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INTRODUCTION

The projection of human population growth (United
Nations, Department of Economic and Social Affairs,
Population Division 2013) and the increasing de mand

for seafood per capita (FAO 2014) suggest an expan-
sion in aquaculture activities in the coming decades.
The rate of expansion will be driven by  specific local
pressures. For example, while social aspects such as
aesthetics or conflict with other uses of the ocean will
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ABSTRACT: Maximizing the mitigation potential of open-water finfish−shellfish integrated
multi-trophic aquaculture (IMTA) farms is complex in terms of co-locating the trophic compo-
nents. Both the dispersal of finfish aquaculture wastes and biological processes are highly influ-
enced by water circulation. Consequently, the evaluation of shellfish−finfish synergy requires a
combined study of biological and physical processes, which can be achieved by the implemen-
tation and coupling of mathematical models. A highly configurable mathematical model was
developed that can be applied at the apparent spatial scale of IMTA sites. The model tracks dif-
ferent components of the seston, including feed wastes, fish faeces, shellfish faeces, natural
detritus and phytoplankton. Based on the characterization of these fluxes, a hypothetical IMTA
site was used to explore different spatial arrangements for evaluating finfish−shellfish farm mit-
igation efficiency. The site was modelled following a factorial design, which tested 2 levels of
background seston concentrations, 3 farm designs, 2 hydrodynamic conditions and 2 levels of
aquaculture intensity. The model predicts that mitigation efficiency is highly dependent on the
background environmental conditions, obtaining maximum mitigation under oligotrophic condi-
tions that stimulate shellfish filtration activity. The dominance of vertical fluxes of particulate
matter triggered by the high settling velocity of finfish aquaculture wastes suggests that sus-
pended shellfish aquaculture cannot significantly reduce organic loading of the seabed. Conse-
quently, this suggests that waste mitigation at IMTA sites should be best achieved by placing
organic extractive species (e.g. deposit feeders) on the seabed directly beneath finfish cages
rather than in suspension in the water column.
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probably dominate European and North American
expansion, physical limits (e.g. space) on total pro-
duction will most likely determine the fate of this
expansion in Asia, where maximizing the food sup-
ply is the paramount concern (Ferreira et al. 2013). In
between social and production concerns, ecological
drivers play a significant role in this expansion
because adverse ecosystem interactions can cause a
negative feedback on both society and on the pro-
duction potential (Stigebrandt 2011). Therefore,
developing ecologically sustainable aquaculture will
reduce negative societal pressures on this industry
with concomitant economic benefits.

In the case of fed finfish aquaculture, one of the ma-
jor ecological concerns is related to benthic organic
loading (e.g. Strain & Hargrave 2005). The vertical
flux of uneaten feed and fish faeces can significantly
alter sediment characteristics and communities, lead-
ing, in a worst-case scenario, to benthic oxygen deple-
tion and local community impacts (Hargrave 2010).
Dissolved nutrients are also released at fish farms and
although they are quickly dispersed, they have been
suggested to contribute to eutrophication (Sarà et al.
2011) and are the focus of regulations (Gillibrand et
al. 2002). The ecologically engineered concept of
 integrated multi-trophic aquaculture (IMTA) uses a
natural recycling approach across different trophic
groups, where the by-products or wastes from one
species become inputs for another within the same
culture system (Chopin et al. 2012). Accordingly, the
fed component (e.g. finfish) is combined with extrac-
tive species that recapture particulate organic matter
(e.g. suspension- and deposit-feeders) and dissolved
inorganic matter (e.g. seaweeds). In addition to poten-
tially mitigating organic loading, the organic extrac-
tive species could benefit from the additional available
food, potentially resulting in augmented growth and
commercial benefits.

The capacity of an IMTA site to utilize wastes
depends on: (1) the capacity of the extractive species
to capture wastes, which is a function of its physiol-
ogy, the amount of available wastes and the environ-
mental conditions at the farm; and (2) the connectiv-
ity among the different components of the farm. Both
factors are influenced by hydrodynamics, the spatial
arrangement of extractive species and physicochem-
ical properties of the wastes. Connectivity is crucial
for increasing the probability of encounters between
wastes and extractive species and is highly influ-
enced by the settling velocity of the waste. For exam-
ple, feed pellets sink directly beneath a fish cage but
excreted ammonia remains in the water column.
Regarding the capacity of the extractive species to

capture wastes, it is important to highlight the role of
the individual physiological response to environmen-
tal conditions, including the diet to which the individ-
ual is exposed. The mitigation capacity of the extrac-
tive species is proportional to the contribution of
wastes to the naturally available food. That is, if
wastes are diluted within naturally abundant food,
wastes will not be a significant part of the extractive
species’ diet, which results in low mitigation. For
example, it has been stated that 15 to 35% of the
organic diet of mussels must be from fish farm partic-
ulates (faeces or feed ‘fines’) to significantly reduce
net benthic organic loading, otherwise the organic
loading generated by mussel faeces would be higher
than the mitigation by capturing fish faeces (Cran-
ford et al. 2013).

