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Introductory Comments: The CIMTAN Technical 
Workshop “Spatial Modelling of Integrated Multi-
Trophic Aquaculture (IMTA) Shellfish” 
 
T. Chopin 
 
 

It is my pleasure, as Scientific Director of the Canadian Integrated Multi-Trophic 
Aquaculture Network (CIMTAN), to provide a few introductory comments for the 
technical workshop on Spatial Modelling of IMTA Shellfish, held September 19-22, 
2011, at the Riverside Resort and Conference Centre in Mactaquac, New Brunswick.  
 
CIMTAN is a Strategic Network funded by the Natural Sciences and Engineering 
Research Council of Canada (NSERC), Fisheries and Oceans Canada (DFO), the 
University of New Brunswick (UNB) and its industrial partners Cooke Aquaculture 
Inc., Marine Harvest Canada Ltd. and Kyuquot SEAfoods Ltd. One of the Network 
objectives is to provide relevant workshops for CIMTAN researchers, students and 
partners.  
 
This particular workshop arose from the need to combine network expertise with a 
multi-disciplinary approach necessary to develop an ecosystem-type shellfish model 
for open-water IMTA systems. CIMTAN researchers and partners came to explore 
strategies specific to IMTA systems on both the Pacific and Atlantic coasts. The 
workshop was fortunate enough to be able to bring in some external expertise, which 
included Ramón Filgueira, as the model facilitator, and Pedro Duarte, from the 
University Fernando Pessoa, Porto, Portugal, as a guest presenter.  
 
I am very pleased to have taken part in our first technical workshop. It was very 
instructive and in cordial atmosphere, conducive to many fruitful exchanges among 
participants, all under the very able guidance of Dr. Gregor Reid, who led the 
workshop efficiently and successfully.  
 
Shellfish production is an important contributor to aquaculture and coastal 
communities in Canada and worldwide. Inclusion of shellfish production, as part of 
Integrated Multi-Trophic Aquaculture (IMTA) systems, is a fairly recent development 
in the western world. Spatial modelling of shellfish within IMTA systems and their 
environment is needed to determine filtration rates of fish farm particles, augmented 
growth and, consequently, metrics for environmental, economic and societal 
sustainability. Such models can be complex and necessitate a variety of expertise and 
collaboration. Our CIMTAN workshop series has been designed to be one of the tools 
to facilitate such collaboration at the interfaces of disciplines. 
 
While the theme of this technical workshop was directed towards resolving research 
and development issues in IMTA, you will find that much of the enclosed material is 
directly applicable to shellfish and finfish aquaculture in general.  I encourage you to 
peruse this publication with that in mind, and invite you to read about our workshop 
discussion and progress in this latest issue of the Bulletin of the Aquaculture 
Association of Canada. 
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Open-water Integrated Multi-Trophic 
Aquaculture (IMTA): Modelling the Shellfish 
Component 
 
 
 
G.K. Reid, P. J. Cranford, S.M.C. Robinson, R. Filgueira and  
T. Guyondet 
 
Modelling shellfish production and particle uptake from fish cages in open-
water IMTA presents some unique challenges. The following text reviews 
shellfish production in the context of open-water IMTA and discusses 
modelling challenges in detail as a premise for using an ecophysiological 
model to describe shellfish growth and interactions with their environment. 
Some of the more pressing issues that need to be addressed during model 
development include: determination of the relative proportions of natural 
vs. IMTA diets consumed by the shellfish, quantification of the natural size 
distribution of fish farm particulates and the capacity of shellfish to capture 
and ingest the full range of particle sizes, and how to utilize empirical data 
on shellfish growth at farm and reference sites for model validation given 
known problems with reference site selection.  

Gregor K. Reid 

 
 
 
Background 

Integrated Multi-Trophic Aquaculture (IMTA) is the intensive culture of trophically 
compatible species proximally connected by nutrient transfer through water. This 
aquaculture practice typically aims for the nutrient waste of one species to supply 
wholly, or partially, the nutritional inputs for another. In this manner, a diet introduced 
to a fed species (e.g. fish) that is partially egested as faeces or excreted as soluble 
nutrients, may have another opportunity for capture by co-cultured species, thereby 
improving the efficiency of the overall system. This has the potential to reduce 
possible negative environmental effects of finfish culture that stem from organic and 
inorganic nutrient enrichment. An additional criteria for optimizing IMTA, is to ensure 
that more than one trophic level is represented so different categories of ‘nutrient 
streams’ have a greater potential to be targeted and captured. In these respects, IMTA 
is different from the age-old practice of polyculture, where species are grown as 
extensive culture (low densities) with minimal interactions and may contain only 
species from the same trophic level. 
 
IMTA species groups can be classified according to the type of ‘nutrient stream’ 
targeted, similar to the niche concept in ecology.  For example, finfish culture will 
excrete soluble inorganic nutrients (e.g. ammonium, phosphate), generate fine 
suspended organic particles (faeces and feed ‘fines’) that settle slowly, as well as  
larger, rapidly settling, organic material (waste feed pellets and faeces). Consequently, 
inorganic extractive species such as seaweeds can target the soluble nutrients. Organic 
extractive species such as shellfish will primarily target fine suspended particulates 
and deposit feeders (comprised of various species of invertebrates and fish) can target 
the larger particles. 
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While organic matter and dissolved inorganic waste mitigation is often cited as the 
initial rationale for an IMTA approach, there may in fact be several other objectives 
for practicing open-water IMTA. These are as follows: 

 

1. Waste recovery or transformation 
2. Augmented or accelerated growth of co-cultured species 
3. Mitigation of pathogens 
4. Improved use of coastal area 
5. Increased economic diversity and site profitability 
6. Improved social acceptance 

 
The Canadian Integrated Multi-Trophic Aquaculture Network (CIMTAN) currently 
has several research projects, related to most of these objectives. Arguably however, 
one of the most pressing objectives is determining the degree of excess material 
recovery (waste extraction benefit) and augmented growth (economic benefit) of co-
cultured species. Given the complex nature of all the ecological interactions involved 
in an aquaculture site, the leaky nature of open-water IMTA operations and the limited 
capacity to assess system efficiency using water quality measures, some level of 
system modelling is necessary to quantify these two objectives.  

“The primary 

division of IMTA 

types, is between 

open-water and 

land-based 

systems. It is much 

easier to influence 

nutrient capture 

efficiency in land-

based systems 

where there is an 

opportunity to 

manage multiple-

water passes for 

nutrient extraction” 

 
 
Variants of open-water IMTA 

Aquaculture, in general, has many different manifestations. For example, catfish 
culture in land-based ponds of southeast United Sates is very different from the 
mariculture of kelps in China’s coastal waters. Likewise, there are several different 
manifestations of IMTA and the variant will influence production and environmental 
performance.  
 
The primary division of IMTA types, is between open-water and land-based systems. 
It is much easier to influence nutrient capture efficiency in land-based systems where 
there is an opportunity to manage multiple-water passes for nutrient extraction such 
that co-cultured species may have more than one chance to target a given ‘waste 
stream’. Water flow is also more easily controlled enabling manipulation of the 
concentration of nutrients through the adjustment of flushing rates. System efficiency 
can be readily assessed by measuring the concentration differences between tank 
inflows and outflows. Initiatively, land-based IMTA systems can be more efficient at 
recycling nutrients than open-water systems, although there may be some 
environmental ‘trade-offs’ with the energy resources required to move water and 
handle wastes. Due to the significant differences between these two IMTA systems, 
measures of efficiencies from one system can not be reliably extrapolated to the other. 
Until very recently, the vast majority of scientific literature on the efficiency of IMTA 
systems has been land-based. There have also been some recent advancements with the 
development of closed containment aquaculture in marine systems and there may 
present some additional opportunities for IMTA. To our knowledge however, IMTA is 
not being practised in such systems at present. 
 
It is useful to categorize the development of open-water IMTA into three types: 

1. Addition of co-cultured species to an existing full scale commercial 
aquaculture farm 

2. Custom designed sites specifically developed for IMTA 
3. Incidental IMTA through the proximate location of different farms 
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The first two types of IMTA are practiced in Canada. On the east coast in the 
Passamaquoddy Bay region (New Brunswick) of the Bay of Fundy, Cooke 
Aquaculture Inc. has several IMTA sites with blue mussels (Mytilus edulis and 
trossulus) and kelps (Alaria esculenta, Saccharina latissima) cultured adjacent to 
commercial salmon cages. On the West coast, in Kyuquot Sound off northwest 
Vancouver Island, Kyuquot SEAFoods Ltd. has custom designed an IMTA site around 
the culture of sablefish (Anoplopoma fimbria), with a dozen species eligible for culture 
on their site licence. The co-cultured species at this site presently include kelp 
(Saccharina latissima), blue mussels, Japanese scallops (Patinopecten yessoensis), sea 
urchins (Strongylocentrotus franciscanus, Strongylocentrotus droebachiensis) and sea-
cucumbers (Parastichopus californicus). Both Cooke Aquaculture Inc. and Kyuquot 
SEAFoods Ltd. are industry partners within CIMTAN.  
 
With an add-on IMTA approach to an existing commercial operation, it is important to 
note that the site has been selected for optimizing the growth and the operational 
logistics of the predominant fish culture species. In the case of salmon culture, large 
sites benefit from placement in accessible areas with high current exchange to reduce 
accumulation of organics on the sea floor, ensure adequate oxygen supply and 
recently, to reduce the attachment potential for some external parasites such as sea lice. 
Consequently, the addition of co-cultured species needs to accommodate these current 
regimens and associated fish cage configurations. Based on the scale of fish production 
there will be a specific load of excess organic matter and nutrients available and the 
IMTA objective to maximize that waste recovery, requires co-cultured species 
production must be brought up to match this surplus. Husbandry practices (e.g. co-
cultured species densities, growing structures and locations) also need to be designed 
in a way to maximize nutrient uptake across the different trophic levels under culture. 
With a custom designed IMTA site there is greater opportunity to adjust the production 
ratio between the fed trophic level and extractive species, and arguably more 
possibilities for locating the site in areas with reduced current flow, to concentrate and 
deliver waste streams to extractive species. Consequently, there may be a greater 
potential for site efficiency at the farm-level with a custom designed IMTA site. 
However, since most finfish production, in general, is supplied through large mono-
culture sites, an add-on approach is necessary if IMTA is to be applied to any 
significant portion of commercial fish production at the present time.  Ultimately, this 
may have some implications for larger scale coastal management. 

“ … since most 

finfish production, 

in general, is 

supplied through 

large mono-

culture sites, an 

add-on approach 

is necessary if 

IMTA is to be 

applied to any 

significant portion 

of commercial fish 

production … ”  

Modelling of IMTA systems 

Approaches to modelling nutrient recovery may vary depending in the niche or species 
group. However the first logical step to modelling an IMTA system is to determine the 
load from the fed or upper trophic level(s). In the case of fish culture nutritional mass 
balance approaches are reasonably well developed(1, 2). Nutrients, nutritional categories 
(e.g. protein, lipids) and the energy associated with them can be partitioned along 
pathways in the production process as illustrated in Figure 1. 
 
