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a  b  s  t  r  a  c  t

Integrated  multitrophic  aquaculture  (IMTA)  aims  to  be  an  ecologically  balanced  aquaculture  practice
that  co-cultures  species  from  multiple  trophic  levels  to  optimise  the recycling  of  farm  waste  as  a food
resource.  It provides  an  opportunity  for product  diversification  and  an  increase  in  economic  return  if
managed  at  the  optimal  stocking  densities  for each  co-cultured  species.  A  generic  IMTA ecosystem  model,
incorporating  dynamic  energy  budgets  for  a number  of  co-culture  species  from  different  trophic  levels
was developed  to design  IMTA  farms  for optimisation  of multispecies  productivity.  It  is  based  on  the
trophic  similarity  in the  ecophysiological  behaviour  of  cultured  organisms  to  describe  the  uptake  and  use
of energy.  This  approach  can  accommodate  different  species  within  a trophic  group  and  is transferable
to  IMTA  operations  based  on  finfish–shellfish-detritivore-primary  producer  systems.  Model  simulations
were  firstly  performed  considering  the  monoculture  of  mussels  and  finfish,  each  “farm”  interacting  with
the  natural  variability  of the  local  environment.  The  next  step  was  running  the  IMTA  model  with  the
co-culture  groups  added  in:  one  run  was  with  finfish  as  the  key  species  in co-culture  with  seaweed  and
sea  cucumbers  and  the other  with  mussels  as  the  key  culture  species  in  association  with  seaweed  and  sea

cucumbers.  Scenario  simulations  show  that  conversion  from  monoculture  to IMTA  would  considerably
reduce  waste  products  and  increase  farm  productivity.  Although  the  development  of  IMTA  practices  will
depend on  acceptable  levels  of waste  products,  feasibility  and  profitability  of  culture  operations,  the  IMTA
model  provides  a research  tool  for  designing  IMTA  practices  and  to  understand  species  interactions  and
predict  productivity  of  IMTA  farms.  The  refinement  of  the  model  and  its  power  to  predict  multispecies
productivity  depends  on  emerging  data  from  trial  and commercial  sea-based  IMTA  operations.
. Introduction

Over the past decade, integrated multitrophic aquaculture
IMTA) has received much attention as a means of practicing sus-
ainable aquaculture by recycling nutrients through co-cultured
pecies from different trophic levels (Chopin et al., 2008). The waste
feed) and by-products (faeces and nutrients) from fed species (e.g.
nfish) and filtering feeders (e.g. shellfish) become food for extrac-
ive species (e.g. detritivores and seaweed) to reduce farm-derived
rganic and nutrient loading into the environment. Integrated
quaculture has been practiced for centuries in China, initially
hrough land-based operations which later expanded to include

arine systems (NACA, 1989; Yang et al., 2000). Such integrated

ulture techniques have recently been incorporated into scientific-
ased experiments which monitor the feeding and growth of a
ixture of species from different trophic levels. These studies have

∗ Corresponding author. Tel.: +64 3 3488987; fax: +64 3 3485548.
E-mail addresses: j.ren@niwa.co.nz, jeffrey.ren2012@gmail.com (J.S. Ren).

304-3800/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolmodel.2012.07.020
© 2012 Elsevier B.V. All rights reserved.

shown increases in both farm productivity and the growth rates of
co-cultured species, and a reduction in waste products (e.g. Li et al.,
1983; Wang, 2001; Chopin et al., 2008; Hughes and Kelly, 2011).

The only commercial scale IMTA operation based on sound sci-
entific research is in the Bay of Fundy in Canada producing salmon
and mussels (Chopin et al., 2004; Barrington et al., 2009; Reid
et al., 2009). This research commenced in 2001 and at present
pilot studies are underway incorporating other species such as sea
cucumbers, oysters and sea urchins. Although much of Chilean inte-
grated aquaculture is land-based, the co-culture of blue mussels
around open water salmon pens has become common (Soto and
Jara, 2007) and trialling of macroalgae culture is also taking place
(Buschmann et al., 2008). Being driven by industry rather than sci-
entific research, the placement of the mussel ropes is driven by
availability of space as opposed to optimal design (Hughes and
Kelly, 2011).
In Scotland there have been a number of experimental/pilot
scale trials which have yielded encouraging scientific results, but as
yet there is no major commercialisation. Research to date in Scot-
land has shown that well-designed integrated systems can lead to

