed reduced bioremediation capacity, as 
flow rate increased after March total N increased faster under higher flow for both. This 
may be due to the seasonal increase in background DIN. Although maximum growth rate is 
important in achieving the biomass required to remove the DIN under higher flow, it is not 
the only element important in optimizing DIN removal in the model. P. umbilicalis has a 
higher maximum growth rate (µ) than M. pyrifera, however the latter species was less 
sensitive to the change in flow when comparing end of season total N. The reason for this 
may be in the uptake term in (2-3). Here uptake depends partly on the ratio of algal height 
to water depth hMA z⁄ . For M. pyrifera this term is always increasing, however in general 
there will eventually be a limit to how fast the flow can be before DIN is washed away 
before the algae can take it up. Hepburn et al. (2007) found that M. pyrifera had greater 
growth rates at wave exposed sites than at sheltered sites. Faster flow can reduce the 
boundary layer around the macroalgae blades increasing the uptake (Wheeler 1980), 
although our model does not explicitly model DIN uptake dependent on boundary layer 
dynamics. Future models may need to incorporate a mechanistic term relating flow and 
uptake to further understand this dynamic. 
 
2.5.5 Optical depth  
 
          For both U. lactuca and P. umbilicalis an increase in light attenuation resulted in 
reduced growth rate from April (autumn) through to August (late winter). This result is more 
pronounced for P. umbilicalis. M. pyrifera showed highest growth at Kd = 0.6 m−1 and 
lowest at Kd = 0.2 m−1, which we interpret to indicate photoinhibition limiting growth 
when light attenuation is low. M. pyrifera has the lowest saturation point (Is) of our three 
species. If the value of Is for M. pyrifera is increased to that of U. lactuca then it displays the 
same relationship between optical depth and growth as do the two smaller species (results 
not shown; Is  is the parameter that determines the magnitude of photoinhibition on 
macroalgal growth). The results at the high to mid range of optical depth for M. pyrifera 
imply that although optical depth may reduce photoinhibition there is a point when light 
levels become too low and growth is reduced. As M. pyrifera was allowed to increase its 
height, in summer where it would be close to the surface the potential for photoinhibition 
should increase. However the resultant increase in biomass should act to counter this effect 
through self-shading. M. pyrifera has been shown to be particularly susceptible to 
photoinhibition, particularly at midday,  when cultivated near fish farms in Chile in spring 
and summer (Buschmann et al. 2008). Broch et al (2011) found cultivation depth did not 
greatly influence seasonal biomass for the species S. latissima in a similar modeling 
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approach, however they used a Kd = 0.07 m−1 which was considerably lower than the range 
of attenuation coefficients used here.  
 
          As fixed nitrogen increased/decreased for each species, so stored nitrogen 
decreased/increased for each of our optical depth experiments. The combined effect of this 
meant that for U. lactuca and P. umbilicalis the total remediated nitrogen was the same at 
all three optical depths.  This implies that the algae with lower biomass may have higher 
stored N content. Broch et al. (2011) use a more complex formulation for internal nutrient 
composition in their macroalgae model, using the internal reserves of carbon and nitrogen 
to dynamically determine the stoichiometric ratio of carbon to nitrogen which yielded more 
realistic (and perhaps more interpretable) results. Nonetheless our simpler formulation 
based on Solidoro et al. (1997)  is sufficient to show that the relationship between N storage 
and fixation will both influence the cultivation strategy for IMTA as well as having clear 
economic implications.  
 
2.5.6 Harvesting 
 
          The establishment phase appears crucial to a successful harvesting scheme. All three 
algae possess a high maximal growth rate (µ) and so are able to fix N very efficiently. The 
key to successful bioremediation in the early stages of growth is for each species to achieve 
a biomass capable of removing DIN in sufficient quantities to fuel their high demands. 
Eventually the biomass achieves a density where light and nutrient limitation act to reduce 
their growth rate considerably. At this point harvesting frequency becomes important as 
this reduces the limiting effect and thus stimulates higher growth rates. This is why total N 
reduced with harvesting frequency for schemes with a 30 day establishment phase but 
increased with harvesting frequency for those with 60 and 90 day establishment phases. 
This could also explain the variability in the results for H=0.25 and H=0.5. In their simple 
model for seaweed growth, Lee and Ang (1991) found the optimal harvest strategy had the 
same period as the macroalgal growth and mortality terms. We note however that unlike 
our system, their model treats harvesting as continuous and not a discrete process, and that 
it does not include DIN uptake as stored N, while it does show the importance of 
incorporating growth rate variability with harvesting strategies. 
 
            Harvesting strategies from other studies have focused on the sustainability and/or 
reduction of natural populations of macroalgae and so a direct comparison with our findings 
is not appropriate. Kelp harvesting is also done in practice by reducing the height of the kelp 
and not by thinning of the plants, as was the case in our simulation. We decided on this 
strategy because we consider plant height to be a vital component of bioremediation. We 
acknowledge that in deciding on a harvesting strategy there are many other elements to 
consider, including market demand, cost of harvesting, price etc. (Troell et al. 2009). In 
addition we have not considered diurnal effects on growth/uptake rates, and this may 
influence the time of day for harvest. In an IMTA arrangement, the diurnal profile of 
ammonium discharge from the salmon may affect the ambient nutrient concentrations, 
which in turn may also have a significant impact on harvest strategy. 
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2.5.7 Improvements to the model 
 
           Macroalgal communities in Nature can fluctuate between high and low standing 
biomass due to factors such as grazing pressure, hydrodynamic losses, other seasonal 
forcing or natural senescence.   Our macroalgae model does not simulate a steady state 
biomass subject to long term population dynamics but an increasing biomass grown under 
optimal conditions.  Of the modifying factors just mentioned, mechanical and grazing losses 
could theoretically be controlled, or at least better understood, in a farming context.  
Natural senescence has an unavoidable effect on macroalgae losses. A recent model for age 
related senescence of M. pyrifera fronds (Rodriguez et al. 2013)  showed that progressive 
senescence accounted for 73% of the variation in biomass between kelp communities. 
Incorporating a mortality term based on natural senescence may form part of a more 
realistic model and also aid in the search of an optimal harvesting scheme. 
 
           We have used the formulation of Solidoro et al (1997) for growth dependent on the 
internal nitrogen quota Q. We believe this formulation was appropriate for application in 
this study. However this model does not incorporate carbon uptake dynamics, which are 
important in representing the internal macroalgae dynamics that determine N fixation. 
Formulations similar to those presented by Broch et al (2013) would be necessary to more 
accurately represent growth dynamics and seasonal biomass estimates. In a future study we 
intend to include our model in a fully coupled 3D hydrodynamic, biogeochemical and 
sediment model of the region to examine the growth dynamics of our species in a more 
realistic environment that includes competition with phytoplankton and sporadic access to 
nutrients. 
 
2.5.8 Conclusion 
 
         This study shows that IMTA offers a flexible solution to bioremediation of the nutrients 
input into an ecosystem from finfish aquaculture. We have shown that in a near field 
scenario, of the three species we considered only the giant kelp, M. pyrifera, offers 
reasonable bioremediation of salmon farm ammonium in the absence of harvesting. 
Increasing water flow reduced total N removal by M. pyrifera (marginally) and P. umbilicalis 
over a season, whilst total N removal for U. lactuca increased with water flow. Increasing 
optical depth increased the total N removed by M. pyrifera at low to moderate optical 
depths but had no effect on total N removed by U. lactuca and P. umbilicalis. Harvesting had 
a positive effect on total N removal by all three species when harvesting commenced after 
60 days. Greatest removal occurred when harvesting began after 90 days with an interval of 
two weeks thereafter, and there was a minor improvement if 50% of the biomass was 
removed per harvest instead of 25%. Optimal harvesting resulted in a 20-25 fold increase in 
bioremediation capacity across our three species. 
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Appendix 2-A 
 
Table 2-A1: Biological intermediate processes. 
  
Symbol  Description                                                                      Formula                    Unit 
f(N, Q)               2- A1 Uptake of external N 

source into internal 
reserve.                    

VMN
K1 2⁄ + N 

Qmax − Q
Qmax − Qmin

 𝑘𝑘g N g−1 dw d−1 
 

µg(E, Q, T)        2-A2 Growth function for 
macroalgae.  

µg(E)g(Q)g(T) d-1         

g(E)                   2-A3 Growth limitation due to 
light.                                                        

e
K*h

�e-Eze
-Kh

Is -e-EzIs �       
Dimensionless 

g(T)                   2-A4 Growth limitation due to 
temperature.                                        

   1
1+exp(−(T−T0)/Tr)

                  Dimensionless 

g(Q)                  2-A5 Growth limitation due to 
internal nutrient reserves.                        

Q-Qmin

Q-kc
                            Dimensionless 

Ez                     2-A6 Irradiance at top of 
macroalgal canopy.  

 E0e−Kz µmol photons m−2 s−1 

K                     2-A7 Extinction rate of light due 
to water and algae.                             

Kd + KMA                                     m−1 

KMA               2-A8 Extinction rate of light due 
to algae.  

 Nfacs(max�h
z

, 1�)(min(h, z)−1) m-1         

B                     2-A9   Biomass of dry macroalgae.                                                                        NfQmin
-1                                 g dw m−3 

Q                     2-A10  Internal nutrient quota of 
macroalgae 

Qmin �1 + NsNf
-1�                                 mg N g−1 dw 

hMA                2-A11 Height of Macrocystis (0.00174Nf/num_fronds)1.047 m 

 
 
 
Table 2-A2:  Parameters for the macroalgal growth model 
 
Symbol  Description Units Macrocystis Ulva Porphyra 

µ Max. Growth Rate  d−1 0.2 1 0.45 6                                   0.33 10                                       
VNH4 Max.  Uptake Rate 

(Amm.)      
mg N g−1 dw d−1 8.0 2

 
124.0 6 60.0 11 

VNO3 Max.  Uptake Rate (Nit.)                   mg N g-1 dw d-1             10.3 3 39.0 6 25.0 12                 
KNH4 Half Sat. Const. (Amm.) mg N  m−3 74.2 2 700.0  6 700.0 12 
KNO3 Half Sat. Const. (Nit.) mg N m−3 182.0 3 70.0 6 300.0  12                                      
Qmax Max. Internal Nitrogen  mg N g−1 dw 25.0 1 42.0 6      70.0 13 

       Qmin                          Min. internal Nitrogen  mg N g−1 dw 7.0 4 13.0 6 14.0 10                                             
Kc Half Growth Const.  mg N g−1 dw 6.0 5 7.0 6                                               7.0 10 
T0 Optimal Temp.  ℃ 12.0 6 12.0 6 12.0 6 
Tr Range of Optimal Temp. ℃ 1.0 6 1.0 6 1.0 6 

     IS Saturation Irradiance  µmol photons m−2  s−1 134.0 7 200.0 6   277.0 13 
acs Nitrogen Specific 

Shading  
m2 mg−1 N 0.0001 8                              0.00033 9                        0.00036 14 

dm Mortality Rate d−1 0.003 9 0.003 9 0.003 9                                        
hMA Height  of U. lactuca, 

P. umbilicalis 
                      m - 0.2 9                                           0.2 9                                           

num_fronds Number of Fronds         Dimensionless 7.0 15 
- - 

        rL                            Remineralisation Rate  d−1 0.2 16 0.2 16 0.2 16 
rN Nitrification rate d−1 0.1 16 0.1 16 0.1 16 
λR Refresh rate d−1 0.25 15 0.25 15 0.25 15 
Kd Light attenuation 

coefficient  
m−1 0.116 0.116 0.116 
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Source:  1Zimmerman and Kremer (1984)    2Haines and Wheeler (1978)  3 Gerard (1982) 4Lobban and Harrison (1994)  
5Carmona et al. (2001) 6Solidoro et al (1997)  7Buschmann et al. (2008) 8Enriquez et al. (1994)  9Trancoso et al. (2005) 
10Hafting (1999) 11Johansson (2002) 12Pedersen et al. (2004) 13Carmona et al. (2006) and Pedersen et al. (2004) 14Markager and Sand-
Jensen (1996) 15 Calibration 16Wild-Allen et al. (2010) 
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CHAPTER 3  
A BAYESIAN APPROACH TO ACCOUNT FOR MULTIPLE SOURCES OF UNCERTAINTY IN 
A MACROALGAE BASED INTEGRATED MULTITROPHIC AQUACULTURE MODEL 

 
 

 

 

 
Preface: Adequately quantifying uncertainty in a model output is fundamental to the inference that 
can be made from the results. In this chapter a powerful Bayesian inference tool is applied to the 
original IMTA model. The model was recast in stochastic form by allowing some sub-processes to 
vary in time; expressing uncertainty in these model processes. Probability distributions replaced 
constant values for each parameter; expressing uncertainty in the parameters. Uncertainty in the 
model output was quantified by running the stochastic model with parameter priors.  
 
Observations from an IMTA experiment were introduced to reduce the uncertainty in the model 
output. This resulted in a shift of some parameters away from their prior values. The method used 
here not only allows both quantification and reduction of model uncertainty but also provides a 
method of using data to inform our understanding of the model. 

 
               At the time of thesis submission, this work was submitted to a refereed journal and was 

subsequently accepted with minor revisions on 25th August 2015.  It is presented below in the 
submitted form. The intended citation for the original publication is:  

 
Hadley S, Jones E, Wild-Allen K, Johnson CJ, Macleod CK (2015) A Bayesian inference 
approach to account for multiple sources of uncertainty in a macroalgae based integrated 
multi-trophic aquaculture model. Submitted to Env Mod Soft,  accepted with minor revision 
25/8/2015. 
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Abstract 
 
A Bayesian inference method was employed to quantify uncertainty in an Integrated Multi-
Trophic Aquaculture (IMTA) model. In addition, a more realistic set of model parameters 
was sought through the conditioning of posterior distributions on empirical data. This 
enabled reformulating a deterministic biogeochemical IMTA model within a Bayesian 
Hierarchical Modeling (BHM) framework. Unresolved time varying processes were modelled 
using first order auto-regressive processes which yield a stochastic process model to 
represent model uncertainty. Uncertainty in the model parameters was formally accounted 
for using “prior” distributions. Empirical observations of the height and weight of M. 
pyrifera (kelp) grown around salmon pens in southern Chile were assimilated into the BHM 
using a Sequential Monte Carlo method implemented within the LibBi package 
(www.libbi.org). Three data sets corresponding to high, medium and low seeding densities 
of kelp sporelings on a long-line placed near the salmon pens were used. The observational 
data were assimilated into the model, which reduced the uncertainty considerably when 
compared with the non-assimilating runs. The results showed that each of the data sets 
constrained the model solutions for both the observed variables of height and weight as 
well the unobserved state variables of ammonium, nitrate, and fixed and stored nitrogen. 
Learning based on a comparison between the prior and posterior marginal distributions was 
observed for a subset of model parameters, which varied with seeding density. To estimate 
the degree of learning from the observations, the Kullback-Liebler (KL) divergence metric 
was estimated. By assimilating the observations, the reduction in uncertainty of the state 
and parameters was approximately 90%. Bivariate parameter interactions were used to 
display learning not observed in the marginal plots. Density dependent information carried 
in the observations informed the model, consistent with our understanding of the 
underlying processes for macroalgal growth. Results from this study suggest that a low (3 
sporelings per metre) to medium (6 sporelings per metre) seeding density results in the 
most efficient removal of excess nutrients in this simple system.  
 
 
3.1 Introduction 
 
 
         The environmental, economic and social implications of ecosystem disturbances 
generated by the aquaculture industry have been widely reported (Buschmann et al. 2009).  
Integrated Multi-Trophic Aquaculture (IMTA) (Troell et al. 2009) involves joint farming of a 
‘primary’ species together with other species that take up ‘waste’ (e.g. nutrients, 
particulates) produced in the farming process. This integrated approach provides both a 
method of removing problematic waste, as well as offering potential economic benefits 
through the cultivation of a new crop. Because empirical investigations to quantify the 
effectiveness of IMTA are expensive, and the results do not necessarily extrapolate to full-
scale operations given inherent non-linearity in the scaling of these systems (Hadley et al. 
2015), modelling studies emerge as a particularly useful approach to investigate the 
potential of IMTA. In order to validate model output some of the modelling investigations of 
IMTA have incorporated results from concurrently run empirical growth experiments (Broch 
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et al. 2013) or compared results with those from existing IMTA operations (Ren et al. 2012). 
However data assimilation methods, which improve model parameterisation and constrain 
model output to observed values and thereby reduce model uncertainty, have not yet been 
included in the modelling process. 
 
          Data assimilation provides a robust statistical method to combine information from 
numerical models and observations in the presence of model error and sparse observations 
(Wikle et al. 2013). Deterministic biogeochemical (BGC) models are typically assessed 
against empirical data, and many are highly parameterised with a degree of uncertainty 
surrounding parameter values due to varying results from field-based studies (Planque et al. 
2014). Furthermore, while the parameters in a deterministic model are constants they in 
fact often represent processes that in reality vary in time. It follows that useful 
quantification of model uncertainty provides an envelope of confidence around the model 
solution, and statistical methods have been developed recently that use observations to 
objectively reduce model uncertainty (e.g. Parslow et al. 2013 and Dowd et al. 2014). This is 
critical to models such as those used for IMTA, where the results can influence decisions 
such as whether to undertake expensive full-scale farming operations. Simply perturbing 
parameters through a range of possible values may lead to wildly divergent solutions in a 
non-linear deterministic model. However, by capitalising on data assimilation methodology, 
observations from empirical experiments can be used to objectively quantify and constrain 
both model parameters and solutions (Jones et al, 2012; Parslow et al, 2013). Recent 
advances in statistical methodology and computing allow for the problem to be cast in the 
Bayesian Hierarchical Modelling (BHM) framework (Cressie and Wikle 2011), which allows 
samples of parameters and state variables to be drawn from the posterior distribution that 
is conditioned on the empirical data.  
 
         The use of BHMs (Dowd et al. 2014; Parslow et al. 2013; Jones et al. 2010) is a method 
currently attracting interest due to its treatment of model uncertainty. A BHM is 
constructed from a state space model (SSM) through a process of reformulating the SSM so 
that the three main areas of model uncertainty, i.e. observations, process and parameters, 
can be treated individually. In this approach the deterministic BGC model is stochasticised 
by identifying the time-varying processes in the model and representing them by a random 
process rather than a constant parameter. In their study, Parslow et al. (2013) replaced a 
constant parameter representing phytoplankton community structure in a deterministic 
NPZD model with an autoregressive process. This both captured the observed natural 
variability seen in phytoplankton communities despite that in general the underlying 
process for this variation is not well understood.  
 
         To account for uncertainty in the remaining parameters, constant values are replaced 
by probability distributions. Finally a data model is constructed from field-based 
observations. The newly formed process, parameter and data models combine to make the 
BHM. Once in this format, Bayesian inference techniques are employed to exploit the 
conditional dependencies between the sub-models to enable a reduction in parameter and 
process uncertainty.  To solve these complex systems, powerful computational techniques 
are required. 
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         This reformulation into statistical-biophysical models combined with the advancements 
in distributed node (cluster) architecture supercomputers, has lead to powerful new 
computational techniques that solve complex model systems in a meaningful way. The 
particle filter Markov Chain Monte-Carlo (pMCMC) (Andrieu et al. 2010) method uses 
samples from the posterior to calculate a joint distribution of parameter and state. Using a 
pMCMC approach Parslow et al. (2013) showed learning in parameter space and also that 
the state variables can be considerably constrained when conditioned on observation.  In 
general this approach can be applied to a range of problems in biogeochemical modelling.  
          In this study an IMTA approach was employed to examine the capacity of giant kelp 
(Macrocystis pyrifera) to take up excess nitrate released from finfish aquaculture farms. The 
overall aims of the work are to: 

• Reformulate a macroalgae based IMTA (Hadley et al. 2015) model into a BHM and 
use the method of Parslow et al. (2013) to introduce stochasticity into some of the 
sub-processes and represent the other parameters using probability distribution 
functions.  

• Use a pMCMC (LibBI) (www.libbi.org) approach to solve this system using 
observational results taken from a field based IMTA experiment.  

• Analyse the posterior distribution to identify the potential of this approach to 
constrain the model output based on a set of observed data, and to determine the 
extent to which parameter learning occurs. 

 
3.2 Methods  
 
3.2.1 Governing equations for IMTA model 
 
          To simulate the growth of M. pyrifera in a near-field arrangement of IMTA we use the 
model developed by Hadley et al. (2015). It is assumed that nitrogen (N) is the limiting 
nutrient, and therefore all equations have a common currency of N and are locally mass 
conserving. The governing equations for the state variables are presented below, while 
details of the rate process equations are given in appendix 3-A: 
 
 
dNH4

dt
= λR(NH4ref − NH4) − f(NH4, Q)B + rLD − rNNH4                  

 
 dNO3
dt

= λR(NO3ref − NO3) − f(NO3, Q)B + rNNH4              
 
dNs
dt

= f(NXx, Q)B − µg(E, Q, T)Ns − dMNs               
        
dNf
dt

= µg(E, Q, T)Ns − dMNf                          
                                 
dD
dt

=  λR(Dref − D) + dMNf − rLD.                                                             (3-1) 
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            The model (3-1) has 5 state variables all of which are in units of mg N m−3seawater. 
Ambient nitrogen taken up by the macroalgae is in two forms of dissolved inorganic 
nitrogen (DIN) namely ammonium (NH4) and nitrate (NO3). Parameters NH4ref,  NO3ref and 
Dref  represent the background concentrations of ammonium, nitrate and detritus 
respectively. The refresh rate λR determines how quickly the external ammonia, nitrate and 
detritus return to a background concentration in the absence of macroalgae. This term is 
used in the absence of an advection diffusion model (Aldridge & Trimmer, 2009). Once 
taken up, DIN is stored as intracellular nitrogen (Ns), which is then fixed into the 
macroalgae cellular structure (Nf). The uptake rate f(NXx, Q) is dependent on both ambient 
concentrations of DIN and the internal quota, Q, of intracellular nitrogen (Solidoro et al. 
1997).  The instantaneous growth rate µg(E, Q, T) is a product of maximum growth rate, µ, 
and the environmental variables PAR (E), temperature  (T) and Q. Nf is returned to detritus 
(D) at a rate determined by the mortality term dM. Similarly decaying macroalgae returns Ns 
to NH4 at the same rate. D is remineralised at a constant rate rL. Finally NH4 is nitrified to 
NO3 at a constant rate rN.  
 
          The height of M. pyrifera hMA varies according to the allometric relationship (Hadley et 
al. 2015), 
 
hMA = (0.00174Nf/nfronds)1.047                        (3-2) 
 
Height change allows kelp to reach the light from depth. Since hMAis frond height (m), the 
parameter nfronds is an average of the number of fronds within the unit volume. 
Observations taken from the IMTA experiment used in the data model were of height and 
weight. The weight wMA (g−1 dw m−3) is given by 
 
wMA = � Nf

Qmin
� ∗ hMA                                 (3-3) 

 
Here Qmin is the minimum amount of structural nitrogen required for the macroalgae cells 
(Solidoro et al. 1997), while the remainder contributes to growth or respiration. Respiration 
is not modelled explicitly but is included in the growth term dependent on the internal 
quota Q. Two changes were made in the present model compared to the original. Firstly, 
the uptake limiting term min (1, hMA

z
) (where z is the cultivation depth and hMA the algae 

height) was removed; this term was derived to facilitate comparison between two size 
dependent functional groups of macroalgae.  Secondly, the point source term representing 
the finfish farm output was removed; this excess nitrogen is assumed part of the 
background ammonium (NH4REF) term. Consequently, the present model (3-1) is a slight 
simplification of the original model, but still retains all the terms required to represent 
IMTA. 
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3.2.2 BHM framework 
 
Formally, the BHM is represented as  
 
[Y, W, θ] = [Y|W,θY, θW][W|θY,θW][θY,θW]                    (3-4) 
 
Where [A|B] is the conditional probability of A given B, Y is the data model, W is the 
stochastic process and θY, θW are the parameters (Parslow et al. 2013). In equation (3-4) the 
joint distribution of observation, process and parameters can be represented (using Bayes 
rule) as the product of conditional dependencies between these sub-components; thus 
offering a way in which to assess the individual component influence on the model output. 
In this approach we assume we already know θY and only perform inference on θW. BHMs 
are probabilistic models, constructed from conditional probability distributions where the 
data are treated as conditional on the process and some parameters, and the process is 
treated as conditional on other parameters.  
Using the three components for the BHM the model output is represented as  
 
𝐖𝐖 =  [𝐗𝐗,𝐁𝐁]T                                (3-5) 
 
Here 𝐗𝐗 = [NH4, NO3, Ns, Nf, D, hMA, wMA] and = [Gmax, Nfronds, dM]  , and T denotes the 
transpose.  This splits the state variables into the state space and the stochastic processes 
(see next section).  The parameters are represented by   
 
𝛉𝛉 =  [𝛉𝛉𝐗𝐗 ,𝛉𝛉𝐁𝐁]T                           (3-6) 
 
Here 𝜃𝜃𝑋𝑋 and 𝜃𝜃𝐵𝐵  are subsets of parameters that update either the state variables (X) or 
autoregressive processes (B) (see table 3-A2 in appendix). Furthermore these can be 
separated into the constants that affect the state and those that define the rate processes  
 
𝐂𝐂 =  [𝐂𝐂𝐗𝐗 ,𝐂𝐂𝐁𝐁]T                             (3-7) 
 
Here CX and CB  are the constants that update the state and stochastic parameters 
respectively (see table A3). For the stochastic processes the long-term expected value is 
where the function should be (e.g. µGmax for the growth rate in table 3-A2) but this rate 
changes each model run with the new value dependent only on the previous value 
(Markovian process). The three component models of the BHM are now outlined. 
 
3.2.2.1 The stochastic model 
 
          Following the method of Parslow et al. (2013) some of the parameters in (3-1) were 
made stochastic, assuming that these parameters represent sub-processes in the model that 
vary with time. In the model, maximal growth rate (µ), mortality rate (dM) and the number 
of fronds (nfronds) are considered the time varying processes. Although maximal growth 
rate is given a constant value in (3-1) it is known to vary with age for M. pyrifera (Haines & 
Wheeler, 1978). Similarly, mortality is represented as a constant fraction of the current 
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biomass (eqn. (3-1)) but in M. pyrifera mortality rate varies with both age and 
environmental pressures, and frond initiation rate also varies with time (Rodriguez et al., 
2013). As these three processes are not well studied there is not the information to develop 
a mechanistic process model for each of them, and in any case this would require adding 
significant complexity to the process model. Instead literature values are used as the 
expected value (mean) of a first order stochastic process with a sigma function to represent 
randomness according to  
 
B(t + ∆t) = B(t) × �1 − ∆t

τ
� + ζB(t) × ∆t/τ                                   (3-8) 

 
for |1 − Δ𝑡𝑡| < 1 (Parslow et al. 2013). Here B(t) is the process of interest (e.g. maximum 
growth rate), τ is the characteristic time for the autoregressive process (i.e. the timescale on 
which the growth occurs) and ∆𝑡𝑡 is the discrete time step (1 day). Finally  ζB(t) is a series of 
independent and identically distributed Gaussian random variables.   
 