One of the key components in the historical and
present design of IMTA systems is the use of bivalves
as the main organic extractive species (Soto 2009).
Given that bivalves are widely distributed, can be
 cultured at high densities and can severely deplete
suspended particulate matter at the ecosystem scale,
they are ideal candidates to be used as waste biofilters
(Cranford et al. 2013). Despite this theoretically good
fit between finfish and mussels in the context of IMTA
farming, literature data reveal contradictory results.
For example, some studies reported higher growth of
IMTA bivalves compared to controls (Wallace 1980,
Jones & Iwama 1991, Stirling & Okumus 1995, Troell
& Norberg 1998, Lander et al. 2004, 2012, Peharda et
al. 2007, Sarà et al. 2009, 2012, Handå et al. 2012,
Jiang et al. 2013) due to an increase in organic parti-
cles in the vicinity of finfish cages, but other studies
showed little or no significant effects (Farias-Sánchez
1983, Taylor et al. 1992, Gryska et al. 1996, Parsons et
al. 2002, Cheshuk et al. 2003, Navarrete-Mier et al.
2010, Irisarri et al. 2013). Rensel et al. (2011) high-
lighted interspecific differences under the same
 conditions in a case where oysters benefited from
proximity to finfish cages whereas mussels did not. As
Cranford et al. (2013) stated, it is difficult to compare
the results of these studies to evaluate the ultimate
cause of these discrepancies owing to the different
experimental designs and environmental conditions.
One of the key ways to evaluate whether mussels
benefit from finfish wastes is to establish a reference
site with identical environmental conditions so that
IMTA mussels could be compared directly to refer-
ence mussels. However, natural environmental vari-
ability makes it difficult to define 2 identical sites that
do not influence one another such that one of them
could be used as a reference for comparison purposes
(e.g. Brager et al. 2015).
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Mathematical modelling provides an opportunity
to theoretically explore finfish−shellfish IMTA per-
formance by means of comparing different ‘what if’
scenarios. Models have been used to explore a
range of sustainability and/or management alterna-
tives at aquaculture sites, including polyculture
and IMTA sites (e.g. Duarte et al. 2003, Nunes et
al. 2003, Ferreira et al. 2012, Ren et al. 2012).
Numerical models allow for a detailed description
of organic deposition and associated biogeochemi-
cal fluxes in finfish aquaculture sites. A model com-
monly applied to cage aquaculture for this purpose
is DEPOMOD (Cromey et al. 2002), a Lagrangian
particle-tracking model that predicts the spatial
distribution of carbon deposition in the vicinity of
the farm based on biodeposit production rates, cur-
rent velocities and bathymetry. Other Lagrangian
models (e.g. Jusup et al. 2007) predict organic
 loading and have been successfully coupled to
other models to predict biogeochemical fluxes
around fish cages (Brigolin et al. 2014). One of the
most powerful capabilities of numerical models is
the possibility of exploring different scenarios,
which constitutes a critical aspect for management
purposes (Nobre et al. 2010). For example, Tsa -
garaki et al. (2011) explored the effects of fish
farming under different production levels and
hydrodynamic conditions. These scenarios can even
be coupled to economic models to analyse the
 profitability of an IMTA operation under different
hydrodynamic scenarios (Ferreira et al. 2012).
While different methodological approaches can
be used for this purpose (Grant & Filgueira 2011),
a key aspect when evaluating the probability of
encounter between waste and extractive species is
spatial resolution. High spatial resolu-
tion is always desirable because it pro-
vides a more detailed description of the
model domain. In ad dition, spatial reso-
lution can also affect model predictions
(Melbourne-Thomas et al. 2011), espe-
cially when the simulated processes are
dependent on concentration (Fennel &
Neumann 2004). Consequently, in this
study we developed 2 high-resolution
fully spatial modelling approaches with
the specific objectives of: (1) evaluating
the maximum mitigation efficiency
under dif ferent finfish−shellfish IMTA
confi gurations (ecosystem model); and
(2) exploring the fate of particles (feed
waste and finfish faeces) released in
finfish cages (particle-tracking model).

MATERIALS AND METHODS

Model domain

A hypothetical aquaculture site was used as a test-
ing ground for the numerical experiments. Although
the models that have been developed in this study
can be applied to real case locations, the use of a
hypothetical and ideal site is aligned with the main
goal regarding the exploration of the maximum miti-
gation efficiency. Accordingly, this hypothetical site
was constructed to maximize mitigation. This hypo-
thetical site was defined using a structured triangular
mesh that includes 1360 triangles and 718 nodes
(Fig. 1). The dimensions of the model domain are
510 m long × 300 m wide and 15 or 30 m deep for the
ecosystem and particle-tracking models, respec-
tively. Although the bathymetry is important for
determining the footprint of organic loading in the
benthos, it is not relevant for estimating the mitiga-
tion efficiency of organic particles from shellfish cul-
ture, which is typically suspended within the top 15 m
of the water column. Accordingly, bathymetry was
not included in the factorial design to test mitigation.

Ecosystem model

The following 5 sources of organic carbon were
modelled: fish feed waste (FW), fish faeces (FF),
shellfish faeces (ShF), background detritus (D) and
background phytoplankton (P). Only the unset-
tleable fraction of FW (feed ‘fines’) was modelled; the
remaining organic material in FW (uneaten feed pel-
lets) was assumed to sink directly to the bottom due
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Fig. 1. Structured triangular mesh within the ecosystem model domain and
the 3 farm designs studied: (A) 15 m separation, (B) 0 m separation and (C)
co-culture. Dark and light grey hexagons represent finfish cages and shell-
fish longlines, respectively. In the co-culture design, finfish and shellfish 

are co-cultured together in the fish cages
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to high settling velocities. It is as -
sumed that all particles are within
the filtering size range of the shell-
fish and consequently they can be
effectively captured. The term ‘back -
ground’ makes reference to the con-
centration of detritus or phytoplank-
ton that would exist in the model
domain in the absence of any aqua-
culture activity. All of the stocks
were characterized in mg C m−3. The
fluxes of the different particles were simulated ac -
cording to the following equations coded in Matlab®

(https:// www.  mathworks.com):

(1)

(2)

(3)

(4)

(5)

where t is time, ‘production’ represents the produc-
tion of particles by aquaculture activities (FW, FF and
ShF) and natural processes (D and P); ‘sinking’ is the
loss of  particles due to sinking to the bottom fol -
lowing the average settling velocities depicted in
Table 1; ‘ingestion’ is the ingestion of particles by
shellfish; and ‘mixing’ is the exchange of particles
among adjacent triangles. See the Supplement at
www.int-res.com/articles/suppl/ q009p127_ supp. pdf
for further details re garding the ecosystem model.