dx.doi.org/10.1016/j.ecolmodel.2012.07.020
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:j.ren@niwa.co.nz
mailto:jeffrey.ren2012@gmail.com
dx.doi.org/10.1016/j.ecolmodel.2012.07.020
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Fig. 1. Conceptual diagram of the IMTA model illustrating the coupling of eco-
physiological and biogeochemical processes through carbon (C) and nitrogen (N)
pathway between the various compartments. The state variables are defined in
Table  1 and rate processes listed in Table 2. The cultured trophic group comprises
fed organisms (finfish), suspended filtering feeders (shellfish), nutrient extractive
organisms (seaweed) and benthic detritivores (sea cucumber). The pelagic compart-
ment includes phytoplankton, zooplankton, carnivore, dissolved inorganic nitrogen
(DIN), dissolved organic nitrogen (DON), pelagic non-plankton organic carbon and
J.S. Ren et al. / Ecologica

 reduction in nitrogen emissions from caged fish through harvest
f sea urchins and seaweeds but for cultured bivalves, the link to
sh culture may  only be evident where ambient phytoplankton or
eston is limiting (Hughes and Kelly, 2011). This highlights the need
o consider the influence natural physical and biological variability
f the supporting ecosystem in the design of integrated systems of
sh, filter-feeding or grazing invertebrates and seaweed.

Biogeochemical fluxes in surrounding water and sediments play
n important role in nutrient cycling and affect internal food sup-
ly in farming ecosystems which have been explicitly described in
any modelling studies on shellfish aquaculture (e.g. Bacher et al.,

998; Grant et al., 2007; Grangeré et al., 2010). As an IMTA oper-
tion is much more complex than monoculture, the biomass and
roduction of each trophic species are difficult to optimise eco-
omically through the traditional technique of trial and error and
xperimentation. This present study offers a model framework that
onsiders the influence of natural biogeochemical fluxes over time
n the integrated nutritional pathways between IMTA groups and
s designed to predict the optimal stocking biomass at each trophic
evel to produce an effective economic yield. The model incorpo-
ates hydrodynamic processes and metabolic energetics of cultured
pecies with an ecological model to design proximal-balanced eco-
ogical IMTA units.

Most ecosystem models strive to relate the distribution and fluc-
uation in abundance and production of wild living organisms to
ariations in food conditions, predation and the abiotic environ-
ent (Fransz et al., 1991). Similarly the IMTA model aims to map

ut interactions between co-cultured species and their ecosystem
omponents and predict productive capacity. The impact of cul-
ured species on the environment in coastal systems can also be
uantitatively and objectively integrated into the model. A few
cosystem models have been developed to assess environmental
mpact and carrying capacity of farming systems, but most of the

odel development has focused on monoculture of bivalves (e.g.
acher et al., 1998; Dowd, 2005; Grant et al., 2007). Some multi-
pecies modelling work has been attempted to study the carrying
apacity of a shellfish polyculture system (Duarte et al., 2003). The
unctioning of polyculture differs from an IMTA system because
pecies from the same trophic level are included in polyculture (e.g.
ysters and scallops used in these studies share the same biologi-
al and chemical processes which could potentially impact natural
hytoplankton populations). Culturing species at the same trophic

evel does not mitigate environmental impacts (Chopin et al., 2008).
MTA practices strive to facilitate nutrient recycling and optimise
o-culture productivity through bioremediation. To achieve this,
iomass stocking densities of the culture species must be optimised
y means of ecosystem models.

The main focus of this model is to provide a research tool to
ne-tune the design of field trials to optimise yields from each
rophic level. Model development followed a number of steps.
irstly, we developed an IMTA model based on dynamic energy
udgets (DEB) for each trophic grouping within a finfish–shellfish-
etritivore-primary producer profile. Secondly, to test the concept
nd capability of the model, it was parameterised using poten-
ial IMTA species namely, salmon, mussels, sea cucumbers and
eaweed. Lastly, IMTA scenario simulations were undertaken to
nderstand the dynamics and potential ecological benefits of IMTA
arming.