3.2.2.2 Data model 
 
          The observations used in this study were taken from an IMTA experiment conducted 
around a salmon farm in the Calbuco region of Chile (A Buschmann et al. personal 
communication, 12th June 2013) (Fig. 1). M. pyrifera sporelings (small sporophytes) were 
attached to specially designed long-lines in three distinct densities: high = 7, medium = 6, 
and low  = 3 sporelings per metre,  with 9m of line for each density experiment. The long 
lines were anchored approximately 100 m from a salmon farm at a depth of 3 m, horizontal 
to the bottom. Measurements of frond length were taken for each individual kelp at the 
start of the experiment and twice more at 3 monthly intervals. The initial frond lengths were 
approximately 14cm (average) per sporeling. One measurement was taken at the end of the 
experiment for individual kelp weight. Work began July 14th 2007. The data model links the 
observations with the process model. Environmental forcing is taken from recordings of 
ammonium and nitrate concentration (3m), temperature (3m) and surface 
photosynthetically active radiation (PAR) for this region (Buschmann et al. 2008). 
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Figure 3-1: Map of the Calbuco region in southern Chile. The experimental data comes from 
the southern coast of the Isla Calbuco (A Buschmann et al. personal communication, 12th of 
June 2013), denoted with the black square, a site of intensive salmon aquaculture in Chile. 
 
3.2.2.3 Prior model  
 
          In this approach constant parameters in the deterministic model (3-1) were replaced 
by probability density functions representing a range of possible values for each parameter. 
The priors were represented by a distribution over a mean for each parameter. The mean of 
each prior was found from a literature search for M. pyrifera growth and were the same as 
that used in Hadley et al. (2015). The parameters were assumed to be independent (of each 
other) and to have a log normal distribution, as is typical of many biological processes 
(Limpert et al. 2001). A prior standard deviation of 0.5 in log space was used for each 
parameter. The priors were assumed to be a relatively uninformative, which is important in 
this case as the ‘sparse’ data is able inform the posterior; a narrower parameter distribution 
could dominate the inference process. This represents a 50% uncertainty in log-space. We 
ran a sensitivity analysis of the posterior to the prior with this value at 1.0, 0.5, and 0.3. A 
prior uncertainty of 0.5 was chosen as it represents a relatively uninformative prior that is 
consistent with very few values or ranges reported in the literature. As more studies are 
published this prior uncertainty can be reduced. However, in the absence of published 
literature values, we have erred towards using relatively uninformative priors. The 
consequence of this is that for some parameters where the observation are uninformative, 
the marginal posterior distribution appears to be unchanged from the prior, however the 
observations have altered the posterior covariance such that parameters can no longer be 
considered independent. With the data model (observations), process model and prior 
model the system was then represented as a Bayesian Hierarchical Model (BHM) using the 
approach of Parslow et al. (2013). 
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3.2.3 Inference Method 
 
          The particle Markov Chain Monte Carlo (pMCMC) method was used to sample from 
the posterior distribution of our BHM. The particle filter provides estimates of [Y|X, θ] and 
draws samples from the state. The Markov Chain Monte Carlo process is then used to 
sample θ, according to a Metropolis-Hastings accept/reject rule. The proposal densities 
samples a new value for θ, conditional on its current value, 
 
θN+1 = θN + q                             (3-9) 
 
Here 𝑞𝑞 = 𝑁𝑁(𝜇𝜇 = 0,𝜎𝜎 = ∅𝐵𝐵 × 𝑆𝑆) where S=0.05, a value which we chose based on calibration 
runs of the model. 
 
           In this study the model was run on LibBI (www.libbi.org, Murray 2013) which uses a 
Bayesian inference engine to solve state space models (SSM), reformulated as BHMs by 
employing pMCMC algorithm for parameter estimation. For each set of parameter values 
(sampled from the prior distributions) 1024 model runs (particles) were conducted. Each run 
differs due to the randomness in the autoregressive rate processes and a total of 11 
independent MCMC chains of length 40,000 sample [θ]. Samples from all 11 chains are 
pooled, ensuring the posterior distribution is adequately sampled. 
 
3.2.4 Interpretation of the parameter posteriors 
 
           The posterior distribution of the parameters is a high-dimensional (17-D) space that 
may contain complex structures that do not project onto a 1 or 2-D surface, thus any 
information gain may not be immediately obvious from the marginal or pairwise 
distributions.  Furthermore the model output may only be sensitive to a small subset of 
parameters. We present 4 methods for visualising and interpreting the posterior 
distribution: 

1. An integrated metric to assess the overall information content using the Kullback – 
Liebler (KL) Divergence. The details of the KL divergence, including calibration of the 
method, are presented in Appendix 3-B.   

2. The marginal normalised histograms for each parameter. 
3. A subset of pairwise plots for a selection of parameters. 
4. Parallel coordinate plots which connect individual sets of sampled parameters by 

lines that vary in brightness dependent on their likelihood of reproducing 
observations with the model output. 
 

3.3 Results 
 
          A comparison of the model output for the observed state variables (macroalgal height 
and weight) conditioned on both the data (Y) and parameters (θ) (blue shaded area Figure 
3-2) versus conditioning on θ (pink shaded area Figure 2) alone, showed an approximate 
90% reduction in range, and this result is replicated across the three sets of density 
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dependent observations. However, in the high density situation the 95% credibility interval 
(shaded areas) for the posterior covers a considerable range of values i.e. 0 – 11 m and 0 – 
60 kg for height and weight respectively (after 251 days). This demonstrates the uncertainty 
in the model output (for the observed variables) given the uncertainty in the parameter 
values.  
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Figure 3-2: 95% confidence intervals for the posteriors of the observed variables; height and weight 
conditioned on the prior only (blue shaded area) and data plus the prior (pink shaded area.) Medians (in log 
space) for the posterior and prior data are shown as pink and blue line respectively, with the observations 
(circles) superimposed.  
 
            A direct comparison of the medians of the posteriors (Figure 3-3) showed that 
conditioning on the medium density data produced the tallest macroalgae at 6.5m, followed 
by low density at 6.0m and finally the high density observations at 4.0m, after 251 days. 
Using the same comparison test for weight established that conditioning on low density 
observations returned the highest end of season value at 12.0 kg, followed by 10 kg for the 
medium density observations and 5.0 kg for the high density observations. All three 
medians accurately predicted actual macroalgae height after 50 days but under predicted 
the height at 120 days. For macroalgae weight each of the three trajectories are closely 
aligned with observation. 
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Figure 3-3: Shown are the Posterior medians for macroalgae height (cm) (left), and weight (g) (right) 
conditioned on the observations from each of the 3 density experiments,. Observations are overlaid. The 
model closely predicts height at 50 days but under predicts (height) at 130 days in all 3 cases. The model 
closely predicts the weight at 130 days in all 3 cases. 
 
           The definitive metric for bioremediation capacity of M. pyrifera is uptake rate 
(removal) of DIN. Estimating this rate indicated that the medium and low density sporelings 
removed approximately the same amount of DIN over the season (Figure 3-4) with the high 
density arrangements removing the least.  This conclusion was based on the observable 
difference between the posterior and prior medians for all three plots.  Once again the 
conditioning of the posterior on the data model constrained the model output by between 
50 - 70% dependent on the data model used.  
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Figure 3-4: Model simulation of uptake of DIN by macroalgae at high, medium and low density seeding’s. 95% 
confidence intervals for the posteriors of the uptake conditioned on the prior only (blue shaded area) and data 
plus the prior (pink shaded area.) (log space.) Medians (in log space) for the posterior and prior data are shown 
as pink and blue line respectively. A comparison between the medians in each plot shows  high density seeding 
removing the least DIN over a season with medium and low density seeding’s showing approximately the same 
uptake.  
 
         An inspection of the 95% credibility interval for the posteriors of the unobserved state 
variables (i.e. NH4, NO3, Ns , Nf  and D) when [X|θ] (blue shaded regions in Figure 3-5) 
showed once again a considerable variation in the model output based on uncertainty in the 
parameters. Although the data models do not contain observations for any of these 5 
variables, conditioning on observations for height and weight constrained the model output 
for 4 of them, namely NH4, NO3, Nf and Ns (pink shaded areas Figure 3-5). Moreover, this 
result was consistent for data from all 3 sets of observations. Only the posteriors for detritus 
D (when transformed back from log space) were not constrained by conditioning on the 
data models. 
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Figure 3-5: 95% confidence intervals for the posteriors of the unobserved variables; NH4, NO3, Ns, Nf, D 
conditioned on the prior only (blue shaded area) and data plus the prior (pink shaded area.) Medians (in log 
space) for the posterior and prior data are shown as pink and blue line respectively. For all 3 cases only in 
detritus D is not constrained by observations.  
 
          The KL divergence test was applied to the posterior of the parameters and showed 
that for a low density of initial sporelings the KL divergence had a value of 71.7903 (mean of 
11 chains) with a variance of 0.1827 (variance in the means of each chain); for medium 
density the corresponding values were 77.5679 and 0.2582; and for high density 67.9248 
and 0.2365. Based on calibration, which suggests a KL value of 58.2 was associated with a 
10-fold reduction in uncertainty (App. 3-B), the KL divergence results indicate a 10-fold 
contraction in variance of the prior. However, this method does not give the direction of the 
contraction in parameter space. The fact that the variances were all low values indicated a 
convergence of the method. To observe the change in parameter space we examined the 
posterior distributions in detail.  
 
           The amount of parameter learning obtained was displayed through a comparison of 
the prior (blue lines Figure 3-6) and posterior (red histograms Figure 3-6) marginal 
distributions for each of the model parameters. Learning was observed as either a shift in 
the mean of the posterior away from that of the prior, or a contraction in the variance of 
the posterior compared to the prior. For each set of observations, several parameters 
showed learning; for parameters conditioned on the low density data model these were 
Qminand λR; at medium density they were Qmin, λR, µfronds, µdM; and at high density, 
Qmin, λR, KNH4, Kc, µfronds. It should also be noted that learning occurred in parameters 
controlling both the state and the stochastic processes. 
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Figure 3-6:  Comparison of the parameters controlling the state in the macroalgae model showing prior (blue 
line) and posterior (red histogram) outputs for low (top), medium (middle) and high-density (bottom) 
observations. Note: The final three parameters control the autoregressive process. The displacement of the 
posterior from the prior shows degrees of learning for that parameter. 
 
           A subset of parameter posteriors displayed as pairwise plots derived from kernel 
density estimates characterises the complex interactions involved in a 17D parameter space 
(Figure 3-7). This result was a qualitative investigation and so for brevity only parameter 
posteriors conditioned on data for the high-density sporelings were used. High density 
results were chosen because they displayed the most learning based on results for the 
marginal distributions only. For all six plots there was a contraction of the posterior from the 
prior for each parameter pair however, there were slight variations in each case. For the 
posterior the refresh rate λR correlated linearly with both µfronds and Qmin. The pairwise 
comparison of KC and Qmin shows the contraction was skewed, pairing higher values of the 
former with lower values of the latter. Although the marginal distributions of the 
parameters rL and rN conditioned on the high-density observations (Figure 3-6) show only 
slight evidence of learning, the bivariate plot (Figure 3-7) for this pair showed a uniform 
contraction of the joint posterior distribution. A similar result is seen for the joint 
distribution of VNH4 and KNH4, which together control the uptake rate of ammonia.  
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Figure 3-7: A sample of pairwise plots of parameters showing the different relationships observed. The black 
concentric circles denote the joint parameter space for the kernel density estimates (KDE’s) of the priors. The 
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grey lines represent the KDE’s for joint posteriors of the parameter pair conditioned on the observations from 
high-density sporelings experiment. The KDE represents the density of parameter values in pairwise parameter 
space.  

 
           Parameter dependence was examined even further through the construction of 
parallel coordinate plots (Inselberg 1998) (Figure 3-8.) Each line joins a set of parameters 
sampled from the posterior. In these plots the darker the line the greater the likelihood that 
the model will reproduce the observations using that set of parameters. A visual inspection 
of each plot shows that the range of parameter values (evaluated on the y-axis) narrows as 
the likelihood increases, i.e. lines were darker as they neared y=0. This result is interpreted 
as a contraction in the variance of the posterior distribution about the mean value. 
Furthermore, the clusters of dark lines are quite distinct between the 3 plots indicating 
density dependent effects in the model.   
          Within each plot the high likelihood modes (clusters of dark lines) diverged 
significantly for some parameters indicating that the model was capable of reproducing the 
observations using different mechanisms. An example of this is seen in the plot based on 
medium density sporelings data where two of these modes diverged around the adjacent 
parameter sets of VNH4 and Kc with one mode pairing a ‘high, low’ value for (VNH4, Kc) 
whilst the other uses a ‘low, high’ pairing. Another interesting feature is seen in the 
posterior conditioned on low density observations (top plot Figure 3-8). Here the parameter 
KNH4has two different high likelihood modes passing through it with preference for either a 
low or high value of this parameter; however, the marginal of the posterior distribution for 
this parameter shows no learning.  The key point is that the overall posterior for this 
parameter is left unchanged by the inference process yet preferred modes (sets of 
parameters) contain values (of KNH4) from the tail of the prior distribution.  
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Figure 3-8: Parallel coordinate plot of the 17 parameters for the scenarios where M. pyrifera sporelings are seeded at low (top), medium (middle) and high (bottom) densities. 
Parameter values are scaled to make interpretation easier.  The lines shown in each plot connect sub sets of parameter values used in the sampling process; the darker the line 
the higher the likelihood that the set of parameters would match the model output to observations. 
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3.4 Discussion 
  
3.4.1 Visualising and interpreting the high dimensional posterior 
            The results highlight the complexity in the high dimensional posterior parameter 
space and the subsequent difficulty interpretation. It is helpful to begin by discussing the 
results for parameter learning.   
 
3.4.1.1 Marginal posterior plots 
            In general the model was sensitive to Qmin and λR as these two parameters exhibited 
learning independent of the seeding density. In this context it is worth noting that in Hadley 
et al. (2015), the deterministic model was also sensitive to Qmin. This parameter is used 
within the model to convert Nf to biomass B (eqn. 3-A9), and it determines the uptake and 
growth rates (eqns. 3-A1 and 3-A5) and internal nitrogen quota Q (eqn. 3-A10). Given that 
Qmin has four functions within the model it is difficult to isolate the influence of this 
parameter. In contrast, λR had the sole function of determining how much time the kelp has 
to take up the external nutrients. Hadley et al. (2015) highlighted that a higher value of λR 
resulted in a comparatively reduced growth rate for M. pyrifera in the first half of the 
growing season, while in the second half of the season the higher value of λR resulted in a 
comparatively higher growth rate. Second order effects make it difficult to quantify how 
both Qmin and λR act individually to determine the model output. The interpretation of this 
result is that the posteriors are more representative of the true values of these parameters 
that are needed to represent the actual IMTA system studied.  
          The parameter µfronds was used to calculate the height and weight of M. pyrifera and 
therefore exerted strong influence over the model output for these observed variables. The 
posterior marginal distributions for µfronds were observably different in all 3 cases, which 
inferred density dependence in this process although, notably, this dependence was not 
explicitly modelled. The results indicate that the prior used for the parameter µfronds was 
more representative of a low density sporelings arrangement, where there was no change in 
the prior distribution. The shift in the mean of µfronds captured in the posterior distributions 
for the medium and high density arrangements showed that the prior was not suitable for 
IMTA at these densities. Its true value may vary considerably under a range of initial 
sporelings densities and intuitively it should increase with density. The parameterisation of 
this process therefore needs a different approach in future applications. In general it 
appears that there was parameter learning based on marginal distributions alone but due to 
both the density dependence effects observed in the posteriors and the high dimensional 
parameter space studied, there is a need to look at the other visualisation methods to 
properly characterise this learning.  
 
3.4.1.2 Pairwise KDEs 
 
          A linear correlation was observed between λR  and both µfronds  and Qmin  in the 
pairwise KDE plots. In general parameter correlation leads to an inability to identify 
between parameters, and thus a need for more empirical data to resolve (Li and Vu 2013.) 
Sampling from the posterior becomes more difficult unless the correlation is included in the 
proposal distribution. As mentioned previously, the refresh rate controls how much DIN 
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flows through the system. If  λR increases, then DIN should flow through more quickly which 
can have differing effects on M. pyrifera growth depending on the state of the system. If the 
biomass of M. pyrifera is large enough it is able to take up the increased supply of the DIN. 
Even for quite large values of λR  the biomass should eventually be large enough to 
efficiently remove DIN and in doing so considerably increase its growth and by extension its 
height and weight. In this case the system can also act to reduce the height and weight by 
increasing µfrond, which will then match model output to observation.   
 
          Similarly, an increase in Qmin resulted in a decrease in M. pyrifera biomass, resulting in 
a decrease in uptake rate (eqn. 3-A9). An increase in Qmin will also result in a decrease in 
both the amount of nitrogen that can be stored (eqn. 3-A1) and the growth rate (eqn. 3-A5). 
Effectively, a change in either Qmin or µfrond offsets the effect that changing λR has on the 
model, which enables the output to be matched to observation. The two parameters 
Qmin, µfrond are not linearly correlated (in the high-density scenario); however, their shared 
parameter space is constrained to the top right quadrant of the prior distribution, 
suggesting that their functions are complimentary within the model.  
 
          The change in the posterior of Qmin, which is seen across 3 sets of observations, is 
most likely a reflection of the true value of this parameter. If the three posteriors for Qmin 
were to show considerable differences dependent on the different initial densities (of 
sporelings), then this would bring to question how well the model parameterises internal 
nutrients and whether or not Q is density dependent. An increase in Qmin (with no change 
in Qmax) will result in a reduced internal storage capacity for M. pyrifera. Whether this is 
actually associated with an increase in the number of fronds is unknown. It could be that the 
smaller M. pyrifera individuals, associated here with the higher initial seeding density, have 
less storage capacity and there is an allometric relationship between size and storage 
capacity, but this is not modelled explicitly in equation (1).  
 
           The pairwise relationship between Qmin and KC was expected. KC is defined as a 
proportion of the internal storage capacity of M. pyrifera ( Qmax − Qmin) (Solidoro et al. 
1997), and therefore reduces as Qmin increases, provided that Qmaxremains constant. The 
net effect of the change is to keep the nutrient-dependent growth rate constant (eqn. 3-A5), 
which is expected in a nutrient replete environment. Pairwise plots for  (VNH4, KNH4) and 
(rL, rN) do not relay much information about the interaction between these parameters. In 
general nitrification (rN) and remineralisation (rL) are second order processes in the model, 
occurring on scales that should not impact the overall IMTA process. Together VNH4 and 
KNH4 (along with [NH4 ]) control the uptake of ammonium, but this process is also 
dependent on biomass and internal N concentration, which are likely to have far more 
influence over this process in the model.  
 
3.4.1.3 Parallel coordinate plots 
 
           There was little observable information gain in any of our three sets of marginal 
posterior distributions yet the KL divergence results indicate an order of magnitude 
contraction in the variance of the combined parameter space. Consequently, the 
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information contained in the parallel coordinate plots is very important. The high likelihood 
modes were, in some cases, constructed from conjugate sets of parameter values i.e. mode 
1 had a high value for parameter A and a low value for parameter B whereas mode 2 had 
low A and high B. This highlights that the model can therefore achieve the same result using 
different mechanisms. Whether this variation is indicative of M. pyrifera growth in reality or 
is an artifice of the data assimilation process (in which parameter space is constrained in 
such a way that all sets chosen from the posterior would provide a reasonable 
approximation to observation) is not easily discerned from this approach, as both are 
possible conclusions. Macroalgae blades have been shown to vary their uptake of DIN, 
growth rate and photon harvesting capacity in response to environmental changes in PAR 
and nitrate (North et al. 1986; Gerard 1982), with variability occurring even between blades 
on the same frond (Kopczak 1994). Even if the environmental forcing of nutrients and PAR 
were held constant (as was the case here) or at least were the same for each M. pyrifera 
sporeling, the nutrient histories of the individual sporelings may differ. In this case individual 
sporeling may use available nitrogen in a different way; some may store N whilst others may 
use it to increase growth rate (Kopczak et al. 1991.) For farmed M. pyrifera there may even 
be significant variation in the PAR and nutrient environment between individual plants. The 
different modes presented in the parallel plots may capture this behaviour. In this approach 
it is the inference algorithm that chose between parameter sets in order to match the 
model output to the observations. However, it seems entirely acceptable to choose 
different parameter sets as long as they are physically realisable. In their approach Parslow 
et al. (2013) found some sets of parameter values chosen by the inference process were not 
possible in a realistic system. In this study no unrealistic parameter values or combinations 
were identified.  
          The different mechanisms, represented here as sets of parameters (modes), which 
allow the model to match output to observation may be obscured when each mode 
contains 17 parameters. What is interesting is that almost imperceptible changes in the 
marginals of the posteriors for most of the parameters results in such high variance in the 
sets of parameters the model uses to constrain the output to the observation. An 
interesting result, highlighting that marginals may not reflect the true learning obtained by 
this approach was observed for the parameter KNH4 conditioned on the low density data.  
Although there was no discernible change in the marginal of the posterior, for this 
parameter, the parallel plots showed that two of the high likelihood modes used values of 
KNH4 chosen from the tail of the prior distribution. All other modes included values for this 
parameter in a way that preserved the prior distribution.  
 
3.4.2 General remarks 
 
          The great strength and value of this kind of BHM approach is how it accounts for 
model uncertainty. Three sources of possible uncertainty in the basic model structure (i.e. 
parameters, processes and data) were represented as probability distributions and 
stochastic processes, and creation of two new state variables (height and weight) 
introduced further uncertainty. It is encouraging that sparse data sets, such as in this 
example, can have such strong influence in constraining the response variables and 
particularly in constraining the unobserved state variables. In using uninformative priors and 
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allowing the data to inform the posterior, it is important to consider the times in the season 
that data are collected. For example, if all observations of macroalgae height were taken 
late in the season when growth had begun to asymptote then this would be reflected in the 
posteriors for the parameters, and these data would contain no information about nutrient 
uptake at low biomass. Although the observations in this study were sparse they covered 
the time period from initial growth up to the point where growth started to level off.  
 
          The BHM approach offered a rigorous analysis of the model’s sensitivity to the 
parameters. In the original deterministic model each parameter was perturbed in turn (by 
±10%) to assess the sensitivity of the model to that parameter (Hadley et al. 2015.) In the 
current approach all parameters were perturbed simultaneously. The variance in the state 
variables (conditioned on the prior only), under that perturbation, provides a means to 
quantify the overall model sensitivity to parameters. The posteriors of the parameters when 
conditioned on the observations greatly reduced the model sensitivity for all state variables 
with the exception of detritus. If parameter learning were based solely on the marginal 
distributions then the high density data contained the most information as this resulted in 
the greatest observable difference between prior and posterior. In contrast, the results of 
the KL – divergence infer the medium density observations produce the most parameter 
learning. Unfortunately, the interpretation of the effect that density of initial seeding of 
sporelings has on the overall 17-D parameter space (as displayed in the parallel coordinate 
plots) is beyond the scope of this investigation.  
 
          For other density dependent behaviour, such as the eventual height and weight of 
individuals, the results concur with current understanding (based on experiments and 
observations) and show that densely seeded kelps will grow more slowly than those at 
lower densities, presumably reflecting the effects of increased light and nutrient limitation. 
Medium density seeding may allow less DIN (than lower density) for each individual M. 
pyrifera plant, but concentrations are still sufficient for these individuals to change their 
height and thereby reduce light limitation. Low density seeding provides the greatest DIN 
per individual but also less self-shading (than at medium density), yielding shorter but 
heavier plants compared with medium density seeding. Individuals grown in low density 
arrangements may be shorter compared to those in medium density because M. pyrifera is 
readily photoinhibited at high light, and therefore growing close to the surface is likely to 
inhibit growth, whereas at medium density there is more protection from this effect in the 
initial stages of growth. As a consequence of our results we can infer that DIN uptake is 
dependent on stocking density in such a way that an optimum density is found in the range 
between too sparse: where growth is biomass limited as DIN escapes through the gaps; and 
too dense where the plant growth is light and/or N limited (Figure 3-9).  
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Figure 3-9: Conceptual model of the effect stocking density has on DIN uptake. Optimal uptake is in between a 
density that is too sparse, allowing DIN to escape the system, and too dense which inhibits growth due to 
limitation of light and nutrients. 
 
3.4.3 Conclusion 
 
          Bayesian Hierarchical Modelling (BHM) provides a means to identify and quantify 
uncertainty in the state variables of deterministic models. Conditioning the results on 
observations can also considerably reduce this uncertainty which involves observed 
parameter learning, and which can help inform the model in other applications.  
          The results for the test model showed the existence of learning in 17-D parameter 
space and indicate a general contraction of the variance of the parameter distributions. The 
different models tested (based on three sets of observations from kelps seeded at different 
initial densities) resulted in different model outputs and demonstrated the potential for 
overall parameter learning. Although the test model did not reflect density dependence 
explicitly, the shift in several key parameters suggests it is capable of representing second 
order effects of this dependence by altering factors that affect uptake rate among other 
parameters.  
 
          Overall the model predicted that initiating sporelings at high-density provided the 
poorest bioremediation outcome, based on total uptake of DIN, and that sporelings initiated 
at medium (6 sporelings per metre) and low density (3 sporelings per metre) performed 
better. 
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3.5 Appendix 3-A  
 
Table 3-A1: Biological intermediate processes.  
 
Symbol         Eqn. 
no. 

Description                                                                      Formula                    Unit 

f(N, Q)               3- A1 Uptake of external N 
source into internal 
reserve.                    

VMN
K1 2⁄ + N 

Qmax − Q
Qmax − Qmin

 𝑘𝑘g N g−1 dw d−1 
 

µg(E, Q, T)        3-A2 Growth function for 
macroalgae.  

µg(E)g(Q)g(T) d-1         
g(E)                   3-A3 Growth limitation due to 

light.                                                        e
k*z

�e-Ize
-kz

Is -e-IzIs�       
Dimensionless 

g(T)                   3-A4 Growth limitation due to 
temperature.                                        

1
1+exp[-ςp�T-Tp�]

   1
1+exp(−(T−T0)/Tr)

                  Dimensionless 

g(Q)                  3-A5 Growth limitation due to 
internal nutrient 
reserves.                        

g Q-Qmin

Q-kc
                            Dimensionless 

Iz                       3-A6 Irradiance at top of 
macroalgal canopy.  

E0e−Kd(z−ℎ𝑀𝑀𝑀𝑀) µmol photons m−2 s−1 

K                       3-A7 Extinction rate of light 
due to water and algae.                             

kw + kMA                                     m−1 

KMA                 3-A8 Extinction rate of light 
due to algae.  

 
Nfacs(max�hMA

z
, 1�)(min(hMA, z)−1) 

m-1         

B                      3-A9   Biomass of dry 
macroalgae.                                                                        NfQmin

-1                                 g dw m−3 

Q                     3-A10  Internal nutrient quota of 
macroalgae 

Qmin �1 + NsNf
-1�                                 mg N g−1 dw 

hMA                3-A11 Height of Macrocystis (0.00174Nf/𝜇𝜇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑓𝑓)1.047 M 

 
Table 3-A2:  The priors on parameters used in the stochastic IMTA model are all log-normal with mean (µ) and 
standard (𝜎𝜎) deviation on the log-scale. The line separates the parameters that update the state variables 
from those updating the auto-regressive processes. 
 
       Parameter   Description           Mean (µ) SD (𝜎𝜎) 

VNH4 Max.  Uptake Rate (Amm.)        8.0   mg N g−1 dw d−1 0.5 
VNO3 Max.  Uptake Rate (Nit.)          10.3  mgNgdw-1d-1 0.5 
KNH4 Half Sat. Const. (Amm.) 74.2   mg N  m−3 0.5 
KNO3 Half Sat. Const. (Nit.) 182.0   mg N m−3 0.5 
Qmax Max. Internal Nitrogen  25.0 mg N g−1 dw 0.5 
Qmin Min. internal Nitrogen  7.0 mg N g−1 dw 0.5 

Kc Half Growth Const.  6.0 mg N g−1 dw 0.5 
T0 Optimal Temp.  12.0 ℃ 0.5 
Tr Range of Optimal Temp. 1.0 ℃ 0.02 
IS Saturation Irradiance  134.0 µmol photons m−2 s−1 0.5 

acs Nitrogen Specific Shading  0.0001 m2 mg−1 N 0.5 
rL Remineralisation Rate  0.2 d−1 0.5 
rN Nitrification rate 0.1 d−1 0.5 
λR Refresh rate 0.2 d−1 0.5 

Kd Light attenuation 
coefficient  0.1 m−1 0.5 

µ𝐺𝐺𝑓𝑓𝑓𝑓𝑥𝑥 Max. Growth Rate  0.2 d−1 0.3 
𝜇𝜇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑓𝑓 Number of Fronds 4.0 Dimensionless 0.4 
µ𝑑𝑑𝑑𝑑 Mortality Rate 0.003 d−1 0.3 
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Table 3-A3: Table of all the constants used in the model. All the constants update the state only. 
 