Modelling the nutrient recovery potential of the inorganic extractive niche, such as 
kelps can be relatively straight forward. This is because the concept of nutrient 
equivalents can be reasonably applied. Soluble inorganic nutrients excreted from fish, 
will mix in the water column and manifest as a concentration relative to the volumes in 
which they were dissolved. Removal of a dissolved nutrient from the localized culture 
area will potentially be reflected in a change of concentration regardless of the nutrient 
source. This means that nutrient uptake from kelps will have a similar mitigative effect 
regardless of whether a nutrient molecule specifically came from any fish farm 
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or other source, assuming the excreted nutrient species (NH4
+) are readily useable by 

the inorganic extractive niche. This enables a simple comparison with the amount of 
nutrients removed in harvested kelps with the amount of nutrients excreted by cultured 
fish. A few studies have used this approach with kelps to estimate nitrogen mitigation 
potential for open-water IMTA systems(3-6). This is not to suggest there is no need for a 
fundamental understanding of when and where nutrient uptake occurs by IMTA kelps. 
Salmon growth rates and excretion will vary substantially over the seasons and 
consequently the seasonal grow-out times of candidate kelp or, other seaweed species 
should be considered in this context. There may also be spatial considerations for kelp 
deployment in the presence of inorganic nutrient gradients around fish cages, or 
whether nuisance species may colonize and strip nutrient portions ‘destined’ for IMTA 
kelps. Nevertheless, application of nutrient removal equivalents does provide a useful 
and easily obtained first step for determination of system effectiveness. 
 
 

 

Figure 1: Partition of nutrients in fish production. Feed that is ingested but not digested will 
become faeces. Digested feed will be either retained in the tissue or metabolized and 
excreted. Carbon that is digested and not retained is respired as carbon dioxide while 
nitrogen will be excreted as ammonium. 

 
 Feed    Ingested        Digested       Excreted             Soluble inorganic nutrients 
 
                            Retained            Harvested 
 
                                  Undigested              Egested                  Faeces 
 
 
 

 
Particulate nutrient removal by shellfish and deposit-feeder IMTA components 
requires that they specifically target the removal of excess feed and undigested organic 
matter as it is this material that can be potentially responsible for organic enrichment 
under fish cages. Environmental impact of finfish farms in Canada are regulated on the 
basis of their potential to create a harmful alteration, disruption or destruction (HADD) 
of fish habitat. Currently, the focus is primarily on benthic conditions in close 
proximity to aquaculture sites and the quality of the oxic conditions.  Metabolic 
processes for microbial decomposition of organic material requires oxygen for electron 
receptors. If the rate of oxygen demand exceeds the supply, nitrate will be used, then 
followed by sulphate reduction which generates hydrogen sulphide(7). Benthic HADD 
potential at fish farms is determined through measures of hydrogen sulphides as a 
proxy for impact potential. Consequently, it is presently the actual farm organics that 
must be targeted in IMTA to reduce impact potential, not nutrient equivalents as is 
applicable for inorganic extractive species. Determining the nutrient uptake of 
settleable organics by extractive species can be achieved using a variant of the mass 
balance approach applied along the pathway in Figure 1. However, this approach can 
only be practically implemented if it can be assumed that farm organics make up the 
entire diet (as may be the case with co-cultured deposit feeders), or if we know what 
percentage of the diet was supplied by outside sources. With knowledge of the 
digestibility of farm organics (absorption efficiency) and the proportion retained 
(production efficiency) under typical metabolic conditions and activity, it is possible to 
estimate the theoretical amount of organics consumed and removed from the system 
based on harvest biomass. 
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Challenges measuring and modelling IMTA shellfish 

Modelling augmented growth and uptake of fish farm organics by shellfish in open-
water IMTA systems present some unique challenges. This is largely because shellfish 
adjacent to fish cages will consume natural seston (organic particles, phytoplankton 
and zooplankton) in addition to the potential consumption of fish farm particulates. 
Consequently, teasing out the proportion of fish farm organics filtered, transformed or 
removed in harvest biomass relative to natural food sources can be problematic. A link 
may also exist between the dissolved inorganic nutrients excreted from fish and the 
potential to enhance planktonic primary production; indirectly influencing shellfish 
growth(8). This feedback effect may be more likely in warmer climates and areas of 
slow currents and is less likely to be important in Canadian waters. In the 
Passamaquoddy Bay area, increases in chlorophyll concentrations at fish farming 
locations are no different than elsewhere in the Bay(9). Nevertheless, the potential for 
multiple-routes to augment shellfish growth at fish cages does illustrate some of the 
complexities and diversity of mechanisms involved in the IMTA shellfish component. 
 
In laboratory studies, it is clear that some shellfish can readily filter, digest and retain 
fish faeces(10-12). However, evidence of the perceived growth benefit to shellfish in 
open-water IMTA systems is contradictory. Several studies report augmented shellfish 
growth or evidence of farm organic uptake in open-water IMTA systems(13-18), while 
other studies reported no effect(19-21). This implies a substantial influence of site 
specific factors that affect the concentrations and spatial distribution of finfish wastes 
through differences in nutrient supply (husbandry) and dilution (advection and 
dispersion) processes. Together, these studies suggest that the application of general 
model parameters may be difficult and significant site specific data inputs may be 
required. 

“In laboratory 

studies, it is clear 

that some 

shellfish can 

readily filter, 

digest and retain 

fish faeces. 

However, 

evidence of the 

perceived growth 

benefit to 

shellfish in open-

water IMTA 

systems is 

contradictory.” 

 
Given that one of the objectives of shellfish-finfish co-culture is to target fish farm 
organics, relevant metrics of IMTA efficiency or effectiveness should be determined 
relative to the organic load from the farm. The shellfish component of IMTA only 
targets the portion of farm organics within their filtering size range so IMTA 
efficiency has to be addressed by considering the contributions of all IMTA species. 
Blue mussels can filter particles between 3 μm(22) and 1000 μm(23, 24). If only 10% of 
the biomass of farm organics fall within this range, the mussels are incapable of 
filtering the remaining organic material and the remainder needs to be targeted by 
additional organic extractive species. Unfortunately, very little is known about the 
proportion of fish farm organics that lie within the shellfish filtering size range at any 
given time. In culture systems such as land-based raceways or tank culture, suspended 
solids (fine particles) in some systems may comprise up to a third of the total organic 
load(25). Land-based fish culture occurs in a high abrasion environment, with walls, 
aeration, drains, pipes and the potential for higher stocking densities. It is difficult to 
extrapolate data on particle size of semi-flocculent material such as fish faeces in such 
an environment to cage culture scenarios. While it is possible to empirically measure 
particle size and concentrations in parcels of water at fish cages, this will not provide 
information on relative proportions of particles from fish faeces, waste feed and 
natural seston. Organic particle sizes at fish farms are also a function of dietary 
ingredients and fish size(1). Ingredients may change frequently depending on 
availability and price. Proportions of ingredients may also change depending on the 
size of the fish (e.g. variation in protein requirements). Different feed companies may 
source their aqua-feed ingredients differently. As such, there may be no consistency 
between organic particles from different farms unless the same feed is fed to the same 
cohorts.
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Other limitations on the efficiency of excess nutrient extraction by shellfish include the 
maximum biomass of shellfish that can be incorporated without leading to additional 
seabed organic enrichment impacts from shellfish biodeposits. Organic matter in 
shellfish faeces contains a large proportion of fine natural particles, which will deposit 
much more rapidly after incorporation into faecal pellets. The IMTA goal of highly 
efficient nutrient extraction must be balanced against the increase in organic matter 
flux to the seabed and the associated risks to benthic communities. Nutrient extraction 
efficiency is also limited by the time the shellfish have to capture the nutrients(26). 
While dense shellfish populations have a remarkable ability to filter large quantities of 
water, there are severe limitations on how much a fixed population can remove from a 
moving water body. 
 

(New Brunswick Department of Agriculture, Aquaculture and Fisheries, with permission) 

The second IMTA objective of enhanced shellfish performance may be documented at 
open-water IMTA sites by comparing shellfish growth at a fish farm with that of 
growth at a suitable reference site. This allows calculation of the augmented growth 
potential from IMTA.  Unfortunately, there are a number of difficulties with this 

approach. The first is finding 
appropriate reference sites. 
Ideally a reference site should be 
far enough from the farm to 
negate potential influences from 
the farm itself, but close enough 
to ensure exposure to the same 
local water quality and 
hydrodynamics. Complex bay 
structure, bathymetry and 
multiple uses of shoreline, may 
result in significant different in 
flushing and nutrient loading 
rates within the scale of 
hundreds of meters. Location of 
farm sites can also be 
problematic. Recent CIMTAN 
research has shown large spatial 
variations in particulate material 
around fish cages. Arbitrarily 
placing shellfish at a particular 
location or depth is unlikely to 
be representative of optimal or 
average IMTA growth 
conditions. The second challenge 
is the potential of unknown 
influences from localized fish 
farms in the overall general area. 
Most east coast IMTA sites are 

located in high density 
aquaculture areas (Fig. 2) with 
the potential for suspended 

aquaculture particles to travel throughout the bay management area, including to 
possible reference sites. If this is the case multi-trophic aquaculture may be occurring 
at a reference site, without the ‘integrated’ aspect.  This is unlikely to be an issue at 
relatively isolated sites. The third challenge with reference sites, is the difficulty 
culturing mussels at the same scale or densities they are cultured at on the IMTA sites.  

Figure 2: Marine Farm (MF) lease areas (as of 2010) in the Back 
Bay - Black’s Harbour area of Passamaquoddy Bay, on the New 
Brunswick side of the Bay of Fundy. Green indicates approved 
leases; yellow sites are proposed; and blue sites are approved 
for IMTA. Solid lines indicate the borders of Bay Management 
Areas (BMAs), which are partitioned based on water circulation 
areas as one method to manage risk of disease transfer.  
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Shellfish growth differences between IMTA and reference sites may be a reflection of 
density differences that confound the interpretation of results. On the east coast, Cooke 
Aquaculture presently uses continuous socking of mussels hanging from concentric 
polar circles (see cover image). Deploying one of these at a reference site would 
require an additional aquaculture site licence. The expense is difficult to justify from a 
business perspective and the collection of truly representative growth data may not 
even be possible, in locations with limited room for new aquaculture lease areas. 
 
The challenges identified with the collection of empirical data and the filtration of 
multiple food sources have prompted CIMTAN researchers to explore the option of 
modifying an ecosystem model, for application to open-water IMTA systems 
consisting of caged fish, suspended shellfish and kelp components. Models of shellfish 
culture are well developed and spatial application of such models within a larger 
ecosystem type model may be one mechanism to address at least some of the 
aforementioned issues. An advantage to this approach is that since these shellfish 
models have been well validated with general shellfish culture (correctly reproducing 
shellfish growth in non-IMTA scenarios). Such models can be run with natural diet as 
well as with a combined diet, as a means to help ‘tease out’ contribution of farm 
particulates contributing to growth. A validated shellfish model at a given IMTA site 
(accounting for both natural seston and fish farm waste) can be used to derive 'virtual' 
reference conditions by allowing removing the fish farm waste input and predicting the 
resulting shellfish growth. This can develop predictions of the growth increase 
potential that could be related to an additional food uptake on fish farm waste. Two of 
the most common shellfish models that have been used in aquaculture settings are 
application of the Scope For Growth model(27) and Dynamic Energy Model(28). Recent 
work has shown that both models return comparable results(29). These are described 
elsewhere in this issue with emphasis on the SFG as a candidate for the spatial 
modelling of IMTA shellfish. 

“The concept of 

IMTA prompts a 

robust 

ecophysiological 

model describing 

shellfish growth as 

well as the 

interactions of the 

bivalves with their 

environment. 