. Model description
The IMTA model incorporates an ecosystem model (Ren et al.,
010) with DEB sub-models for each trophic group within the
enthic and pelagic components that interact through carbon and
itrogen budgets and nutrient cycling (Fig. 1). The dynamics of
pelagic non-plankton organic nitrogen. DIN consists of ammonia nitrogen (NH4) and
nitrate nitrogen (NO3). The benthic compartment is comprised of carbon sediment
and nitrogen sediment.

all biological groups, cultured and non-cultured organisms, are
described at the population level. For cultured animals, the popula-
tion energetics depends on that of individuals. Population dynamics
of trophic groups are determined by culture strategies and nat-
ural mortality. Individuals are removed when reaching a harvest
size. Stochastic events may  cause additional mortality but are not
included in the model.

Nutrients, pelagic organic matter, phytoplankton, zooplankton
and carnivores are exchanged between the farming system and
adjacent open waters. This was driven by local hydrodynamic
processes where exchange rates were dependent on advection
by water currents and turbulent diffusion. These were calculated
using a separate hydrodynamic model (see Section 3.4). The IMTA
model uses a box model concept with divisions in geographic posi-
tion. Pelagic variables in the pelagic compartment are assumed to
be homogeneous within each box. The biomass exchange of the
variables between adjacent boxes is determined by exchange coef-
ficients (day−1), as dExij/dt = kij(Exi − Exj) with kij representing the
water volume exchanged from boxes Exi to Exj. The exchange coef-
ficients were based on the results of the 2D hydrodynamic model.
A farm ecosystem can be divided into several boxes depending on
requirements and local hydrodynamic conditions. The differential
equations describing the conservation of state variables are listed
in Table 1. The biological intermediate processes are summarised
in Table 2 and briefly described below.
2.1. Temperature

The rate processes of biological groups are temperature depen-
dent. A single equation (Temp) is used to describe the temperature
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Table 1
System of differential equations.

Cultured organisms
Reserves (j)
dE∗
dt

= pA∗ − pC∗
Reproductive reserves (j)
dER∗

dt
= (1 − �∗)pC∗ − pJ∗

Biovolume growth (cm3)
dV∗
dt

= (�∗ ·pC∗−pM∗)+
[EG∗]

Population dynamics (No.)
d∗N
dt

= −ır∗ · ∗N − ıh∗ · ∗N
Seaweed carbon (mgC m−3)
dCA
dt

= Uca − raTempACA − (ıra + ıha)CA
Seaweed nitrogen (mgN m−3)
dNA
dt

= (1 − eua)Una − raTempANA − (ıra + ıha)NA
Pelagic organisms
Carnivore structure weight (mgC m−3)
dCC
dt