       Constant   Description Value 

T Water temperature  12.0 ℃ 
NH4ref Background concentration NH4 (Amm.) 30.0   mg N  m−3 
NO3ref Background concentration NO3 (Nit.) 154.0   mg N m−3 

Dref Background concentration Detritus 20.0 mg N m−3  
𝐸𝐸0 Average Irradiance  180 µmol photons m−2 s−1 
Kd Light attenuation coefficient 0.1 m−1 
z Cultivation depth  3  m 

 
Table 3-A4: Initial conditions for M. pyrifera 
 
       Symbol   Mean (µ) SD (𝜎𝜎) 

Nf 0.1 g N m−3 0.3 
NS 0.1 g N m−3 0.3 
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3.6  Appendix 3-B:  Kullback-Liebler (KL) Divergence Test 
 
The KL divergence is a metric that assesses the change in density between two distributions 
P(x) and Q(x) using the following form if x is continuous, 
𝐷𝐷𝐷𝐷𝐾𝐾𝐾𝐾(𝑃𝑃 ∥ 𝑄𝑄) = ∫ 𝑝𝑝(𝑥𝑥)𝑙𝑙𝑙𝑙𝑙𝑙 �𝑝𝑝(𝑥𝑥)

𝑞𝑞(𝑥𝑥)
�𝑑𝑑𝑥𝑥∞

−∞              (3-B1) 

where p and q are the densities of P and Q. The metric (3-B1) is not symmetric and is not a 
distance function.  We have the distribution for our parameter prior P which is multivariate 
normal given by, 
𝑃𝑃 = 𝑁𝑁(𝜇𝜇,𝜎𝜎)      (3-B2) 
where 𝜇𝜇  is the parameter mean and 𝜎𝜎 is the standard deviation. We do not have a 
parametric form for Q the probability density function (pdf) of our posterior; instead we use 
a kernel density function approach to estimate Q from a sample of the posterior 
distribution, 
Q(x) = 1

𝑓𝑓
∑ 𝐷𝐷𝐻𝐻(𝑥𝑥 − 𝑥𝑥𝑖𝑖𝑓𝑓
𝑖𝑖=1 )   (3-B3) 

K(.) is our kernel function; we assume this to be a Guassian mix. H is a bandwidth matrix and  

𝐷𝐷𝐻𝐻(𝑥𝑥) = 𝐻𝐻−12𝐷𝐷(𝐻𝐻−12𝑥𝑥)     (3-B4) 
For the optimal bandwidth selection of matrix H we use the Rule of Thumb approach, 

�𝐻𝐻𝑖𝑖𝑖𝑖 = ( 4
𝑑𝑑+2

)
1

𝑑𝑑+4𝑛𝑛
−1
𝑑𝑑+4𝜎𝜎𝑖𝑖     (3-B5) 

here d is the sample size of points taken from the posterior. 
 
Calibrating the KL Divergence 
The Kullback-Liebler divergence test is an integrated information content metric that is used 
to assess the difference between two probability distributions. To interpret the results from 
this test we first need to calibrate the KL divergence results. This was achieved through 
comparing the results in this experiment with a known case. The parametric 17D prior 
constructed from [mean, variance] of our parameter set can change in three ways: 1.) a shift 
in the posterior mean; 2.) a reduction in the posterior variance; and 3.) a combination of 
both a shift in the posterior mean and a reduction in the posterior variance.  In this study, 
we are interested in whether there is any evidence of learning in the posterior when 
compared with the prior, i.e. a contraction of posterior variance and thus reduction in 
uncertainty. To estimate the degree of learning (variance contraction) of the posterior 
distribution, a set of calibration tests were conducted by scaling the prior distribution. By 
multiplying the prior variances by a factor of 0.1, the resulting KL divergence between the 
prior and scaled prior was 58.2. This suggests that a KL divergence figure of approximately 
58 corresponds with a 10 fold reduction in uncertainty.  
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CHAPTER 4  
QUANTIFICATION OF THE IMPACTS OF FINFISH AQUACULTURE AND 
BIOREMEDIATION CAPACITY OF IMTA USING A 3D ESTUARY MODEL 

 
 
 
 
 
 
Preface: IMTA is seen as a way forward for sustainable aquaculture. It provides both a method of 
bioremediation of the impacts of finfish aquaculture and a viable nutrient source to promote 
growth of macroalgae cultivated near the finfish farms. In this chapter the spatio-temporal 
variability of IMTA  was examined using and idealised 3D test estuary 
 
The response of an estuary to increased intensity in finfish farming was quantified. The capacity 
of IMTA to bioremediate those impacts was also examined. A strong spatial gradient was found 
whereby the success of IMTA depended on the location within the estuary relative to the river. 
 

               This work has been published in a refereed journal and is presented below in an identical form. 
The citation for the original publication is:  

 
             Hadley S, Wild-Allen K, Johnson CJ, Macleod CK (2015) Quantification of the impacts of 

finfish aquaculture and bioremediation capacity of integrated multi-trophic aquaculture 
using a 3D estuary model. J Appl Phycol DOI: 10.1007/s10811-015-0714-2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                                                                



Chapter 4                                                                                    IMTA in a 3D Idealised Estuary 
                                                                                   
 
 
 
Abstract 
 
Reduced water quality is a potential outcome from intensive finfish aquaculture. 
Integrated Multi-Trophic Aquaculture (IMTA) can mitigate the negative effects of 
dissolved nutrients emanating from fish farms by harvesting species that extract 
nutrients grown at adjacent sites.  In this study a coupled 3D hydrodynamic, sediment 
and biogeochemical model was used to simulate an idealised temperate test estuary. A 
macroalgal based IMTA model was applied within the estuarine model, to examine the 
spatial pattern of phytoplankton production arising from increasing levels of finfish 
aquaculture and the capacity of Macrocystis pyrifera to bioremediate the impacts of 
nutrification. Through increasing fish farm waste loads of dissolved inorganic nitrogen 
(DIN) the water quality in the estuarine model was forced into a ‘poor water quality’ 
classification determined by annual mean concentration of chlorophyll. Hydrodynamic 
conditions ensured the majority of increase in primary production was restricted to the 
northern section of the estuary. A non-linear increase in phytoplankton biomass was 
simulated as a result of the occurrence of an additional autumn phytoplankton bloom 
under elevated fish farm nutrient loads. To evaluate the potential of IMTA to mitigate 
the nutrification from finfish aquaculture, macroalgae farms were introduced to the 
estuary model on adjacent farm sites.  The model results demonstrated a strong spatial 
variability in the capacity of Macrocystis pyrifera based IMTA to reduce chlorophyll 
concentration. Siting macroalgae farms next to those finfish farms situated in areas of 
high natural phytoplankton production resulted in a 'good water quality' classification 
for the whole system however this arrangement was not optimal for removing DIN from 
the system. This demonstration of the use of IMTA to improve system wide water quality 
is valuable for regional planners and managers as it provides an analysis and 
quantification of a method to retain estuarine health and economic benefit. 
 
 
4.1 Introduction 
 
          Aquaculture provided 43% of the world’s total fish supply in 2012, increasing from 25% 
in 2000 (FAO 2014). Global fish production is predicted to reach 181 million tonnes by 2030, 
with 60% being supplied by aquaculture (Lem et al. 2014).  Over half of aquaculture by 
weight is currently provided by mariculture (Kapetsky 2013), and this sector is expected to 
increase accordingly. Mariculture is predominately practiced in coastal waters, including 
estuaries where conditions are calmer and shore-based infrastructure and markets are more 
accessible. Sites suitable for aquaculture in the coastal regions are limited by production 
requirements of depth/exposure and social considerations such as recreational and 
culturally significant areas (FAO 2013). With limited space for coastal mariculture to expand 
in to, any increase in global production will partly involve an increase in intensity of farming 
in existing sites, potentially increasing impacts on the marine environment. In the case of 
finfish aquaculture, impacts from nutrient rich waste products are of particular concern.  
 
      Marine based finfish aquaculture favours open cages which allow dissolved and 
particulate nutrient enriched waste to deposit in the surrounding water. Waste output 
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of nitrogen (N) from fish farms is estimated to range from 60% - 85% of total feed 
nitrogen (Islam et al 2005; Wang et al. 2009), dependent on the type of feed used and 
feeding procedures. Of the total N returned to the environment about 60% - 85% is in 
dissolved form (Wild-Allen et al. 2010; Wang et al. 2009). Finfish (salmon) is a major 
aquaculture industry in southeast Tasmania. Total feed in salmon aquaculture industry 
alone is predicted to rise to 4 million tonnes per annum by 2020 (Bostock et al. 2010). 
Understanding the mechanisms by which exogenous nutrients output from finfish 
aquaculture affect estuarine primary production is of global interest.  
  

Estuaries generally are subject to high rates of input of nutrients and carbon from 
both natural and increasingly, anthropogenic sources. The potential for phytoplankton 
biomass is set by the nutrient supply rate (Howarth 1988); however, in an individual 
estuary, other attributes (e.g. depth, hydrodynamics, climate) will also influence the rate 
of conversion of nutrients to biomass (Cloern 2001). Within an estuary, annual 
phytoplankton primary production can vary up to 10-fold spatially and 5-fold from year 
to year due to sinking, advection, growth and mortality processes (Cloern 2014). 
Hydrodynamic conditions set by bathymetry, tidal currents and river flow determine 
whether the estuary is well-mixed or stratified, which in turn determines both the 
production cycles and magnitude within the estuary (Mann & Lazier, 1991).  Empirical 
studies on estuaries where nutrients are not limiting have had found temperature, 
residence time and light limitation can result in high nutrient low chlorophyll conditions 
(Phinney et al. 2004; Muylaert et al. 2005; Yoshiyama and Sharp 2006).   
 

There is little doubt that finfish aquaculture has the potential to alter natural 
patterns of production in the surrounding water. The major forms of dissolved inorganic 
nitrogen (DIN) output from finfish aquaculture are ammonium and nitrate and both of 
these nitrogen species are readily assimilated by phytoplankton. DIN released from 
finfish aquaculture may result in increased primary production (both pelagic and 
benthic), which may then lead to algal blooms and produce cascading effects on the 
trophic web (Buschmann et al. 2009; Bonsdorff et al. 1997) and in worst case, result in 
eutrophication (Anderson et al. 2002; Carmona et al. 2006).  However, in some instances 
an increase in phytoplankton production around fish cages has gone undetected due to 
an increase in top down control from zooplankton (Pitta et al. 2009).  Wang et al. (2009) 
showed that input of dissolved N from Norwegian salmon farms although considerable is 
still less than 15% of the natural loading from ocean upwelling. However, inputs of 
nutrients from finfish farms are potentially available in summer months when light is 
plentiful, unlike natural sources from upwelling events or periods of high river flow, 
which are more common in winter and spring in temperate regions.  Furthermore fish 
farm nutrients are input into the euphotic surface layers and therefore are able to 
promote production even under growth limiting conditions such as stratification and 
turbidity.  
 

One proposed solution to address nutrification from finfish aquaculture waste is 
Integrated Multi-Trophic Aquaculture (IMTA) in which nutrient-extracting species such as 
macroalgae (dissolved nutrients) or shellfish (particulate nutrients) are grown alongside 
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farmed finfish to bio-remediate the farm waste outputs (Troell et al., 2009). Currently 
the focus in IMTA is on farm implementation (FAO 2009) where biomass of extractive 
species is matched to the output of finfish waste.  Empirical studies have shown 
macroalgae grown near finfish cages exhibit high growth rates (Sanderson et al. 2008; 
Buschmann et al. 2009). Numerical approaches have been aimed at either providing 
realistic growth estimates of macroalgae or comparing DIN uptake (of macroalgae) to 
farm output in order to optimize IMTA (Broch et al. 2013, Ren et al. 2012). What is 
beyond the scope of empirical studies, and has so far not been addressed in numerical 
approaches, is the application of macroalgae based IMTA in multiple sites within an 
estuary in order to bioremediate negative impacts of nutrification from multiple finfish 
aquaculture leases. 
 

Ecosystem models are increasingly being employed to help understand 
aquaculture-environment interactions. Models like DEPOMOD are used by regulatory 
bodies and the aquaculture industry to manage benthic impacts from finfish aquaculture 
arising from particulate deposition (Cromey et al. 2002).  However to date there have 
been few modeling studies into the impact of DIN waste. One such numerical study by 
Wild-Allen et al. (2010) on the impact of DIN released from salmon aquaculture on a 
southeast Tasmanian estuary, indicated a shift in trophic status from oligotrophic to 
mesotrophic for 12% of the estuary and predicted that this could extend to 53% under a 
proposed 3-fold increase in farm leases. Ecosystem models like the one used in that 
study, are extremely useful tools which provide the capacity to test hypotheses beyond 
the scope of observational methods.  
 

In this study a coupled 3D hydrodynamic, sediment and biogeochemical (BGC) 
model is applied to investigate the effect of nitrogen output from finfish aquaculture on 
autotrophic production within a theoretical temperate test estuary. A Macroalgal growth 
model is then applied (within the test estuary) to simulate IMTA close to the finfish 
farms, using giant kelp (Macrocystis pyrifera), which occurs naturally in southeast 
Tasmania. Macrocystis pyrifera was chosen primarily because it was the most successful 
in a comparison study of possible species conducted using the same growth model 
(Hadley et al. 2015), but also because IMTA using this species may accrue important 
conservation benefits given significant decline of Macrocystis pyrifera in eastern 
Tasmania (Johnson et al. 2011). In this investigation we increase the output from finfish 
farms to force the test estuary into a state of ‘poor’ water quality, and then examine the 
capacity of large-scale farming of giant kelp to bioremediate the system.  
 
4.2 Model setup and simulations 
 
4.2.1 The model 

Macroalgae growth model 
         The growth model for M. pyrifera used in this study has been applied previously 
(Hadley et al. 2015), and is summarized as follows. The model has 5 state variables: 
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• ammonium (NH4;  mg N m−3), which is the major form of dissolved DIN output 
from the finfish farms and also exists in natural concentration in seawater;  

• nitrate (NO3;  mg N m−3), which is also output from the farms and exists in 
natural background concentrations;  

• Ns (mg N m−3), the internal reserve of nitrogen for the macroalgae; 
• Nf (mg N m−3), the nitrogen fixed by macroalgae; and 
• D (mg N m−3), describing detritus from the macroalgae.  

 
The model contains an allometric term for converting kelp biomass to height, which 
increases both its access to photosynthetically active radiation (PAR) and its vertical 
distribution in the water column, and therefore its access to nutrients. Hadley et al. 
(2015) used a parameter describing the refresh rate as a proxy for hydrodynamic 
conditions but here a 3D hydrodynamic model replaces this element.  
 
          The macroalgae growth model describes uptake and assimilation of nitrogen by M. 
pyrifera based on species-specific parameters (Table 4-A4.) The model requires four 
environmental inputs, viz. PAR, sea temperature and ambient nutrient concentrations of 
ammonium and nitrate.  We have modularized the growth model to implement it in an 
idealized estuary model developed using the CSIRO’s Environmental Modeling Suite 
(EMS) platform (EMS; http://www.emg.cmar.csiro.au/). 
 
3D estuary model 
 
         Hydrodynamic, sediment and BGC processes within the test estuary are simulated 
using EMS, a coupled 3D hydrodynamic, 1D sediment and BGC model. The model has 
been applied in numerous case studies and includes a library of biogeochemical 
processes for flexible application across diverse coastal and estuarine systems. In 
particular the EMS code has been used to investigate the impact of nutrient loads on 
existing estuaries (Skerratt et al. 2013; Wild-Allen et al. 2010, 2013) and general flow 
dynamics through application in a test estuary (Herzfeld and Gillibrand 2015). 
 
 
Hydrodynamic and sediment model 
 

The 3D hydrodynamic model SHOC (Sparse Hydrodynamic Ocean Code (Herzfeld 
2006)) used in this study is a 3D finite difference model. It utilizes an Arakawa C grid, 
uses a free surface, mode splitting and partial bottom cells. The model is based on the 
equations of momentum, continuity and conservation of heat and salt, employing the 
hydrostatic and Boussinesq assumptions. An orthogonal curvilinear grid is used in the 
horizontal and wetting and drying ‘z’ in the vertical. The model outputs include salinity, 
density, velocity, mixing coefficients, temperature and passive tracers. Vertical water 
column and sediment transport processes including sinking and re-suspension are 
resolved using the 1D sediment model MECOSED (Margvelashvili 2008.)  
 

 70 

http://www.emg.cmar.csiro.au/


Chapter 4                                                                                    IMTA in a 3D Idealised Estuary 
                                                                                   
 
 
 

A test domain consisting of a river emptying into a funnel shaped estuary (typical 
of southeast Tasmania) of 20m depth (fig. 1) was constructed. There were 9 fixed pelagic 
layers [0.0 -1.0 -2.0 -3.0 -4.0 -5.0 -10.0 -14.0 -20.0 m] throughout the grid with a 
horizontal resolution of 1000 m.  Freshwater is input into the head of the river. Records 
for flow rate, salinity and dissolved nutrients were taken from Bureau of Meteorology 
records (BOM, http://www.bom.gov.au/tas/observations/) for the Huon River for the 
period June 2009 to July 2010. Flow ranged from 10 – 500 cumecs and was smoothed to 
a sinusoid shape with a peak in mid-winter (July 15). There was 1 offshore boundary to 
the east with a 1m semi diurnal tide (Southern Hemisphere). SHOC requires inputs that 
include forcing due to wind, atmospheric pressure gradients, surface heat and water 
fluxes and open boundary conditions (e.g. tides).  The meteorological forcing for SHOC is 
taken from the Bureau of Meteorology (BOM) records for the D’Entrecasteaux Channel 
and Huon Estuary (the site of finfish aquaculture in SE Tasmania) for June 2009 to July 
2010. 
 

A test estuary with simplified boundary conditions was used in this study to make 
results more interpretable. The test domain with smoothed river flow and symmetric 
shape reduces the variability introduced by these factors in models of actual estuaries. 
The greater variability can act to obscure the features or processes being investigated; in 
this case the impact of river flow on primary production and IMTA. The emphasis in this 
study is placed on the features of interest in the model, which still exist when applied to 
models of actual estuaries and therefore results can be generalized to those applications 
(Herzfeld et al. 2010a).  
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Figure 4.1: Theoretical ‘test’ estuary 50 km long and 20 km wide at the ocean boundary with a maximum depth of 
20m. The model was forced with inputs from the river at one end and the ocean at the other. The black squares 
represent 15 sites where salmon farms operate within the estuary. The horizontal resolution was 1 𝑘𝑘𝑘𝑘2 for each grid 
cell. Waste N from finfish aquaculture was released at 0.5  - 15 metres depth. Farms located above/below  the river 
line are referred to as being in the northern/southern  section respectively. 
 
BGC Model 
           The equations and parameters are given in appendix 4-A and a brief description is 
presented here. Biogeochemical tracers are advected and diffused, with sinking and re-
suspension of particulates, and re-suspension and mixing of dissolved tracers, through 
the 3D model cells. Carbon, nitrogen, phosphorous and oxygen are cycled through both 
inorganic and organic phases comprising plankton, detritus, macrophytes and dissolved 
nutrients (Figure 4-2). The nitrogen, phosphorous and carbon stoichiometry is in the 
Redfield ratio 106:16:1 for plankton and the Atkinson ratio for macrophytes: 506:30:1 
(C:N:P). Phytoplankton chlorophyll to nitrogen ratio is assumed fixed. The model 
includes large (diatoms) and small (flagellates) as the two functional groups of 
phytoplankton. These are predated upon by macro and micro zooplankton respectively. 
Of the three types of macrophytes modeled, seagrass and naturally occurring benthic 
macroalgae are grown in the epibenthic layer whereas farmed algae (Macrocystis 
pyrifera) is grown in the pelagic layers from 3 - 1 m depth. The maximum height of the 
macroalgae relative to the surface of the water is therefore 2m. The model also includes 
4 types of particulate detritus (labile, pelagic, benthic and refractory), pools of dissolved 
organic carbon, nitrogen and phosphorous (DOC, DON and DOP) and dissolved inorganic 
carbon, nitrogen and phosphorous (DIC, DIN and DIP).  
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Figure 4-2: Hydrodynamic, sediment and biogeochemical model of estuarine processes. The macroalgal 
growth process model is nested in the ‘biogeochemical’ model. 5 compartments: nutrients (N); 
phytoplankton (P); zooplankton (Z); detritus (D) and macrophytes (M) are connected through processes 
such as uptake and mortality. Arrows show the direction of interaction between compartments.  
 
           DIN is available for autotrophic uptake and is modeled as ammonium and nitrate 
plus nitrite. Refractory detrital matter is remineralised to dissolved inorganic and organic 
matter over ~ 1 year. Dissolved organic material is considered highly refractory and 
remineralisation through breakdown by bacteria or chemical reaction takes ~ 2 years.  
Depending on oxygen availability, ammonium can then be converted into nitrate 
(nitrification) and nitrate can be denitrified to nitrogen gas (𝑁𝑁2 lost to the atmosphere). 
The ecological model updates tracer concentrations, which are returned to the 
hydrodynamic and sediment models at each ecological time step. The model was 
integrated with an adaptive 3D time step of 140 s for the hydrodynamic processes, and 1 
hour for the biogeochemical processes. 
 
4.2.2 Model Initialisation 
 
         The ‘test’ estuary was populated with 60 finfish farms each farm is 1 grid cell and is 
represented by a point source releasing DIN at a constant rate at depths between 0.5 - 
15 m. We placed the finfish farms in groups of four (4 km2 in total) in fifteen locations 
around the estuary (shown in Figure 4-1). The number of finfish farms was chosen so as 
to provide a major impact on the biogeochemistry of the ‘test’ estuary. Finfish farm 
waste discharge is simulated using point sources of nutrients (see Wild-Allen et al. 2010). 
The major nutrients released from the farms are detrital pelagic labile nitrogen, 
ammonium, nitrate, dissolved inorganic phosphorous and detrital refractory 
phosphorous. The ratio of these nutrients is kept constant and an increase in the 
intensity of finfish farming is modeled by an increase in the rate of each nutrient flowing 
in from the point source. The initial rate of discharge (from the finfish farms) was set at a 
value of 86.4 kgN d−1, as this value achieved a ratio of nitrogen input from aquaculture: 
river: ocean = 26:29:45; similar to that used in Wild-Allen et al. (2010) i.e. 20:20:60. The 
ratio of the forms of nitrogen input from each source varied between the three (Figure 
4-3). The ocean and finfish input DIN only. The river output was ~75% refractory N and 
~25% DIN. The river and ocean inputs were seasonally dependent whilst the finfish farms 
provided a constant supply.   
          DIN, temperature and salinity exit the ocean boundary at concentrations 
determined by the model, with concentrations flowing into the estuary set at seasonal 
averages for southeast Tasmania.  Phytoplankton and zooplankton are modeled at the 
ocean boundary so that in flowing concentrations are the same as those exiting. The 
‘test’ estuary is theoretical and so there are no historical records for spatially resolved 
tracer concentrations. Instead we use average concentrations typical of an estuary in SE 
Tasmania to initialize the model (Table 4-A5). For each scenario the model was run for 
365 days, with the start date set to the 30th June 2009 (mid-winter).  
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Figure 4-3: A. Ratio of annual input into the estuary from: ocean boundary ~3286 t N y−1; river ~2106 
t N y−1; and fish farms ~1892 t N y−1 with the initial rate of finfish input set at 86.4 kg N d−1. B. Ratio of 
the major sources of N from the ocean boundary. C. Ratio of major sources of N from the river. D.  Ratio 
of major sources of N from the finfish aquaculture. The finfish aquaculture and ocean inputs are 
predominately DIN, which is readily taken up by autotrophs. River input is predominately in refractory 
form.   
 

4.2.3 Model scenarios 
 
4.2.3.1 Spatial pattern of phytoplankton primary production   
 
Distribution of farm released tracers 
 
         An initial model run was used to establish the dispersal pattern of farm released 
‘tracers’. In this simulation a ‘passive tracer’ was introduced to track the path of farm-
released tracers through the estuary subject to advection and diffusion only. This tracer 
was released from the farms at the same daily rate as NH4 but was not taken up by the 
autotrophs. For this scenario boundary conditions stipulating no input of DIN from the 
ocean or river (although DIN was allowed to leave the estuary) were imposed. It is 
assumed autotrophic production will be predominately dependent on farm loads of DIN 
enabling a direct comparison between concentrations of the passive tracer, NH4 and 
chlorophyll within the ‘test’ estuary. 
 
Residence time of farm released tracers 
 
          An age tracer experiment (Mongin & Baird, 2014) was used to determine the 
residence time of water passing through the farm sites. The ‘age’ tracer τ was initialized 
to zero and a ‘source’ (S) tracer to 1 inside the farm grids and 0 elsewhere in the estuary. 
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The age tracer ‘aged’ at a rate of ψ = 1 day per day when inside the farm grids and 
decays (reduces in age) at a rate of 𝜃𝜃 = 0.1 per day, when outside the farm grids 
according to  
 
dτ
dt

= ψS , inside the finfish farms,      
dτ
dt

= −θ(1− S)τ , outside the farms.                                (4-1) 
 
From (4-1) it can be seen that when S=1 (inside the farm grids), the bottom equation = 0 
and age tracer 𝜏𝜏  changes in value according to dτ

dt
= ψ  meaning that it ages 

(ψ is positive). Conversely when S=0 (outside farm grids), 𝜏𝜏  is determined by the 
equation  dτ

dt
= −θτ and so reduces in value (grows younger as –θ is negative). As τ is 

advected and diffused like other dissolved tracers we can use this method to determine 
the fate of water that has passed through the farms. The decay represents processes 
such as advection and chemical reactions. Residence time has a strong influence of both 
phytoplankton and farmed macroalgae production. 
 
 
Water quality 
 
           Water quality was defined in terms of chlorophyll concentration as per the 
ANZECC (2000) guidelines, which stipulate that 4 out of 5 water quality tests for 
chlorophyll, conducted within a period of a month, must exceed the threshold value in 
order for an estuary to receive ‘poor’ water quality classification. An ANZECC guideline 
value of 4 mg Chl m−3 was used to signify the point at which the test estuary displays 
poor water quality and is negatively impacted by finfish aquaculture. A series of model 
runs were conducted with finfish loading incrementally increased by 86.4 kgN d−1 (initial 
load) each time, to establish the relationship between nitrogen loading and 
phytoplankton primary production as determined by chlorophyll concentration; nitrogen 
is the limiting element for autotrophic growth in estuaries in the southeast Tasmanian 
region (Thompson et al. 2005). Nitrogen loads were increased until mean annual 
concentrations exceeded the ANZECC threshold for the top 10m of the whole estuary. 
 