Ecosystem models 

can help explain 

these environmental 

interactions within 

complex 

manipulated 

ecosystems. ” 

 
 
Ecosystem modelling as a management tool 

Shellfish production models were first developed in the 1970s(30) and variants of these 
models eventually evolved for inclusion into carrying capacity models. Most 
development has occurred with production carrying capacity and ecological carrying 
capacity(31). There are several examples of complex, production carrying capacity 
models. These typically couple the biophysical and geochemical environment, and 
include physical forcing functions (e.g. temperature, food supply, current, tidal 
exchange, structural drag), compartments (e.g. particulate organic matter (POM) in 
boundary layers, mussel biomass and quantity, shell volume) which are coupled 
though a series of pathways (e.g. POM flux, assimilation, respiration, growth and 
mortality)(32, 33). Work on ecological carrying capacity models in recent years has 
focused on the effects of nutrient cycling(34, 35), phytoplankton biomass(36) or both(37). In 
the context of aquaculture impacts, biodeposition from mussel culture can cause 
classical organic deposition impacts(38, 39) and some biodeposition models for shellfish 
culture have also been recently developed (e.g. 40).  
 
The concept of IMTA prompts a robust ecophysiological model describing shellfish 
growth as well as the interactions of the bivalves with their environment. Ecosystem 
models can help explain these environmental interactions within complex manipulated 
ecosystems. The possibility of running different hypothetical scenarios allows an 
objective exploration of different situations (e.g. IMTA configuration or optimal farm 
location). Such scenario building can be crucial for an effective integration of science 
and management, allowing the study and evaluation of alternatives and facilitating the 
decision-making process. In addition, ecosystem models can be complemented with 
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optimization tools, that is, outcome-oriented tools used to make rational and transparent 
decisions about a well-defined problem, making a system as efficient as possible. 
Optimization can constitute an ideal and objective way to maximize production of an 
IMTA site and minimize ecosystem impacts. Together, ecosystem modelling, scenario 
building, and optimization processes are the ideal group of tools for exploring 
management strategies in IMTA sites. Ultimately, providing insight into the most 
challenging objectives related to IMTA performance, determining the degree of nutrient 
recovery and augmented growth of co-cultured species. 
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Modelling Shellfish Growth Using a Scope For 
Growth (SFG) Approach 
 
 
 
R. Filgueira 
 
Growth models of species with economic value have been directly applied to 
management aquaculture production and combined with broader ecosystem 
models to study the implications of aquaculture activity on the ecosystem. One 
of the most common techniques for modelling shellfish growth is based on the 
Scope For Growth (SFG) approach. This paper presents the fundamental 
aspects related to SFG, the different applications of this technique as well as a 
summary of datasets that are required to construct a model for a specific site. 
 
 
 
SFG model 

Prediction of shellfish growth has been widely studied over the years due to its direct 
implications for aquaculture management. More recently, due to the increase in 
computer power and the development of sophisticated ecosystem models, shellfish 
growth models have become crucial components for studies: evaluating the effects of 
aquaculture on the ecosystem(e.g. 1, 2), determining the carrying capacity of aquaculture 
sites(e.g. 3, 4), optimizing the profitability of existing farms(e.g. 5, 6), and evaluating the 
potentiality of new cultivation areas(e.g. 7, 8). The need to make accurate growth 
predictions has promoted the development of individual bivalve growth models, which 
can be based on empirical, mechanistic or mixed approaches. Two main approaches 
have been applied to model shellfish growth: Scope For Growth(9) (SFG) and Dynamic 
Energy Budget(10) (DEB). The SFG approach is based on the measurement of an 
energetic balance between the energy absorbed from the food and the energy lost in 
respiration and excretion: 

“Two main 

approaches have 

been applied to 

model shellfish 

growth: Scope For 

Growth (SFG) and 

Dynamic Energy 

Budget (DEB) ... The 

main difference 

between them is 

that DEB is based 

on theoretical 

assumptions, while 

SFG is based on 

empirical 

measurements.” 

 
P = A – (R + U) 

 
Where P, production, is the energy available for growth and reproduction, A is the 
energy absorbed from the food, R is the respiratory energy expenditure and U is the 
energy lost as excreta. If this balance is positive, the organism has energy available for 
growth and reproduction that is manifested as an increase in body weight. In contrast, 
a negative balance will result in a decrease in body weight as a consequence of the 
utilization of reserves.  
 
DEB theory describes the energy flow through organisms from assimilation, to 
allocation, growth and reproduction and maintenance using a mechanistic approach. 
The main difference between these two modelling approaches is that DEB is based on 
theoretical assumptions, while SFG is based on empirical measurements. This is a 
direct consequence of the simplification adopted in SFG modelling. SFG studies 
organism physiology through the empirical measurement of processes that are 
relatively easy to measure, and not through the general mechanistic principles in which 
these processes are based on, in contrast to the DEB approach. 
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However, the study of general principles utilized by 
DEB requires value estimation of several parameters, 
which can be challenging. Consequently, both model 
approaches present advantages and disadvantages, and 
have both been successfully applied to individual 
shellfish growth models (SFG: Brigolin et al.(11); DEB: 
Rosland et al.(12)). Recently, Filgueira et al.(13) compared 
both models to the same datasets and obtained a similar 
performance, suggesting that although the basis of SFG 
and DEB model construction differs, both can 
successfully reproduce the observed growth of Mytilus 
edulis (Fig. 1). 

Figure 1 

Modelled (dashed and continuous lines 
for DEB and SFG, respectively) and 
observed (crosses with bars showing 
standard deviation) dry flesh mass (mg 
C) for a mussel population in Pertuis 
Breton (France). 

 
SFG may be utilized for two main objectives, to 
determine the energetic status or to provide insight into 
the growth process of a population. The former provides 
a rapid and quantitative assessment of the energy status 
of a population at a given time, which is a direct 
indicator of the performance of the population in the 
ecosystem. This indicates for example, if the population 
is suffering stress or accumulating reserves. Such 
application of the SFG approach requires experimental 
measurements of the following physiological data: (1) 
feeding rate, (2) food absorption efficiency, (3) 
respiration rate and (4) nitrogen excretion. However, 

given the changing conditions of the environment these discrete measurements cannot 
provide a long-term projection of shellfish growth. Therefore, functional relationships 
of these physiological rates with a broad range of environmental conditions are needed 
to use SFG models for insight into the population growth process. Given that it may be 
methodologically costly to establish these functional relationships each time a new 
aquaculture site is studied, ecological models are usually based on generic equations 
that are calibrated for each specific site. 
 
General SFG models(e.g. 14) for Mytilus edulis can be used as a starting point for 
modelling other populations worldwide. The calibration required for a specific location 
requires the following time series:  

1. Chlorophyll-a, as a proxy for phytoplankton abundance (primary source) 

2. Detrital organic matter (secondary food source) 

3. Temperature (forcing function on biological processes) 

These generic models can be easily modified for different species by modifying 
physiological parameters and these are frequently available in the scientific literature. 
 
 
Final remarks 

Although SFG and DEB models can be successfully applied in shellfish modelling, the 
simplification adopted in SFG, arguably facilitates its implementation in ecosystem-
level models in cases where the objective of the study focuses more on the ecosystem 
and not specifically shellfish physiology. Such a generic approach with SFG can be 
easily exported and calibrated for different locations and species, constituting a 
powerful tool for predicting shellfish growth. 
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Influence of Scale on Estimates of Carrying 
Capacity: Implications for Modelling Integrated 
Multi-Trophic Aquaculture (IMTA) Systems 
 
 
P. Duarte 
 
This report addresses some current challenges to modelling aquaculture 
systems for Production and Ecological Carrying Capacity (CC) estimation, 
related to the integration of different spatial scales and the choice of the right 
spatial resolution. Some possible approaches to these problems are presented 
and discussed, including criteria to prevent biasing CC.  

 
 
 
 

Introduction 

Aquaculture is a rapidly growing industry, contributing more than 40% to the Global 
consumption of aquatic organisms. The general approach of modern aquaculture is 
similar to those of industrial agriculture and husbandry, with large energy investment 
and the usage of chemicals in, predominantly, monoculture systems, with the potential 
for a large ecological footprint(1). One approach to improve aquaculture sustainability 
is the re-use of energy and material that would otherwise be lost in monoculture 
systems, to improve production while reducing negative environmental impacts. 
Integrated Multi-trophic Aquaculture (IMTA) systems are designed with these 
purposes in mind and aim improved aquaculture sustainability. 

“The concept of 

sustainability 

has been used 

and “abused” 

over the last 

two decades. If 

this concept is 

to have some 

practical usage, 

it is important 

to establish 

criteria for its 

quantification.” 

 
The concept of sustainability has been used and “abused” over the last two decades. If 
this concept is to have some practical usage, it is important to establish criteria for its 
quantification. Alternatively, some proxy to the concept that is more prone to 
quantification may be used. Carrying capacity (CC) seems to be one such proxy. 
However, there are several CC categories, regarding coastal aquaculture development, 
as defined by Inglis et al.(2) and adopted by McKindsey et al.(3):  

(i) Physical CC: the total area of marine farms that can be accommodated in the 
available physical space 

(ii) Production CC: the stocking density at which harvests are maximized 

(iii) Ecological CC: the stocking or farm density which causes unacceptable 
ecological impacts 

(iv) Social CC: the level of farm development that causes unacceptable social 
impacts 

 
A parabolic relationship of yield with investment has been demonstrated for 
Production CC(4) (Fig. 1). Yield is maximized at the level of investment corresponding 
to Production CC. The cited authors used as a proxy for investment the number of 
recruits in bivalve production systems. 
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Different approaches are required to estimate the CC 
categories described above such as Geographic 
Information Systems (GIS), for physical CC, market 
studies, queries and workshops with stakeholders, for 

economic and social CC, and models, for Production and 
Ecological CC (Fig. 2). Decision Support Systems (DSS) 
using multi-criteria methods may be used to achieve the 
best compromise among different categories. 

Figure 1 

Relationship between yield and 
investment for Production CC. 

 
The main objective of this report is to emphasize some of 
the current challenges to modelling aquaculture systems 
for Production and Ecological CC estimation. Some of the 
aforementioned challenges are related to the hierarchical 
nature of these systems, as discussed by the Fréchette(5) 
bivalve culture example. Consequently, the following 
questions arise: 

(i) What are the relevant spatial scales for aquaculture 
modelling and CC estimation? 

(ii) What is the right resolution for aquaculture 
modelling and CC estimation? 

The modelling methods used for CC estimation depend 
largely on the answers to these questions. Ecosystem type 
models typically partition distinct state variables (e.g. 
bivalve biomass, phytoplankton biomass). Flows of energy 
or material between state variables are quantified as 
biological fluxes (e.g. grazing), which are regulated by 
external forcing functions (e.g. light intensity). Fluxes are 
normally represented by a series of differential equations 
that define internal processes. To account for spatial 
heterogeneity, the ecosystem may be divided in boxes or 
cells. The size of each box determines the spatial resolution 
of the model. For a description of the general structure of 
an ecosystem box model with bivalve suspension-feeders, 
see Herman(6) and Dowd(7). Over the last decades there has 
been an increasing tendency to couple ecological with 
hydrodynamic models to account for physical and 
biogeochemical feedbacks(8). These models compute 
simultaneously the current velocity field as well as local 
sinks and source terms for each model cell. These are 
integrated into the transport equation to calculate 
concentration changes. 

 

Figure 2  

Approaches to quantify different CC 
categories. Decision Support Systems  
may be useful to find the best 
compromise among different 
categories (1). 