= Gc − CC� ± ExCC

Carnivore reserves (mgC)
dEC
dt

= (1 − dc)Uc − Gc − EC� ± ExEC

Zooplankton structure weight (mgC m−3)
dCZ
dt

= Gz − CZ� − UcCZ/(CZ + EZ)  ± ExCZ

Zooplankton reserves (mgC m−3)
dEZ
dt

= (1 − dz)(Uzp + Uzo) − Gz − EZ� − UcEZ/(CZ + EZ)  ± ExEZ

Phytoplankton carbon (mgC m−3)
dCP
dt

= Ucp − rpTempP CP − Uzp − UmpMN/V − Mp ± ExCP

Phytoplankton nitrogen (mgN m−3)
dNP
dt

= (1 − eup)Unp − rpTempP NP − QpUzp + QpUmpMN/V − QpMp ± ExNP

Pelagic carbon and nitrogen
Pelagic non-plankton organic carbon (mgC m−3)
dPOC

dt
= (1 − ksr − kdb)[Zf + Cf + FmMN/V + UmoMN/V + Ff FN/V + FwFN/V +

�oCS/H − �oPOC] ± ExPOC

Pelagic non-plankton organic nitrogen (mgN m−3)
dPON

dt
= (1 − ksr − kdb)[QzZf + QcCf + QpFmMN/V + QoUmoMN/V + Qf Ff FN/V +

Qff FwFN/V + �oNS/H − �oPON] ± ExPON

Dissolved organic nitrogen (mgN m−3)
dND
dt

= ϕ(Pexcr + Aexcr ) − kor ND ± ExND

Ammonium nitrogen (mgN m−3)
dNH
dt

= (1 − ϕ) · (Pexcr + Aexcr ) − UnpUnhp/(Unop + Unhp) − UnaUnha/(Unoa + Unha) −
knitNH + kor ND + ksr NS/H + ksr PON + (MN · Mexcr + FN · Fexcr + DN · Dexcr )/V +
Cexcr + Zexcr ± ExNH

Nitrate nitrogen (mgN m−3)
dNO
dt

= knitNH − UnpUnop/(Unop + Unhp) − UnaUnoa/(Unoa + Unha) − kdenitNO ± ExNO

Benthic carbon and nitrogen
Sediment organic carbon (mgC m−2)
dCS
dt

= (�oPOC + Mp + Mz + Mc)H + [Mm + Mf + Md + FdDN + ıraCA]/A − �oCS −
(ksr + kdb)CS

Sediment organic nitrogen (mgN m−2)
dNS
dt

= (�oPON + QpMp + QzMz + QcMc)H + [QmMm + Qf Mf + QdMd + QsFdDN +
ıraNA]/A − �oNS − (ksr + kdb)NS
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m

otes: The expression (x)+ is defined as: [x]+ = x for x > 0, [x]+ = 0 otherwise. * Repre-
ents cultured animals: m for shellfish, f for finfish and d for detritovore.

ffect on physiological rates of organisms. Within a species-specific
ptimal range of temperatures, the rate of physiological processes is
escribed by an Arrhenius relationship (Kooijman, 2000) whereby
ates increase exponentially with temperature up to an asymp-
ote and then decreases with further increase in temperature.
utside the optimal temperature range, catabolic rates would be
onsiderably reduced and therefore the Arrhenius relationship
s extended to cover the temperature-dependent rate processes
eyond the lower and upper boundaries. The existing ecosystem
odel describes the rate processes of pelagic organisms using an

xponential function (Ren et al., 2010). Experimental data have
ndicated that the Arrhenius relationship can better reflect eco-
hysiological behaviours of organisms (e.g. Goldman, 1977; Fralick
t al., 1990; Yurista, 1999; van der Veer et al., 2006). This Arrhenius
quation is therefore applied to all biological groups.
.2. Cultured animals

DEB sub-models describe the energetics of cultured ani-
als within the three trophic groupings: fed organisms (finfish),
elling 246 (2012) 34– 46

suspended filtering feeders (shellfish) and benthic detritivores (sea
cucumber). These sub-models are based on common mechanis-
tic rules that describe the uptake and use of energy. Following
DEB theory (Kooijman, 2000), we developed a general framework
of DEB model for application to all trophic groups with the dif-
ference in species-specific parameter values. The description of a
standard DEB model can be found elsewhere (e.g. van der Meer,
2006; Pouvreau et al., 2006) and we only briefly summarise the
main outline here.

The energetic of an organism is described by three state
variables: biovolume, reserves and reproductive reserves. The dif-
ference between biovolume and reserves is that the former only
increases when energy allocated for maintenance and growth
exceeds maintenance requirements. The latter, however, is replen-
ished from feeding and continuously depleted through catabolism.
The rate of energy uptake follows a type-II functional response to
food density and is proportional to surface area, whereas mainte-
nance depends on biovolume. The energy acquired from feeding is
immediately incorporated into reserves from which it is utilised
at a fixed fraction of � for maintenance and growth, while the
remaining fraction of 1 − � is spent on development in juveniles
and reproduction in adults. Metabolic maintenance competes for
energy with growth but has priority, while development and repro-
duction compete with growth plus maintenance at a higher level.
If the energy allocation with respect to maintenance and growth
is less than maintenance cost, growth stops and maintenance need
is met  by reducing reproduction. The individual would die when
the energy utilisation rate from reserves is insufficient to meet the
maintenance cost.