4.2.3.2 Bioremediation of water quality from IMTA 
 
          The ‘water quality’ scenarios were repeated with macroalgae farms included in the 
simulations. The algal farms were grown in the same grid cells as the finfish farms to 
simulate near field IMTA.  The cultivation depth was between 1 - 3m, the optimal depth 
for M. pyrifera based on field IMTA studies (Buschmann et al. 2008). The initial 
concentrations of Nf and Ns = 0.1 gN m−3, for the Macrocystis pyrifera, giving an initial 
biomass of 140 g m−3 (wet weight). Both the end of season biomass of M. pyrifera and 
total remediated N (= Nf + Ns) was quantified for each site as finfish loading was 
increased along with the mean (annual and seasonal) chlorophyll concentration.  
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4.3 Model Results 
 
4.3.1 Phytoplankton production within the estuary 

 
Photosynthetically active radiation (PAR), temperature and salinity 

 
        The annual mean for PAR (top 1 m), water temperature (top 10 m) and salinity (top 
1 m) were determined for the ‘test’ estuary from an initial model run (Figure 4-4). PAR 
was found to be lowest near the mouth of the river where the fresher water is high in 
colored dissolved organic matter (CDOM) with strong light attenuation.  The average 
for PAR increases with distance from the river mouth and towards the ocean boundary. 
PAR (top 1 m) was higher at site B (near the ocean boundary) than at site A (near the 
river mouth) throughout the whole year, while mean temperature differed less than 1 
℃ between the two sites. There was a gradient in the temperature from the southern 
to the northern edge of the estuary; with a mean average difference of about 2 ℃. 
Salinity displayed a similar pattern to PAR, which was not surprising given the link 
between fresh water and CDOM. Not surprisingly there was greater variation in salinity 
(in the top 1m layer) at site A (12-30 PSU) than at site B (25-30 PSU), however this 
variation was seasonally dependent. These results provided an indication of the 
variability of the conditions favoring autotrophic growth within the ‘test’ estuary. 

 
Figure 4-4: Top left: mean annual surface (averaged over the top 1 m) PAR (Wm−2). Top right: seasonal 
variation in PAR (averaged over top 1 m) for two farm sites; A closest and B furthest from the mouth of 
the river (top). Middle left: mean annual sea (averaged over the top 10 m) temperature (℃). Middle 
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right: seasonal variation in temperature for sites A and B.  Bottom left: mean annual (averaged over top 1 
m) salinity (PSU). Bottom right: seasonal variation in salinity for sites A and B. 
 
 

Water flow and exchange with the fish farms. 
 
           Mean annual residence times inside all fish farm sites ranged between 0.1-0.3 d. 
Instantaneous distributions of spatially resolved ‘age tracer’ at high and low river flow 
respectively, with 3D currents superimposed (Figure 4-5), clearly showed the 
relationship between residence time and water flow. Under high-river flow (Figure 4-5, 
left image) ‘age tracer’ released from the finfish farms in the southern section of the 
estuary travelled quickly towards the ocean boundary and out of the estuary with 
instantaneous residence times ranging from 0.1 – 0.3 d. The spatial distribution of the 
‘age tracer’ showed streams of constant value travelling toward the ocean boundary. 
Changes in the values of the tracer aligned with current vectors i.e. faster currents 
produce lower residence time. Water travelling along the southern section passed 
through other farms en route to the ocean boundary and the ‘age tracer’ was reinforced.  
 
         In the northern section the residual flow was still directed towards the ocean but 
was slower. The residence time there ranged from 0.02 – 0.38 d. The two fish farms near 
the river mouth had low residence times due to a combination of high flow and no 
enrichment from other farms. The slower current through the rest of the salmon farms 
in the northern section resulted in higher residence times. The residual water motion 
(under high river flow) appeared to be moving in a circular pattern (eddy) around the 
farms in the northern section resulting in the observed spatial pattern, indicating farm 
released tracers reside in this region in elevated quantities.   
 
          The ‘age tracer’ was observed in very low concentrations in the center of the 
estuary indicating farm water did not reach there in significant quantities; for high and 
low flow. The dispersal pattern under low river flow showed the ‘age tracer’ was mainly 
concentrated within the salmon farms. The range of residence times was 0.28 – 0.55 d 
and 0.28 – 0.4 d for the northern and southern farms respectively. In effect, water 
parcels passing through the farms have high tracer concentrations only within or close to 
the farms. Once outside the farms the tracers have reduced ‘naturally’ to low levels. 
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Figure 4-5: The instantaneous spatially resolved ‘age’ tracer with instantaneous 3D current overlaid. On 
the left are the results for high river flow (June 30th) and on the right are those for low flow conditions 
(January 1st).  
 
 
 
Path of farm released tracers. 
 

          The ‘passive tracer’ released from the finfish farms accumulated in highest 
concentrations around the farm sites but reduced markedly towards the middle of the 
estuary (Figure 4-6). The pattern of dispersal was similar to that seen for the ‘age tracer’ 
under high flow. Farm released NH4  accumulated around the salmon farms, but 
concentrations were much lower in those farms closest to the ocean boundary 
(particularly in the southern section). In contrast, chlorophyll concentration was highest 
around fish farms closest to the ocean but decreased considerably around farms near 
the river mouth. Although both tracers were released at the same rate 86.4 kg d−1, the 
concentration of ‘passive tracer’ within the fish farms ranged from 8 – 20 mg m−3, 
whereas for NH4 the concentration ranged from 0 - 8 mg m−3 due to local assimilation 
by biological and chemical filters.  
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Figure 4-6: Annual mean concentration (top 10m) of the ‘passive tracer’ (A), ammonia (NH4)(B) and 
chlorophyll (C). The ‘passive tracer’ accumulates around the farms in general with a greater pattern of 
dispersal in the northern section of the estuary. Ammonia is concentrated at the farms but is higher at 
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those near the mouth of the river in the southern section reducing significantly towards the ocean 
boundary. Chlorophyll is concentrated around the farms but is low around the mouth of the river and 
increases towards the ocean boundary. 
 

 
Water quality 
 
          Mean annual chlorophyll showed a nonlinear relationship with increasing rates of 
fish farm loading (Figure 4-7). Depth integrated (10 m) mean chlorophyll concentrations 
increased from 1.07 – 2.75 mg chl m−3 as loadings increased from x1 - x20 initial loading 
(i.e. 86.4 kgN d−1), but jumped to 4.09 mg chl m−3 (> ANZECC value) when forcing was 
increased to x21 the initial loading. This equates to a 15-fold increase in production for 
the same incremental increase in load.  That increase in production was due to a 
sustained autumn bloom. Chlorophyll concentrations in autumn jumped from a constant 
value of ~ 1 mg chl m−3 for all previous fish farm loads to over 4 mg chl m−3 at the 
critical load. In summer, mean chlorophyll concentrations were higher than the annual 
mean. Depth averaged (10 m) mean summer chlorophyll concentration for the estuary 
crossed the ANZECC threshold of 4 mg chl m−3  when fish farm loads were 
approximately x13 the baseline level.  
 

  
Figure 4-7: A comparison of the DIN loading from the salmon farms against the mean annual and mean 
summer concentrations of chlorophyll for the estuary. Key features are the strong non-linear response of 
Chl to farm loadings above 1730 kg N d-1 per farm, and the strongly mitigating effect of IMTA macroalgae. 
 
         The spatial distribution of chlorophyll showed that the majority of phytoplankton 
production is confined to the northern section of the estuary (Figure 4-8). As finfish 
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loading increased, mean chlorophyll concentration for the entire estuary was 
increasingly determined by the production in the northern section. 
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Figure 4-8: The depth averaged (10m) mean annual chlorophyll concentration for the estuary without 
macroalgae farms (A), with macroalgae farms (B) and the difference (C). The results are when the loading 
was at the critical level of 1728 kg N d−1. Macroalgae based IMTA clearly reduces the chlorophyll build 
up attributed to the waste N from finfish farms. 
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4.3.2 Bioremediation of water quality using IMTA 
 

          When macroalgae farms were introduced into the estuary, the mean chlorophyll 
concentration only crossed the ANZECC threshold on one occasion; in summer when the 
load was at 2160 kgN d−1 or x25 the baseline loading. The loading versus chlorophyll 
concentration (Figure 4-7 solid line) remained linear (annually) with no autumn bloom, 
and phytoplankton primary production in the estuary is greatly reduced when 
macroalgal farms were operating. At the critical rate of fish farm loading 
1814.4 kg N d−1(x21 baseline level), the mean annual chlorophyll concentration (from 
phytoplankton) was reduced from 4.09 (above the ANZECC threshold) to 1.76 (well 
below the threshold) mg chl m−3 with the introduction of the macroalgae farms into the 
test estuary. The spatial pattern for chlorophyll at the critical farm load (x21 initial 
loading) with and without IMTA gives a clear indication of the impact of IMTA in 
remediating water quality.  
 

          The spatial distribution for total macroalgal N (= Nf + Ns) associated with M. 
pyrifera production showed that locating algae farms in the southern section removed 
the most nitrogen (Figure 4-9) per farm. It is also apparent that in the southern section 
the total N removed by each algal farm reduces with proximity to the ocean boundary. 
Where macroalgae farms were located in the northern section the total N in the system 
was greatest near the ocean boundary and reduced with proximity to the river mouth.               
The modeled output suggested that a 20-fold increase in nutrient load from farms 
results in up to a 5-fold increase in the total N removed by macroalgae, from 10-50 to 
50-250 gN m−3 dependent on where the macroalgae farms were located within the test 
estuary. Although algae farms in the southern section removed more N per farm, the 
farms in the northern section were almost solely responsible for bioremediation of the 
production increase resulting from the increase in finfish loading (shown in Figure 4-8). 
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Figure 4-9: Mean annual end of season yield of total remediated nitrogen: stored + fixed (= Ns + Nf) at loadings of 
86.4 (x1) (A) and 1814.4 kg N d−1 (𝑥𝑥21) (B). 
 

          At the critical finfish loading (x21), IMTA reduced the mean annual chlorophyll 
concentration in the estuary by: 57% in winter from 4.09 (i.e. above the ANZECC 
threshold) to 1.76 mg Chl m−3; and by 61% in summer from 8.41 to 3.29 mg Chl m−3 
(Table 4-1). As loading was increased, the percentage of finfish released nitrogen 
removed by macroalgae (end of year) varied per site by as much as 15-fold at the lowest 
forcing used down to 8 times at the highest load, with the inter-site variation generally 
decreasing as loading increased. The %removal (average for estuary) of finfish DIN by 
farmed macroalgae ranged from 81% for the lowest finfish load to 30% for highest load; 
the ratio reduced monotonically with increasing loads. 
 
Table 4-1: Effects of macroalgae in mitigating N loading from farms. Columns show chlorophyll 
concentrations at increasing farm loadings both with and without macroalgae cultivated for IMTA; Total 
DIN (stored and fixed) removed by macroalgae, showing the minimum, maximum and mean values for the 
sixty farm sites and the average annual percentage of farm nitrogen removed by IMTA macroalgae (annual 
farm DIN load – total macroalgae N)/(annual farm DIN load). 
 

Load 
Released 
Per Farm  

Mean Chlorophyll in Estuary 
                   mg chl m−3 

Total removed N 
gN m−2 y−1 

% finfish 
DIN 

removed 
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 kg N d−1 

 No Macroalgae Macroalgae By site  
 Annual Summer Annual Summer Min. Max. Mean   Mean 
86.4 1.07 1.06 0.97 0.91 6.4 100 25.8 81% 
172.8 1.18 1.50 1.02 1.02 9.2 126 36.4 58% 
345.6 1.30 1.80 1.08 1.20 15.6 158.0 55.2 44% 
691.2 1.61 2.79 1.17 1.47 24.8 259.0 95.4 38% 
1382.4 2.13 4.50 1.53 2.58 46.6 287.0 176.2 35% 
1728.0 2.75 6.80 1.70 3.10 49.8 556.0 215.4 34% 
1814.4 4.09 8.41 1.76 3.29 68.6 567.0 221.2 33% 
2160.0 5.78 13.80 1.93 3.87 79.2 629.0 263.4 33% 
2592.0 7.43 18.88 2.23 4.82 82.0 688.0 289.2 30% 
 
 
4.3.3 Mass balance for the estuary 
 
          Mass balance for the system was calculated, including total net contributions from 
sediments, the river, ocean, farms and internal N sources, for 3 finfish farm loading rates 
of  86.4, 1296 and 2160 kg N d−1 . The mass balance (Figure 4-10) showed that 
increasing farm loading increases the total N in the estuary. As the fish farm loading rate 
increases the ocean and river inputs became secondary sources for N input into the 
system (ocean and river sources shown are net inputs.) Moreover, increasing the fish 
farm loading results in a reduction in the relative net input from the ocean, meaning that 
a greater proportion of N in the estuary is lost across the ocean boundary. The total N 
from farmed macroalgae increases, as does natural production within the estuary as fish 
farm loading rates are increased. The ratio of N lost across the ocean boundary to that 
used in system production (including farmed algae) increased as loadings grew. Of the 
total N retained in the estuary, the percentage that is farmed macroalgae decreased 
from 45% to 41% at lowest and highest finfish aquaculture loads respectively.  
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Figure 4-10:  The nitrogen (N) mass budget for our system with each of our salmon farms forced at 86.4, 
1296 and 2160 kg N d−1. Total N is for all sources in our estuary: phytoplankton, zooplankton, DIN, 
Refractory N, DON, and macrophytes including farmed macroalgae. 
 
4.4 Discussion 
 
4.4.1 Spatial pattern of phytoplankton primary production 
 
         The model results displayed a strong horizontal gradient in chlorophyll 
concentration in the test estuary. The combination of reduced PAR near the river mouth 
and low residence times, explains the pattern of production observed when DIN input 
was restricted to finfish aquaculture with no boundary inputs. This did not however, 
explain the increased concentration of primary production in the northern section of the 
estuary as N loading from the farms increased. Mean annual PAR was similar in the 
southern and northern sections and DIN was in high concentrations in the southern 
section also. The relative increase in chlorophyll concentration in the northern section 
compared to the south cannot be due to control of phytoplankton by zooplankton in the 
southern section, which has been observed in some oligotrophic aquaculture sites (Pitta 
et al 2009). In another numerical experiment the river was seeded with a slightly 
increased concentration of small phytoplankton resulting in increased phytoplankton 
production around the finfish farms in the southern section, including those at the river 
mouth. Transport processes were therefore driving the pattern of production.  
 
In a numerical model of the D’Entrecasteaux Channel and Huon Estuary, Wild-Allen et al. 
(2010) found regions that were similarly sensitive to increasing loads of DIN from finfish 
aquaculture. These were areas categorized by high residence times and low CDOM 
where system DIN accumulated due to the residual flow in the system. A study by Saeck 
et al. (2013) on the impacts of flow events on phytoplankton production in an actual 
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river – estuary – bay system (Moreton Bay) also found that growth increased post flow in 
areas of nutrient accumulation and away from light limited zones. However, seasonal 
perturbations in hydrologic conditions (floods, drought etc.) make it difficult to predict 
the impact of anthropogenic nutrients on an estuarine ecosystem (Paerl et al. 2006). 
Using a range of forcing for river-flow could help examine production under extreme 
events. This study however, was primarily used to describe the seasonal influence of the 
river input on production. In general, studies on estuaries where nutrients were not 
limiting production found residence time, light and temperature to be defining factors in 
the spatio-temporal patterns of production (Saeck et al. 2013; Muylaert et al. 2005; Paerl 
et al. 2006).  
 

In the test estuary, river flow flushed phytoplankton out of the southern section 
of the estuary for large parts of the year, accounting for the low mean annual 
chlorophyll concentrations in this area. At times of high-river flow a region of freshwater 
influence (Simpson 1997) was simulated in the northern section, which created a 
residual circular (eddy) current. Eddy circulations due to buoyancy driven currents have 
been observed in estuaries and bays (Fujiwara 2003; Ott and Garrett 1998) including the 
D’Entrecastaux Channel and Huon Estuary (Herzfeld et al. 2010). Tracers including 
nutrients and phytoplankton were recycled around the northern section of the test 
estuary in effect increasing their residence time. Oceanic phytoplankton was brought 
into this section of the estuary and then retained in the rotational flow, thus supporting 
high production rates. Import of ocean-derived phytoplankton is an important 
component of high production rates in estuaries (Cloern 2014.)  
 

The circulation pattern in the northern section was partly responsible for the 
spatial asymmetry observed in phytoplankton production as finfish loading increased. 
River flow also acted to suppress this production in the southern section through 
flushing. In a study of a eutrophic tidal estuary, Maier et al. (2012) found blooms were 
strongly positively correlated with long residence times and ocean water influence and 
negatively correlated with increased river flow.  In fact production has been shown not 
to increase in estuaries, even those impacted by heavy nutrification, if the dilution rate 
exceeds the growth rate of phytoplankton (Dugdale et al. 2012; Glibert et al. 2014). 
Primary production was relatively constant in the southern section as loading increased, 
which would lead to the assumption that the phytoplankton concentrations are being 
diluted.  
 

The test estuary described in this model was naturally oligotrophic, with river and 
ocean N inputs and environmental forcing based on the Huon River and D’Entrecasteaux 
Channel system in Southern Tasmania. The Huon river discharge was high in CDOM, 
which rapidly attenuated PAR (Clementson et al. 2004) and could therefore act to 
suppress phytoplankton along a gradient emanating from the river mouth. In general 
though, phytoplankton production in a shallow estuary is unlikely to be light limited. 
Factors such as wind shear, bottom stress and tidal currents can work to increase mixing 
and bring phytoplankton into the photic zone (Cloern et al. 2014). It is important to note 
that the finfish farms deposit DIN at relatively shallow depths in the water column and at 
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a constant rate, increasing the likelihood that these nutrients are available for 
photosynthesis, particularly in close proximity to the farms. This is important for 
estuaries with high concentrations of light attenuating particles. PAR was heavily 
attenuated in the test estuary to the extent that it is virtually extinguished at depths 
greater than 2.5 m near the river mouth and 5 m near the coast in winter (10 m and 15 
m respectively in summer). If thermal stratification were to occur the nutrients would 
still be available in the top layers, enabling production to occur. In any event production 
would not be nutrient limited, nor light limited in the upper layers. Under such 
conditions phytoplankton resupply into the surface layer, would most likely have an 
increasing influence on production in the estuary.  
 
 
 
 
 
4.4.2 Bioremediation of water quality 
 
          At high nutrient loads the simulated autumn bloom resulted in the mean annual 
chlorophyll concentration exceeding the ANZECC threshold, resulting in a categorization 
of ‘poor’ water quality. Blooms occur when phytoplankton growth 
exceeds losses to advection or zooplankton grazing (Thompson et al. 2008). Plankton 
models of the type used in this study can exhibit constant bloom behavior when 
timescales associated with fluid stirring become slower than those associated with 
growth (Hernandez-Garcia and Lopez 2004). Modeling different species or including 
more species may alter the bloom dynamics. Similarly altering the river flow and thus 
residence time would similarly affect those dynamics. The study by Pitta et al. (2009) 
showed top down control to be responsible for the absence of increased production 
around salmon leases in oligotrophic waters in the Mediterranean. However, it was 
noted that small sized primary producers, which were easily grazed, dominated the 
phytoplankton community structure. Other work has shown that early growth of 
copepods resulting from a warmer winter can suppress spring blooms (Cloern et al. 
2014.) In the test estuary a point was reached at which ‘bottom up’ stimulation of 
phytoplankton overcame ‘top down’ control from grazing. Fortunately the aquaculture 
industry also have a vested interest in avoiding this situation as phytoplankton blooms 
have the potential to cause stock losses in aquaculture farms as a result of oxygen 
depletion and poisoning from toxic species (Lansberg 2002). It is worth noting is that 
sustained blooms lasting several months have been observed in nature and these events 
were driven by extreme conditions involving high temperatures, high winds driving 
mixing and floods transporting large quantities of nutrients into an estuary (Nixon et al. 
2008). In estuaries where finfish aquaculture is practiced and there is potential for 
environmental extremes, it would be worth investigating the impact of such events on 
primary production. 
 

The focus in this study was on annual and seasonal changes in mean estuarine 
chlorophyll concentrations; however, the ANZECC threshold only needs to be exceeded 
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for 4 out of 5 tests conducted within the timeframe of one month for a system to be 
considered to exhibit ‘poor’ water quality. In summer the threshold was exceeded at 
loads x16 the initial value, which is much lower than the x21 loading required for the 
mean annual concentration to exceed the threshold. If the analysis were restricted to 
the northern section of the estuary only, and in summer, then the threshold would be 
exceeded at even lower loads. In summary, dependent on the location of sampling, 
‘poor’ water quality may be designated at a relatively low intensity of aquaculture.  
 

The introduction of macroalgae farms had a clear impact on water quality at all 
finfish loads whereby ANZECC guidelines were only exceeded at the highest load for 
summer. This was in effect a large bioremediation potential attributed to macroalgae 
farms; however, this was a theoretical exercise and the results cannot be validated with 
empirical data. It has been shown in field based studies that DIN waste from finfish 
aquaculture enhances the growth of macroalgae cultivated in close proximity to the 
cages (Sanderson et al. 2008; Buschmann et al. 2008). What this study shows is that 
removing waste DIN does not equate to reducing primary production. IMTA conducted 
in the southern section had little impact on primary production in the test estuary even 
if the macroalgae in those farms clearly benefitted from the finfish waste. In a study 
conducted in a high nutrient/low chlorophyll estuary it was shown that whilst residence 
time limited growth of suspended algae, attached micro and macroalgae were highly 
productive due to the fact for those species residence time is ostensibly unlimited 
(Phinney et al. 2004).  
 
If macroalgae farming were concentrated only in the northern section of the estuary this 
would improve the water quality as much as if algae were farmed in both sections. 
Therefore successful bioremediation of the system could be achieved using only half the 
amount of algal farms, significantly reducing operational costs. Conversely, macroalgae 
farmed in the southern section returned the greatest biomass. If the purpose is to grow 
algae for profit then it would make sense to grow M. pyrifera in the south, or at selected 
sites elsewhere that returned the highest biomass yields, while growing M. pyrifera in 
the northern part of the estuary would optimize water quality.  
 
 
4.4.3 Other considerations 
 
          The model results for algal biomass (table 1) were comparable to literature values 
at the lower rates of finfish forcing. A model of growth in Saccharina latissima (Broch et 
al., 2013) proposed that about 170 t fresh weight algae ha−1 could be achieved with 120 
tN 𝑦𝑦−1of nutrient waste released from fish farming. This study calculated an output of 
200 t fresh weight algae could be achieved for the same forcing (assuming dry weight to 
be 10% of wet weight, and using Macrocystis pyrifera in the model and not Saccharina 
latissima). Macrocystis pyrifera grown in IMTA arrangements in Chile have returned 
biomasses ranging from 14.4 kg m−1 wet weight in 8 months (Gutierrez et al. 2006) to 66 
kg m−1 wet weight in 5 months (Westermeier et al. 2011). These are similar to the mean 
biomass returned at the low to medium finfish loads respectively. Whilst it is important 
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that the model returned reasonable values for macroalgal biomass, the key aim of this 
study was to investigate system variability in IMTA yields and bioremediation potential.  
 
In this study the DIN removal ranged (average over all sites) from 30% to 81% dependent 
on loading. Empirical studies such as that conducted by Abreu et al. (2009) put this figure 
more conservatively at around 10%. Once again the spatial variability found for this 
value was the important finding in the present study. Studies such as those by Abreu et 
al. (2009) extrapolate the results from small-scale experiments to estimate the quantity 
of biomass required to remove DIN waste from a full-scale finfish farm.  It is not clear 
that there exists such a linear relationship in IMTA. Furthermore, estuarine dynamics 
may allow the DIN to cycle around the macroalgae farms enabling higher removal rates 
than if finfish released N passes once through a macroalgae field. In an estuary with 
many macroalgae fields in close proximity, farm waste may pass through several fields 
(as seen in the age tracer results) of macroalgae, which would in all likelihood increase 
the amount of N stripped from the water. It must also be acknowledged that in our 
study the horizontal resolution was 1𝑘𝑘𝑘𝑘2 for each grid cell. This obviously influenced the 
amount of macroalgal biomass and subsequent DIN removal calculated by the model. 
However, the purpose of the investigation and overall findings were not affected by the 
grid size.  
 
The highest finfish loadings used in this study were most likely unrealistic but were 
necessary to force the estuary into ‘poor’ water quality.  In the D’Entrecasteaux Channel 
and Huon Estuary, finfish aquaculture outputs approximately 1784 tN/yr (Ross and 
Macleod 2012) and for the test estuary this value was 1892 tN/yr at initial loads. The 
estuaries are comparable in size and a x21 increase in farm loads would be excessive. 
However as mentioned previously, if finfish farms were confined to the southern section 
of the test estuary then it may not be possible to force the estuary into ‘poor’ water 
quality at any load. Conversely, if the entire exercise were restricted to northern section 
and for summer only, then the ANZECC threshold would have been exceeded at much 
lower loads.  
 
4.4.4 Improvements to the model 
 
Our test estuary is a theoretical model and this limits any assessment of its performance 
against observation. If, however, we were to base our model an actual estuary i.e. the 
site of large scale IMTA, it would still not be possible to validate simulations in which the 
forcing from finfish-derived N is increased beyond existing farming levels. This is an 
inherent problem in simulation modelling. The upper end of finfish loads used in the 
present study could be viewed as excessive; however, we have outlined the purpose and 
context for this level of forcing. One consideration however is the highest biomasses 
returned in the most productive farms (at highest loads) were approximately 3-fold that 
recorded by Westermeier et al. (2011) indicating that our self-shading algorithm may 
need to be re-examined in the underlying growth model (Hadley et al. 2015).  
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The model used a constant mortality term for the farmed algae; however, more realistic 
loss terms could be determined to account for distal erosion and frond loss caused by 
hydrodynamic forces which can account for up to 10% of the seasonal standing biomass 
in kelp farms (Zhang et al., 2012). This could impact on spatial variability of the standing 
biomass found in this study, which grew best in the areas of highest flow. The 
macroalgae model could also be extended to include carbon uptake, providing a more 
realistic growth estimates (Broch et al. 2013). Carbon ratios used in the model were 
constrained to the Atkinson ratio for parsimony however these ratios are known to vary 
which may affect growth estimates. 
 
4.4.5 Conclusions and implications for IMTA 
 
          In the idealized estuary described in this study, we found the hydrodynamic 
conditions controlled the spatial and temporal pattern of natural phytoplankton 
production. Phytoplankton production peaked in the northern section despite the south 
having suitable conditions to support high phytoplankton growth rates. This was also 
important for locating macroalgae farms for bioremediation purposes, where it was 
more important to find areas of high natural phytoplankton production than areas with 
high levels of ambient DIN per se. If the purpose of IMTA is to maximize macroalgal 
biomass for economic purposes, then areas of lower natural production combined with 
higher DIN would appear more suitable. Most importantly, the choice of the macroalgae 
farm site determined whether or not bioremediation was successful. It is important to 
note that bioremediation is not simply the process of removing excess DIN output from 
the finfish farms. Bioremediation should mitigate the potential harmful effects of 
nitrification, which in this study was to avoid causing poor water quality as a direct result 
of excessive phytoplankton production and accumulation. 
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4.5 Appendix 4-A – Biogeochemical model equations and parameters  
For each layer and grid location the time evolution of each model substance (Y) is the sum of conservative advection, diffusion and sinking 
processes (ϕY) and non-conservative biogeochemical rate processes (βY): 
 

∂Y/∂t = -ϕY + βY  (1) 
 

where    ϕY = (uΔY+ΔHKHΔY) - (∂/∂z)KZ(∂Y/∂z) + (∂wSY/∂z) 
and           Δ = (∂/∂x) + (∂/∂y) + (∂/∂z)  ;  ΔH = (∂/∂x) + (∂/∂y) 
[Here u is the velocity vector; KH and Kz are the horizontal and vertical diffusion coefficients and wS is the settling velocity.] 
 