 
 
Rationale 

An example of the hierarchical nature of aquaculture systems is illustrated in Figure 3, with 
suspended shellfish culture. At different levels in the hierarchy, physical and 
biogeochemical processes may have roles of varying importance in defining CC. For 
example, at the bay scale, biogeochemical processes may play an important role providing 
food for cultivated bivalves, since the time it takes for phytoplankton to double its biomass 
is, typically, of a few days which may compare with water residence time. However, at the 
cultivation unit scale, water renewal is much faster than phytoplankton growth and, 
therefore, more important in providing food for suspension-feeders. Furthermore, there
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are feedbacks across the hierarchical levels. For example, water leaving a cultivation 
area may be food depleted, reducing energy input to organisms located downstream. 
This complexity suggests that models should integrate different spatial scales to 
properly estimate CC. A similar reasoning may be applied to other forms of 
aquaculture. In the case of finfish, natural food depletion is not a problem since 
organisms depend on artificial diets. However, biogeochemical and physical processes 
are of utmost importance in removing metabolites and replenishing oxygen in fish 
cages. Coupling these processes raise the question of how different spatial scales may 
be integrated in models, such as those depicted in Figure 3? This may be achieved by 

increasing model resolution 
to the smallest “relevant” 
scale(9, 10). Frequently 
however, this would 
involve unaffordable 

computational costs. 
Challenges defining the 
smallest “relevant’ scale or 
appropriate resolution, will 
be discussed first. 
 
Using the example of 
bivalve suspension feeding 
culture, Duarte et al.(11) 
proposed several criteria to 
define adequate spatial 
resolution of Production CC 
models. In Figure 4, water 
residence time (RT), 
primary production rate, as 
reflected by cell doubling 
time (PT) and the time 
taken by bivalves to clear a 
specific volume of water 
(CT)(12) are plotted against a 
spatial scale. These results 
were partly obtained from a 

model described in Duarte et al.(9). PT is relatively independent of the spatial scale 
considered. RT is proportional to the spatial scale. CT is more or less independent of 
the spatial scale within the cultivation units, where bivalve densities are homogeneous, 
but it tends to increase at larger scales, when bivalve cultivation does not occupy all 
available space.  

Bay scale

Productionarea scale

Cultivationunit scale

Figure 3 

The hierarchical structure of aquaculture systems, exemplified 
with a Galician Ria, from the bay to the cultivation unit scale/raft.

 
If a model has a spatial resolution coarser (greater) than c.a. 3000 m, it will tend to 
overestimate local CT (Fig. 4), underestimating food depletion and leading to a 
probable Production CC overestimation. This bias may be prevented by choosing a 
spatial resolution better than 3000 m, where RT tends to be smaller than CT. If such a 
resolution is not possible to achieve, the system can be considered to be beyond its 
Production CC(11). 
 
The above reasoning applies to a specific CC category and to a specific cultivation 
type. However, a similar approach may be attempted to other CC categories and 
aquaculture systems with proper adaptations. Another important advantage of 
choosing an appropriate high resolution is to guarantee that RT is smaller than other
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processes in order to fulfill the usual assumption of homogeneity in water properties within 
the cells or boxes of model grids used for CC estimation.  
 
As mentioned previously, the selection of adequate spatial resolution may lead to 
unaffordable computational costs in some instances. This may result not only from the 
larger number of cells on the computational grid, but also due to the smaller time steps 
required to fulfill the stability criteria of the numerical computations defined by the Courant 
condition (Fig. 5).  There are some alternatives that can be considered to resolve this 
problem. 
 
One possible alternative to increasing grid resolution in the overall model domain (Fig. 5), 
may be to use nested grids or variable size grids. In the previous case, it is possible to have 
a highly detailed model running within the grid of a coarser model as is a usual practice in 
oceanography models(13) (Fig. 6). The larger scale model may provide the hydrodynamic 
forcing for the smaller scale one and two way feedbacks may be computed with respect to 
water quality variables. 
 
Another alternative is to integrate 
processes at smaller spatial scales within 
larger scales in such a way as to avoid the 
bias discussed above. Let’s consider again 
the mussel raft culture example. The size 
of mussel rafts is of the order of tens of 
meters. For example, in Galician Rías they 
are c.a. 25x20 m. Let’s assume that, due to 
computational overhead, it is not practical 
to use a resolution smaller than c.a. 100 m, 
as shown in Figure 7. Consequently, 
bivalve densities within each cell will be a 
function of the number of rafts located 
within that cell and the enclosed water 
volume. Since this volume is larger than 
the volume occupied by mussel rafts, it 
follows that bivalve densities in the model 
are “diluted” and local food depletion 
effects may be underestimated, as 
discussed above. One possible way to 
solve this problem is to compute food 
depletion within the raft as a function of 
raft size, current velocity and mussel raft 
density. If this may be done analytically, 
there is no need to increase grid 
resolution. In this particular case, the 
approach described in Duarte et. al.(14) 
may be followed assuming that clearance 
rate is constant across the raft, that food 
particle decay follows a first order kinetics 
and that the front of the raft turns towards 
the current: 

Figure 4 

Selection of the adequate resolution for bivalve 
Production Carrying Capacity (adapted from 
Duarte et al.(11)). Arrow on lower left corner 
depicts appropriate spatial scale/resolution for 
Production CC estimation (see text). 
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Where C0 and Cx (equation 1) are 

food concentrations before water 
enters the mussel raft and at a distance 
x within the raft, respectively, Q is 
water flow, CR is mussel individual 
clearance rate and N is the mussel 
number per unit of length. Integrating 
equation 2 across raft length allows 
calculating an average filtration rate 
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From the average FR and the total number of mussels in the rafts located in each cell, a 
sink may be calculated and used in the transport equation. Using this method, local 
food depletion is addressed without any “dilution” effect. The feeding function is 
affected not by the concentration of feeding particles in the model cell but by their 
concentration across the mussel raft and the final concentration within the cell will be 
reduced as a function of depletion within the raft. 

Figure 5 

Increasing spatial resolution implies a larger 
number of computational cells and a smaller time 
step leading to an increasingly larger computational 
overhead. 



This approach may be generalized to any other process within 
cultivation units, in models that do not resolve them spatially. If an 
analytical approach is not possible due to the complexity of functions 
involved it is always possible to use a numerical approach that will 
slow down the model but, almost certainly, much less than using a 
finer grid.   

  Figure 6 

  Nested grids (see text). 

 
 
Final remarks 

Apart from challenges with appropriate resolution, there are a number 
of additional scientific and technical challenges relating to which 
processes and variables should be included in CC models; in addition 
to which modelling approaches are more adequate to simulate growth 
and production of cultivated species. The model used will in part be a 
preference of the user. In the case of shellfish for example, some 
researchers may prefer the Scope for Growth paradigm whereas others 
will prefer the Dynamic Energy Budget paradigm.  
 
Furthermore, apart from physiologic paradigms, in some cases it may 
be necessary to simulate some species as structured populations, 
including population dynamics in models when, for example, it is important to quantify the 
part of the population that has economic importance (for an example see Ferreira et al.(15)).  
 
Given the diversity of aquaculture systems, species and areas, it is difficult to achieve a 
common modelling approach. However, the development of guidelines for minimum model 
requirements of Production and Ecological CC would benefit from the inclusion of some 
common approaches to simulate the different processes. Such guidelines would help 
determine best approaches for the following: 

Figure 7 

Part of a model grid (red 
quadrates) and some mussel 
rafts (green quadrates) (see 
text). 

(i) Coupling physical and biogeochemical processes 

(ii) Physical detail of model grids 

(iii) Inclusion of functional groups  

(iv) Determination of physiologic approaches  

(v) Species as unstructured or structured populations 

 
 
It is clear there are a number of issues requiring resolution in the 
context of CC modelling. This report emphasized resolution problems 
and proposed some solutions for a specific aquaculture type. In the 
case of IMTA however, these problems must be analyzed for all 
cultivated species and this may introduce another layer of complexity. 
Nevertheless, despite some of the aforementioned challenges, the 
approaches presented here should provide a good foundation for 
expanded efforts in IMTA modelling. 
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The Role of Three Dimensional Habitats in the 
Establishment of Integrated Multi-Trophic 
Aquaculture (IMTA) Systems 
 
 
 
S.M.C. Robinson, J.D. Martin, J.A. Cooper, T.R. Lander, G.K. Reid,  
F. Powell, R. Griffin 
 
In order for co-cultured species in IMTA systems to assimilate the scale of 
settling particulate material from commercial fish production in cages, simple 
two dimensional structures on the bottom are unlikely to be sufficient, and 
utilization of three dimensional space will instead be necessary. At an Atlantic 
salmon (Salmo salar) farm, a 2.5 m x 2.5 m x 5 m artificial benthic reef, 
containing green sea urchins (Strongylocentrotus droebachiensis) and giant 
sea scallops (Placopecten magellanicus), was deployed next to salmon cages. 
One year after deployment, both species were flourishing in addition to some 
feral species that populated the structure. Both feral and cultured species 
appeared to benefit from the combination of an appropriate substrate and the 
flux of organic material originating from fish cages. We conclude from this 
initial study that organisms are able to successfully exist in high enrichment 
areas as long as suitable habitat and environmental conditions can be 
maintained.  Further studies on the biological interactions are planned. 

Shawn Robinson

 
 
 
Introduction 

The underlying concept of Integrated Multi-Trophic Aquaculture (IMTA) is directly 
related to the intentional recapture and recycling of waste food nutrients (i.e. energy) 
through various trophic levels.  The degree to which these species interactions are 
successful will determine how successful the IMTA operation will be.  This recycling 
of waste nutrient philosophy is in tune with the industry’s requirements for more 
efficient and cost-effective production methods, and society’s demands for greater 
ecological sustainability and higher levels of social acceptability. 
 
The salmon aquaculture industry worldwide grows fish at large industrial scales, 
following the modern agricultural model of growing food in large volumes with 
substantial amounts of automation.  As would be expected, when animals exist in large 
concentrations, large amounts of food are consumed and correspondingly large 
amounts of metabolic by-products are also produced and deposited within relatively 
small spatial areas.  As a result, surplus nutrient loading around fed aquaculture sites 
can be quite large and therefore, because of the volumes and dispersion, the solutions 
to deal with this nutrient surplus will have to be both practical and efficient.  In all 
likelihood, there will need to be multiple solutions available to a farmer since there is a 
high probability of differences among habitats and species involved. 
 
 
Developing the concept 

In order to understand how to design successful IMTA systems that can exist within 
the current aquaculture industry, it is important to understand some of the physical 
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forces that are at work and that will have an effect on the delivery of food to the target 
organisms.   
 
One of these forces is the effect that the sea bottom has on the flow of water traveling 
over it.  As the water moves across the bottom, friction is created with the result that 
the water slows down as it gets closer and closer to the bottom to the point where the 
velocity is zero right at the surface.  The region where the water velocity is affected by 
the bottom friction is known as the Benthic Boundary Layer (BBL).  Depending on 
where you are in the ocean, the BBL may range from a few cm to 100 m(1).  Since 
many benthic organisms receive their food via transport on water currents, a slowdown 
in the current speed results in a lower flux rate of food being brought to them.  As a 
result, many organisms position themselves higher up in the water column on various 
structures in order to optimize the amount of food available to them. 
 