FWproduction and FFproduction rates were prescribed as
constant forcing functions. This approach minimizes
peaks in FW and FF, and better represents average
conditions in the farm. This approach is
less suitable for FW because feeding is
not continuous through time. However,
this simplification has a minimal impact
on the available organic matter in the
water column due to the small contribu-
tion of the unsettleable fraction of FW
compared to other sources of organic
matter such as FF (Table 2). Each finfish
cage was characterized according to
a typical mid-size farm in the Bay of
Fundy (eastern Canada) area (see Reid
et al. 2013a). The total feed was calcu-

lated by taking into account Atlantic salmon Salmo
salar biomass, growth rate and a feed conversion
ratio of 1.2 (Reid 2007, Reid et al. 2013b). Fifteen
 percent of  consumed fish feed was assumed to be
FFproduction and 3% FW (Reid et al. 2009), of which
1.5% was assumed to be unsettleable (FWproduction). It
was as sumed that 77% of FF (93% of FW) is organic
and 38% of that (57% for FW) is carbon (Reid et al.
2009, 2010). Dproduction and Pproduction were set up equal
in magnitude to Dsinking and Psinking, respectively, in
order to guarantee constant composition of the ideal-
ized ocean through time. Constant P con centration was
established in terms of μg chl a l−1 (Table 2), and a
C:chl a ratio of 50:1 was  assumed to calculate organic
carbon. Constant total seston concentration was es -
tablished in terms of mg l−1 (Table 2), of which
65% was assumed to be  organic and, in turn, 50% of
the organic fraction was assumed to be carbon. D
concentration was cal culated by subtracting P con-
centration from total  organic carbon. Constant D
and P values are in tended to mimic average condi-
tions in farming areas in the Bay of Fundy area (e.g.
Brager et al. 2015).

The terms Shingestion and Shegestion represent the
ingestion of particles by shellfish and the production
of faeces, respectively. The shellfish used in this
study is Mytilus edulis, whose ecophysiology has
been simulated by coupling a previously published
dynamic en ergy budget (DEB) model (Fil gueira et al.

t

t

t

t

t

dFW
d

FW – Sh FW

dFF
d

FF – FF – Sh FF

dShF
d

Sh – ShF – Sh ShF

dD
d

D – D – Sh D , D = D

dP
d

P – P – Sh P , P = P

production ingestion mixing

production sinking ingestion mixing

egestion sinking ingestion mixing

production sinking ingestion mixing production sinking

production sinking ingestion mixing production sinking

= + ±

= + ±

= + ±

= + ±

= + ±

130

Background Farm chl-a Total seston FFproduction FWproduction

seston particles (μg l−1) (mg l−1) (kg d−1 farm−1) (g d−1 farm−1)

Low 1.0 1.0
Average 2.5 3.0
High 4.0 5.0

Low 15 35
Average 25 70

High 35 105

Table 2. Different scenarios (constant forcing conditions) of  background
 seston in terms of phytoplankton (P, chl a) and detritus (D, total seston) con-
centration, as well as farm production rate of fish faeces (FFproduction) and 

unsettleable feed waste (FWproduction)

Particle type Settling velocity Reference Mussel AE 
(cm s−1) (%)

Feed waste (FW) 0 (unsettleable) na 85
Fish faeces (FF) 3 Robinson & Reid (2014) 85
Shellfish faeces (ShF) 1 Liutkus et al. (2012) 1
Phytoplankton (P) 5.8 × 10−5 Herndl & Reinthaler (2013) 85
Detritus (D) 1.7 × 10−4 McDonnell & Buesseler (2010) 45

Table 1. Settling velocity (references indicated) and mussel absorption efficiency (AE, 
Reid et al. 2010) for each type of particle. na: not applicable

http://www.int-res.com/articles/suppl/q009p127_supp.pdf
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2011). See the Supplement for further de tails regard-
ing the DEB model. DEB is coupled to the eco system
model though Shingestion and Shegestion, that is, inges-
tion of all the potential food sources and faeces pro-
duction, respectively. Pumping rate (PR, l h−1) is
derived from DEB and multiplied by the concentra-
tion of a given particle, which results in Shingestion. For
each particle type, the multiplication of Shingestion ×
(1 − absorption efficiency [Table 1]) provides Shegestion.
The parameters of the DEB model follow Filgueira et
al. (2011) with the exception of ‘absorption efficiency’
which varied depending on the food particle (our
Table 1, following Reid et al. 2010) and the ‘scaled
functional response’, which was prescribed here as 1.
This  parameterization of the scaled functional re -
sponse ensures that the mussels will ingest at maxi-
mum capacity. Given that ingestion is maximum at
all times, the results will represent the maximum mit-
igation capacity, which is aligned with the main goal
of the study. No pre-ingestive selection is considered
in this version of the DEB model, so the specific
removal of each kind of particle is proportional to the
relative abundance of the organic carbon of that par-
ticle in relation to the total organic carbon. PR was
calculated by taking into account the mussel’s
organic carbon ingestion rate and the concentration
of organic carbon in the surrounding water. Given
that it was assumed that all of the particles are 100%
retained in the gills, PR is equivalent to clearance
rate. The average density of farmed mussels was pre-
scribed as 30 kg m−2 in terms of wet weight. The total
ingestion and egestion of the population was extrap-
olated from the individual rates estimated by the
DEB model. Given the relevance of PR in mitigation
efficiency, both were se lected as response variables to
evaluate the performance under each tested scenario.