Table 4-A1: Non-conservative β terms for each biogeochemical model state variable (some at Redfield 106C:16N:1P or Atkinson ratio 
550C:30N:1P) 
  
Symbol  State Variable (Ratio) Processes β term 
Nitrogen (mg N m-3) 
B1   Small phytoplankton 

(R) 
net growth, grazing, 
mortality 

( ) 1111 gBmBBB −−= mβ  

B2   Large phytoplankton 
(R) 

net growth, grazing, 
mortality 

( ) encBBB rgBm /22222 φmβ −−=  

B3   Microphytobenthos (R) growth, grazing, 
mortality 

( ) encBBB rgBBm /4233333 φmβ −−=  

Ns  Stored N (M. pyrifera) 
(-) 

Net uptake, fixation, 
loss 

( ) sMsmafNsNNsNNs NdNgNQuu −−+= /min21β  

Nf Fixed N (M. pyrifera) 
(A) 

Net fixation, mortality fMsmaNf NdNg −=β  

M   Benthic Macroalgae 
(A) 

net growth, mortality ( )MmMMM −= mβ  
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S   Seagrass (A) net growth, mortality ( )SmSSS −= mβ  
Z1   Small zooplankton (R) growth, mortality 2

1111 Zmeg ZZ −=β  
Z2   Large zooplankton (R) growth, mortality 2

2222 Zmeg ZZ −=β  
N1   Nitrate (-) uptake, 

nitrification(wc+sed), 
denitrification(sed) 

( ) ( )2113322111 / NNNMSBBB BAMSBBBN ++++++−= mmmmmmβ  
( )OKONrNQu ONfNsN ++− // 2min1  

( )( ) ( )22
2

2 //1 OKNOrOKK ONsedODOD ++−+  
N2   Ammonium (-) uptake, mortality, 

defecation, 
remineralisation, 
nitrification(wc+sed) 

( ) ( )2123422112 / NNNMSBBB BAMSBBBN ++++++−= mmmmmmβ  
( )( ) ( )( )ςγ −−+++−++− eggZmZmNdNQu ZZsMfNsN 11/ 21

2
22

2
11min2  

( )( ) ( )
( ) ( )22

2
2

23

3321

//

11

OKNOrOKONrNr
DrDDr

ONsedOND

RL

+−+−+

−+−−++ ϑϑξ  

N3   Dissolved organic N (-) remineralisation ( ) 333213 NrDrDDr DRLN −++= ϑϑβ  
D1   Pelagic labile detritus 

(R) 
mortality, defecation, 
remineralisation 

( ) ( )
( )( ) BALfM

ZZBBD

DrNdegg
ZmZmBmBBm

mς
γβ

+−+−++
++++=

121

2
22

2
11

2
33211

1
 

D2   Benthic labile detritus 
(A) 

mortality, 
remineralisation 

22 DrMmSm LMSD −+=β  

D3   Refractory detrital N  
(-) 

remineralisation ( ) 3212 DrDDr RLD −+= ξβ  

Phosphorous (mg P m-3) 
P1   Dissolved inorganic P  

(-) 
uptake, mortality, 
defecation, 
remineralisation, 
desorption 

( ) ( )( )WPMSWPBBBP AMSRBBB mmmmmβ ++++−= 3322111  

( )( ) ( )( ) WPBAWPWPZZ RReggRZmZm mςγ −−−+++−+ 11 21
2
22

2
11  

( )( ) ( ) 3223121 11 ddPrErADRDr DRWPWPL +++−+−−++ ϑϑξ  

P2   Dissolved organic P (-) remineralisation ( ) 32213212 ddPrErADRDr DRWPWPLP ++−++= ϑϑβ  
E1   Refractory detrital P  

(-) 
remineralisation ( ) 1211 ErADRDr RWPWPLE −+= ξβ  
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E2   Unflocculated 

particulate inorganic P 
(-) 

desorption, 
flocculation, 
immobilization 

222 Erd FE −−=β  

2222 ErErd IFE −−−=β  sediment 

E3   Flocculated particulate 
inorganic P (-) 

desorption, 
flocculation, 
immobilization 

233 Erd FE +−=β  

3233 ErErd IIE −+−=β  sediment 

E4   Immobilized 
particulate inorganic P 
(-) 

immobilization 34243 ErEr EE +=β  

Carbon (mg C m-3) 
C1   Dissolved inorganic C  

(-) 
 

uptake, mortality, 
defecation, 
remineralisation 

( ) ( )( )WCMSWCBBBC AMSRBBB mmmmmβ ++++−= 3322111  
( )( ) WCZZ RZmZm 2

22
2

111 +−+ γ  
( ) ( )( )( )( )WCenc Rrgge 4221 /1 φφς ++−−+  

( )( ) ( ) 23121 11 CrFrADRDr DRWCWCL +−+−−++ ϑϑξ  

WCBARm−  
C2   Dissolved organic C (-) remineralisation ( ) 213212 CrFrADRDr DRWCWCLC −++= ϑϑβ  
F1   Refractory detrital C (-) remineralisation ( ) 1211 FrADRDr RWCWCLF −+= ξβ  
Oxygen (mg O m-3) 
O  Dissolved oxygen (-) growth,  

mortality, defecation, 
remineralisation 

( ) ( )( )WOMSWOBBBP AMSRBBB mmmmmβ ++++= 3322111  

( )( )( ) ( )OKORZmZm OAWOZZ ++−+ /1 2
22

2
11γ  

( ) ( )( )( )( )( ) ( )OKORrgge OAWOenc +++−−+ //1 4221 φφς  
( )( ) ( )( )( ) ( )OKORNrDrADRDr OAWOBADRWOWCL +++−+−−+− /11 33321 mϑϑξ  

Mineral Suspended Solids (kg TSS m-3) 
T1   Unflocculated solids (-) flocculation, burial  11 TrFT −=β                    

( ) 11 Trr bFT +−=β          for sediment 
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T2   Flocculated solids (-) flocculation, burial 12 TrFT +=β                    

212 TrTr bFT −=β           for sediment 
 
Table 4-A2: Rate processes included in the state variable equations 
 
Symbol Process Equation 
uNB1,2,3 Maximum phytoplankton 

uptake of N  
(mg N s-1cell-1) 

( )2211 NNu NNNB εεψ +=  

uPB1,2,3 Maximum phytoplankton 
uptake of P  
(mg P s-1cell-1) 

11Pu PPB ψε=  

uIB1,2,3 Maximum supply of light to 
phytoplankton - portion 
respired  
(E s-1cell-1) 

IBBNaavIB mrmkIu maxm−=  

uIB3 Maximum supply of light to 
benthic algae –  
Portion respired 
 (E s-1cell-1) 

( )( ) IBB
dzBk

NBbotSIB mrdzBemIu a max
3

3
3 /1 4 m−−= −  

uNM Maximum benthic 
macroalgae uptake of N 
(mg N s-1m-2) 

( ) δεε /2211 NNu NNNM +=  

uPM Maximum benthic 
macroalgae uptake of P 
(mg P s-1m-2) 

δε /11Pu PPM =  
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uNsN1 M. pyrifera uptake of 

nitrate (mg N g-1 dw d-1) 
))/()))((/(( minmax13131 QQQQNKNVu maxNONONsN −−+=  

uNsN2 M. pyrifera uptake of 
Ammonium  
(mg N g-1 dw d-1) 

))/()))((/(( minmax24242 QQQQNKNVu maxNHNHNsN −−+=  

uIM Maximum supply of light to 
benthic macroalgae – 
portion respired (E s-1m-2) 

( ) IMM
Mk

botIB mreIu M max1 m−−= −  

uNS Maximum seagrass uptake 
of N (mg N s-1m-2) 

( ) NSNS KNNSu /21
max += m  

uPS Maximum seagrass uptake 
of P (mg P s-1m-2) 

PSPS KPSu /1
maxm=  

uIS Maximum supply of light to 
seagrass – portion respired  
(E s-1m-2) 

( ) ISS
Sk

botMIS mreIu S max1 m−−= −  

m  Autotroph growth (d-1) 
IPN RRRmaxmm =   found in a look-up table of solutions to 3 simultaneous equations equating uptake 

and growth (to avoid explicitly modelling relative resources RN RP RI for each autotroph): 
( ) NIPNNN mRRRRu max1 m=−  
( ) PIPNPP mRRRRu max1 m=−  
( ) IIPNII mRRRRu max1 m=−  

 M. pyrifera growth (d-1)   maximum growth multiplied by limitation due to irradiance, temperature and N 
 Light limitation for  

M. pyrifera (-) 
e
k*h

�e-Ize
-kh

Is -e-IzIs�       

 Temperature limitation for 
M. pyrifera (-) 

1
1+exp[-ςp�T-Tp�]
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 Nutrient limitation for  
M. pyrifera (-) 

g Q-Qmin
Q-kc

                            

Q Internal quotient of N 
For M. pyrifera  
(mg N g-1 dw) 

𝑄𝑄𝑓𝑓𝑖𝑖𝑓𝑓(1 + 𝑁𝑁𝑓𝑓𝑁𝑁𝑓𝑓−1) 

h Height of M. pyrifera (m) max ((0.00174Nf/num_fronds)1.047, 1) 
m BA Bacterial growth (d-1) }{( )

WCLMCBA

WPPBAPBA

NBANBA

CBAPBANBABABA

RFCru
RPKPu

NNKNNu
uuu

/)(
)/(

)/()(

,,min

23

2
21

2
21

max

+=
+=

+++=

= mm

 

g1 Small zooplankton grazing 
(mg N s-1) 
(cell P cell Z-1 s-1) 
(cell P cell Z-1 s-1) 

{ }( )( )( )mmencing BBZZrrg 11111 //,min=  where: 

( )mmZing BZer 11
max

1 /m=  

( )( )11111 / shearrmotdiffmenc BBr φφφ ++=  

g2 Large zooplankton grazing 
(mg N s-1) 
(cell P cell Z-1 s-1) 
(cell P cell Z-1 s-1) 

 where: 

( ) ( )( )mmZing BZBZer 4222
max

2 // += m  
( )( ) ( )( )4444422222 // shearrmotdiffmshearrmotdiffmenc BBBBr φφφφφφ +++++=  

diffφ  Diffusive encounter rate  
(m3s-1cell Z-1) 

( )( )BZZBKdiff rrrrTBB //23/.2 ++= συφ  

rmotφ  Relative motion encounter 
rate (m3s-1cell Z-1) 

( ) ( ) ( )( )ZZPZZPSZBrmot UUUUUUwrr +++−+= 3/3/3/ 2222πφ  

shearφ  Fluid shear encounter rate 
(m3s-1cell Z-1) 

( ) ( )35.0/3.1 ZBKZshear rrK += νφ  

rF Flocculation rate (s-1) 10FF rr =                  for SS > 10 psu 
( ) 4/610 −= SSrr FF  for 6 < SS < 10 psu 
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d2,3 Desorption of P (mg P m-3s-

1) 
( )( )OKOPpTEppTd PAakak +−= // 12222  
( )( )OKOPpTEpTpd PAakaka +−= // 12323  

 
Table 4-A3: Derived model variables 
 
Symbol Derived Variable Equation 
X Phytoplankton chlorophyll (mg Chl m-3)  
Kd Attenuation coefficient (m-1) ( ) 44221135/35 BkBkBkSSkkKd aaafww +++−+=  

 
Iav Layer mean PAR (E m-2 s-1) ( )( ) dzKdIIAVQI bottopQWav .// −=  

where dzKd
topbot eII .−=  

IbotM PAR below macroalgae (E m-2 s-1) ( ) Mk
botQWbotM

MeIAVQI −= /  
IbotS PAR below seagrass (E m-2 s-1) ( ) Sk

botMQWbotS
SeIAVQI −= /  

IbotB4 PAR below microphytobenthos (E m-2 s-1) ( ) dzBk
botSQWbotB

aeIAVQI 44/4
−=  
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Table 4-A4: Model parameters. 
 
Symbol Autotroph Parameters Large Phyto-

plankton  
B2 

Small Phyto-
plankton  
B1 

Micro-phyto-
benthos  
B4 

Sea Grass  
 
S 

Macro-
algae  
M 

rB Radius (m) 1.0E-5 2.5E-6 1.0E-5 N/A N/A 
μmax Max growth rate (d-1) 1.25 1.25 1.35 0.1 0.02 
r Respired fraction of μmax (-) 0.025 0.025 0.025 0.025 0.025 
k Specific absorption cross section (m2mg N -1) 0.0018 0.0024 0.0018 1.0E-5  0.001  

mB Mortality term (d-1) 0.14  0.14  0.0001 
(d-1(mgN m-3)-1) 

0.00275 0.01 

KN Half saturation constant for N uptake in sediment (mg 
N m-3) 

N/A N/A N/A 15.0 N/A 

KP Half saturation constant for P uptake in sediment (mg 
P m-3) 

N/A N/A N/A 15.0 N/A 

Symbol Zooplankton Parameters Large Zoo-
plankton Z2 

Small Zoo-
plankton Z1 

Optical Parameters Value 

rZ Radius (m) 5.0E-4 12.5E-6 Background attenuation of sea 
water 
 

0.1 

e Growth efficiency (-) 0.38 0.38 CDOM attenuation coefficient of 
fresh water (m-1) 
 

2.2 

μmax Maximum growth rate at 15˚C (d-1) 0.6 3.0 Detrital specific attenuation 
coefficient (m-1) 
 

0.0038 

UZ Swimming velocity (m) 1.5E-3 2.0E-4 TSS specific attenuation coefficient  
(m-1kg-1 m-3) 
 

30 
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ζ Fraction of growth inefficiency lost to detritus (-) 0.5 0.5 Dissolved organic nitrogen specific 

attenuation coefficient (m-1mgN-

1m-3) 

0.0009 

mZ Mortality (quadratic) rate 
 (d-1(mgN m-3) -1) 

0.004 0.02   

γ Fraction of mortality lost to detritus (-) 0.5 0.5   
Symbol Detritus & Remineralisation Parameters 

 
 

Value Symbol M. pyrifera  Parameters Value 

rL Pelagic labile detritus breakdown rate (d-1) 0.1 gmp Maximum growth rate (d−1) 
 

0.2 

rR Refractory detritus breakdown rate (d-1) 0.0036 VNH4 Maximum uptake rate (NH4) 
(mg N gdw−1d−1)   
  

8.0 

rD Dissolved organic matter breakdown rate  
(d-1) 

0.00176 VNO3 Maximum uptake rate (NO3) 
(mg N gdw−1d−1)     
  

10.3 

ϑ L Fraction of labile detritus converted to DOM (-) 0.01 KNH4 Half saturation constant (NH4)  
(mg N  m−3) 
 

74.2 

ξ Fraction of labile detritus converted to refractory 
detritus (-) 

0.19 KNO3 Half saturation constant (NO3) 
( mg N  m−3) 
 

182.0 

ϑ R Fraction of refractory detritus converted to DOM (-) 0.01 Qmax Max internal nitrogen (mg N m−3) 
 

25.0 

rN Maximum water column nitrification rate  
(d-1) 

0.1 
Qmin                          

Minimum internal nitrogen 
(mg N gdw−1) 
 

7.0 

rNsed Maximum sediment nitrification rate (d-1) 20.0 Kc Half growth constant  
(mg N gdw−1) 

6.0 
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KO O2 half saturation rate for nitrification  

(mg O m-3) 
 

500.0 T0 Optimal Temperature   (℃) 12.0 

KOD O2 half saturation rate for denitrification  
(mg O m-3) 
 

10000.0 Tr Range of Optimal Temperature 
( ℃) 

1.0  

KOA O2 half saturation rate for aerobic respiration  
(mg O m-3) 

500.0 IS Saturation irradiance (E m−2s−1) 0.000134 

   acs  
Nitrogen Specific Shading 
(m2 mg N−1) 
 

 
0.0001                               

   dm Mortality Rate   (d−1) 
 

0.003  

   Num_fronds Number of Fronds (-) 7.0 
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Table 4-A5: Initial concentrations of autotrophs and zooplankton  
  
Symbol  State Variable (mg m-3)  ( *g m3) 

 
 

Value 
(Water column, 
sediment) 

Symbol  State Variable (mg 
m-3)   
 
 

Value 
(Water column, 
sediment) 

B1   Small phytoplankton  
 

(0.1, 0.01) M   Benthic 
Macroalgae  

(10.0, N/A) 

B2   Large phytoplankton  
 

(1, 0.01) S   Seagrass  (10.0, N/A) 

B3   Microphytobenthos  
 

(0.01, 100.0) Z1   Small zooplankton  (0.5, 0.001) 

Ns  Stored N (M. pyrifera) * (0.1, N/A) Z2   Large 
zooplankton  

(0.5, 0.001) 

Nf Fixed N (M. pyrifera) * (0.1, N/A)    
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CHAPTER 5  
INVESTIGATION OF BROAD SCALE IMPLEMENTATION OF IMTA IN A 
TEMPERATE ESTUARY USING A 3D MODEL 

 
 

 
 
 
 
 
Preface: The final objective of this thesis was to provide a quantification of the 
capacity of IMTA to reduce the impacts of finfish aquaculture on the D’Entrecasteaux 
Channel and Huon Estuary in southeast Tasmania. A 3D estuarine model was used to 
quantify these impacts in the original study. This chapter similarly uses a similar 
estuarine model to examine IMTA.  
 
IMTA is able reduce phytoplankton production increases under a range of finfish 
loads; however this reduction decreased with loading. The effect of harvesting, farm 
size and cultivation period was also examined. These strategies are shown to both 
increase bioremediation capacity of IMTA in general and also allow some control 
over the seasons in which IMTA is most effective.  
 
 

             At the time of thesis submission, this work was due to be submitted to a refereed 
journal and is presented below in pre-submission form. The citation for the intended 
publication is:  

 
             Hadley S, Wild-Allen K, Johnson CJ, Macleod CK (2015) Investigation of broad scale 

implementation of IMTA in a temperate estuary using a 3D model. 
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Abstract 
 
Results from a coupled physical-biogeochemical model simulation of a temperate 
Australian estuary and marine channel demonstrate that macroalgae-based 
Integrated Multi-Trophic Aquaculture (IMTA) can achieve up to 30% reduction in the 
excess water column chlorophyll concentration resulting from low and high intensity 
finfish aquaculture. Finfish aquaculture is increasingly recognized as an important 
solution to the issue of food security in future planning. There is however a need to 
understand the ecosystem effects of additional inputs of dissolved inorganic 
nutrients as a result of finfish aquaculture and to provide management solutions for 
any potential risks associated with increased production. A fully coupled 3D 
hydrodynamic, sediment and biogeochemical model was used to investigate changes 
in water quality brought about by salmon aquaculture in the D’Entrecasteaux 
Channel and Huon Estuary in southeast Tasmania. Macroalgae based IMTA was 
simulated in a range of scenarios and the efficacy of this method for mitigation of 
environmental responses to dissolved inorganic nutrient loading from salmon 
aquaculture was investigated. We found that an increase in finfish farm inputs 
resulted in an increase in primary production, trending this naturally oligotrophic 
region to mesotrophic. In our simulated estuary, macroalgae grew best around the 
finfish aquaculture sites, and IMTA with macroalgae was successful in reducing water 
column chlorophyll concentration. Simple optimization strategies formulated around 
cultivation period, farm area and harvesting increased the chlorophyll reducing 
capacity of IMTA, with reductions in excess of 30% of excess chlorophyll under low 
aquaculture loads. Our findings suggest that IMTA could have an important impact 
on reducing negative effects of finfish aquaculture on water quality, and we 
recommend further empirical studies to confirm the potential of near field 
bioremediation.  
 
5.1 Introduction 
 
           Recent studies into the effects of waste output from finfish aquaculture have 
demonstrated that nutrient enrichment of the surrounding water can to lead to 
ecosystem changes (Buschmann et al. 2008; Jiang et al. 2010; Wild-Allen et al. 2010). 
Aquaculture is a growing industry with global production in 2012 at 66 million tonnes 
of foodfish, including a contribution from Australia of 80 thousand tonnes (FAO 
2014).  Coastal finfish aquaculture uses open cages as they are easily assembled and 
allow waste dispersal into surrounding water, thus reducing costs (Bostock et al. 
2010). Inshore aquaculture operations are often sited in sheltered waterways and 
estuaries, which are areas of high ecological diversity. Cloern et al. (2001) highlighted 
the variability in the responses of coastal ecosystems to nutrification, where 
biological and chemical ‘filters’, flow regimes, bathymetry, light conditions and 
optical properties of the water column interact to determine system response to 
nutrification from anthropogenic inputs. Without knowledge of the system response 
it is particularly difficult to manage industries that introduce bio reactive nutrient 
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rich waste as a byproduct. For dissolved nutrients subject to advection and diffusion, 
the system wide effects can be particularly difficult to quantify without the use of 
longitudinal studies from purpose designed monitoring systems. Several studies have 
recommended that further research is needed to determine the risk of adverse 
interactions between finfish aquaculture farms and the environment and to identify 
potential management responses (Buschmann et al. 2009; Eng et al. 1989; Wu 1995.)  
 
           Whilst it makes good economic sense for farmers to minimize waste feed 
output, finfish respire ammonium and excrete faeces and so in an open cage system 
waste nutrient outputs are unavoidable. Consequently the ability of an ecosystem to 
assimilate wastes will be the primary determinant of the carrying capacity of the 
water body. Models for waste output of dissolved inorganic nitrogen (DIN) (Islam et 
al. 2005; Wang et al. 2012) suggest that as much as 65% of total feed derived 
nitrogen can be returned to the water column, with up to 45% of this quantity in 
dissolved form. Consequently integrated multitrophic aquaculture (IMTA) has been 
proposed as a significant new approach for remediation of the effects of the 
dissolved nutrients (Troell et al. 2009, Buschmann et al. 2009). 
 
            In IMTA, extractive species (e.g. macroalgae to take up DIN waste) are 
grown next to the fed ‘primary’ species (e.g. finfish).  In addition to mitigating 
nutrification there is potential for economic benefit from the sale of the macroalgae. 
Field studies have shown the benefit of growing macroalgae species near fish farms 
for both algal growth and nutrient removal (Abreu et al. 2009; Buschmann et al. 
2008; Sanderson et al. 2008; Westermeier et al. 2011). Much of the current focus for 
modeling macroalgal based IMTA has been on the optimisation of ratios of fed to 
extractive species, with the approach combining empirical data with process models 
to establish a realistic DIN sequestering potential for selected species of algae (Broch 
et al. 2013; Ren et al. 2012). The FAO (2009) have highlighted the need for research 
into the technical implementation of integrated mariculture at the farm level. 
However, an equally important consideration is to determine how the spatial 
distribution of finfish aquaculture within an estuary affects the impact of waste DIN 
as this can inform the implementation of IMTA. Annual phytoplankton primary 
production within estuaries can vary up to 10-fold spatially and 5-fold from year to 
year due to sinking, advection, growth and mortality processes (Cloern 2014). 
Modelling at the estuarine level is therefore essential to realistically assess and 
optimize IMTA activity.  
 

Wild-Allen et al. (2010) used a fully coupled hydrodynamic, sediment and 
biogeochemical model to examine the effects of salmon aquaculture on a temperate 
estuary in southeast Tasmania. Their results suggested that a proposed increase in 
salmonid aquaculture would result in large areas of the estuary shifting from 
oligotrophic to mesotrophic classification in terms of mean chlorophyll 
concentration. An IMTA process model developed by Hadley et al. (2015) was used 
to compare the bioremediation capacity of three functionally different species of 
macroalgae, with the giant kelp Macrocystis pyrifera clearly showing greatest 
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potential (the other species were Ulva lactuca and Porphyra umbilicalis). In the 
present study we use a simulation of the southeast Tasmanian estuary studied by 
Wild-Allen et al. (2010) to quantify the bioremediation potential of Macrocystis 
pyrifera. Primary phytoplankton production in the estuary is investigated under low 
and high aquaculture-derived nitrogen loads, with and without farmed Macrocystis 
pyrifera, to quantify the magnitude of the IMTA effect.   
 
 
5.2 Methods 
 
5.2.1 Model location 
 

Although the model used in this study includes the Derwent Estuary we only 
consider results in the D’Entrecasteaux Channel and Huon Estuary, which contain 
finfish aquaculture in southeast Tasmania. The D’Entrecasteaux Channel and Huon 
Estuary (DCHE) form a connected water body in southeast Tasmania (Figure 5-1), 
characterized by a cool temperate maritime climate dominated by zonal westerly 
winds with seasonally driven rainfall. The Huon Estuary is a drowned river valley with 
a strongly stratified (salt wedge) water column at the head, partially mixed at the 
mouth, and is intermediate between wave- and tide-dominated (Butler 2006). The 
D’Entrecasteaux Channel lies between Bruny Island to the east and the main island 
of Tasmania, with the mouth of the Huon Estuary bisecting it. The ‘Channel’ connects 
to the Derwent Estuary through a narrow passage in the north section and opens to 
the Tasman Sea in the south. The region supports a thriving salmon aquaculture 
industry, has a relatively low population and shows relatively minor impacts from 
anthropogenic sources (Parsons 2012). 
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Figure 5-1: Schematic of the D’Entrecasteaux Channel and Huon Estuary showing the model grid, with 
water depth shown in color. The salmon farms are shown as black dots in the estuary. 
 
5.2.2 Model Description  
 
 The biogeochemical model applied on the Derwent Huon D’Entrecasteaux 
(DHD) grid has evolved through a series of case studies in the area including the 
Derwent Estuary Ecological Risk Assessment (Parslow et al. 2001), the Aquafin CRC 
study of the D’Entrecasteaux Channel (Wild-Allen et al. 2005), the Huon Estuary 
study (CSIRO Huon Estuary Study Team 2000) and the Derwent Estuary modelling 
study (Herzfeld et al. 2005a; Margvelashvili 2005; Wild-Allen et al. 2013; Skerratt et 
al. 2013). Each study has addressed specific environments and ecological questions 
resulting in the development, implementation and testing of a diverse range of 
model components, which have been synthesised into the CSIRO environmental 
modelling suite (EMS). The DHD model is similar in design to both the Derwent and 
D’Entrecasteaux - Huon models (Wild-Allen et al. 2010, 2013) however the grid now 
fully connects these 2 large estuarine systems. The DHD model is implemented on a 
fine model grid with fully coupled hydrodynamic, sediment and biogeochemical 
model components.  
 
Hydrodynamic model 
 

The 3D finite difference hydrodynamic model SHOC (Sparse Hydrodynamic 
Ocean Code; Herzfeld 2006) advects and diffuses physical tracers (e.g. temperature 
and salinity) through cells in the model grid. The horizontal coordinates are provided 
using an orthogonal curvilinear grid with resolution ranging from <100 m in the 
upper Derwent and Huon estuaries and coastal cells to a maximum  ~1 km in the 
deeper waters at the ocean boundaries. For computational efficiency the upper 
parts of the Huon and Derwent rivers were resolved in 2D surface cells. The vertical 
grid was comprised of 25 z coordinates (layers) plus the surface (air-water) and 
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epibenthic (sediment-water) layers which vary dynamically in thickness (m) (-60.0 -
50.0 -40.0 -30.0 -25.0 -21.0 -17.0 -14.0 -12.0 -10.2 -9.0 -8.0 -7.1 -6.3 -5.6 -5.0 -4.5 -4.0 
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0). Inputs to SHOC include the meteorological 
forcing for wind speed and direction, cloud cover, pressure and humidity, which 
were provided from the Bureau of Meteorology operational meteorological product 
ACCESS (2014). The hydrodynamic model is nested within regional and local scale 
ocean models, which provide temperature, salinity, sea level, tide and velocity 
conditions to the local model at the open boundaries.  There was forcing for flow 
from the Huon, Derwent and 3 smaller rivers (Jordan, North-West Bay and 
Esperance). The local hydrodynamic model was integrated with an adaptive 3D time 
step of 30s and 2D time step of 3.75s (small time steps are necessary for numerical 
stability in high-resolution parts of the grid). The vertical transport processes for the 
water column and sediment, including advection, diffusion, re-suspension and 
sinking, are resolved using the sediment model MECOSED (Margvelashvili 2008.) The 
model runtime ratio in fully coupled mode was approximately 60:1 (i.e. 60 simulated 
days achieved in 1 day of simulation), which permits simulation of a seasonal 
hindcast. 
 