Therefore, the amount of food available to an organism could be described as: 
 
 Food available = concentration x delivery rate  (1) 

“The biomass 

capable of being 

grown in an 

aquaculture 

situation is 

directly 

proportional to 

the surface area 

available for 

habitation or 

colonization and 

subsequent 

growth.” 

 
where concentration is measured in biomass per unit volume (e.g. mg L-1)  and is 
determined by the amount of excess feed and waste delivered from a fed system.  The 
delivery rate is measured as volume per unit time (e.g. L min-1) and is determined by 
the flow of water.  Food availability relates directly to the size of the fed component of 
the IMTA operation and the physics of food delivery which may modify the particle 
size during its delivery.  This is an inherent characteristic of the feeding system and is 
not something that can be easily modified since the original food is targeted for 
another organism. 
 
If we were interested in the amount of nutrients being removed from the system as a 
measure of the efficiency of the IMTA operation, we could describe this as: 
 
 
 Nutrients removed =       (2) 

  capture efficiency x food available x biomass available    
 
where the nutrients removed represent the total biomass of  nutrients sequestered. The 
capture efficiency is an inherent characteristic of the organism and how it exploits a 
certain niche within the ecosystem.  It is represented as the percentage of the food 
available that the organism is able to successfully capture and assimilate.  The food 
availability is described above.   The biomass available is user-defined and can be 
modified by the IMTA farmer choosing which species and how many are to be 
integrated into the system in order to optimize the total amount of nutrients captured. 
 
The biomass capable of being grown in an aquaculture situation is directly 
proportional to the surface area available for habitation or colonization and subsequent 
growth.  A simple example demonstrates this.  Assume we have a simple, flat 1 m2 
square quadrat with a frame width of 10 cm and place this on the sea bottom (Fig. 1). 
This square frame would have an area of 3,600 cm2 and cover 36% of the sea bottom 
within that 1 m square. However, if we convert that 2-dimensional 1 m2 frame into a 
three-dimensional cube (a simple reef), the surface area  of all the surfaces available 
for colonisation increases by an order of magnitude while still maintaining the same 
relative benthic footprint of 3,600 cm2.  If we add a second cube on top of the first one, 
then the surface area available for colonisation increases by a factor of almost 20 over 
the original two-dimensional footprint (Fig. 1). Therefore, this simple example
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indicates that the construction of three dimensional 
surfaces within an IMTA site will be one of the key 
components in increasing the biomass available to 
assimilate nutrients coming from the fed components 
because it provides the support for the addition of surface 
area above the benthic boundary layer which improves 
both food availability (equation 1) and structure to 
increase available biomass (equation 2).  Obviously, the 
scales of commercial configurations to deal with the large 
nutrient sources coming from industrial aquaculture could 
be even greater with more complex shapes that are 
incorporated into the construction of a reef.  

Figure 1 

Schematic diagram of a conceptual 
footprint and surface area of 3-
dimensional shapes that could be used 
as an artificial reef.  The area 
represents the surface area of the 
structure in cm2. The frame width is 10 
cm, with an inner square diameter of 80 
cm.  The ratio represents the surface 
area of the 3-dimensional structure 
divided by the area of the original 2-
dimensional frame (3,600 cm2).   

 

 
 
 

Objectives 

We chose to investigate the feasibility of this concept in 2009 by testing the efficacy of 
a subtidal reef/cage on one of the IMTA sites in southwestern New Brunswick, Bay of 
Fundy. The objectives of this study were to:  

1. Evaluate the construction, transportation and installation of reef structure within 
an IMTA aquaculture site.  Look at feasibility in relation to interactions with 
industry operation, interactions with physical environment, the ability to 
introduce species and monitor changes.   

2. Evaluate the performance of two potential IMTA species, the green sea urchin 
(Strongylocentrotus droebachiensis) and the giant sea scallop, (Placopecten 
magellanicus) that might be incorporated into future trophic modules of an 
IMTA site based on their growth responses to the conditions encountered within 
the raft as a result of the nutrient plumes coming from the large-sized organic 
particulates of the salmon cage. 

3. Observe the behavioural interactions of some of the local species to the 
introduction of the reef. 
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Materials and methods 

A reef was constructed at the fabrication facilities of the 
industrial partner Cooke Aquaculture Inc. out of black plastic 
pipe (12 inch (30.5 cm) diameter high density polyethylene) 
with a dimension of 2.5 m high x 2.5 m wide x 5 m long (Fig. 2).  
It was deployed using a barge next to a salmon cage at the Crow  
Island site (MF-0037) in 15 m depth (mean low water) on a 
bottom of soft mud in January 2009.  The reef was a series of 
eight double 3-dimensional cubes, similar to the shape in Figure 
1. The bottom series of cubes were left open in order to facilitate 
water flow, while the top ones held wire or nylon mesh cages in 
which various species could be placed for growth performance 
trials. 
 
In January 2009, 200 green sea urchins (Strongylocentrotus 
droebachiensis) were measured and placed into two plastic 
coated wire mesh (50 mm mesh size) cages with plastic snow 
fencing inserts in order to allow the sea urchins to climb and 
maintain their position in the cage.  The cages were deployed by 
diver and secured in the reef with the use of rubber straps.  The 
cages were left with no further interventions for a year except 
for occasional observational dives.   
 

 
 

In addition, 400 sea scallops (Placopecten magellanicus) were 
measured; a square notch was made in the edge of the shell with 
an electric Dremel™ tool with a round cutting wheel and placed 
in four 5-tier Japanese-style lantern nets.  Both species were left 
to grow for an entire year and were sampled again in March 
2010 where they were re-measured to the nearest 0.1 mm with 
callipers.

Traditional experimental controls for species performance were 
not possible with this experiment as it was logistically impossible to place a similar 
reef in a reference site where there was no salmon aquaculture due to the costs 
associated with installing another reef and the lengthy and costly process to obtain the 
marine permits required for a new aquaculture site.  Growth on either wild or cultured 
species found in the area was derived from previously published studies(2-9). 
 
 
Results 

The logistics of deploying the artificial reef were very simple and problem free.  The 
raft was delivered by truck where it was unloaded at the high tide mark on a sand 
beach close to the aquaculture site.  At high tide, the barge attached lines to the reef 
and slowly pulled it into the water where it was attached to the side of the vessel and 
towed to the aquaculture site.  Weights were attached to the bottom corners of the reef 
and it was slowly lowered to the bottom by a bridle and a line with a surface float 
attached. Manipulating the cages in the reef underwater by a pair of divers was fairly 
easy. 
 
The sea urchins adapted readily to the captivity of the cages.  They used both the 
vertical surfaces of the wire sides of the cage as well as the snow fence partitions.  
They were regularly seen hanging from the top of the cage by their tube feet where the

Figure 2   

Photographs of the artificial reef at 
the Crow Island site, while under 
construction (top) and the reef 
deployment (bottom). 



oral side of the sea urchin was facing up, often eating food particles that had fallen 
down and landed on the cage surface. 
 
The sea urchins in the cages in the underwater reef grew significantly larger (t-test, 
p<0.001) over the course of the year they were in captivity from a mean size of 52.6 
mm (± 5.9 mm SD) in 2009 to 56.4 mm (± 5.2 mm SD) in 2010 representing a 7% 
increase in test diameter.  The daily growth rate in test diameter was calculated to be 
0.008 mm per day.  There was a 34% loss of sea urchins from the cages which was 
likely a combination of both mortality and escape as some of the urchins appeared to 
have squeezed out between the openings in the cage judging by their rapid appearance 
on the black plastic pipe surfaces after initial deployment.  The experimental urchins 
were not tagged in any fashion so they were indistinguishable from any wild sea 
urchins that also gradually moved in to colonize the reef. 
 
The sea scallops also adapted to the conditions in the lantern nets in the nutrient plume 
of the salmon cage.  The animals maintained an even distribution within the net layers 
and there was no sign of disturbance where the animals would "bite" or "knife" each 
other as a result of flight behaviour from some negative stimulus eliciting escape 
responses through swimming.  
Visual observations by the divers 
indicated that the animals were 
open and generally feeding 
normally.  Biofouling on the shell 
surfaces appeared to be minimal. 

Figure 3  

Percent increase in shell height of scallops grown in 
lantern nets over 1 year on the artificial reef based on 
individual measurements from the notches on the shell.

 
The sea scallops grew 
significantly larger from a mean 
size of 72.6 mm (± 15.9 mm SD) 
in 2009 to 107.9 mm (± 10.4 mm 
SD) in 2010 (t-test, p<0.001).  
The average daily growth rate in 
shell height was calculated to be 
0.072 mm per day.  The average 
percent increase in shell height 
varied by size class (Fig.3), but 
the overall size increment for all 
size classes was 33%. Mortality 
in the lantern nets of the scallops 
was 13%. 
 
 
Discussion 

From an industrial point of view, the construction, transport and deployment of the 
artificial reef presented no major logistic problems.  Building the reef used very 
similar skills and approaches that the cage builders use to construct salmon cages so 
the learning curve was minimal.  The size and weight of the reef was easily managed 
by the mechanical infrastructure that existed in the industry, so no special 
accommodations had to be made to handle the structure. 
 
Observations by the divers on the contents of the artificial reef indicated that the 
condition of the animals appeared to be very high.  They seemed to be behaving 
normally and were successfully acquiring food as evidenced by their increase in 
growth.  The colonization on the reef was initially slow and most of the material on the 
reef in the early period looked to be a brown organic fine mud-like layer.  Some of the 
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earlier colonizers were sea cucumbers (Cucumaria frondosa), longhorn sculpin 
(Myoxocephalus octodecemspinosus), winter flounder (Pseudopleuronectes 
americanus), rock gunnel (Pholis gunnelis), lumpfish (Cyclopterus lumpus), sea stars 
(Asterias vulgaris), green crab (Carcinus maenas), rock crab (Cancer irroratus), toad 
crab (Hyas coarctatus), common northern whelk (Buccinum undatum),  hydroids, 
tunicates and schools of mysid shrimp (Mysis spp., Praunus flexuosus ) and caprellid 
amphipods (Caprella mutica) that used the reef for both habitat and likely shelter from 
predators.   
 
The sea urchins used in this experiment were commercial sized (e.g. greater than 50 
mm) to start the trials.  While sea urchins of this size class begin to slow their growth 
rate dramatically(8), the animals in this study still showed an increased in test diameter 
growing at a rate of 0.008 mm per day.  This is consistent with the growth rates of wild 
animals in the field from the Bay of Fundy(6) and sea urchins farther south in the Gulf 
of Maine(7,8).  We would conclude from these observations that there were no negative 
effects on the growth of the sea urchins caused by the salmon aquaculture operations 
and that the animals grew normally in the reef. 
 
The growth of the sea scallops was also unaffected in the cages from the operations of 
the salmon farm.  The observed growth rates of 0.07 mm per day were in close 
agreement with other studies on cage culture of scallops in the Bay of Fundy(2,9) who 
found growth rates of 0.07 and 0.08 mm per day respectively.  The growth was also 
higher than the growth from wild populations of scallops locally (0.05 mm per day(5)) 
and further out in the Gulf of Maine on Georges Bank (0.06- 0.07 mm per day)(3).  The 
size class specific growth rates were typical of those found in other studies on this 
species(3) and would suggest that all size classes of the scallops studied were able to 
utilize the nutritional resources available. 

“…organisms 

are able to 

successfully 

exist in high 

enrichment 

areas as long 

as suitable 

habitat can be 

maintained.” 