Mixing among adjacent cells was calculated fol-
lowing the protocol described by Filgueira et al.
(2012), in which the velocity field is used as an exter-
nal forcing to calculate transport following a first-
order upwind scheme. This results in an offline
 coupling scheme between the hydrodynamics and
biogeochemical reactions. This protocol, also coded
in Matlab®, was coupled to the biogeochemical
model. In this case, the velocity field was theoreti-
cally predefined following a semidiurnal cycle (Fig. 2).
The bi-directional current direction always followed
the longitudinal axis of the model domain. This set up
maximizes the potential mitigation efficiency of the
IMTA site because it maximizes the connectivity
among finfish−shellfish structures, which is coherent
with the goal of estimating maximum mitigation effi-
ciency under optimal conditions (see above). Two

potential scenarios with maximum horizontal water
speed of 2 and 8 cm s−1 were defined, representing
the minimum and maximum water speed at which a
finfish aquaculture site can operate (values represen-
tative of typical Bay of Fundy facilities).

A factorial design was followed to explore different
finfish−shellfish IMTA configurations. The following
3 farm designs were tested:

(1) 2 rows of 3 finfish cages separated by a central
shellfish farm at 15 m distance from each row (15 m
spacing; Fig. 1A);

(2) the same design but with no spacing between
fish pens and mussel structures (0 m spacing, Fig. 1B);
and

(3) co-culture of finfish and shellfish inside the fish
pens (co-culture; Fig. 1C). Note that the total area
available for mussel culture in this design is slightly
larger than for the other 2 designs. Consequently, the
density of mussels was reduced to have the same bio-
mass of extractive species in all designs.

For each of the 3 farm designs, the 2 velocity fields
(Fig. 2) were tested and 2 different levels of back-
ground P and D were used (Table 2, low and high),
which represent oligo- and eutrophic conditions. In
addition, 2 levels of particle production, FFproduction

and FWproduction, were considered (Table 2, high and
low) that represent extreme husbandry practices.
This factorial design gives a total of 24  scenarios. In
addition, average conditions in terms of background
and farm production levels were run for the different
farm designs and hydrodynamic regimes (Table 2).
Accordingly, the total number of tested scenarios
reached 30.

The model was run for 2 tidal cycles (1.66 d) using
a time step of 0.00001 d. Data were recorded every
0.01 d, but the first tidal cycle was discarded to mini-
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Fig. 2. Semidiurnal velocity patterns at the integrated
multi-trophic aquaculture site tested in the factorial design 

experiment
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mize the impact of prescribing the homogeneous ini-
tial conditions across the model domain. The model
was forced at the open boundaries with constant val-
ues of FW, FF, D and P, whose values change accord-
ing to the different scenarios (Table 2). ShF was
assumed to be negligible far from the mussel struc-
tures and consequently prescribed as 0 at the bound-
ary. The velocity field was also prescribed as external
forcing and assumed to be homogenous across the
whole model domain. The velocity field followed
Fig. 2 for the different hydrodynamic scenarios. The
initial conditions of D and P were assumed to be
homogeneous across the model domain (Table 2 for
each scenario). Initial values of FF, FW and ShF
across the domain were set up as 0 mg C m−3.

A sensitivity test was carried out in the scenarios
that reported maximum mitigation efficiency for
each farm design to explore the impact of settling
velocity on modelling outcomes. The sensitivity test
was performed by increasing and decreasing the
 settling velocity of FF by 10% and recording the
change in mitigation efficiency.

Particle tracking model

This model used the same grid as the ecosystem
model and was run only for the 15 m spacing farm
design scenario (Fig. 1A). The water depth was in -
creased to 30 m to describe full particle trajectories
up to and beyond the maximum depth of the mussel
structures (15 m). The 3-dimensional finite-volume
model FVCOM (Chen et al. 2003, 2007, Cowles et al.
2008) was applied to estimate water flows over the
domain using a 1 m vertical resolution. The model
was also modified according to Wu et al. (2014) to
incorporate the effect of fish cage drag on water cir-
culation. From the 2 water flow scenarios, only the
8 cm s−1 amplitude (Fig. 2) was tested here as it max-
imizes the connectivity between fish and shellfish
farms for the 15 m spacing design. A 2 d spin-up
period was used to ramp up the system from initial
still conditions.

A Lagrangian particle tracking module was coupled
to the hydrodynamic engine (Foreman et al. 2015) to
reproduce fish waste trajectories in response to water
flow and settling velocity. Thirty categories of settling
velocity were considered, ranging from 0.1 to 3 cm s−1.
The different types of particles are identified by their
average settling velocity (Table 1). The initial position
of particles was randomly chosen inside each fish
cage and both in the vertical and horizontal. Particles
were released every 30 min over the first 12 h of an

experiment to cover the tidal cycle variability. Each
particle was then followed for at least 24 h.