Biogeochemical Model 
 
 Carbon, nitrogen, phosphorous and oxygen are cycled through both inorganic 
and organic phases comprising plankton, detritus, macrophytes and dissolved 
nutrients (Figure 5-2). Dissolved inorganic nitrogen (DIN) is available for autotrophic 
uptake and is modeled as ammonium, nitrate and nitrite. Dissolved inorganic carbon 
and phosphorous (DIC and DIP) are taken up by autotrophs in quantities that satisfy 
the Redfield (C:N:P = 106:16:1)  and Atkinson (506:30:1) ratios for phytoplankton and 
macrophytes respectively. The model includes 3 types of particulate detritus (labile 
pelagic, labile benthic and refractory) and pools of dissolved organic carbon, 
nitrogen and phosphorous (DOC, DON and DOP). Detrital matter is remineralised to 
dissolved inorganic and more refractory organic matter. Dissolved organic material is 
considered highly refractory and remineralisation occurs through slow breakdown by 
bacteria or chemical reaction.  Dependent on oxygen availability, ammonium is 
converted into nitrate (nitrification) and nitrate can be denitrified (in the sediment 
layer) to nitrogen gas (𝑁𝑁2 lost to the atmosphere). 
 
 The model includes 4 types of phytoplankton and 3 types of macrophytes 
including farmed macroalgae (Macrocystis pyrifera.) Phytoplankton chlorophyll to 
nitrogen ratio is assumed fixed at 7 mg N mg Chl−1. Modeled autotroph growth is 
determined by access to nutrients (nitrogen and phosphorous) and diurnally variable 
photosynthetically active radiation (PAR) which is calculated from hourly incident 
surface PAR. Surface PAR is attenuated through the water column by seawater, 
coloured dissolved organic substances (CDOM), and organic and inorganic particles.  
Phytoplankton is predated upon by macro and micro zooplankton with C:N:P 
composition at the Redfield ratio. Plankton that sink to the bottom are considered 
deceased and returned to detrital pools in the sediment. Biogeochemical dissolved 
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nutrients are advected and diffused, while particulate matter also sinks and is re-
suspended. There are 3 zones, viz. pelagic, epi-benthic and sediment. At each 
ecological time step (1 hr in this study) the conservative ecological processes are 
integrated (using an adaptive time-step) and updated tracer concentrations are 
returned to the hydrodynamic and sediment models. The model equations and 
parameters are given in Appendix 5-A.  
 

 
Figure 5-2: Schematic of biogeochemical cycle used in the EMS model. 5 compartments: nutrients (N); 
Phytoplankton (P); Zooplankton (Z); Detritus (D) and Macrophytes (M). The arrows represent a 
transfer (with direction) between compartments.  
 
 
Farmed macroalgae growth model 
 

The growth model for farmed macroalgae (Macrocystis pyrifera) used in this 
study has been applied previously by Hadley et al. (2015), and is summarized here. 
The uptake and assimilation of nitrogen by Macrocystis pyrifera is based on species-
specific parameters (Table A4) and requires the environmental inputs of PAR, sea 
temperature, ammonium (NH4 ) and nitrate (NO3).  NH4 is output as waste from 
salmon aquaculture and along with NO3 is present in natural concentrations in 
seawater. These two forms of DIN are taken up by Macrocystis pyrifera into 
intracellular pools and subsequently fixed into the cellular structure to create more 
biomass, with a small fraction (Qmin) being used to support basic cellular functions. 
The intracellular N is thus modeled in two forms, stored and fixed nitrogen,  Ns 
and Nf respectively. Uptake rate is dependent on the ambient concentration of DIN, 
the internal quota of macroalgal N (Q, proportional to the ratio  Ns: Nf) and the 
biomass of macroalgae. Ns is fixed at a rate controlled by PAR, temperature and Q. 
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Carbon and phosphorous are also fixed so that C:N:P for M. pyrifera is in the 
Atkinson ratio. Kelp mortality is set at a constant rate, which accounts for all causes 
including partial mortality such as distal erosion, predation and natural senescence. 
Ns is returned to the water as labile detrital N, C and P and Ns is returned as NH4.  
An allometric term is used to convert M. pyrifera biomass to height, which increases 
the access to photosynthetically active radiation (PAR). Hadley et al. (2015) used a 
refresh rate parameter as a proxy for hydrodynamic conditions, which in this study is 
replaced by the 3D hydrodynamic model. We have modularized the growth model to 
implement it within the CSIRO EMS model. 
 
5.2.3 Initialisation of Biogeochemical model 
 
 Loads of carbon, nitrogen and phosphorous enter at the Derwent Estuary 
across the marine boundary, from the Derwent River and from a number of point 
source discharge locations throughout the region. For the Huon Estuary and 
D’Entrecasteaux Channel the nutrient sources are the marine boundary, Huon River 
and point source discharges (including sites of finfish aquaculture). Fluxes from 
marine and river sources are modeled as boundary conditions to the model. Loads 
from industry, sewage treatment plants (STPs) and fish farms are included as point 
source loads delivered at specific locations and depths into the model domain.  
 
 At the marine boundaries all tracer concentrations were specified with the  
‘upstream condition’, a conservative scheme where the model determines out-
flowing concentrations but in-flowing concentrations are specified. Inflowing nitrate 
and dissolved oxygen concentrations were derived from regression analysis on 
observed concentrations of temperature and salinity (Wild-Allen and Rayner 2014); 
phosphorous was estimated using the molar Redfield ratio of 102C:16N:1C on 
nitrate. Climatology’s of in-situ observations of phytoplankton were constructed for 
the mouth of the Derwent and south D’Entrecasteaux area, and this chlorophyll data 
was partitioned between plankton groups based on historical observations of species 
composition and by assuming a fixed nitrogen:chlorophyll ratio of 7 mgN: 1mgChl. 
(Crawford et al. 2009). Zooplankton was estimated as half of the corresponding 
phytoplankton biomass. 
 
 
  
The model was forced at the head of the Huon estuary with Huon River flow and 
sediment and biogeochemical tracers (nitrate, ammonium, DIP, labile and refractory 
detritus, suspended particulate matter, DON, oxygen and plankton biomass) 
estimated from sediment and nutrient loads and flow rates similar to those reported 
in Wild-Allen et al. (2010) using an ‘upstream condition’. The minor rivers (i.e. 
Northwest Bay rivulet and Esperance River) were specified as point source loads. The 
adjacent Derwent Estuary was forced similarly with Derwent River data and the 
minor Jordan River as a point source load. 
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 Point source loads from sewage treatment plants (STP) and industry were 
collated from local councils and major industries in the model domain as well as the 
Department of Primary Industries, Parks, Water and Environment (DPIPWE.) 
There were 19 active fish farm leases located in Huon and D’Entrecasteaux (Figure 5-
1). Data (collected from DPIPWE) describing monthly feed load to each lease was 
converted to estimated dissolved and particulate waste load assuming full 
consumption of feed pellets; based on a Food Conversion Ratio (FCR) for the 
Tasmanian industry of 1.35 (i.e. 1.35 kg of dry feed produces 1 kg of fish), a 
digestibility co-efficient of 90%, the nitrogen content of feed (7.2%N) and the 
nitrogen content of the fish produced (3% N). Of the total feed 5% and 0.8% were 
assumed to be discharged by the fish as waste nitrogen and phosphorous 
respectively, with 85% estimated to be in dissolved form (ammonium) (Wild-Allen et 
al. 2010). The fish farms deposit waste at depths of 0.5-15m. There were six STP’s 
operational in the D’Entrecasteaux Channel and Huon Estuary (13 in the Derwent 
Estuary.) Annual loads for point sources, rivers and marine boundaries for DCHE are 
shown in table 5-1. Inputs from the marine boundaries and rivers followed a 
seasonal pattern, whereas the STP’s and fish farms were more uniform throughout 
the year. 
 
Table 5-1:  Shows the inputs of nitrogen into the DCHE. Input of rivers is Huon (90%) and two smaller 
North West Bay Rivulet (1%) and Esperance River (9%). 
There were 6 STP’s inputs represented as point sources. Fish farms were 85% DIN and 15% labile N 
with 30% in the Huon, 20% upper D’Entrecasteaux and 50% lower D’Entrecasteaux. 
 

STP’s Rivers Fish farms Ocean 
 (tNyr−1)  

21.3 801 1754 -1406 
 
 The biogeochemical model was initialized with nutrient, chlorophyll and 
sediment concentrations derived using data from the Derwent Estuary Program 
(DEP) for the Derwent and via the Salmon Farming Industry’s published report (Ross 
and McLeod 2013) for the Huon Estuary and D’Entrecasteaux Channel. Observed 
chlorophyll concentrations were partitioned between the relative fractions of each 
algal group and translated to N biomass assuming a fixed nitrogen: chlorophyll ratio 
of 7 mgN: 1mgChl. For the dinoflagellate compartment the carbon concentration 
was calculated by assuming a fixed ratio of 106C:16N:1P (Redfield ratio). The whole 
model grid was initialised with a small uniform biomass of macrophytes. The model 
was run forward for one year from September 2008 – August 2009 with the model 
output at the end of the run used to initialize subsequent model runs. 
 
5.2.4 Model Validation 
 
 Model validation was achieved by evaluating the performance of the model 
against specific validation criteria (Rykiel 1996). If these criteria were met, the model 
was designated as ‘fit for purpose’. The first criteria was the model must conserve 
mass of carbon, nitrogen and phosphorous. At the start of each time step the total 
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mass of carbon, nitrogen and phosphorus in the water column, epi-benthos and 
sediment across all biogeochemical model tracers were summed. Computations then 
proceeded for the uptake and transformation of substances within the 
biogeochemical model. At the end of the biogeochemical model time step the mass 
of all tracers were summed and checked against their initial value to confirm 
conservation of mass for all biogeochemical model processes.  
 
 The next criterion was the model must reproduce the correct timing of the 
seasonal cycle in, and simulate the correct magnitude of, dissolved nutrients (nitrate, 
ammonium, dissolved inorganic phosphate), phytoplankton and dissolved oxygen 
over a year. Model predictions were compared with empirical observations made at 
stations throughout the estuary. The skill assessment results were restricted to the 
surface water observations of the D’Entrecasteaux Channel and Huon Estuary, which 
was the focus of this investigation, and simulations were compared to empirical 
patterns from monitoring at 15 sites (Ross and McLeod 2013).  
 
 In the north D’Entrecasteaux Channel (Figure 5-3) simulated DIN and 
phosphate concentrations were lower than observed particularly in winter when 
concentrations were underestimated by ~10 μM for DIP and ~40μM for DIN. 
Concurrent with the reduced winter nutrients simulated chlorophyll concentrations 
exceeded observed concentrations by ~2 mg m-3 and the spring bloom was more 
pronounced.  
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Figure 5-3: Summary of model calibration: comparison of simulated model results versus observations 
(2009) of dissolved inorganic nitrogen, dissolved inorganic phosphate and Chlorophyll concentrations 
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in DCHE. Black circles are observations with error bars (standard deviation); Dark line is model median 
and light lines show model range. 
 
 Simulated conditions in the south D’Entrecasteaux Channel were similar to 
those in the north of the channel. Simulated surface DIN and phosphorous were 
lower than observed in winter and chlorophyll concentrations were greater than 
observed in winter and spring. This pattern was consistent with an excess of 
stratification in winter and spring in the model, suggesting that the simulated water 
column was more stable than in reality, which facilitated excess phytoplankton 
growth. For the Huon Estuary, surface nutrients and chlorophyll concentrations were 
well reproduced by the model, although there was a slight tendency for the model to 
overestimate chlorophyll and underestimate DIN and phosphate in winter and 
spring.  
 
 Priority improvements to the model that could improve the skill include 
improved parameterisation of vertical mixing and seasonal stratification in the lower 
Derwent Estuary and D’Entrecasteaux Channel; resolution of variable wind-driven 
air-sea oxygen flux; and improved characterisation of point source and boundary 
nutrient, plankton and sediment concentrations. Additional observations of 
phytoplankton species composition, zooplankton grazing rates and sediment 
characteristics would also contribute to better precision in the calibration. 
Nonetheless, the results indicate the model is able to reproduce the dynamics in 
timing and magnitude and it is therefore fit for purpose. 
 
 
 
5.2.5 Model scenarios 
 

The DHD model was implemented with modified forcing from the fish farm 
loads and different arrangements of macroalgae farming to simulate scenarios used 
to quantify the increase in primary phytoplankton production due to finfish 
aquaculture and the capacity of IMTA to bioremediate this increased production. 
Each model simulation ran from September 2008 to August 2009.  
The initial concentration of M. pyrifera was 100 mg N m−3 for both Nf and Ns as in 
Hadley et al. (2015.) The change in water column chlorophyll concentration 
(mg Chl m−3) over the top 10 m was used as a measure of the effect of finfish 
aquaculture and the bioremediation potential of macroalgae. According to ANZECC 
(2000) guidelines a concentration of 4 mg Chl m−3 or greater is categorized as ‘poor’ 
water quality in Australian estuaries (nb. 5 in Qld).  
 
Increase in primary phytoplankton production due to finfish aquaculture 
 
In this scenario the model was forced with three values of finfish loads:  
 

- ‘no’ loading from the finfish farms. 
- ‘Low’ loading at 2008 – 2009 inputs (table 1.) 
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- ‘High’ loading at 10 x ‘low’ loads. 
 
Those scenarios allowed a comparison of phytoplankton production under increasing 
finfish loads.  The titles ‘high’ and ‘low’ for finfish loads are used to distinguish the 
two cases and not as a classification of each quantity. 
 
 
Quantifying bioremediation potential of macroalgae based IMTA. 
 

In those scenarios macroalgae (Macrocystis pyrifera) farms are simulated to test 
IMTA implementation strategies. 
 

- Macrocystis pyrifera grown everywhere: Macroalgae is initialised in all pelagic 
cells to establish where best to place the farms under ‘high’ and ‘low’ loads. 

- Macrocystis pyrifera grown in single cells next to finfish farms to simulate 
macroalgae based IMTA; algae is cultivated at a depth of 1-4m for both ‘high’ 
and ‘low’ finfish loads.  

- Optimisation of IMTA: The last scenarios are aimed at assessing optimisation 
strategies. Cultivation period was increased to 2 years, with identical 
environmental forcing for both years. Macroalgae farm area was doubled. 
Finally a simple harvesting scheme was introduced with 50% biomass 
removed at the end of spring. Combinations of these three strategies were 
run for ‘low’ and ‘high’ loads to look at the impact on IMTA results. 

 
 
5.3 Results  
 
5.3.1 Influence of finfish aquaculture on water quality 
 

Chlorophyll concentration (top 10m) in the absence of finfish aquaculture 
was comparatively constant in the DCHE for each season (Row 1 Figure 5-4). At ‘low’ 
aquaculture load chlorophyll concentration is highest in spring, particularly in the 
lower D’Entrecasteaux (Row 2 Figure 5-4). Chlorophyll concentration decreases in 
summer and again in autumn retaining the same spatial distribution. For ‘high’ 
aquaculture loads, chlorophyll concentration levels have increased substantially 
across the DCHE in spring with concentrations above 8  mg Chl m−3 observed. The 
highest concentrations appear to be in the side bays in the D’Entrecasteaux Channel.  
In summer and autumn this chlorophyll concentration decreases substantially and 
resembles closely the concentration levels and spatial patterns observed for these 
seasons at ‘low’ forcing. The areas that show highest chlorophyll concentrations in 
summer (under both loads) do not appear to match with those regions with the 
highest density of salmon farms.  
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Figure 5-4: Average seasonal chlorophyll concentration (mg chl m-3; top 10m) of the D’Entrecasteaux 
Channel and Huon Estuary with no finfish aquaculture (1); finfish aquaculture at ‘low’ loads (2); finfish 
aquaculture at ‘high’ loading (3) for 3 seasons: spring; summer; and autumn. 
 
5.3.2 Implementation of M. pyrifera based IMTA 
 
5.3.2.1 Site of greatest M. pyrifera growth  
 

For Macrocystis pyrifera grown in all pelagic cells the total N (= 𝑁𝑁𝑓𝑓 + 𝑁𝑁𝑓𝑓) at 
the end of May (2009) was greatest around the sites of the finfish leases (bottom 
row Figure 5-5). The results shown are for macroalgae in the top 10m of the water 
column. Growth was found to be optimal at 4m depth around finfish leases.  This 
result was consistent for both ‘low’ and ‘high’ aquaculture.  Similarly, mean DIN 
concentration for the 9-month beginning in September 2008, was greatest (in the 
upper 10 m) at the finfish farm sites for both aquaculture loads (fig. 5 top row).  
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Figure 5-5: Average DIN (top 10m) from September – May for ‘low’ finfish loads (top left) and ‘high’ 
loads (top right). The bottom line shows the macroalgae concentration (top 10m) at the end of May 
for ‘low’ finfish loads (bottom left) and ‘high’ loads (bottom right). In this experiment macroalgae was 
initialized in all pelagic cells to see where it grew best.  
 
5.3.2.2 IMTA at low finfish loads 
 

The bioremediation achieved using IMTA was calculated as the percentage 
reduction in the overall increase in chlorophyll concentration brought about by 
finfish aquaculture. This meant firstly calculating the difference in chlorophyll 
concentration in the DCHE with and without finfish aquaculture and comparing 
those differences when IMTA was included. For these results Macrocystis pyrifera 
was cultivated for the scenarios outlined in section 5.2.5 and bioremediation results 
for spring, summer and autumn calculated for the four scenarios (Figure 5-6). 
Bioremediation was clearly highest in autumn with all four scenarios showing similar 
results. In this season bioremediation ranged between 15 – 20% in large areas of the 
D’Entrecasteaux and up to 30% in the lower Huon Estuary and some isolated areas if 
the upper D’Entrecasteaux. Summer was the least successful season for 
bioremediation with only the double farm size scenario showing visible 
bioremediation; 15% in a small area of densely populated farms in the lower 
D’Entrecasteaux which extends into the Huon. In spring all four scenarios showed 
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similar patterns of bioremediation. In this season bioremediation was highest in the 
area in the southwest of the D’Entrecasteaux and large bay on the eastern side of 
the upper D’Entrecasteaux.  In these areas bioremediation ranged from 10-15%. 
 
 

 
 
Figure 5-6: Seasonal reduction in water column chlorophyll concentration (top 10m) achieved using 
IMTA for ‘low’ finfish loads. Kelp and finfish farms were located in the same single grid cells (with an 
adjacent grid cell for double farm size scenario).  Our four scenarios are shown in each row: the single 
grid cell farms in first year of cultivation (1); the single grid cell farms in second year of cultivation (2); 
double grid cell farms in first year of cultivation (3); harvesting scenario (4) . % Remediation was 
calculated by firstly finding the difference in chlorophyll concentration for the DCHE under ‘low’ loads 
with and without IMTA and then expressing this as a percentage of the increase in chlorophyll 
concentration due to finfish farming; DCHE with and without finfish farms. 
 
5.3.2.3 IMTA at high finfish loads 

The same method was used to calculate the bioremediation for ‘high’ 
aquaculture loads as that used for the ‘low’ forcing case. For each of the four 
scenarios: 1 year cultivation (1); 2 year cultivation (2) ; area doubling (3) and 
harvesting (4 Figure 5-7) there were similar patterns of bioremediation within the 
DCHE. Bioremediation was clearly highest in autumn with values ranging from 20 - 
30% across most of the DCHE in an almost identical pattern across scenarios. In 
spring there was very little evidence of bioremediation at substantial levels; with 
perhaps the second year cultivation showing slightly higher bioremediation (this 
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scenario is identical in a modelling sense to harvesting for this season). In summer it 
was only the area doubling scenario that showed bioremediation; in an almost 
identical pattern (and intensity) seen in the low forcing scenario. 
 
 
 

 
 
Figure 5-7: Seasonal reduction in water column chlorophyll concentration (top 10m) achieved using 
IMTA for ‘high’ finfish loads. Kelp and finfish farms were located in the same single grid cells (with an 
adjacent cell for double farm size scenario). % Remediation was calculated (same method as ‘low’ 
loads) for four IMTA implementations: the single grid cell farms in first year of cultivation (1); the 
single grid cell farms in second year of cultivation (2); double grid cell farms in first year of cultivation 
(3); harvesting scenario (4) .  
 
 
5.3.3 Bioremediation of water quality and DIN 
 

The % area of the Huon Estuary, upper and lower D’Entrecasteaux Channel 
that exceeded the ANZECC threshold for poor water quality (> 4 mg chl m−3) was 
calculated for ‘low’ finfish loads. The % area was compared for the system without 
IMTA and for our 4 scenarios (Table 5-2). In spring, IMTA resulted in a slight increase 
in the % area over the ANZECC threshold for the Huon Estuary for all scenarios.  In 
summer the area doubling resulted in a 25% reduction of this area compared to the 
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no IMTA case; all other scenarios resulted in a 5% decrease. In autumn there was no 
area above the threshold for any scenario (including no IMTA). For the lower 
D’Entrecasteaux the maximum reduction in this area (achieved by any scenario) was 
in the order of 1%. In the upper D’Entrecasteaux it was only in spring that this 
threshold was exceeded under the no IMTA scenario. All four scenarios resulted in a 
reduction of this area of approximately 4%. 

 
Table 5-2: The % area of each region with a chlorophyll concentration > 4.0 (mg m−3) for ‘low’ 
aquaculture loads.  The table offers a comparison of the change in in this area with and without IMTA. 
IMTA results are the first (SF1) and second (SF2) year of cultivation with farms in single grid cells, 
double farm size (DF) and Harvest scenarios. 
 

% Area with chlorophyll  > 4.0 (mg m−3) at low loads 
 Huon Lower D’Entrecasteaux Upper 

D’Entrecasteaux 
 Spr. Sum. Aut. Spr. Sum. Aut. Spr. Sum. Aut. 
Scenario           
No IMTA 54.2 13.4 0 92.1 34.9 8.9 90.3 0 0 
SF 1 56.0 12.8 0 90.8 34.7 8.6 86.4 0 0 
DF 55.2 10.0 0 90.8 34.5 8.4 86.4 0 0 
SF 2 54.5 12.8 0 90.8 34.7 8.6 86.6 0 0 
Harvest 54.5 12.8 0 90.8 34.7 8.6 86.6 0 0 
 
 
 
Bioremediation was also gauged by the percentage of the farm DIN loads removed 
by the farmed algae per region (Figure 5-8). The N removed was calculated from the 
maximum of total N (𝑁𝑁𝑓𝑓 + 𝑁𝑁𝑓𝑓) for each site. This was done for the first year of 
cultivation for single and double farm sizes, under high and low loads. In general N 
remediation was higher under ‘low’ loads. DIN removal also displayed a linear 
increase with doubling of farm size. The lower D’Entrecasteaux recorded the highest 
removal rates per region at 12% (single farm) for low loads and 2% high loads, 
followed by the upper D’Entrecasteaux (8%, 1%)  and the  Huon Estuary (6%, 1%)  . 
This result was consistent across the scenarios shown.  
 

                                                               
Figure 5-8: The % removal of DIN for each region: upper D’Entrecasteaux Channel; lower 
D’Entrecasteaux Channel and Huon Estuary under ‘low’ and ‘high’ loads for named scenarios.  The 
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bars represent the total macroalgal N (fixed + stored) removed (maximum) as a percentage of the 
farm load for each region.  
 

Macroalgae biomass (fixed N) plotted against time for one site in the upper 
D’Entrecasteaux showed saturation at both high and low loads (Figure 5-9). Biomass 
saturated in the first year of growth in February under both loads. The maximal 
biomass achieved was similar at both loads. In the second year biomass saturated 
mid-December under both loads, once again at similar values of fixed N. Interestingly 
at about March all biomass seemed to follow a similar trajectory until May indication 
similar values of fixed N were achieved irrespective of loading or peak biomass. 
 
 

 
 
Figure 5-9:  Macroalgal growth (fixed N) for a farm in the upper D’Entrecasteaux under ‘low’ (black) 
and ‘high’ (blue) aquaculture loads and for first (solid line) and second year (dashed line) of 
cultivation. The plots show biomass saturation under all scenarios with marginally higher growth 
under high loads. 
 
5.4 Discussion 
 
5.4.1 Phytoplankton Production under Increased Aquaculture Loads. 
 

In this study the upper D’Entrecasteaux was shown to be an area of high 
phytoplankton production in spring under increasing aquaculture loads. This finding 
partly corroborates the earlier work of Wild-Allen et al. (2010). The southern section 
of the upper D’Entrecasteaux is relatively shallow (< 10m) with high residence times, 
and these two factors combined can drive high phytoplankton production rates 
(Cloern et al. 2001.) In the upper D’Entrecasteaux there are only 4 finfish farms 
operational it is most likely that the inflowing water, from the Huon Estuary and 
lower D’Entrecasteaux Channel was driving production in that region in spring. Rapid 
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dispersal at the source can result in aquaculture waste accumulating at distances not 
easily associated with the farms (Tsagaraki et al. 2011), therefore an increase in 
phytoplankton production due to the waste may be attributed to local farms when it 
is really driven from those further afield. The increased production died off in the 
upper D’Entrecasteaux in summer and autumn mirroring in line with the decrease 
seen in the lower D’Entrecasteaux and Huon. This is once again most likely due to 
impact in the upper D’Entrecasteaux being driven from production in the lower 
regions.  
 
In an environmental monitoring program review (Ross and Macleod 2013), it was 
identified that the Huon Estuary showed elevated ammonia in both bottom and 
surface waters consistent with a system response to increased input of nutrients for 
2009-10. However the review also acknowledged that lack of data from earlier years 
precluded a fully quantitative assessment. The report also found there was no 
identified increase in phytoplankton production, although once again data to 
perform a comprehensive analysis was lacking. The model results showed primary 
production was enhanced in this region by finfish aquaculture in spring and summer 
however this increase was comparable for both loads. 
  

The results in the Huon Estuary may be due to a combination of factors. In 
2009, the finfish farms in the Huon were operational mainly in spring with the 
majority slowing or stopping operation in summer and autumn. Secondly, water flow 
into the Huon Estuary was at depth from the ocean boundary at the lower 
D’Entrecasteaux (Herzfeld et al. 2010). These two factors combined make it 
reasonable to conclude that the farms contained within the Huon Estuary and not 
those in D’Entrecasteaux Channel will drive the increase in phytoplankton 
production in this region. However, it is difficult to solely attribute the lack of 
primary production in autumn to a slowing in finfish aquaculture output. The Huon 
Estuary is generally high in light attenuating CDOM (Clementson et al. 2004), which 
can reduce production particularly in autumn when seasonal irradiance is lower. It is 
likely that high CDOM ultimately means production in this region is ultimately light 
limited. This is consistent with the observations of increased ammonium but not 
phytoplankton observed by Ross and Macleod (2013).  
 