 
It is worth noting that there were no other scallops found in the general area by the 
divers.  The bottom substrate was depositional in nature and far too soft for scallops to 
exist, based on past observations.  Thus, we would conclude that it was the substrate 
available for the scallops and not the organic loading originating from the salmon 
cages that resulted in no wild animals being found in the area.  This does not imply 
that the salmon farming operation was not responsible for any changes to the benthic 
environment by changing the sedimentation rate, but rather that the loading itself is not 
necessarily detrimental to the well-being of scallops providing that they have a suitable 
habitat in which to live; in this case lantern nets. 
 
The conclusions of the study are that the organisms are able to successfully exist in 
high enrichment areas as long as suitable habitat can be maintained. The concept of 
putting a structure with a large surface area around an aquaculture site appears to be 
practical, providing that the future engineering component of the design phase is 
successful in maximizing the efficiency and reducing the cost of the structure. 
 
We would emphasize that there is a biological interaction effect between the artificial 
reef and wild species in the general area.  Because of the increased surface area and 
vertical height of the reef that interacts with the natural environment, many of the wild 
species in the near vicinity will utilize the structure.  In the future, we may wish to 
encourage or discourage these interactions, depending on whether they are judged to 
be beneficial by using various ecological engineering techniques.  These will have to 
be evaluated in further studies as work on the three-dimensional benthic component of 
IMTA continues 
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Hydrodynamic Considerations for Spatial 
Modelling of Integrated Multi-Trophic 
Aquaculture (IMTA) 

 
 
 

G.K. Reid, S. Haigh, T. Jeans, and M. Foreman 
 

Aquaculture models that aim to predict nutrient dispersal or deposition 
require hydrodynamic data. The need for high resolution current flow data 
in open-water Integrated Multi-Trophic Aquaculture (IMTA) systems is 
particularly acute as nutrient transport to co-cultured species is often at the 
scale of dozens of meters. This is smaller than the typical scale of 
oceanographic models, although this gap is narrowing. The potentially 
complex array of farm structures and the small scales necessitating flow–
field description have prompted an examination of Computational Fluid 
Dynamics (CFD) as one option to address these issues in IMTA systems. 
Modelling shellfish in an open-water system most likely requires inclusion 
within a larger ecosystem model. Consequently, in addition to resolving 
smaller scale hydrodynamics at the cage scale, linkages may be required 
with a larger oceanographic model to define appropriate boundary 
conditions. The Unstructured Grid Finite Volume Coastal Ocean Model 
(FVCOM) is the predominant oceanographic model used by Fisheries and 
Oceans Canada and has been used on east and west coasts to support 
aquaculture management decisions. Consequently, FVCOM is a logical 
choice as the oceanographic component for an ecosystem type model that 
includes IMTA shellfish. CFD and FVCOM functionally are described 
below and implications for the modelling of shellfish in IMTA systems are 
discussed. 

 
 

Introduction 

Over the last few decades, there has been a great deal of Aquaculture modelling 
focused on understanding or predicting nutrient waste dispersal, deposition or fate(e.g. 1-

15). A commonality with all of these models is the need for hydrodynamic data; the 
scale, frequency and data format, a function of a particular model’s objectives. Many 
of these existing models or approaches should be intuitively applicable to nutrient 
delivery in IMTA systems. However, several of the hydrodynamic sub-modules in 
these models can be quite complex and significant consideration is warranted prior to 
potential implementation in open-water IMTA systems. Some of these models (e.g. 5, 16, 

17) are variants of hydrodynamic models that employ finite element techniques (a 
defined series of connected spaces) to solve the Navier–Stokes equations and produce 
flow velocities in adjacent areas (the element component in the model). While it is 
possible to apply this approach to the scale of meters it has typically been applied to 
the 100 of meters (or greater) scale(e.g. 18). These models are useful for tracking the 
potential of pathogen transfer between fish farms, or the medium-term (e.g. days) fate 
of nutrients to determine where phytoplankton response may occur(19). Hydrodynamic 
finite element models are sometimes embodied in larger models to determine 
aquaculture carrying capacity at bay-wide scales. In China for example, incidental 
IMTA can occur throughout entire bays with culture rafts of a variety of species and 
several models have aimed to quantify these effects (e.g. 20, 21). 
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Challenges quantifying near-field flows 

At the farm scale, knowledge of mean current directions and speeds exiting from fish 
cages are crucial for predictions of nutrient and particle densities. Ideally, this could be 
measured empirically or modelled analytically. Either approach is not without 
difficulty. Near-field dynamics of water flow through net panels in and around cages 
can be extremely complex. Drag is produced as water flows through the cage netting 
and around cage structures(22), thereby reducing the flow velocity and increasing 
turbulence in adjacent waters. Drag and turbulence are affected by: the ratio of net 
thread to space, referred to as solidity(22) or porosity(23), flexibility of the cage(24), angle 
of attack(22, 23), number of net panel crossings(22), lift(25), space between cages(22), the 
drag coefficient (or roughness) of the individual net threads (22), and current 
velocity(26). Wakes can be generated at multiple scales, ranging from individual net 
threads(22) to vortical flow generated by the general obstruction of water flow caused 
by the cages(23); the amount is of spread a function of the distance traveled (22). These 
parameters are seldom constant. Fouling of the mesh can alter the thread drag 
coefficients and change the porosity. The affect of potentially hundreds of tonnes of 
fish on flow-fields appears to be largely unknown.  “There are few 

published 

aquaculture 

studies that aim 

to model near-

field current 

dynamics or 

concentrations, 

and even fewer 

relating to open-

water IMTA.” 

 
Current flow through cages is necessary to determine volumetric exchange which in 
turn provides the denominator for estimates of nutrient concentrations. Some initial 
work by Løland(22) successfully developed analytical methods for modelling current 
reduction and wake spread as water passes through net panels. However, the data 
required for model inputs is arguably more labour intensive than empirical data 
collection of current and nutrient concentrations throughout a farm. There has been 
some success circumventing a number of these data requirements using simplifying 
assumptions(27), but this has occurred in fairly simple systems with data integrated as 
daily averages, at a set distance. 
 
There has only been one study to our knowledge that has attempted to model near-field 
concentrations in the context of open-water IMTA. Petrell et al.(28) initially used a 
diffusion model to determine placement of the kelp Laminaria for ammonium uptake 
at salmon cages, but found the model invalid within the vicinity of the cage structure 
due to the unsteady and complicated flow patterns associated with the structure. They 
suggested that significant mixing occurred between 10 to 40 m from the sea cages at 
their study site, and consequently higher concentrations can be measured beyond 10 m 
than within 10 m. There was some success using a dilution model between 10 and 40 
m.  
 
Observations of increased concentrations a short distance away from cages, as opposed 
to right at cage edges, are supported by Sanderson et al.(29). Ammonium was 
extensively sampled (4 m depth) around salmon cages to understand spatial patterns of 
nutrients for the development of co-cultured kelps. In general, ammonium 
concentrations were elevated typically within 50 m of the down current direction 
(although sometimes effects were detected up to 200-300 m from cages), not right at 
the cages. 
 
Given the complexities of modelling near-field flows around cages and farm 
structures, this may beg the question of why not pursue alterative approaches? For 
example, there is some merit using “biocollectors” as a proxy to determine current 
flow and spatial distribution of nutrients(30). While this can be done at an existing farm 
it does not necessarily help with predictive capacity for new site proposals. Empirical 
data collection of current may also be an option, but high intensive data collection may 
be required. Recent work observing the release of dye inside polar circles (as 
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a proxy for tracking therapeutants added to cages), demonstrated that several current 
meters may be required to accurately map near-field nutrient plumes exiting just one 
cage(31) at full scale salmon farms in the Bay of Fundy environment.  
 
Another question may be how precise does the location of co-culture species need to 
be? In uncomplicated culture conditions, a high degree of spatial resolution may not be 
warranted as a general understanding of up-current and down-current direction may be 
all that is required. However, if decisions are required to determine optimal filtration 
rates (relative to farm particulates available), nutrient concentrations and associated 
scale, detailed flow data may still be required. 
 
 
Computational fluid dynamics 

“One option for 

exploring detailed 

3D flow-fields at 

small scales is 

through the use of 

computational fluid 

dynamics (CFD). In 

recent years there 

has been some 

experimentation 

applying CFD to 

aquaculture related 

problems.” 

One option for exploring detailed 3D flow-fields at small scales is through the use of 
computational fluid dynamics (CFD). In recent years there has been some 
experimentation applying CFD to aquaculture related problems. CFD simulations have 
been used to describe: water flow and solids removal in land-based aquaculture 
systems(32, 33), the effect of mussel socks on flow dynamics(34), the effect of oyster 
tables on flow(35), flow through net panels(36, 37), mixing behind aquaculture cages(23), 
and to assist in the design of fish cages for high-energy sites(38). Some of this work has 
used commercially available software packages such as, FLOW-3D(34), FLUENT(36) or 
Ansys FluentTM (35). Given some of the aforementioned challenges of near-field spatial 
modelling around open-water cages and structures in an open-water IMTA settings; 
CFD may have some appeal. 
 
As with the oceanographic type hydrodynamic models, CFD also solves the steady or 
unsteady Navier-Stokes equations, ensuring the conservation of mass, momentum, and 
energy throughout the fluid flow.  The three main elements of the CFD procedure are 
pre-processing, solver solution, and post-processing(39). The computational domain, 
including fluid properties, geometry, and boundary conditions, are defined in the pre-
processing step and an appropriate CFD grid is generated.  CFD grid generation is the 
process of dividing the domain into smaller control volumes or cells.  In general, as the 
grid density increases, so too does the accuracy of the CFD solution.  However, the 
necessary computer hardware and calculation time also increases with increasing grid 
density, and the optimal solution is often a non-uniform grid with increased cell 
density in regions where flow field gradients are largest.  Solver solution consists of 
discretizing the governing equations into a system of algebraic equations and solving 
this system of equations using an iterative method.  The governing equations can be 
discretized using the finite volume, finite difference, finite element, or spectral 
methods; finite volume being the most common for well-established commercial CFD 
codes such as Ansys® CFX®, Ansys FluentTM, and STAR-CD.  Post-processing 
involves quantifying the errors in the CFD solution through verification, validation and 
extracting the flow field variables of interest. Once the CFD solution has been verified 
and validated it provides details of the local flow features(40) at a level that are difficult 
to obtain from laboratory scale experiments or field measurements (e.g., Fig. 1). 
 
Most practical high Reynolds number turbulent flow simulations must implement 
turbulence models because the range of length scales are too vast to be properly 
resolved with practical grid densities(39). The most commonly employed turbulence 
models are based on the time-averaged Navier-Stokes equations, known as the 
Reynolds-averaged Navier-Stokes (RANS) equations.  The time-averaging results in 
six additional unknowns that must be modelled to close the system of mean flow 
equations. Large eddy simulation (LES) is another approach being increasingly 
employed that is based on the spatially filtered unsteady Navier-Stokes equations.  
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Using this approach, the largest most important, turbulent 
scales are resolved and the smallest scales are modelled 
using a sub-grid scale model.  However, the grid resolution 
required for many high Reynolds number flows is still 
impractical.  Delayed eddy simulation is a hybrid approach 
where the entire boundary layer is treated using a RANS 
model and highly separated regions are treated using LES. 
This results in a numerically feasible approach that 
combines the most favourable elements of each method.   
 