At each release time, 10 particles of each settling
velocity category were introduced in each fish cage,
amounting to a total of 43 200 particles per experi-
ment or 1440 particles per settling velocity category.
The experiment was repeated 3 times with different
initial release locations such that probability analyses
were performed on 4320 trajectories for each settling
velocity category. Each trajectory was analysed to
record whether the particle entered the mussel farm.
In the affirmative, the depth at which the particle
entered the farm was also recorded.

RESULTS AND DISCUSSION

Shellfish PR and mitigation efficiency

As noted in the introduction, the most relevant
drivers of mitigation potential of suspended shellfish
in an IMTA are (1) the connectivity between the
 supply of wastes from finfish cages and the location
of the shellfish, and (2) shellfish physiology, namely
PR, which ultimately will determine ingestion rate
and consequently waste extraction capacity. The blue
mussel Mytilus edulis was selected as the extractive
species due to its wide distribution and filtration
capacity. Mussels can be stocked at high densities,
which, in combination with their PR, result in a high
extraction capacity compared to other species, e.g.
oysters (Filgueira et al. 2013). Therefore, mussels are
ideal to test our main goal, that is, to evaluate the
maximum mitigation efficiency under different fin-
fish−shellfish IMTA configurations. The mussel DEB
model determines the physiological response under
different conditions in this numerical experiment.
Mussel pumping activity was assumed to be physio-
logically controlled to maximize the ingestion of or -
ganic material (Winter 1976), with negligible food
selection and rejection as pseudofaeces. Although
food selection can take place at particle concentra-
tions under the tested environmental conditions, more
significant selectivity usually occurs at higher parti-
cle concentrations (>10 mg l−1; Hawkins et al. 1998,
1999). These assumptions trigger maximum PRs under
low background seston conditions (Fig. 3). Under
these seston conditions, the contribution of finfish
particles causes a minimal effect on pumping rate,
although pumping rate is always slightly higher at
low versus high production of finfish particles (Fig. 3).
Therefore, low seston environments would promote
the best conditions for mitigation potential through
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the stimulation of pumping activity and the relatively
high contribution of wastes to the shellfish diet
(Troell & Norberg 1998, Cranford et al. 2013, Irisarri
et al. 2014).

For identical trophic conditions of background
 seston and farm particle load, and independently of
farm design, the regime with low water speeds, 2 cm
s−1, promotes higher mussel PRs than high water
speeds, 8 cm s−1 (Fig. 3). This is caused by the lower
advection of background seston under the low water
speed regime due to reduced horizontal flux and
increased sinking, which decreases seston availabil-
ity at the shellfish longline scale. This reduction in
available organic material stimulates PRs in order to
maximize organic ingestion. The design of the IMTA

farm is not a significant factor for mussel PR since
similar pumping values are observed independently
of the relative positioning of longlines to finfish cages
(Fig. 3). This result suggests that environmental con-
ditions, namely background seston levels, dominate
the ecophysiological response of the extractive spe-
cies rather than the design of the IMTA site. This is
consistent with observations by Irisarri et al. (2014) in
Ría de Ares-Betanzos (Galicia, Spain), which showed
that M. galloprovincialis in 2 locations at different
distances from finfish cages reported  similar clear-
ance rates, and similar scope for growth.

Waste mitigation efficiency was evaluated as the
percentage of FF ingested by mussels, which is anal-
ogous to an exploitation efficiency used to describe
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Fig. 3. Mussel pumping rate, standardized to a 60 mm shell length animal, in different scenarios defined in terms of farm 
design, water speed, background seston and production of particles in finfish cages
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resource acquisition in natural systems. This concept
integrates the connectivity among IMTA structures
and shellfish physiology, and it should not be under-
stood as the net mitigation in terms of organic load-
ing, which must include the contribution of ShF
(Cranford et al. 2013). The combination of high PRs at
low background seston, low production of particles
by finfish cages (Fig. 3) and the strong connectivity
that results from the co-culture of finfish and shellfish
under a low current regime triggered a maximum
mitigation efficiency of 6.6% (Fig. 4). The compari-
son of Figs. 3 & 4 highlights that high PRs are needed
for greater mitigation efficiency, but the connectivity
between finfish cages and shellfish longlines is also

critical. The use of a hypothetical bi-directional
velocity field along the north-south axis maximizes
the connectivity among IMTA structures and conse-
quently mitigation efficiency. Accordingly, any devi-
ation in the field from that velocity field would cause
a decrease in mitigation efficiency. Nevertheless, the
simulations suggest that the highest connectivity is
obtained under the co-culture design at low water
speed regimes, 2 cm s−1. Under these conditions, FF
are accessible for shellfish and consequently mitiga-
tion efficiency is increased. The increase of water
speed to 8 cm s−1 in this farm configuration more rap-
idly flushes FF out of the cultivation area, reducing
connectivity among IMTA species and consequently
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Fig. 4. Mitigation efficiency (percentage of produced fish faeces that have been ingested by mussels) in different scenarios 
defined in terms of farm design, water speed, background seston and production of particles in finfish cages
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causing a reduction in mitigation efficiency (Fig. 4).
The role of water currents in delivering particles is
obvious when comparing the co-culture design with
the other 2 configurations in which the mussels are
farther from the source of faeces. In the 15 m and 0 m
spacing designs, the increase in water currents en -
hances the delivery of wastes to the extractive species,
consequently increasing mitigation efficiency, while
the opposite occurs for co-culture (Fig. 4). These re -
sults are in good agreement with other observations
and estimations that suggest that water currents
have a direct impact on the concentration of wastes
that exit finfish cages and consequently are available
for integrated shellfish (Troell & Norberg 1998).