 

In the lower D’Entrecasteaux, chlorophyll production is not centered around 
the areas containing the finfish farms, as loading increased it is observably highest in 
the side bays. The intensity of production was seasonally driven which was in general 
the case for the whole DCHE. The high production in spring, which lowers in summer, 
and further again in autumn is a response to factors such as changes in the light and 
mixed layer depth regulating autotrophic growth. Interestingly in summer and 
autumn the production is very similar for both aquaculture loads. For the lower 
D’Entrecasteaux there did not appear to be much influence on primary production 
from the farms within the upper D’Entrecasteaux and Huon Estuary. The relative 
short-term fate of the DIN released by finfish farms is variable and dependent on 
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farm site, depth of release and prevailing currents. In the longer term scenarios the 
DIN will follow the pattern outlined in previous hydrodynamic studies of the region. 
Herzfeld et al. (2010) described the hydrodynamics for the D’Entrecasteaux Channel 
and Huon Estuary region using the SHOC model. Deep water flows into the system 
from the ocean boundary of the lower D’Entrecasteaux, moving up to form the salt-
wedge in the Huon Estuary and back out along the northern shore and then largely 
north into the upper D’Entrecasteaux with only a small portion flowing south once 
outside the Huon Estuary. The upper D’Entrecasteaux is not well connected (Herzfeld 
et al. 2010) to the other regions and tracers released there will stay in this region. 
Those released in the Huon and lower D’Entrecasteaux will disperse throughout the 
whole region. For this reason the Huon and lower D’Entrecasteaux are described as 
well connected. This pattern of residual circulation will largely determine the long 
term fate of farm released tracers; however, local effects driven by the strength and 
timing of the release of farm waste should be observed in the short term at least. 
 

There were only two aquaculture loads considered in this study. The ‘low’ 
load was used, as it is representative of the actual forcing used in within the region 
in 2008-2009. The ‘high’ load was a purely theoretical case that needed to be 
distinguished from ‘low’ forcing and so an order of magnitude increase was deemed 
appropriate. Varying loads between the values used could see a range of impacts on 
primary production. For example elevation in ammonia may result in no discernible 
rise in production of phytoplankton because of a tight coupling with zooplankton, as 
has been observed around finfish farms in the oligotrophic Mediterranean (Pitta et 
al. 2009.) If the loading were high enough then this coupling may break resulting in a 
phytoplankton bloom. In general a high input of ammonium has the potential to 
switch the system from nitrogen to phosphorous limited however as the farms 
output phosphorous in inorganic form and in N:P ratios higher than the Redfield 
ratio this would be unlikely. Ammonia could however rise to toxic levels or result in 
oxygen draw down. Although there are a range of mechanisms that may mask 
phytoplankton increases, in general the model suggests that the increase in 
phytoplankton primary production is linked to aquaculture loading in spring in 
particular. However, the fact that there is no increase between high and low loads in 
the DCHE in summer and autumn means something is limiting production in these 
two seasons. This is most likely light due to high CDOM and restricted river flow 
causing stratification.  
 

The effect of finfish aquaculture on phytoplankton production may change if 
the location of finfish farms were altered within the DCHE.  Placing sites in areas of 
high currents may result in DIN being washed away. This in turn could result in 
higher production in other parts of the estuary as advection breaks the nutrient 
phytoplankton coupling (Arhonditsis et al. 2007).  In this study we have not 
examined the effect of the spatial arrangement of farms on the spatial pattern of 
primary production within the region. However, it seems clear from the results that 
phytoplankton primary production is dispersed through the region not concentrated 
around finfish farms.  It is also clear that DIN was being advected away from the 
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sites, promoting phytoplankton production away from the source. In a large system 
like the one presented here it may be that siting aquaculture in regions that are well 
flushed will reduce local impacts associated with DIN but the system wide result may 
be unchanged. Consequently, siting finfish production in well-flushed areas where 
DIN effects may be dispersed but still contribute to the overall nutrient pool of the 
system should be considered in conjunction with the potential to better contain 
those nutrients and seek to remove them with IMTA. However, production in 
summer and autumn is limited by factors not related to farm siting. 
 
 
5.4.2 Bioremediation from IMTA 
 
5.4.2.1 Reduction in chlorophyll 
 

The results conclusively showed the capacity of IMTA to bioremediate the 
excess water column chlorophyll resulting from finfish aquaculture and that this 
capacity reduced in spring in summer, but increased in autumn as finfish loading 
increased. There is most likely a limit to the extent to which IMTA can keep primary 
production below safe levels such as those outlined in ANZECC. Although IMTA 
produced some bioremediation at ‘high’ loads, particularly in autumn, in general the 
increase in water chlorophyll concentration was too high in places at this load to be 
effectively reduced to an acceptable level. There was some evidence as to how the 
IMTA could be optimised using simple implementation strategies and how IMTA 
could be targeted to a specific season. The results provide a way of testing further 
empirical studies into IMTA. Monitoring of the chlorophyll concentration should be 
focused in the regions identified under current loads i.e. those areas of the upper 
and lower D’Entrecasteaux identified in summer or in lower D’Entrecasteaux and 
Huon (in general) in autumn. Empirical studies could implement harvesting and vary 
cultivation period and farm area to examine the effect on bioremediation.  
 

Calculation of the reduction in the area exceeding the ANZECC levels was only 
performed for the ‘low’ aquaculture loads because the ‘high’ forcing simulation 
resulted in excessive chlorophyll concentrations. The ‘low’ finfish load used in this 
study calculated from real data contained in industry reports and was representative 
of 2008-2009 levels in the DCHE. Since 2009 regulations have been in place limiting 
finfish aquaculture in the DCHE based on the amount of N they can release (Ross and 
Macleod 2012). The ‘low’ load was approximately equivalent to the total allowable N 
for aquaculture. Given that loading will not exceed this level under current 
regulations, the results were encouraging as IMTA reduced some areas to below the 
ANZECC threshold. A major caveat on this result was obviously the increase seen in 
the impacted area in spring in the Huon.  IMTA may have slowed phytoplankton 
growth initially delaying it till later in spring where it was able to grow even quicker; 
due to lower flow or higher PAR. The mechanism for this increase may be complex 
but needs further investigation.  

 

125 
   



Chapter 5                                                                            IMTA in the Huon Estuary and  
                                                                                               D’Entrecasteaux Channel 
 
                                                                                             

The reduction in area was poor in the lower D’Entrecasteaux however this 
was the region with highest production and therefore greatest amount of area over 
the ANZECC guidelines. It was also the area with the highest %bioremediation, once 
again it is the metric use to quantify bioremediation success that comes under 
scrutiny. If an absolute measure like ANZECC is used then the IMTA results are poor 
in the lower D’Entrecasteaux however if the relative measure of the percentage 
reduction in increased chlorophyll is used, IMTA is more successful. An important 
point to mention is that placing macroalgae farms in in the upper D’Entrecasteaux 
may not be necessary if the purpose of IMTA is reducing phytoplankton production 
resulting from finfish aquaculture. If finfish farms outside this region drive the 
increase then IMTA within the region may not be necessary. This could potentially 
reduce costs associated with IMTA of implementation by 20% in this instance.  
 
5.4.2.2 Remediation of finfish released N 
 

The %N removed varied with region and IMTA implementation strategy and 
reduced with finfish load. IMTA is more often quantified in terms of N removal (Ren 
et al. 2012; Abreu et al. 2009; Carmona et al. 2006) than reduction in primary 
production. However, nitrogen output from a finfish farm does not necessarily drive 
higher production in an estuary (Pitta et al. 2009; Cloern et al. 2001). Production 
rates depend on complex interactions between a host of factors such as flushing 
rates, stratification and plankton community structure. IMTA is also used to grow 
macroalgae sustainably with large biomass with which to supply a new market (FAO 
2009; Troell et al. 2009). Therefore high N removal is important. 
 

We calculated the N remediation by the ratio of macroalgal N (fixed + stored) 
to finfish load. This was better calculated per region than at individual farms. It was 
difficult to gauge how much growth at each farm was influenced from N from farms 
other than the one adjacent to the macroalgae. However, if the macroalgae were 
benefitting from N sourced from another finfish farm further away and if that farm 
were no longer operational, it may affect the outcome of IMTA. This could impact on 
empirical studies conducted to test the results of this study. If one finfish lease stops 
operation anywhere in the DCHE then this should not affect the overall N 
remediation in the Huon Estuary for example. In any case N remediation was 
reasonably similar across the three regions. The decrease in N remediation with 
finfish loading is for similar reasons as the corresponding decrease in chlorophyll 
remediation; the N loading was too high.  
 

Other investigations into IMTA that specifically return the percentage 
removal of N from finfish waste, have shown this amount can vary significantly 
dependent on the individual experiment. Broch et al. (2013) in a modeling approach 
found their algae remove 0.34% of salmon waste N. That small figure was attributed 
to a mismatch in finfish and macroalgae production cycles. These results show that 
any mismatch can be reduced particularly through extending cultivation period in 
conjunction with an efficient harvesting scheme. This would allow for the right 
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balance between sufficient biomass and growth rate. A simplified application of the 
IMTA model used in this study showed Macrocystis pyrifera is capable of removing 
70% of farm N under moderate flow (Hadley et al. 2015); however this was in the 
absence of competition from phytoplankton.  What we can conclude is that the 
removal rates of N can be increased through implementation strategy and 
knowledge of the system in general. 
 
5.4.3 Cultivation period 
 

Cultivation period had a negative effect on N removal under both ‘low’ and 
‘high’ aquaculture loads. In effect growing macroalgae over two environmentally 
identical years was analogous to running two repeat IMTA experiments with 
different stocking densities (initial biomass.) Plots of biomass versus time for one of 
the sites demonstrated growth reached a maximum in each year under both loads. 
Biomass once established enables high removal rates in the underlying IMTA model 
(Hadley et al 2015.) Another comparable modelling study also identified initial 
biomass of macroalgae as having a major impact on macroalgae’s ability to compete 
with phytoplankton for nutrients under high nutrient loads, and highlighted how 
self-shading and depleting nutrients acted in tandem with biomass (Bartleson et al. 
2005). However, if biomass is too high then growth saturates and strategies such as 
harvesting become important. In our study the results showed that biomass is 
saturating at similar levels under both aquaculture loads, whereby the year of 
cultivation changes the time of season the biomass reaches a maximum. The similar 
maximum achieved at both loads means there is a limit to how much DIN IMTA can 
remove. The process must therefore be optimized by harvesting or increasing farm 
size. 
 

Under ‘low’ aquaculture loads the increased cultivation period should allow 
the biomass to establish so that IMTA was more efficient in spring of the second year 
for phytoplankton reduction and most likely N removal (although not calculated) 
however growth rates should reduce in summer onwards. For both ‘high’ and ‘low’ 
loads the higher biomass in spring resulted in slightly greater chlorophyll reduction. 
However the saturation in growth must be addressed for optimal bioremediation by 
harvesting. 
 
5.4.4 Farm Area 
 

Increasing farm area had the largest effect on the bioremediation of both 
primary production and N but this is perhaps the least favorable strategy due to the 
limited availability of suitable areas for farming. Actual area is cited as one of the key 
factors limiting inshore aquaculture development worldwide (FAO 2009), increasing 
farm area may not be possible or desirable. The grid used in the DCHE made each 
macroalgae farm about 16 hectares. Although this is a large area other factors such 
as available space, bioremediation potential and market demand would drive 
management decisions around farm size. An experimental study by Abreu et al. 

127 
   



Chapter 5                                                                            IMTA in the Huon Estuary and  
                                                                                               D’Entrecasteaux Channel 
 
                                                                                             

(2009) shows that 0.36 ha of macroalgae could remove 1.8 tN of finfish output which 
in this study would put farm areas anywhere between 1.8 to 56 hectares given 
finfish loads used in this study; assuming 100% removal of N. However, it is not just a 
matter of extrapolating the results from small-scale experiments to determine the 
farm area needed to remediate a larger input. In this study the %N remediated 
approximately doubled with a doubling of farm area. However, not all the N in the 
system adds to primary production, a large proportion is eventually flushed out of 
the system. A better approach is to determine the impact of N loading on primary 
production and then optimise macroalgae farms to remediate this impact.  
 
 
5.4.5 Harvesting 
 

Harvesting in spring promoted an increased reduction of phytoplankton 
production in autumn in the upper D’Entrecasteaux an effect seen at both loads. This 
is seen when results for second year scenario are compared to the harvesting 
scenario. Hadley et al. (2015) showed that harvesting has the potential to increase 
biomass return by 15-fold in comparison to harvesting only at the end of the season. 
Once biomass is established to the extent it can adequately remove DIN then 
harvesting reverses the limiting effects related to high biomass such as self-shading. 
An optimal harvesting scheme should aim to keep macroalgae biomass at steady 
state where it is matched to the N output of a finfish farm. This matching process 
keeps growth rates high, otherwise the macroalgae biomass eventually slows then 
saturates growth, fills the reserves using a small proportion for cellular functions and 
the rest is lost to the system.  Harvesting in general enables a steady supply of 
macroalgae to the market. This required rate of supply will also inform the 
harvesting scheme used. In this investigation a large establishment period was used 
because this was found to be optimal (Hadley et al. 2015); however, there was only 
one harvest performed as model runs are lengthy and the overall purpose was to 
demonstrate the contribution harvesting makes to the process. The reason why the 
effect from harvesting is seen in autumn and not summer maybe due to the amount 
of biomass removed i.e. 50% 
 
 
5.4.6 Other considerations and future work 
 

In the dynamic plots shown in the results for the individual farm the 
maximum biomass under ‘high’ loads was 17.1 kg m−2 in the first year assuming dry 
weight is 10% of wet weight. Other studies have had this amount vary from 11 – 22 
kg 𝑘𝑘−2 wet weight (9 months) (Buschmann et al. 2011) to 66 kg 𝑘𝑘−2 (Westemeier et 
al. 2011) (5 months) for Macrocystis pyrifera grown in IMTA environments. The 
biomass returned is therefore reasonable; however, farm size was large and this can 
have other implications such as the impact on simulated dissolved oxygen. 
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We have not considered oxygen depletion in this investigation. In the case of 
large biomass of macroalgae, respiration at night could result in lower oxygen levels 
near the finfish cages, resulting in adverse effects on the fish. The EMS model solves 
for dissolved oxygen as a ratio of biomass but diurnal respiration has not been 
modeled explicitly. In general the DCHE is not low in dissolved oxygen but IMTA 
represents a significant perturbation to the system. Future work should include 
oxygen dynamics associated with diurnal growth and respiration of the macroalgae. 
 
5.4.7 Concluding Remarks 
 

The results of this modelling exercise suggest that we can achieve up to ~30% 
reduction in the increase in chlorophyll concentration resulting from ‘low’ intensity 
finfish aquaculture, by growing giant kelp (Macrocystis pyrifera) in conjunction with 
finfish leases; this remediation was up to ~ 40% for ‘high’ intensity aquaculture.  The 
removal of N and reduction of chlorophyll can be incrementally improved by a series 
of optimisation strategies. Understanding the system dynamics allowed us to better 
assess the local and system wide impact of finfish aquaculture farming and more 
fully evaluate the bioremediation strategies. The results suggest that growing 
macroalgae next to the aquaculture cages provides the best bioremediation 
outcome under the current farm site distribution; however, under ‘high’ finfish loads 
there existed a band of potential sites centered on the farm leases. We also conclude 
that implementation strategies based on initial biomass, harvesting and farm area 
could be used to improve spatial and temporal control over aquaculture driven 
increases in phytoplankton production. Further investigation of the growth potential 
for specific macroalgae in this system would be valuable to further inform the 
modelling process.  
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5.5 Appendix 5-A – Biogeochemical model equations and parameters  
 
For each layer and grid location the time evolution of each model substance (Y) is the sum of conservative advection, diffusion and sinking 
processes (ϕY) and non-conservative biogeochemical rate processes (βY): 
 

∂Y/∂t = -ϕY + βY  (1) 
 

where    ϕY = (uΔY+ΔHKHΔY) - (∂/∂z)KZ(∂Y/∂z) + (∂wSY/∂z) 
and           Δ = (∂/∂x) + (∂/∂y) + (∂/∂z)  ;  ΔH = (∂/∂x) + (∂/∂y) 

 
[Here u is the velocity vector; KH and Kz are the horizontal and vertical diffusion coefficients and wS is the settling velocity.] 
 
Table 5-A1: Non-conservative β terms for each biogeochemical model state variable (some at Redfield 106C:16N:1P or Atkinson ratio 
550C:30N:1P) 
 
Symbol  State Variable (Ratio) Processes β term 
Nitrogen (mg N m-3) 
B1   Small phytoplankton (R) net growth, grazing, 

mortality 
( ) 1111 gBmBBB −−= mβ  

B2   Large phytoplankton (R) net growth, grazing, 
mortality 

( ) encBBB rgBm /22222 φmβ −−=  

B3   Dinoflagellates (-) net growth, grazing, 
mortality 

( ) encBBB rgBm /32333 φmβ −−=  

B4   Microphytobenthos (R) growth, grazing, 
mortality 

( ) encBBB rgBBm /4244444 φmβ −−=  

Ns  Stored N (M. pyrifera) (-
) 

Net uptake, fixation, 
loss 

( ) sMsmafNsNNsNNs NdNgNQuu −−+= /min21β  
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Nf Fixed N (M. pyrifera) (A) Net fixation, mortality fMsmaNf NdNg −=β  
M   Macroalgae (A) net growth, mortality ( )MmMMM −= mβ  
S   Seagrass (A) net growth, mortality ( )SmSSS −= mβ  
Z1   Small zooplankton (R) growth, mortality 2

1111 Zmeg ZZ −=β  
Z2   Large zooplankton (R) growth, mortality 2

2222 Zmeg ZZ −=β  
N1   Nitrate (-) uptake, 

nitrification(wc+sed), 
denitrification(sed) 

( ) ( )211443322111 / NNNMSBBBB MSBBBBN ++++++−= mmmmmmβ  
( )OKONrNQu ONfNsN ++− // 2min1  

( )( ) ( )22
2

2 //1 OKNOrOKK ONsedODOD ++−+  
N2   Ammonium (-) uptake, mortality, 

defecation, 
remineralisation, 
nitrification(wc+sed) 

( ) ( )212443322112 / NNNMSBBBB MSBBBBN ++++++−= mmmmmmβ  

( )( ) ( )( )ςγ −−+++−++− eggZmZmNdNQu ZZsMfNsN 11/ 21
2
22

2
11min2  

( )( ) ( ) ( ) ( )22
2

2
233321 //11 OKNOrOKONrNrDrDDr ONsedONDRL +−+−+−+−−++ ϑϑξ  

N3   Dissolved organic N (-) remineralisation ( ) 333213 NrDrDDr DRLN −++= ϑϑβ  
D1   Pelagic labile detritus 

(R) 
mortality, defecation, 
remineralisation 

( ) ( ) ( )( ) 121
2
22

2
11

2
443211 1 DreggZmZmBmNdBBBm LZZBfMBD −−++++++++= ςγβ  

D2   Benthic labile detritus 
(A) 

mortality, 
remineralisation 

22 DrMmSm LMSD −+=β  

D3   Refractory detrital N (-) remineralisation ( ) 3212 DrDDr RLD −+= ξβ  
Phosphorous (mg P m-3) 
P1   Dissolved inorganic P  

(-) 
uptake, mortality, 
defecation, 
remineralisation, 
desorption 

( ) ( )( )WPMSWPBBBBP AMSRBBBB mmmmmmβ +++++−= 443322111  

( )( ) ( )( ) WPWPZZ ReggRZmZm ςγ −−+++−+ 11 21
2
22

2
11  

( )( ) ( ) 3223121 11 ddPrErADRDr DRWPWPL +++−+−−++ ϑϑξ  
P2   Dissolved organic P (-) remineralisation ( ) 32213212 ddPrErADRDr DRWPWPLP ++−++= ϑϑβ  
E1   Refractory detrital P (-) remineralisation ( ) 1211 ErADRDr RWPWPLE −+= ξβ  
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E2   Unflocculated 

particulate inorganic P 
(-) 

desorption, 
flocculation, 
immobilization 

222 Erd FE −−=β  

2222 ErErd IFE −−−=β  sediment 

E3   Flocculated particulate 
inorganic P (-) 

desorption, 
flocculation, 
immobilization 

233 Erd FE +−=β  

3233 ErErd IIE −+−=β  sediment 

E4   Immobilized particulate 
inorganic P (-) 

immobilization 34243 ErEr EE +=β  

Carbon (mg C m-3)  
B3C   Dinoflagellates (-) growth, grazing, 

mortality 
( ) 332333 / BrBgBmg encCCBCBCB φmβ −−−=  

C1   Dissolved inorganic C  
(-) 
 

uptake, mortality, 
defecation, 
remineralisation 

( ) ( )( )WCMSCCBWCBBBC AMSBRBBB mmmmmmβ +++++−= 334422111  

( ) ( )( ) WCZZBWCC RZmZmmRBB 2
22

2
1133 1 +−+−+ γ  

( ) ( )( )( )( )33324221 //1 BrBgRrgge encCWCenc φφφς +++−−+  
( )( ) ( ) 23121 11 CrFrADRDr DRWCWCL +−+−−++ ϑϑξ  

 
C2   Dissolved organic C (-) remineralisation ( ) 213212 CrFrADRDr DRWCWCLC −++= ϑϑβ  
F1   Refractory detrital C (-) remineralisation ( ) 1211 FrADRDr RWCWCLF −+= ξβ  
Oxygen (mg O m-3)  
O  Dissolved oxygen (-) growth,  

mortality, defecation, 
remineralisation 

( ) ( )( )WOMSWOBBBBP AMSRBBBB mmmmmmβ +++++= 443322111  

( )( )( ) ( )OKORZmZm OAWOZZ ++−+ /1 2
22

2
11γ  

( ) ( )( )( )( )( ) ( )OKOBrRBgRRrgge OAencWCCWOWOenc ++++−−+ ///1 33324221 φφφς  
( )( ) ( )( )( ) ( )OKORNrDrADRDr OAWODRWOWCL ++−+−−+− /11 33321 ϑϑξ  

Mineral Suspended Solids (kg TSS m-3) 
T1   Unflocculated solids (-) flocculation, burial  11 TrFT −=β                    

( ) 11 Trr bFT +−=β          for sediment 
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T2   Flocculated solids (-) flocculation, burial 12 TrFT +=β                    

212 TrTr bFT −=β           for sediment 
 
 
 
 
Table 5-A2: Rate processes included in the state variable equations. 
 
Symbol Process Equation 
uNB1,2,3,4 Maximum phytoplankton 

uptake of N (mg N s-1cell-1) 
( )2211 NNu NNNB εεψ +=  

uPB1,2,3,4 Maximum phytoplankton 
uptake of P (mg P s-1cell-1) 

11Pu PPB ψε=  

uIB1,2,3,4 Maximum supply of light 
to phytoplankton portion 
respired (E s-1cell-1) 

IBBNaavIB mrmkIu maxm−=  

uIB4 Maximum supply of light 
to benthic algae (E s-1cell-1) 

( )( ) IBB
dzBk

NBbotSIB mrdzBemIu a max
4

4
4 /1 4 m−−= −  

uNM Maximum macroalgae 
uptake of N (mg N s-1m-2) 

( ) δεε /2211 NNu NNNM +=  

uPM Maximum macroalgae 
uptake of P (mg P s-1m-2) 

δε /11Pu PPM =  

uIM Maximum supply of light 
to macroalgae (E s-1m-2) 

( ) IMM
Mk

botIB mreIu M max1 m−−= −  

uNS Maximum seagrass uptake 
of N (mg N s-1m-2) 

( ) NSNS KNNSu /21
max += m  

uPS Maximum seagrass uptake 
of P (mg P s-1m-2) 

PSPS KPSu /1
maxm=  
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uIS Maximum supply of light 

to seagrass (E s-1m-2) 
( ) ISS

Sk
botMIS mreIu S max1 m−−= −  

m  Autotroph growth (d-1) IPN RRRmaxmm =   found in a look-up table of solutions to 3 simultaneous equations equating uptake 
and growth (to avoid explicitly modelling relative resources RN RP RI for each autotroph): 

( ) NIPNNN mRRRRu max1 m=−  
( ) PIPNPP mRRRRu max1 m=−  
( ) IIPNII mRRRRu max1 m=−  

 Light limitation for  
M. pyrifera (-) 

e
k*h

�e-Ize
-kh

Is -e-IzIs�       

 Temperature limitation for 
M. pyrifera (-) 

1
1+exp[-ςp�T-Tp�] 

 Nutrient limitation for  
M. pyrifera (-) 

g Q-Qmin
Q-kc

                            
Q Internal quotient of N 

For M. pyrifera  
(mg N g-1 dw) 

𝑄𝑄𝑓𝑓𝑖𝑖𝑓𝑓(1 + 𝑁𝑁𝑓𝑓𝑁𝑁𝑓𝑓−1) 

h Height of M. pyrifera (m) max ((0.00174Nf/num_fronds)1.047, 1) 
g1 Small zooplankton grazing 

(mg N s-1) 
(cell P cell Z-1 s-1) 
(cell P cell Z-1 s-1) 

{ }( )( )( )mmencing BBZZrrg 11111 //,min=  where: 

( )mmZing BZer 11
max

1 /m=  

( )( )11111 / shearrmotdiffmenc BBr φφφ ++=  
g2 Large zooplankton grazing 

(mg N s-1) 
(cell P cell Z-1 s-1) 
(cell P cell Z-1 s-1) 

{ }( )( ) ( ) ( ) ( )( )mmmmencing BBBBBBZZrrg 443322222 ////,min ++=  where: 

( ) ( ) ( )( )mmmZing BZBZBZer 423222
max

2 /// ++= m  

( )( ) ( )( ) ( )( )444443333322222 /// shearrmotdiffmshearrmotdiffmshearrmotdiffmenc BBBBBBr φφφφφφφφφ ++++++++=  

diffφ  Diffusive encounter rate  
(m3s-1cell Z-1) 

( )( )BZZBKdiff rrrrTBB //23/.2 ++= συφ  
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rmotφ  Relative motion encounter 
rate (m3s-1cell Z-1) 

( ) ( ) ( )( )ZZPZZPSZBrmot UUUUUUwrr +++−+= 3/3/3/ 2222πφ  

shearφ  Fluid shear encounter rate 
(m3s-1cell Z-1) 

( ) ( )35.0/3.1 ZBKZshear rrK += νφ  

rF Flocculation rate (s-1) 10FF rr =                  for SS > 10 psu 
( ) 4/610 −= SSrr FF  for 6 < SS < 10 psu 

d2,3 Desorption of P (mg P m-3s-

1) 
( )( )OKOPpTEppTd PAakak +−= // 12222  
( )( )OKOPpTEpTpd PAakaka +−= // 12323  

 
 
 
 
Table 5-A3: Derived model variables. 
 