Open-water aquaculture invariably involves the use of nets, 
and this is one of the primary challenges in the application 
of CFD to aquaculture. While it is theoretically possible to 
model flow in and around mesh in nets using a CFD 
approach, the computing power needed to model this at the 
scale of a farm is exorbitant. Netting can be approximated 
by small cylinders but the number of cylinders required to 
model the net area in a cage is very large - more than 10 
million in a single salmon farming cage, thus it is 
computationally expensive to model the exact geometry(36). 
This has lead to the development of a porous media 
approach with application to flow through and around net 
panels(37). While this approach has proven successful, 
resistance coefficients are required for each individual net 
modelled and finding the coefficients is nontrivial. 
Nevertheless, given some of the recent applications of CFD 
to aquaculture, it was felt that options for CFD for open-
water IMTA should be explored at the workshop.  

 
 

The unstructured grid Finite Volume Coastal Ocean Model (FVCOM) 

Coastal zone management of aquaculture in Canada has often utilized the support of 
oceanographic modelling by Fisheries and Oceans Canada (DFO). On Canada’s east 
coast, in the fish farm dense waters around Passamaquoddy Bay, Maces Bay and 
Grand Manan, water circulation models were initially used to estimate the potential for 
water exchange between farms and to assist in the management of Infectious Salmon 
Anaemia (ISA)(41). A customized finite element model by Greenberg et al.(42) was used 
for estimates of the areal extent of one tidal excursion around existing fish farms. This 
work ultimately helped to revise the Bay Management Areas (BMAs)(43), and in 
combination with a mandatory one year site fallowing requirement, was largely 
successful at thwarting ISA in the region.   
 
Over the last few years, DFO under the auspices of the Centre for Ocean Model 
Development for the Application Centre of Excellence, has adopted FVCOM for its 
near shore modelling. FVCOM is an open source model developed at the Marine 
Ecosystem Dynamic Modeling Laboratory, School for Marine Science and 
Technology, University of Massachusetts-Dartmouth 
(http://fvcom.smast.umassd.edu/FVCOM/index.html) and has a large active user 
community.  The underlying mathematics solved by FVCOM are the primitive 
equations governing the fluid flow: conservations of momentum, mass, temperature 
and salinity and the equation of state(44, 45).  The model outputs include temporally-
varying two-dimensional sea surface elevation fields and three-dimensional 
temperature, salinity and velocity fields.  These equations are solved numerically using 
the finite volume method.  In the horizontal, the model domain is represented by non-

Figure 1  

An example of a contour of surface-pressure 
and skin-friction lines for a submarine hull 
(DRDC-STR) geometry at Re = 23 x 106 and α =
30 deg using the BSL-RSM turbulence 
model(40).  

http://fvcom.smast.umassd.edu/FVCOM/index.html
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overlapping triangles of non-uniform sizes (Fig. 2a) known as an unstructured grid.  
As opposed to the rectangular grids that are used with finite difference methods, 
unstructured grids are particularly well-suited for modelling coastal oceans. They 
allow realistic representation of the coastline.  Additionally, they permit variations in 
the grid size enabling a more refined grid (i.e. smaller triangles) in coastal areas or 
areas of particular interest.  Other areas (for example off-shore) can be represented by 
a coarser grid (i.e. larger triangles) offering a significant computational advantage.  In 
the vertical, sigma-coordinates, or terrain following coordinates, which accurately 
represent the depth, are used (Fig. 2b).  FVCOM can be run on parallel multi-processor 
platforms which can greatly reduce the model run-time.  

 
In applying FVCOM to a given region, 
much effort is spent setting up the 
model’s domain and boundary 
conditions.  For the model grid, a 
coastline and bathymetric data of the 
area of interest are required.  For inter-
tidal regions, the coastline must cover 
the maximum flooding area so that the 
region can be properly modelled using 
FVCOM’s wetting and drying 
capabilities.  The horizontal triangular 
grid is generated using one of many 
mesh generating programs that are 
available.  The model is driven by 
various forcing fields which are defined 
along the boundaries.  There are two 
types of lateral boundaries:  closed and 
open.  Closed boundaries are 
characterized by a no flow-through 
condition and include coastlines and 
islands.  Open boundaries, on the other 
hand, are not bounded by land and 
require specification of the tides, mean 
sea surface elevation and vertically 
varying temperature and salinity fields 
along these boundaries.  These 
temporally varying fields can be 
obtained either from observations or 
from output of another model with a 
larger domain.  At the sea surface the 
effects of wind, heat flux, and net salt 
flux (evaporation minus precipitation) 
may be included. These fields can be 
time-dependent and spatially varying 
and are obtained from either 
observations or a meteorological 
model.  Along the closed lateral 
boundaries, river flows can be specified 
and require the river’s discharge rate, 

temperature and salinity which are usually obtained from observations.   Finally, 
evaluation of the model results is an important step in the development of any model.  
Typically this is done by comparing model results with time series of observed fields 
such as sea surface elevations, currents, temperatures and salinities.  

Figure 2  

a) Horizontal triangular grid for Kyuquot Sound, BC.  
This grid has 55270 nodes and 98144 triangles with 
resolution down to 10m. b) Vertical distribution of 
sigma layers. 



On Canada’s west coast, finite element and finite volume circulation models(46) have 
been developed and coupled to customized particle tracking models to simulate the 
behaviour, dispersion, and growth/decay of parasites and disease. In the Broughton 
Archipelago, this approach has been used to study the dispersion and life-cycle 
development of sea lice eggs originating on salmon farms(47). Output concentration 
fields have been compared against field observations and the lice ‘footprints’ 
associated with individual farms have been used to devise management plans that 
minimize sea lice infections on outward migrating wild juvenile salmon. A similar 
coupled model has been developed for the Discovery Islands where in the past, 
transmission of the Infectious Hematopoietic Necrosis (IHN) virus between salmon 
farms has been a problem with costly consequences. In this case, viral shedding rates 
from an infective farm, virus stability in water, and minimum infective dosage 
information have been incorporated into the viral particle tracking component of the 
coupled model. 
 
FVCOM has historically been applied to scales of 2.5 km to 40 m(45), suggesting some 
potential challenges with near-field application to an open-water IMTA at the farm 
level (near-field), where effects are often recognized at scales of meters. There are 
however, some possible solutions to address this. For example, there have been recent 
advancements coupling FVCOM, with a CFD model that resolves small-scale flows; 
to achieve a combined resolution  from centimetres to hundreds of kilometres(48).  
 
Given the wider adoption of FVCOM by DFO for aquaculture management, FVCOM 
is the logical choice for modelling hydrodynamics at open-water IMTA sites. A 
number of DFO oceanographers using FVCOM are directly involved with CIMTAN 
projects and it makes sense to pursue FVCOM from an expertise, resource and 
logistical perspective. 
 
 
Summary 

A presentation and discussion on the challenges of tracking and predicting water 
movement, through and between cages for the purposes of modelling shellfish growth 
and nutrient uptake, occurred at the workshop. Specifically, the potential use of 
FVCOM, CFD and like strategies for implementation, were explored. Different 
strategies were pursued with respect to the different IMTA systems on the west and 
east coast of Canada, where necessary. These system differences are discussed 
elsewhere in this issue. 
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Spatial Modelling of Integrated Multi-Trophic 
Aquaculture (IMTA) Shellfish: Workshop 
Discussions and Developments 
 
 
G.K. Reid and T. Chopin 
 
Challenges modelling near-field hydrodynamics around aquaculture cages, 
in conjunction with shellfish production and nutrient mitigation potential, 
prompted a workshop for Canadian Integrated Multi-Trophic Aquaculture 
Network (CIMTAN) researchers and partners. Issues and approaches were 
explored over two full days of discussion with respect to both east and west 
coast IMTA systems. Computational Fluid Dynamics (CFD) at its present 
level of development was deemed impractical for flows around highly 
complex structures at IMTA sites, but may have merit for co-cultured 
species gear design. It was determined that, in addition to the oceanographic 
component, FVCOM was also capable of modelling flows at the cage scale 
(10 m resolution) with some modification. The shellfish component will be 
modelled using the Scope For Growth (SFG) approach within the context of 
a larger ecosystem model. Plans were developed for additional data 
collection where appropriate times series for model inputs were lacking. 
The workshop was successful at identifying relevant data gaps while 
resolving best approaches for spatial modelling of the shellfish niche in two 
different types of IMTA systems. 

“ The primary 

consensus 

reached at the 

initial meeting 

was that a 

‘simple model’ 

was unlikely to 

be sufficient and 

an ecosystem 

type model, 

adapted to an 

IMTA setting, was 

probably the best 

approach ” 

 
 
Background 

In March 2011, a meeting occurred at Dalhousie University (Halifax, Nova Scotia) to 
discuss modelling approaches for application to IMTA shellfish (Fig. 1). In attendance 
were Jon Grant (Dalhousie University), Peter Cranford (Fisheries and Oceans Canada, 
Bedford Institute of Oceanography), Lindsay Brager (M.Sc. student, Dalhousie 
University), Ramón Filgueira (Dalhousie University / Instituto de Investigaciones 
Marinas, Vigo, Spain) and Gregor Reid (University of New Brunswick, CIMTAN). 
Progress and limitations in modelling the IMTA shellfish niche were reviewed. 
Discussions ensued around data limitations and significant challenges acquiring field 
data at active commercial aquaculture sites. The primary consensus reached at this 
initial meeting was that a “simple model” was unlikely to be sufficient and an 
ecosystem type model, adapted to an IMTA setting, was probably the best approach. 
An existing Scope For Growth (SFG) mussel model(1) was proposed to accommodate 
the shellfish component within a larger ecosystem model with the ecosystem 
components supported by several published works(2, 3, 4). There was an 
acknowledgement that this could be a significant undertaking and such an approach 
would benefit from further collaboration. Consequently, a workshop was proposed as a 
means to initiate this and September 2011 was chosen as the best date to accommodate 
recommended participants. The workshop occurred at the Riverside Resort and 
Conference Centre, Mactaquac, New Brunswick, from September 19-22, 2011, 
encompassing two full days on the 20th and 21st. 
 
It was intended that the workshop be relatively small, informal and primarily include 
experts from relevant disciplines and activities as a means to most effectively develop 
best modelling approaches (Fig. 2). The workshop was organized by Gregor Reid; the 
guest speaker was Pedro Duarte, and the model facilitator was Ramón Filgueira. An 
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initial workshop agenda was developed as a general guide with an expectation that 
workshop direction and activities would be adjusted to reflect ongoing discussions as 
required. A handful of presentations were scheduled for the workshop; a few 
impromptu presentations also occurred to support ongoing discussions. 
  

Figure 1: Initial Halifax meeting on modelling the IMTA 
shellfish niche. Left to right: Linsday Brager, Peter Cranford, 
Jon Grant, Gregor Reid and Ramón Filgueira.

Two break-out groups were scheduled for the afternoon of the first full day: a 
biological and a hydrodynamic group. The objectives were to review their respective 

states of knowledge, 
necessary data inputs, 
determine what is possible 
versus what is practical, and 
identify specific linkages 
needed with other model 
components. Given the 
substantial differences 
between west coast and east 
coast IMTA systems, a half 
day of the workshop was 
also directed to modelling, 
specific to each system.  
 

 
West coast IMTA 

Kyuquot SEAfoods Ltd. is the west coast IMTA site located in Kyuquot Sound, off the 
north-western coast of Vancouver Island. It is a custom designed IMTA site with 
sablefish as the fed trophic level. Blue mussels, scallops, kelps, sea urchins and sea 
cucumbers are presently on the site as extractive species. The farm has been placed in 
a location to take advantage of slow currents and a natural gyre that causes frequent 
unidirectional current flow. Consequently the location of co-cultured species is down-
current from the fish most of the time.  A nearby river delivers freshwater with nutrient 
run-off, resulting in a freshwater lens of depths of 1-5m depending on season and 
rainfall. This can be problematic for some of the co-cultured species such as kelps and 
their depth must be adjusted accordingly to avoid low salinity.  
 