The effect of current speed on mitigation efficiency
is strongly related to settling velocity of wastes. Due
to the high settling velocity of FF, 3 cm s−1 (Table 1),
the amount of time that the wastes are in suspension
and consequently available as food source for mus-
sels is limited. The relatively high current speed in
the 15 m and 0 m spacing designs allow a greater
proportion of FF to travel from cages to shellfish
longlines before sinking and becoming unavailable.
Despite the increase in mitigation efficiency at high
current speeds, mitigation efficiency for 15 m and
0 m spacing designs is always below 0.55 and 1.25%,
respectively, far from the 6.6% observed in  co-
culture, suggesting that settling velocity is key for
determining the connectivity among IMTA structures
and consequently mitigation potential. These low
values match other predictions in the literature. Fer-
reira et al. (2012) suggested that the typical IMTA
configurations in North America and Europe, equiv-
alent to the one tested in this study, do not normally
allow detection of concentration changes for particu-

late organic matter (POM) or chlorophyll in the field.
Ferreira et al. (2012) studied these changes through
modelling, and according to their Fig. 8, IMTA can
reduce POM as much as 2.5% compared to a sce-
nario with only fish (at the western boundary of the
studied aquaculture park).

The sensitivity test demonstrated that the model is
very sensitive to the settling velocity of FF. A change
of ±10% in this parameter always produces changes
greater than 10% in mitigation efficiency (Fig. 5).
The response in mitigation efficiency follows the
same pattern in the 3 farm designs (Fig. 5), that is, a
reduction in settling velocity keeps the particles in
suspension for longer, allowing the mussels more
time to feed on FF. This effect is relatively more im -
portant when mussel farms are far away from the
source of FF (Fig. 5), further demonstrating that set-
tling velocity is key to understand the connectivity
among IMTA structures. The reduction in settling
velocity and the concomitant increase in mitigation
efficiency matches the hypothesis of Cranford et al.
(2013), who suggested that the available time to trap
wastes is one of the critical limitations in finfish−
shellfish IMTA mitigation potential.

Fluxes of matter in IMTA sites

The hydrodynamic−biogeochemical coupled model
allows for the spatially explicit analysis of all of the
IMTA particles in the water column at each time step.
This facilitates the interpretation of fluxes of matter
and understanding of spatial connectivity. For exam-
ple, the normalized distribution of FF in the model
domain at peak water speed in both hydrodynamic
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Fig. 5. Sensitivity test of mitigation efficiency to the settling velocity of finfish faeces evaluated in the scenarios that reported
the highest mitigation efficiency for each farm design. The values in brackets represent the relative change in mitigation 

efficiency compared to the scenario with average settling velocity
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regimes for the 15 m spacing scenario is presented in
Fig. 6. Water speed in both tested hydrodynamic
regimes ranges from −2 to +2 and −8 to +8 cm s−1

(Fig. 2), but the time step presented in this figure rep-
resents the distribution at peak water speed. The dis-
tribution at peak velocity is the farthest distance that
FF can travel from the cages before sinking to depths
at which they are no longer accessible for mussel
longlines (15 m). Given the effect of settling veloci-
ties on mitigation efficiency (Fig. 5), the distribution
of FF with the settling velocities explored in the sen-
sitivity test are also plotted in Fig. 6. The distribution
of faeces explains the observations based on PRs re -
garding connectivity between finfish cages and mus-
sel longlines: (1) high current regimes (Fig. 6A−C)
favour the spreading of FF over a larger area than
low current regimes (Fig. 6D−F), improving connec-

tivity; and (2) low settling rates maintain the highest
FF concentrations in the water column, which is evi-
dent when comparing Fig. 6A vs. 6C and 6D vs. 6F,
favouring connectivity.

Even when selecting the scenario with the highest
degree of connectivity (high currents and low set-
tling velocities) (Fig. 6A), the concentration of FF at
the mussel longlines is negligible compared to the
concentration at the center of the cages. However,
the existence of a plume of material exiting the fin-
fish cages is critical for the emplacement of extractive
species and exploitation of IMTA synergies (Reid et
al. 2010). The low concentration of particles at the
shellfish farm predicted in this study (Fig. 6) suggests
that this theoretical plume is weak, which would
 explain the low mitigation efficiency (Fig. 4). Several
studies have focused on the identification of this
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Fig. 6. Normalized concentra-
tion of finfish faeces (FF, %) in
the water column at the time
step in which velocity is at
maximum in the farm design
with 15 m spacing (see Fig. 1)
in both hydrodynamic regimes
(A−C: high current, D−F: low
current) for the 3 tested FF
 settling velocities (SV). The
concentration of FF has been
normalized to the maximum
concentration across the 6
 simulations for com parative
purposes. The white arrow
represents the direction of wa-
ter currents at peak velocity 
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waste plume, and the literature shows a degree of
controversy. For example, Jones & Iwama (1991),
Lefebvre et al. (2000) and MacDonald et al. (2011)
observed elevated particle concentrations around
finfish cages, but Pridmore & Rutherford (1992), Busch -
mann et al. (1996) and Cheshuk et al. (2003) did not
observe significant enrichment. High-resolution sus-
pended particle mapping around salmon pens in the
Bay of Fundy occasionally detected low levels of par-
ticle  enhancement (<1 mg l−1), with any significant
effect being highly localized and episodic (Brager et
al. 2015). Despite these confounding observations,
there is a general consensus that shellfish should be
placed as close as possible to finfish cages (Brown et
al. 1987, Gowen & Bradbury 1987, Gowen et al. 1988,
Coyne et al. 1994, Findlay et al. 1995, Cheshuk et al.
2003, Lander et al. 2012, 2013, Brager et al. 2015) to
avoid the strong dilution of the plume beyond the
cage, which occurs beyond 10 m according to Lander
et al. (2013). This placement requires a very specific
design, such as the square cages used in British
Columbia (Canada), where the bivalve extractive
species can be  located right beside the finfish cage,
potentially benefiting from the additional organic
matter (Weldrick & Jelinski 2016). Another alterna-
tive arrangement that could benefit IMTA is the spa-
tial design developed in some Chinese bays, such as
Sanggou Bay, in which most of the available area is
occupied by  finfish, shellfish and seaweed farms
(Fang et al. 2016 and references therein). However,
this placement or spatial arrangement is not usually
practical for logistical reasons in most of the farms
elsewhere.