Symbol Derived Variable Equation 
X Phytoplankton chlorophyll (mg Chl m-3) ( ) XNQBBBBX 4321 +++=  
Kd Attenuation coefficient (m-1) ( ) 4433221135/35 BkBkBkBkSSkkKd aaaafww ++++−+=  

( ) ( ) MkTTkNkDDDk mtndt +++++++ 213321  
Iav Layer mean PAR (E m-2 s-1) ( )( ) dzKdIIAVQI bottopQWav .// −=  

where dzKd
topbot eII .−=  

IbotM PAR below macroalgae (E m-2 s-1) ( ) Mk
botQWbotM

MeIAVQI −= /  
IbotS PAR below seagrass (E m-2 s-1) ( ) Sk

botMQWbotS
SeIAVQI −= /  

IbotB4 PAR below microphytobenthos (E m-2 s-1) ( ) dzBk
botSQWbotB

aeIAVQI 44/4
−=  

 
Table 5-A4: DHD Biogeochemical Model Equations and Parameters. 
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Symbol Autotroph Parameters Large Phyto-

plankton  
B2 

Small 
Phyto-
plankton  
B1 

Dino 
flagellates  
B3 

Micro-
phyto-
benthos  
B4 

Sea Grass  
 
S 

Epiphytic 
 
M 

rB Radius (m) 1.0E-5 2.5E-6 1.0E-5 1.0E-5 N/A N/A 
μmax Max growth rate (d-1) 1.5 1.25 0.4 1.5 0.8 0.1 
r Respired fraction of μmax (-) 0.025 0.025 0.025 0.025 0.025 0.025 
k Specific absorption cross section (m2mg N -1) 0.0018 0.0024 0.0013 0.0018 1.0E-5  0.003  

mB Mortality term (d-1) 0.14  0.05  0.07 0.001 
(d-1(mgN 
m-3)-1) 

0.00275 0.01 

KN Half saturation constant for N uptake in 
sediment (mg N m-3) 

N/A N/A N/A N/A 15.0 N/A 

KP Half saturation constant for P uptake in 
sediment (mg P m-3) 

N/A N/A N/A N/A 15.0 N/A 

 
Symbol Zooplankton Parameters Large Zoo-

plankton Z2 
Small Zoo-
plankton Z1 

Symbol Optical Parameters Value 

rZ Radius (m) 5.0E-4 12.5E-6 kw Background attenuation 
of sea water 

0.1 

e Growth efficiency (-) 0.38 0.38 kfw CDOM attenuation 
coefficient of fresh 
water (m-1) 

4.4 

μmax Maximum growth rate at 15˚C (d-1) 0.1 3.0 kdt Detrital specific 
attenuation coefficient 
(m-1) 

0.0038 

UZ Swimming velocity (m) 1.5E-3 2.0E-4 kt TSS specific attenuation 30 
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coefficient (m-1kg-1 m-3) 
ζ Fraction of growth inefficiency lost to detritus 

(-) 
0.5 0.5 kn Dissolved organic 

nitrogen specific 
attenuation coefficient 
(m-1mgN-1m-3) 

0.0009 

mZ Mortality (quadratic) rate 
 (d-1(mgN m-3) -1) 

0.002 0.02    

γ Fraction of mortality lost to detritus (-) 0.5 0.5    
 
Symbol Detritus & Remineralisation Parameters 

 
 

Value Symbol M. pyrifera  
Parameters 

Value 

rL Pelagic labile detritus breakdown rate (d-1) 0.1    
rR Refractory detritus breakdown rate (d-1) 0.0036 gmp Maximum growth rate 

(d−1) 
 

0.2 

rD Dissolved organic matter breakdown rate  
(d-1) 

0.00176 VNH4  Maximum uptake rate 
(NH4) 
(mg N gdw−1d−1)   
  

8.0 

ϑ L Fraction of labile detritus converted to DOM (-) 0.01 VNO3  Maximum uptake rate 
(NO3) 
(mg N gdw−1d−1)     
  

10.3 

ξ Fraction of labile detritus converted to 
refractory detritus (-) 

0.19 KNH4 Half saturation constant 
(NH4)  (mg N  m−3) 
 

74.2 

ϑ R Fraction of refractory detritus converted to 
DOM (-) 

0.01 KNO3 Half saturation constant 
(NO3) ( mg N  m−3) 

182.0 
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rN Maximum water column nitrification rate  

(d-1) 
0.1 Qmax Maximum internal 

nitrogen (mg N gdw−1) 
 

25.0 

rNsed Maximum sediment nitrification rate (d-1) 20 dm Mortality Rate   (d−1) 
 

0.003  

KO O2 half saturation rate for nitrification  
(mg O m-3) 

500 gmp Maximum growth rate 
(d−1) 
 

0.2 

KOD O2 half saturation rate for denitrification  
(mg O m-3) 

10000 VNH4 Maximum uptake rate 
(NH4) 
(mg N gdw−1d−1)   
  

8.0 

KOA O2 half saturation rate for aerobic respiration 
(mg O m-3) 

500 VNO3  Maximum uptake rate 
(NO3) 
(mg N gdw−1d−1)     

10.3 

      
Symbol 
 

M. pyrifera  Parameters Value  

𝑄𝑄𝑓𝑓𝑖𝑖𝑓𝑓                         
Qmin 

Minimum internal nitrogen (mg N gdw−1) 
 

7.0 

Kc Half growth constant  (mg N gdw−1) 
 

6.0 

T0 Optimal Temperature   (℃) 12.0 
Tr Range of Optimal Temperature ( ℃) 1.0  
IS Saturation irradiance (E m−2s−1) 0.000134 

acs Nitrogen Specific Shading (m2 mg N−1) 
 

 0.001 

Num_fronds Number of Fronds (-) 7.0 
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CHAPTER 6  
GENERAL DISCUSSION AND CONCLUSIONS 
 
 
6.1 Future of IMTA 
 

The world’s population is predicted to increase by 1.7 billion to 9 billion 
people by 2050. The adoption globally of a more westernized diet, particularly in 
China and India, combined with reduction in agricultural land due to urbanization, 
soil erosion and desertification, could increase demand for food by as much as 50% 
(Farsund et al. 2015). Fish provide a major source of protein in the human diet, 
particularly in the poorest nations. Global fish supplies are predicted to reach 181 
million tonnes by 2030 with 60% being supplied by aquaculture (Lem et al. 2014). 
With over half of current aquaculture by weight provided by mariculture (Kapetsky 
2013), this sector will increasingly be called upon to meet global demand. Most 
mariculture is practiced in the coastal region because of the relatively calm 
conditions and ready access to shore-based infrastructure and markets. However, 
space in these areas is limited because of production requirements such as depth, 
exposure and oxygenation, and social considerations such as use of the coastal 
ocean for other purposes such as recreational and cultural activity (FAO 2013). 
 

Offshore aquaculture is largely exempt from the problems associated with 
coastal systems (Troell et al. 2009) but comes with its own issues such as harsher 
hydrodynamic conditions posing significant engineering issues and increased 
transport costs for workers and products. However, the issues for both inshore and 
offshore aquaculture are being revisited with the possibility of large-scale expansion 
of the industry globally. Further development of inshore aquaculture would, in 
general, present a more viable proposition if the problems associated with 
limitations on available area and waste disposal can be resolved. IMTA in particular 
addresses the issue of waste management in coastal aquaculture, whilst enabling 
higher yields of macroalgae biomass in both in and off shore regions. One problem 
with offshore aquaculture is that wave action and wind stress tend to restrict 
production to shellfish and finfish. Current research suggests that farming only 5% of 
the offshore aquaculture locations that are suitable for macroalgae could 
substantially increase global mariculture output (FAO 2013). Presently the primary 
motivation for IMTA tends to be bioremediation, however if large-scale algal 
production in the offshore region was feasible then the motivation behind IMTA may 
switch to food security.   
 

Farm implementation is currently seen as the key issue in providing efficient 
IMTA (FAO 2009). However, it has been suggested that this approach suffers from a 
lack of investigation into the underpinning science (Buschmann et al. 2009; FAO 
2009). Current studies into IMTA are focused on implementation issues such as 
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stocking density, farm size and cultivation depth (Abreu et al. 2009; Buschmann et al. 
2008; Ren et al. 2012). This study sought to clarify the potential for IMTA to  
bioremediate the effects of nutrification from finfish aquaculture in coastal areas 
and identify the gaps in knowledge where a better understanding and/or more 
empirical data is necessary. The way forward for IMTA is to recognize that the 
environmental and economic value of each species needs to be established. In fact 
much of the success of IMTA in the future will be linked to ensuring that government 
and other stakeholders support the approach and that commercialization is not 
impeded. For IMTA to be successful with macroalgal culture as a key component, 
then an existing market for macroalgae should exist beforehand (Buschmann et al. 
2009; FAO 2009). 
 

In Australia aquaculture is increasing, with plans for the salmon industry in 
particular to produce 100 thousand tonnes by 2015 (FRDC 2015). Farmers of other 
aquaculture species can also see the potential, and it is likely that yellowtail kingfish, 
bluefin tuna and several other minor species will benefit from the technological 
advances and market development associated with the expansion of salmon 
aquaculture. Alongside this expansion it is anticipated that there will be an 
increasing focus on the sustainability of the aquaculture industry as a whole. A 
governmental report by Winberg et al. (2011) into the use of IMTA for sustainable 
aquaculture in Australia highlighted the need for cultivation of macroalgal species 
that offer development of products at the high-end of the market. Research has 
been undertaken (and is currently underway) that shows species should be 
cultivated for a broad range of purposes, over and beyond purely bioremediation. 
For example, some algal species have been cultivated for pharmaceutical purposes 
(i.e. chemicals for the treatment of cancer), and others for food or nutraceutical 
products. Research facilities worldwide, such as those provided by SARDI in south 
Australia, are investigating the potential for biofuels from macroalgae. However, it is 
a competitive marketplace and, given the significant supply of macroalgae products 
from Asia, if IMTA in Australia is looking to produce commercial products then high-
end commodities are more likely to succeed (Troell et al. 2009).  
 
6.2 General model behavior and IMTA 
 

In a nutrient replete environment with plentiful access to light, like that 
found in near-field IMTA, high growth rates should both be predicted by a growth 
model as well as observed in the field. In a near field scenario it is reasonable to 
assume that vertical distribution of the cultured algae would control access to nutrients 
emanating from finfish cages and that larger, more complex structured species, such 
as kelp, with high growth rates should outcompete similarly fast growing but 
physically smaller species. It is conceivable that aquaculture technology may make it 
possible to grow smaller species like Ulva lactuca at multiple depths in a vertical 
distribution, preferably in a way that maximizes the nutrient stripping potential of 
this high growth rate species. In this case, the costs associated with this technology 
would need to be offset either by a significant bioremediation gain or market 
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potential for this species.  The important thing is that biomass is clearly the limiting 
factor both in stripping nutrients and also in satisfying market demand (Troell et al. 
2009). 
 

While macroalgal biomass is initially the limiting factor for nitrogen removal, 
eventually growth will be saturated as the system switches to one limited by light or 
nutrients. Nutrient limited growth means the biomass has reached a size where the 
nutrients taken up are only enough to satiate basic cellular functioning and do not 
allow for growth. However, this does not mean nitrogen uptake by the macroalgae is 
matched to the output from the finfish cages. In light imitation, growth stops 
because light is being extinguished by the macroalgae canopy and is therefore not 
reaching the lower parts of the plant where nutrient levels would allow growth. In 
both nutrient and light limitation it is important to understand firstly the growth 
dynamics including the source of limitation and then implement appropriate 
management strategies. For light limitation, harvesting would be an appropriate 
strategy whereas for nutrient limitation issues such as stocking density and farm size 
should be investigated. One ideal scenario for macroalgae based IMTA would be to 
hold a crop at steady state through an optimal harvesting scheme which removes 
biomass at a rate consistent with the output of DIN from the finfish aquaculture 
operation. This may require a long-term crop being used as a nutrient sink. If the 
crop were to be kept over several years then the effect of algal age on growth and 
mortality would need further investigation.  The maximal growth rate of M. pyrifera 
slows as it ages (Wheeler and North 1980), and age related senescence has been 
shown to be a major cause of frond loss in natural communities (Rodriguez et al. 
2013).  In general, an understanding of the process by which age impacts on growth 
of kelp is potentially important for the optimisation of IMTA. Whilst this study has 
not explicitly modeled age related growth, chapter 3 does consider maximum 
growth rate, number of fronds and mortality as stochastic processes. This approach 
offered insight into how modeling these as time-varying processes affects the model 
results, but it is not the same as modelling underlying processes of age dependent 
growth/mortality.  
 

The formulation used in the macroalgae model had internal nitrogen in two 
forms, viz.  as an internal reserve or fixed in the cellular structure. There are other 
formulations where growth is dependent on internal reserves of carbon as well as 
nitrogen (Broch et al. 2013), and these allow for a variable C/N ratio of biomass.  
Empirical studies have shown that macroalgae species can change their C/N ratio 
depending on availability of ambient DIN. Ulva rigida for example shows a higher 
uptake of N after periods of N starvation, which lowers its C/N ratio compared to 
periods of constant N supply (Corso and Neill 1991.) As a result of both feeding and 
physiological cycles, DIN output from salmon cages may be supplied in pulses, 
resulting in comparable periodic fluctuations in ambient concentrations. The 
formulation used in this study assumes that macroalgae growth is more important 
on timescales of days rather than hours or minutes, which are important in other 
species such as phytoplankton. Furthermore in the 3D BGC model the Atkinson ratio 
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of carbon: nitrogen: phosphorous (C:N:P) is used for macrophytes. The IMTA model 
was developed in the knowledge that it would be applied within the Environmental 
Modelling Suite (EMS) framework and therefore observed the Atkinson ratio. 
 

Dissolved oxygen is another variable not formally accounted for in the 
underlying IMTA model. Dissolved oxygen (DO) is represented in the 3D models as a 
constant ratio of macroalgae growth. However, oxygen is a vital component for 
finfish aquaculture and if DO concentration is too low then this can result in 
mortality in fish stocks. Macroalgae based IMTA could potentially lower DO through 
the process of dark respiration, which can occur when light is low. This occurs most 
commonly at night but also when canopies become dense thus extinguishing light to 
lower regions of the macroalgae frond (Tait and Schiel 2013). Macroalgae respiration 
has the potential to create locally hypoxic conditions dependent on biomass (Flint et 
al. 2012), so again an appropriate harvesting schedule is a critical consideration. 
Macroalgae also has the potential to lower DO through mineralisation whereby 
organic material lost by the macroalgae is broken down by bacteria, resulting in 
oxygen draw down (Sundback et al. 1990). Currently in the D’Entrecasteaux Channel 
and Huon Estuary, dissolved oxygen is not thought to be limiting (Herzfeld et al 2010; 
Wild-Allen et al 2010.) However, given that macroalgae based IMTA could potentially 
be implemented in farms several hectares in area, dissolved oxygen would need to 
be more thoroughly investigated, particularly given the farms’ proximity to salmon 
cages.  
 

Chapter 2 compared the bioremediation potential of three candidate species 
for IMTA under a range of environmental conditions known to affect growth rates. A 
key feature for successful IMTA is that any cultured species needs to have an existing 
demand / market. The giant kelp, Macrocystis pyrifera, is a valued species in the 
coastal context but in large parts of the D’Entrecasteaux Channel and Huon Estuary it 
has almost vanished (Johnson et al. 2011). The re-introduction of this species even in 
a farming context would preserve its presence in this region; potentially encouraging 
further research into its decline in order to optimise cultivation.  Consequently, 
cultivating this species would provide not just nutrient reduction benefits but also 
conservation benefits. M. pyrifera also has the added benefit that it can be used for 
production of biofuels, alginates and abalone food. For offshore IMTA strong kelps, 
designed to withstand increased currents would potentially be more valuable than 
small filamentous algae. However, species such as Ulva sp. and Porphyra sp. have 
also been shown to possess the anti-cancer properties (Winberg et al., 2009). Most 
algae will have a range of potential markets, however these may not be static and 
consequently it is important to continue to revise expectations. 
 
 
6.3 Improving Models with Empirical Data 
 

Model validation forms an essential part of any modelling study. Traditional 
methods involve comparison between observations and model output through skill 
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metrics, which assess performance (Stow et al. 2009). Correlation and instantaneous 
relationships both establish confidence in the model and provide for interpretation 
of the results. The Bayesian method used in this study provides another dimension, 
enabling model learning based on observations (Parslow et al. 2012). This is essential 
given the uncertainty surrounding the actual value of parameters. The ability to 
determine the best parameter set relative to all available parameters is an important 
result and allows for more realistic model output in general. If the observations were 
taken from the D’Entrecasteaux Channel and Huon Estuary, a parameter set for this 
region could be determined which would give further confidence in the results. This 
would enable general transferability of the model using a set of robust parameters 
that could be used to return accurate results for a range of physical settings.  
 

The Bayesian method used in this study also provides a robust analysis of 
model uncertainty.  Ensemble runs involving perturbations of all parameters 
simultaneously are an improvement on individual parameter perturbations, which 
are currently favoured for determining model sensitivity. This approach also provides 
a method of reducing uncertainty in a way that incorporates prior understanding of 
the underlying processes. New metrics such as Kullback-Leibler divergence, and 
visualization methods such as the parallel coordinate plots allow an interpretation of 
the reduction in uncertainty. Uncertainty in the underlying IMTA model was show to 
be quite large and in general BGC process models can encompass a large solution 
space, so any reduction in this space is helpful. However the new model must be 
physically realizable and not represent a shift in the process model unrepresentative 
of the actual system.  
 

In Parslow et al. (2012) the authors described how different observations 
may improve the modelling results for their NPZD model. In the present study the 
observed variables were macroalgal height and weight. Observations of these 
variables reduced uncertainty but did not necessarily provide more information on 
parameter values. If observations of total internal nitrogen of macroalgae were also 
included in the experimental process, this may provide additional information with 
which to constrain parameter values. It is possible to set up synthetic data sets 
reflecting observations of different variables to assess how each variable 
(individually and in combination) constrains the model output and contributes to 
parameter learning. This provides a method to determine which variables should 
best be observed in an actual field experiment in order to improve model results and 
inform parameter values; potentially also reducing the overall cost of conducting 
monitoring experiments.  
 
6.4 Generalised spatio-temporal resolution of IMTA 
 

The effectiveness of IMTA (as a solution to the negative impacts of DIN 
loading from finfish aquaculture) was determined by first defining the property of 
the estuary that is being impacted. Focusing on phytoplankton production and 
aligning this with the ANZECC guidelines for ‘good’ water quality in terms of 
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chlorophyll concentration provided an excellent metric for quantifying the success of 
the approach. ANZECC guidelines stipulate the concentration should not exceed the 
threshold value for three readings taken within the period of a month (ANZECC 
2000). These guidelines recognize the spatio-temporal variability inherent in natural 
production particularly in estuaries. An important outcome of a modelling study such 
as this is to aid in the development of risk appropriate monitoring programs that are 
‘capable’ of detecting farm impacts. Having demonstrated the importance that 
hydrodynamic forcing plays in driving primary production from the aquaculture 
output, it would be advisable to monitor chlorophyll in those areas where naturally 
high production occurs.  If monthly or seasonal means are considered then farms 
placed in areas of high natural primary production are likely to have more of an 
accumulated effect on primary production, and so monitoring around these farms is 
encouraged. Monitoring around farms placed in areas of low natural production may 
also provide important information. If for example, primary production remained 
low near a salmon cage then the reasons why may be important when determining 
the impacts of aquaculture 
 

The simulation described in chapter 4 showed how the hydrodynamics of an 
estuary can drive internal variations in primary production, and how these might 
vary as a result of increased loading from finfish aquaculture. Whilst the estuarine 
hydrodynamics described for the test estuary may not be typical of all estuaries 
other studies have similarly identified  a ROFI as having a major impact on the spatio-
temporal variability in primary production within an estuary (Fujiwara 2003; Herzfeld 
et al. 2010) ). In terms of this investigation it was important to show how a proper 
understanding of estuarine production, and in particular the underlying processes, is 
essential in successful implementation of IMTA.  
 

The non-linear jump in phytoplankton production as aquaculture loads were 
increased implied there was a critical loading at which phytoplankton escape grazing. 
Algal blooms in general are common phenomena although not directly attributable 
to finfish aquaculture. That the algal bloom occurred was not the interesting point, 
rather that it was sustained for a period of three months. Typically blooms peak and 
then dissipate as the background N is used up by the phytoplankton. This study 
highlighted what is possible when N is being constantly re-supplied. A sustained 
autumn bloom resulting from an incremental increase in forcing is only one of many 
possibilities that could arise from an increase in the intensity of finfish aquaculture. 
The phytoplankton-zooplankton interaction was reasonably simple in this 
formulation, involving 2 functional groups (large and small) of each. Different 
community structures may produce other spatial patterns of production. However, 
this result does highlight what could potentially occur if aquaculture is unregulated. 
Conversely this study did not include a feedback mechanism that acts to reduce 
finfish production as water quality declined, such as might occur with a reduction in 
dissolved oxygen resulting in stock loss. It is possible that this kind of inhibitory 
mechanism is realistic and would act to suppress the rise in primary production we 
observed in the model.  

 147 



Chapter 6                                                                    General Discussion and Conclusions 
 
 

 
 
6.5 IMTA in the D’Entrecasteaux Channel and Huon Estuary  
 

Chapter 5 provided a quantification of the potential for IMTA to support 
sustainable aquaculture in the D’Entrecasteaux Channel and Huon Estuary, building 
on the work of the previous three chapters.  It should be noted that this was a 
theoretical study and in the absence of data from actual macroalgae based IMTA 
experiments we can only speculate on the implications of the results. However, the 
study did provide a robust analysis of the underlying process model, including 
output, in simplified applications (Chapters 2 and 3). Furthermore the 3D model used 
in chapter 5 has been applied in numerous case studies (Herzfeld et al. 2010; Wild-
Allen et al. 2010; Skerrat et al. 2013) and a validation of model output showed it 
performed well when compared with observations in the region. It is mainly for 
these reasons the results should be treated with some confidence. Furthermore, 
chapter 5 offers scenario based analyses, i.e. scenarios are compared for their 
bioremediation potential to provide information about potential implementations of 
IMTA in the region. While the model would benefit from empirical experiments on 
IMTA in the region, the overall conclusions from the scenarios nonetheless appear to 
be well founded.  
 

Based on the enrichment experiments conducted in chapter 5 there should 
be an observable increase in phytoplankton production as aquaculture intensity 
increases. Empirical studies from the D’Entrecasteaux Channel and Huon Estuary 
have shown no increase in phytoplankton production, despite a significant increase 
in salmon aquaculture, although ammonia levels have been detected at elevated 
levels consistent with this increase (Ross and Macleod 2012). Studies like those of 
Pitta et al (2012) showing the role of zooplankton in grazing down aquaculture 
driven increases in phytoplankton in oligotrophic waters, offers one explanation of 
empirical observations. In general though, the absence of data comparing this region 
with previous years, particularly on decadal time-scales make it difficult to fully 
contextualize the observations.  
 

The model results identified the upper D’Entrecasteaux as one area that 
showed increased phytoplankton production due to increased finfish aquaculture 
(consistent with Wild-Allen et al. 2010). The results also indicated that the rise in 
production in that region was primarily driven by finfish farms in the Huon and lower 
D’Entrecasteaux. A monitoring program based in the upper D’Entrecastaux would 
therefore capture the impacts of finfish aquaculture without being sensitive to 
individual farm outputs. If for instance an individual lease in the Huon stopped 
production then this might be detected in the upper D’Entrecasteaux and the impact 
would be easily attributed to the production in that farm; however, it would not in 
all likelihood be registered as a major change. Conversely several different 
monitoring sites in the Huon may register the change in production of the lease 
totally differently or not at all depending on their location.  The major point is that a 
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monitoring program in the Huon or lower D’Entrecasteaux would require a greater 
understanding of local impacts on primary production by each lease whereas the 
upper D’Entrecasteaux captures the general impact of salmon aquaculture on 
primary production and monitoring may require less sophistication. 
 

The modelling indicated that siting macroalgae farms surrounding the finfish 
aquaculture leases was the most effective management strategy. This result stems 
from the fact that DIN was consistently highest around the salmon leases. Given that 
DIN drove biomass growth of giant kelp, which in turn drove removal of DIN, placing 
macroalgae farms next to leases seems the best course if removing DIN is the 
ultimate aim of IMTA. Of course high biomass was not restricted to sites near the 
leases, particularly under high finfish loads. In the event that growing macroalgae 
was not permitted near salmon leases then other areas may allow reasonable 
bioremediation. Siting salmon aquaculture in locations that do not contribute to the 
system wide phytoplankton production is another consideration.  This would restrict 
production from farms to local regions. If these locations do not affect areas in the 
system with high environmental importance such as reefs or seagrass meadows, 
then they might be acceptable. More environmentally valuable areas or areas 
sensitive to DIN increases could also be directly protected by IMTA, with farms 
placed near these regions to buffer them from excess DIN. 
 

One attractive quality of aquaculture from a planning perspective is it 
provides control over species production (FAO 2009).  This is true of macroalgae 
farming where harvesting, choice of species, length of cultivation period all enable 
control over production rates. However these strategies need to be investigated 
properly. Harvesting too early or frequently could potentially result in lower 
bioremediation than non-harvesting. Similarly, increasing macroalgae farm area 
when farm loading is low would result in greater cost for no significant return in N 
removal. In fact dead macroalgae sporelings, resulting from lack of nutrients, would 
only serve to increase total N in the region.  The key is optimisation of IMTA by the 
choice and implementation of farming strategy. Establishing an optimal harvesting 
regime that both satisfies market demand and retains high growth rates would be an 
ideal strategy. Given that this study showed macroalgal biomass was closely tied to 
the output from the salmon farms, it would be sensible that both industries (algae 
and salmon) be closely aligned in terms of development strategies, particularly if the 
overall goal is bioremediation as both parties would have an interest in the outcome. 
If the overall goal were to supply the market with macroalgae then the salmon 
farmer may have no interest in the result. 
 
6.6 General conclusions and the next step 
 

Simulated near field macroalgae based IMTA showed that for a temperate 
estuary there were a range of species specific conclusions that can be drawn. 
Notably, giant kelps such as M. pyrifera attain higher rates of nutrient removal than 
smaller faster growing species, due to their capacity to grow through a range of 
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depths in the water column and thus provide a much larger absolute biomass of 
tissue for nutrient uptake. Increasing flow rate had an overall neutral effect on M. 
pyrifera uptake when averaged over a nine month period. For the smaller species 
examined the results varied. Increasing flow rate increased nutrient uptake for U. 
lactuca but decreased uptake for Porphyra umbilicalis over the same period. Varying 
cultivation depth from 0-5 m had no effect on total N removed by U. lactuca or P. 
umbilicalis, whereas M. pyrifera removed less N at 1 m and more at 3 m. Harvesting 
M. pyrifera had the potential to increase total N removal by up to 15 fold, depending 
on the strategy used, with the most effective schemes being those that allowed a 
three month establishment phase. 
 

In general the data assimilation method used here demonstrated large 
variance in model output as a result of uncertainty in the underlying 
parameterisation. However, we showed that this uncertainty in state variables, both 
observed and unobserved, can be greatly reduced through conditioning on sparse 
data. Furthermore the process allowed for learning in the parameter space, enabling 
greater confidence in the model for future runs, and also allowed for a more realistic 
model processes.  
 

3D simulation of an estuary showed that effective placement of macroalgae 
farms is dependent on the primary production cycle and spatial distribution of 
primary production within the estuary. Placement of macroalgae farms is important, 
for example because some sites can produce a high biomass of kelp but still have 
only minimal impact on reducing finfish aquaculture derived chlorophyll 
concentration. In contrast, if placed judiciously, macroalgae farms can biomitigate 
the potential impacts of finfish aquaculture. The simulation of IMTA in the 
D’Entrecasteaux Channel and Huon Estuary showed that phytoplankton production 
driven by finfish aquaculture can be reduced by up to 80% and 20% under high and 
low finfish loads respectively, and that the control and capacity of IMTA can be 
greatly enhanced by controlling harvesting and initial biomass. However the study 
also investigated the limits of IMTA and showed that macroalgae growth saturates 
over a 2-year growing cycle in the D’Entrecasteaux Channel and Huon Estuary; under 
low and high loads. However, an effective harvesting scheme in particular will 
maintain high growth rates and increase the capacity of IMTA. The study also 
showed that the bioremediation capacity of IMTA measured as both a decrease in 
chlorophyll concentration and DIN removal, will decrease with increasing 
aquaculture loads. This is a reminder that IMTA should not be viewed as panacea but 
rather as component of sustainable aquaculture. 
 

In future work it is suggested that experimental trials of macroalgal culture 
based IMTA be set up at different sites in the region to obtain realistic growth rates 
under a range of environmental conditions. It is also suggested work be undertaken 
on monitoring long term macroalgal respiration and growth rates under differing 
nutrient concentrations. These data would help to refine the models and underpin 
more accurate predictions of both the nutrient removal potential and associated 
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impacts of IMTA. The ultimate aim of future research would be to lay the ground 
work for a farm scale trial of IMTA in the region.
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