It was suggested that the spatial modelling of flows at this type of site is of less 
importance for design, as the scale, location and water flow patterns result in relatively 
predictable moment of nutrient plumes. However, there would be a benefit in detailing 
current movement to determine flushing rates, optimal ‘shellfish population’ filtration 
rate, and densities required for relative extraction.  
 
There are several data limitations to be addressed in order to supply inputs to a 
shellfish SFG model for the west coast IMTA site. There are at present very limited 
data on nutrient levels at the farm itself. However, there are some published data on 
historical nutrient levels on the regional area of the continental shelf and this will be 
reviewed. A monthly sampling minimum was suggested at the marker buoy (edge of 
site lease area), narrow channel entrance, finfish cages and freshwater stream.  
 
There is no detailed shellfish growth data at the moment, which will ultimately be 
needed to validate the modelling approach. However, instantaneous growth rate data 
(e.g. RNA/DNA ratios) collected this summer from co-cultured and local feral species 
are presently being analyzed. Absorption and faecal production data for scallops, 
oysters, sea urchins and sea cucumbers are also required for any system-wide 
assessment, irrespective of an SFG approach. Much of these data are presently being 
acquired through some ongoing CIMTAN laboratory research projects.  
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Faecal load from the fed trophic level (i.e. sablefish) is one of the key parameters for 
IMTA system modelling. To estimate this load, digestibility data for sablefish fed a 
commercial feed are needed before this can be determined. Ongoing experimentation 
on Apparent Digestibly Coefficients (ADC) is presently occurring through a CIMTAN 
project and it is expected that these coefficients will be available soon. Plans are also 
underway to deploy a sediment trap at the site to assist in faecal quantification under 
field conditions. 
 
 
East coast IMTA 

Workshop participants 

o Thierry Chopin, CIMTAN / University of New Brunswick Saint John 
o Meryl Coes, CIMTAN / University of New Brunswick Saint John 
o Peter Cranford, Fisheries and Oceans Canada, Bedford Institute of 

Oceanography 
o Stephen Cross, University of Victoria / Kyuquot SEAFoods Ltd. 
o Pedro Duarte, University Fernando Pessoa, Portugal 
o Ramón Filgueira, Dalhousie University / Instituto de Investigaciones 

Marinas, Vigo, Spain 
o Mike Foreman, Fisheries and Oceans Canada, Institute of Ocean 

Sciences 
o Jon Grant, Dalhousie University 
o Thomas Guyondet, Fisheries and Oceans Canada, Gulf Fisheries Centre 
o Susan Haigh, Fisheries and Oceans  Canada, St. Andrews Biological 

Station / Fredericton 
o Tiger Jeans, University of New Brunswick Fredericton 
o Nicole Leavitt, University of New Brunswick Fredericton 
o Randy Losier, Fisheries and Oceans Canada, St. Andrews Biological 

Station 
o Fred Page, Fisheries and Oceans Canada, St. Andrews Biological 

Station 
o Chris Pearce, Fisheries and Oceans Canada, Pacific Biological Station 
o Gregor Reid, CIMTAN / University of New Brunswick Saint John / St. 

Andrews Biological Station 
o Shawn Robinson, Fisheries and Oceans Canada, St. Andrews Biological 

Station 

A wide range of data has been 
collected at the east coast IMTA 
sites over the last few years and 
additional data collection is 
ongoing. There are several years 
of mussel growth data available 
(e.g. shell length, whole weight, 
shell thickness), stable isotope 
data at some sites to determine 
proportion of diet sources, some 
fatty acid tracer data, extensive 
temperature data throughout 
Passamaquoddy Bay, as well as 
some particulate organic matter 
(POM) data. Some dissolved 
nutrient data such as ammonium 
concentrations have been 
collected at a number of IMTA 
sites this past summer. 
Ammonium, nitrite, nitrate and 
phosphorus data are also available 
for some locations since 1991. 
There have also been historical 
measures and routine sampling 
data of chlorophyll and primary 
productivity in the 
Passamaquoddy Bay area by Fisheries and Oceans Canada. However, much of these 
data need to be reviewed to determine if the spatial scale and time series are readily 
applicable to the proposed model approach. 
 
Despite availability of some relevant data, IMTA sites on the east coast are part of a 
particularly complex environment and a different modelling strategy than that 
suggested for the west coast site may be warranted. At east coast IMTA sites, co-
cultured species are added to full scale commercial salmon farms located in 
aquaculture dense areas in the Bay of Fundy with high tidal flushing and complex 
hydrodynamics. This presented several challenges to modelling IMTA systems in this 
environment.  One concern was accounting for the volume change resulting from 
changes in the tidal amplitude of several meters. Another concern was how to account 
for neighbouring farms, and if these were also modelled it could turn into a 
considerable exercise. In addition to incorporating an IMTA site into a larger 
ecosystem type model, other farms would require inclusion as anthropogenic inputs.
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It was decided that this was impractical and that instead, appropriate time series of 
water quality and nutrient data is required to determine the relevant boundary 
conditions. Specifically these would include POM, nutrients and chlorophyll a as 
monthly time series. Water movement at most aquaculture and IMTA sites in the 
Passamaquoddy Bay area have been modelled at the lease area scale and beyond(5, 6), 
so there are some good initial data available for simulations. Due to a mandatory, one 
year fallowing period and general aquaculture management, IMTA sites may move to 
different locations depending on the year. Plans are underway to select an appropriate 
candidate IMTA site for modelling over the next two years. 
 
 
Hydrodynamics 

Workshop presentations 
Scheduled presentations 

o Workshop orientation and background 
developments (Gregor Reid) 

o FVCOM developments in aquaculture 
(Mike Foreman, Susan Haige) 

o Scope For Growth model (Ramón 
Filgueira) 

o Near-field hydrodynamics (Gregor Reid, 
Tiger Jeans) 

o Modelling IMTA: Issues of scale and 
carrying capacity  (Pedro Duarte) 

Impromptu presentations 
o Near-field dispersal dynamics from 

cages: Dye release trials (Fred Page) 
o Update of mussel data from east coast 

IMTA sites (Shawn Robinson) 
o Review of the west coast IMTA site: 

Kyuquot SEAfoods Ltd. (Stephen Cross)

Following presentations on near-field hydrodynamics, CFD and ongoing 
developments with FVCOM, a discussion on the merits of applying CFD ensued. 
Detailed rendering of aquaculture structures is computationally expensive. This 

appears to be the case even if individual net threads are not 
rendered and a porous structure is used (described 
elsewhere in this issue). Given the geometric complexity 
of a single cage, application of CFD to an entire site 
becomes even more daunting. It was decided that given the 
resources available it was impractical to use a CFD 
approach as a means of detailing water-flow and nutrient 
plume morphology in and around an IMTA site. It was, 
however, thought that CFD may have a greater role in the 
design of gear at IMTA sites. For example, designing 
suspended tray systems holding deposit feeders would 
benefit from a CFD approach to identify drag and re-
suspension potential of organic solids in trays. Some 
tentative plans were made to pursue this for future 
development at the west coast IMTA site. 
 
Given that the CFD approach was deemed impractical, this 
broached the subject of whether FVCOM would be able to 
accommodate the small resolutions anticipated for open-
water IMTA systems. In areas where small spatial 
resolution is required, FVCOM has been applied to scales 

of 10m or less. After discussions on the matter, it was agreed that application of 
FVCOM to a 10m scale would be appropriate, as this should accommodate the cage 
and rearing-unit scale. It was also noted that it is possible to incorporate porous 
structures into FVCOM and this would be a viable solution to account for cage 
influences on water flow. It was further discussed that applying FVCOM to this scale 
would require a greater consideration for the effects of turbulent diffusion and this can 
be accommodated in FVCOM.  Micro-turbulence around cage structures may need to 
be accounted for as well. One of the FVCOM developers has done some work on this 
and it was felt that there would be some merit in contacting him to discuss this 
particular aspect. FVCOM and CFD are described in detail elsewhere in this issue. 
 
 

Other points of discussion 

While SFG was favoured as the more appropriate modelling tool for shellfish growth 
at the initial Halifax meeting, some discussion ensued regarding the merit of using the 
SFG vs. Dynamic Energy Budget (DEB) model. As it has been reported that both 
model outputs are comparable(1), the issue became a matter of modelling objectives 
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and ease of implementation. It was decided that for the purposes of determining 
growth and organic uptake a SFG model would be simplest, mainly due to the ability 
to acquire data inputs empirically for multiple species. Although it was further 
discussed that should an improved mechanistic understanding be required, the DEB 
model may be better suited. 
 
One of the data gaps for determining removal efficiency of farm particulates by IMTA 
shellfish is a lack of knowledge regarding the relative proportion of organic 
particulates from fish farm activities (feed ‘fines’ or faeces) that are within the filtering 
size range of mussels. While it is possible to determine particulate concentration and 
size range in a water sample, this does not provide information on the overall portion 
of the load that is within that size range. While there is some information on this for 
land based systems, it is generally unknown for open-water systems(7). Modelling 
shellfish growth may at the least be able to determine the amount filtered. Once the 
amount of augmented growth attributed to the upper trophic level (i.e. the fish) is 
determined, the amount of organic particles filtered can be back-calculated with 
knowledge of absorption efficiency and retention. 
 
Discussion of scale also figured prominently in the workshop. What are the relevant 
scales for aquaculture modelling and carrying capacity? What is the right resolution? 
Model time steps should be smaller than the water residence time. These aspects are 
detailed by Duarte elsewhere in this issue. 
 
The incorporation of an SFG model into a larger ecosystem model was discussed.  The 
“ecosystem” and its components will need to be accounted for. In an IMTA system, 
seaweeds for example, will require inclusion as well, due to their influence on net 
oxygen production, and net uptake of carbon dioxide and nutrients. This is 
advantageous as this will further foster model development of the inorganic extractive 
species in IMTA systems, also an objective of CIMTAN. 
 Figure 2: Second day of workshop discussions at the 

Riverside Resort and Conference Centre, Mactaquac, New 
Brunswick.

There was also a brief 
discussion on what constitutes 
IMTA and if there is a role 
for modelling to help define 
this? At the moment an 
operator could reap marketing 
benefits by claiming IMTA 
production simply by 
deploying a token but 
irrelevant amount of co-
cultured species (e.g. a dozen 
mussels). An agreed upon 
definition of IMTA might be required to alleviate such an issue. It was mentioned that 
while this was a relevant issue, until we could provide better estimates of nutrient 
uptake effectiveness, it would be difficult to advise on this matter and this might be 
best left for a future discussion. 
 
 
Final remarks 

The workshop was successful at identifying relevant data gaps while resolving an 
approach combining SFG to model shellfish production with FVCOM for spatial 
quantification of hydrodynamics. A number of new CIMTAN students will be starting 
projects at the west coast IMTA site and several of the aforementioned data gaps will 
be addressed through their research activities. A candidate east coast IMTA 
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site needs to be identified for future modelling prior to pursuing necessary sampling 
activities. In the interim, however, a general model is being developed with the ability 
to run a variety of scenarios.  This model will be populated with actual data sets as 
they become available. Publishing workshop presentations and discussions in this 
issue of the Bulletin of the Aquaculture Association of Canada was deemed a good 
approach for making the material available to the public while ensuring directions and 
approaches were documented. 
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