The energy allocated to reproduction is stored in a reproduc-
tive buffer, converted to eggs at the time of reproduction, emptied
at spawning and replenished thereafter. The physiological pro-
cesses accompanying energy loss as overheads include feeding and
digestion, somatic and maturity maintenance, reproduction and
biovolume growth. The overheads accompany ammonia excretion.

2.3. Seaweed and phytoplankton

Phytoplankton biomass is modelled as primary production with
grazing pressure by shellfish and zooplankton, while the biomass
of seaweed is modelled as the difference between growth and loss
through respiration. The rate processes of both seaweed and phy-
toplankton are described with similar functional responses. The
difference is that phytoplankton biomass in an ecosystem is calcu-
lated as a function of physiological processes and exchanges with
the sea, while seaweed biomass only depends on physiological pro-
cesses. N-quota (N:C ratio) of both seaweed and phytoplankton can
vary considerably with their environment. Because the uptake of
carbon and nitrogen is N-quota dependent, the growth of phyto-
plankton and seaweed is described by two  state variables: carbon
and nitrogen. The uptake of carbon is governed by irradiance, tem-
perature and N-quota. Phosphorous and silicon are not considered
in the model because they are not usually limiting factors (e.g.
Gibbs and Vant, 1997). The model only describes the conservation
of carbon and nitrogen.

The uptake of dissolved inorganic nitrogen (DIN) follows a
Michaelis–Menten function (Caperon and Meyer, 1972) and is lim-
ited by N-quota. A decrease function of maximum uptake rate to
N-quota is introduced to prevent the occurrence of an unrealis-
tically high N:C ratio. Seaweed and phytoplankton may  release a
considerable fraction of production as dissolved organic nitrogen

(DON), which is described to be proportional to nutrient uptake and
respiration rates. Phytoplankton loss through sinking depends on
the N-quota and is proportional to the biomass. Natural mortality
and harvest will result in the loss of seaweed biomass.
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Table  2
Biological intermediate processes.

Symbol Description Formula Unit

f* Functional response of cultured animals * X*/(X* + XH*) Dimensionless
Temp* Temperature-dependent rate of biological group* k0*·exp(TA*/T0* − TA*/T)·[1 + exp(TAL*/T–TAL*/TL*) + exp(TAH*/TH* − TAH*/T)]−1 Dimensionless
Uf Consumption rate of finfish TempF·min(Fr , Umf)·Vf

2/3 mgC  d−1

Ump Consumption rate of phytoplankton by shellfish TempM·Umm·CP·Vm
2/3 mgC  d−1

Umo Consumption rate of POC by shellfish TempM·Umm·POC·Vm
2/3 mgC  d−1

Ud Consumption rate of sea cucumber TempD·f d·Umd·Vd
2/3 mgC  d−1

pA* Assimilation rate of cultured animals * Temp*·f *·{pA*}·V*
2/3 J d−1

pC* Catabolic rate of cultured animals * Temp*·[[E*]/([EG*] + �*·[E*])]·([EG*]·{pA*}·V*
2/3/[Em*] + [pM*]·V*) J d−1

pM* Maintenance rate of cultured animals * Temp*·[pM*]·V* J d−1

pJ* Maturity maintenance of cultured animals * min  (V*, Vp*)·[pM*]·(1 − �*)/�* J d−1

F* Faeces of cultured animals U* − pA*/�CJ mgC  d−1

Fw Waste feed TempF·(Fr − Umf)+·Vf
2/3 mgC  d−1

Fexcr Fish excretion {[pCf − (1 − �Rf)·dERf/dt − �Vf·�·dVf/dt]·Qf + pAf·(Qff − Qf)+}/�CJ mgN  d−1

Mexcr Shellfish excretion {[pCm − (1 − �Rm)·dERm/dt − �Vm·�·dVm/dt]·Qm + pAm·(Qp − Qm)+}/�CJ mgN  d−1

Dexcr Sea cucumber excretion {[pCd − (1 − �Rd)·dERd/dt − �Vd �dVd/dt]·Qd + pAd·(Qs − Qd)+}/�CJ mgN  d−1