The fact that FF are maintained in suspension for
only a limited time due to high settling velocity sug-
gests that vertical fluxes dominate IMTA sites.
Brager et al. (2015) also highlighted that several pro-
cesses at the cage level such as turbulence, reduced
flow due to baffling by the structures, biofouling and
the presence of extracellular polymers can enhance
particle aggregation and the vertical flux of fine
 particles. The vertical fluxes of organic carbon have
been computed at 15 m depth, which is assumed to
be close to the average depth of a finfish cage (~13 m)
and the maximum depth at which mussel culture is
commonly carried out worldwide. Consequently,
beyond that point, particles are assumed to be in -
accessible to mussels. The normalized vertical flux
of organic carbon over a tidal cycle is presented in
Fig. 7 for the best scenarios in terms of mitigation
efficiency for each farm design. The simulations
strongly suggest that the highest vertical fluxes of
organic matter in IMTA sites are located directly
beneath finfish cages (Fig. 7). This is despite the fact
that in these simulations the settleable fraction of
feed wastes are not included because they cannot be
mitigated by mussels given that (1) they sink directly
to the bottom due to their even higher settling veloc-
ity, and (2) they are too big to be in gested by mussels.
Although the final fate of the vertical flux of organic
carbon at 15 m depth also depends on the total depth
of the area (see below), these simulations strongly
agree with other studies, which suggest that the im -
pact of organic loading on finfish farms is restricted
to the near-field (e.g. Brooks & Mahnken 2003, Wild-
ish et al. 2004, Chang et al. 2014). These results high-
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Fig. 7. Normalized vertical
flux of carbon towards the
bottom at 15 m depth aver-
aged over a tidal cycle for
the best scenarios in terms of
 mitigation efficiency in the 3
farm designs (see Fig. 1): (A)
15 m separation, (B) 0 m sepa-
ration and (C) co-culture. The
vertical flux of carbon was
normalized to the maximum
flux across the 3 simulations 

for comparative purposes
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lighting the strong vertical fluxes are in good agree-
ment with Cubillo et al. (2016) and suggest a limited
usefulness of shellfish for mitigating solid wastes in
IMTA sites using current technology and aquaculture
practices.

The second significant conclusion that can be ex -
tracted from Fig. 7 is that despite the highest removal
of FF in the co-culture scenario, the vertical flux of
organic carbon is also highest in the co-culture sce-
nario (Fig. 7C), suggesting that there is no net mitiga-
tion in terms of organic loading. The direct relation-
ship between mitigation efficiency and the peak of
vertical flux of organic carbon suggests that positive
mitigation with FF close to mussels, is negative for
organic loading due to faeces production by the ex -
tractive species. To overcome this limitation, Cranford
et al. (2013) suggested that 15 to 35% of the organic
matter that mussels consume should be from fish
waste to significantly reduce net benthic organic
loading and compensate for the new production of
ShF. Following a similar approach, Reid et al. (2013a)
suggested that depending on diet quality, 11 to 20%
of total mussel diet must be comprised of fish farm
solids, in order to reduce the site-wide organic load.
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Fig. 8. (A) Plan view (transverse and longitudinal, X and Y, respectively) and (B) vertical profile trajectories after 12 h of a sub-
set of particles with different settling velocities released at random positions in 3 finfish cages (light grey). Mussel longlines
are represented in light blue. Note that the vertical and horizontal scales (Z and Y, respectively) in (B) are different for 

visualization purposes
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Fate of particles with different settling velocities

One of the key assumptions in the ecosystem model
is that each particle type is characterized by averaged
parameters and the fluxes are characterized in terms
of concentration per time. However, it is well known
that FF occur as a range of particle sizes and settling
velocities. This conceptual simplification is needed in
order to cope with the computational resources re-
quired to simulate a complex ecosystem. Neverthe-
less, this simplification can increase the uncertainty of
modelling outcomes, especially when there is sensi-
tivity to one of the parameters related to this simplifi-

cation, i.e. settling velocity. In order to explore the ef-
fects of a range of settling velocities on the previous
results calculated with averaged values, a different
modelling exercise was carried out with focus on the
physics of the wastes rather than on the biology. The
particle tracking numerical experiment developed in
FVCOM allowed a probabilistic analysis of finfish−
shellfish connectivity based on the analysis of the tra-
jectories of particles with different settling velocities.
In addition, FVCOM allows for the incorporation of
the feedback of the aquaculture structures on local
currents, that is, flow reduction, which provides a
more realistic approach to horizontal fluxes. Fig. 8
presents an example of how FVCOM depicts horizon-
tal and vertical trajectories after 12 h of a subset of
particles with different settling velocities released at
random positions inside 3 different finfish cages in the
15 m spacing design. This analysis (Fig. 8) provides a
visual example of the impact of settling velocity on
particle trajectory and probability for waste particles
to reach the shellfish farm, showing that this probabil-
ity increases for particles with low settling velocities
while heavy particles tend to sink directly to the bot-
tom in the proximity of the finfish cage.