M* C loss (mortality) of biological group * ır*·*N·[V*·��V* + (E* + ER*·�R*)]/�CJ mgC  d−1

W* Individual wet weight of cultured animals * V*·� + (E* + ER*·�R*)/�E* g
Unha Potential uptake of ammonium N by seaweed Unhma·(NH/(NH + Xanh)) d−1

Unoa Potential uptake of nitrate N by seaweed Unoma·(NO/(NO + Xano)) d−1

L Daily irradiance L(t)·exp{−[kback + kp·(CP + CA)]·H} �mol  phot m−2 d−1

f (L) Irradiance effect on C uptake 1
H ·

∫ H

0
L/(L + Xl)dz Dimensionless

Una Total uptake of N by seaweed NA·TempA·(Unha + Unoa)/{1 + exp[(Qa − Qamax)/Qaoff]} mgN  d−1

Uca Uptake of C by seaweed f (L)·CA·TempA·Gam·(1 − Qamin/Qa)+ mgC  d−1

Aexcr Seaweed excretion eua·Una + ra·TempA·CA·Qa mgN  d−1

Qa Seaweed N quota NA/CA mgN mgC−1

Wa Seaweed biomass CA/(�CA·106) kg m−3

Uc Uptake of C by carnivore CC·Uccm·[(CZ + EZ)/(CZ + EZ + XHz)]·min (Qz/Qc , 1) mgC  d−1

Cf Carnivore faeces dc·Uc mgC  d−1

Gc Carnivore growth rate Gcm·EC·TempC·max{0, 1 − Rcmin/[EC/(CC + EC)]} mgC  d−1

EC� C loss rate of carnivore reserves ıc·EC + rc·TempC·CC mgN  d−1

CC� C loss rate of carnivore structure weight ıc·CC mgN  d−1

Cexcr Carnivore excretion euc·Uc·Qc + rc·TempC·CC·Qc mgN  d−1

Mc Carnivore mortality ıc·(CC + EC) mgC  d−1

Wc Carnivore biomass CC + EC mgC  m−3

Uzp Uptake of phytoplankton C by zooplankton CZ·Uczm·[CP/(CP + Xpz)]·min  (Qp/Qz , 1) mgC  d−1

Uzo Uptake of POC by zooplankton [CZ·Upoczm·POC/(POC + Xpocz)]·min(Qo/Qz , 1) mgC  d−1

Gz Zooplankton growth rate Gzm·EZ·TempZ·max{0, 1 − Rzmin/[EZ/(CZ + EZ)]} mgC  d−1

Zf Zooplankton faeces dz·Uzp + dz·Uzo mgC  d−1

EZ� C loss rate of zooplankton reserves ız·EZ + rz·TempZ·CZ mgN  d−1

CZ� C loss rate of zooplankton structure weight ız·CZ mgN  d−1

Zexcr Zooplankton excretion euz·Uz·Qz + rz·TempZ·CZ·Qz mgN  d−1

Mz Zooplankton mortality ız·(CZ + EZ) mgC  d−1

Wz Zooplankton biomass CZ + EZ mgC  m−3

Unhp Potential uptake of NH4 by phytoplankton Unhmp·(NH/(NH + Xpnh)) d−1

Unop Potential uptake of NO3 by phytoplankton Unomp·(NO/(NO + Xpno)) d−1

Unp Total uptake of N by phytoplankton NP·TempP·(Unhp + Unop)/{1 + exp[(Qp − Qpmax)/Qpoff]} mgN  d−1

Ucp Uptake of C by phytoplankton f (L)·CP·TempP·Gpm·(1 − Qpmin/Qp)+ mgC  d−1

Pexcr Phytoplankton excretion eup·Unp + rp·TempP·CP·Qp mgN  d−1

Qp Phytoplankton N quota NP/CP mgN  mgC−1

Mp Phytoplankton C sinking rate CP·[ıpmin + ıp·(Qpmax – Qp)+] mgC  d−1

Qs Sediment N quota NS/CS mgN  mgC−1
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otes: The expression (x)+ is defined as: [x]+ = x for x > 0, [x]+ = 0 otherwise. * Repres
ea  cucumber, z for zooplankton and c for carnivore.