The trajectories of 129 600 particles (43 200 × 3 ex -
periments) with different settling velocity released
in the finfish cages were analysed with the aim of
identifying the percentage of the particles that en -
countered the mussel farm (Fig. 9A). This probability
exponentially decays with the settling velocity,
reaching null probability at 2.4 cm s−1 (Fig. 9A). The
results obtained with FVCOM partially disagree with
the previous simulations carried out with the hydro-
dynamic−biogeochemical coupled model, which
 predicted that some FF (~3 cm s−1, Table 1) could
reach the shellfish farm under the same conditions
(Fig. 6B). Although the set up of both simulations is
conceptually similar, FF are parameterized as inde-
pendent particles in FVCOM but as a concentration
in the coupled model, which implies a different
mathematical approach to transport. This can cause
the partial disagreement. In addition, FVCOM ac -
counts for flow reduction caused by farming struc-
tures, which is not included in the coupled model.
Another source of differences is the vertical spatial
resolution. The FVCOM model is constructed with
1 m thick layers, but the coupled model integrates
15 m in each layer with the aim of including the
whole cage/longline in the same vertical layer in
order to save computational resources. Despite the
disagreement, both results confirm that heavy parti-
cles tend to settle to the bottom before reaching the
shellfish farm.
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Fig. 9. (A) Probability of reaching the shellfish longlines for
particles with different settling velocities released at finfish
cages. (B) Mean (±SD) depth at which these particles reach
the shellfish longlines (squares) and mean (±SD) initial 

depth of these particles at finfish cages (dots)
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The fine vertical resolution of the FVCOM model
also allows for an analysis of the depth at which par-
ticles reach the mussel farm. As expected, this depth
increases with settling velocity from ~10 m to ~14 m
for 0.1 and 2.4 cm s−1 particles, respectively (Fig. 9B).
The degree of success in reaching the shellfish farm
is highly dependent on the depth at which the parti-
cle is released (Fig. 9B). While the average initial
depth of particles with settling velocity of 0.1 cm s−1

that successfully reach the mussel farm is ~6 m, the
initial depth of the only particle with a settling veloc-
ity of 2.4 cm s−1 that reaches the shellfish cage is ~0 m
(Fig. 9B). This result matches previous observations
and suggests that settling velocity and vertical fluxes
dominate IMTA sites, and the connectivity between
finfish cages and shellfish structures is highly de -
pendent on positioning, suggesting that only struc-
tures that are very close together will be able to be
effectively connected.

CONCLUSIONS

The modelling exercises performed in this study
focussed on exploring the maximum mitigation effi-
ciency of mussel−finfish IMTA sites, with focus on
the solid wastes that potentially cause organic load-
ing. These simulations were performed under ideal
conditions that maximize the connectivity between
finfish and shellfish cultured areas, e.g. ideal cur-
rent directionality, and consequently it is expected
that the mitigation efficiency estimations are max-
ima. Despite these ideal conditions that maximize
mitigation, the models predicted low mitigation effi-
ciencies, which is a direct consequence of the high
settling velocity of finfish aquaculture wastes (faeces
and feed), and the consequent dominance of strong
vertical fluxes of organic material. A recent study by
Bannister et al. (2016) provided a detailed analysis
of settling velocity for different size classes of
salmon, showing that the settling velocity of faecal
particles is higher than 5 cm s−1 for more than 60%,
and higher than 2.5 cm s−1 for more than 80%.
Although faecal settling velocity is largely influ-
enced by dietary in gredients (Reid et al. 2009), the
results from Ban nister et al. (2016) suggest that per-
haps our study was very conservative in assuming
that the average settling velocity is 3 cm s−1. This
updated distribution of settling velocities and the
results from our study re inforce the idea that
vertical fluxes of organic  matter are stronger than
horizontal ones in finfish farms, which explain the
weak plumes of wastes and limited connectivity

among IMTA structures, critical for  mitigation pur-
poses (Reid et al. 2010). The potential for capturing
solid wastes improves under specific conditions
such as oligotrophic environments, and optimal
 spatial arrangements, but even in these situations,
the net mitigation should be carefully ex plored
because of the additional contribution of ShF to
organic loading. In addition, other aspects should be
considered to evaluate the viability of IMTA sites.
For example, the co-culture design, despite being
the one that maximizes the mitigation efficiency, is
probably not viable at the commercial scale with the
 current technology. Other important aspects that
would need additional research to evaluate the
 viability are the effects of the co-cultured species on
 disease trans mission and the effect of chemicals
such as  medicines or pesticides on the co-cultured
species. These interactions are poorly studied and
could be critical at IMTA sites. In summary, and
 similarly to Cubillo et al. (2016), the low potential
for mitigation suggests that shellfish suspended
 culture cannot significantly reduce organic loading.
The dominance of vertical fluxes of organic material
in finfish aquaculture suggests that organic extrac-
tive species in IMTA farms should be located in the
 benthic environment directly beneath finfish cages
in order to maximize the mitigation of accumulated
organic wastes. However, it is important to high-
light that shellfish could indirectly mitigate organic
loading by feeding on phytoplankton populations
that could be enhanced due to the remineralization
of organic loading and the excretion of nitrogen
by fish. These positive effects should be analysed
at the watershed scale. Further experimental and
modelling studies with focus on the mitigation
potential of deposit-feeders such as sea cucumbers
will be key in evaluating the future of IMTA.
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