Light intensity decreases exponentially with depth with the
ight extinction coefficient varying with turbidity and shading from
he phytoplankton and seaweed. For simplicity, light intensity was
escribed as an exponential function of depth and the biomass of
hytoplankton and seaweed.

.4. Zooplankton and carnivores

The dynamic of zooplankton and carnivores has been described
y Ren et al. (2010) and is only briefly presented here. We have
ade a few improvements to the equations describing the energy

oss for respiration and effect of temperature on rate processes.

he energy required by respiration comes from the reserves and is
roportional to structural biomass. Two state variables are used to
escribe the population dynamic: reserves and structure weight.
he rate of energy uptake follows Type-II functional response to
iological groups: a for seaweed, p for phytoplankton, m for shellfish, f for fish, d for

food density and is proportional to structure weight. The assim-
ilated energy directly contributes to the reserves which are then
used for respiration and structure growth. Zooplankton compete
with shellfish for phytoplankton and other pelagic organic mat-
ters. Carnivores are assumed to prey exclusively on zooplankton
and the energetic is modelled the same as for zooplankton. The
ingested carbon is assimilated with a fixed efficiency. Respiration
and food uptake accompany N-excretion, which contributes to DIN.

2.5. Pelagic non-plankton organic matter

For the present model, the dynamic of pelagic non-plankton

organic matter (POM) is explicitly described with two state vari-
ables: pelagic non-plankton organic carbon (POC) and pelagic
non-plankton organic nitrogen (PON). A major source contributing
to POM is faeces produced by zooplankton, carnivores, shellfish and
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nfish. Added to this source are waste feed from finfish culture and
he pseudofaeces produced by shellfish. Other suspended organic
articles exchanged from boundaries also affect the dynamic of
OM. Resuspension of sediment organic matter from the benthic
ompartment represents an organic flux into the water column
riven by current velocity and bottom drag of local hydrodynam-

cs. To avoid a detailed sediment model, the resuspension rate is
ssumed to be the first order of sediment organic matter. Because
any aquaculture farms are located at a water depth >20 m in New

ealand, this assumption is unlikely to compromise the calculated
rganic flux from sediment to pelagic compartments. The unit in
he pelagic form is represented as the concentration on a per vol-
me  basis, while that in the sediment form is measured as mass
er unit area. Thus the mass flux between the pelagic and sediment
ompartments is adjusted with the water depth (H).

.6. Dissolved nutrients

Nitrate and ammonia are two forms of DIN which are explicitly
escribed in the model. Both phytoplankton and seaweed take up
itrogen from the DIN compartment and release DON. Excretion

rom both cultured and non-cultured animals is returned directly
o the DIN compartment and is readily available for phytoplankton
nd seaweed growth. POM undergoes breakdown processes and
ontributes to the nutrient pool in pelagic compartment, which is
escribed as first order process of POM concentration. Similarly,
emineralisation of sediment organic matter in the benthic com-
artment would also result in the release of nutrients into the
ater column. The N is fully conserved as it flows within the system

part from prescribed loss processes. For the detailed description
f nutrient cycling, please see Ren et al. (2010).

.7. Benthic sediment

Net flux of sediment carbon and nitrogen is usually governed
y rates of sedimentation and remineralisation of organic sources.
here are a few sources contributing to the sediment including fae-
es, pseudofaeces, waste feed, phytoplankton sinking, dead animals
nd seaweeds. The settling rate depends on the size and charac-
eristics of the particles. Because corpses of biological groups sink
ith high rates (e.g. Piedecausa et al., 2009), they are assumed to
irectly settle onto the seabed. The sinking of the rest organic mat-
ers is assumed to be proportional to their pelagic biomass. Since
he pelagic component is volume-based while the benthic is area-
ased, the depth factor is introduced into calculations of mass flux
etween the two. The biophysical processes of remineralisation and
esuspension impose dynamic fluctuations on the amount of car-
on and nitrogen in the benthic compartment. Introducing benthic
etritivores such as sea cucumbers, which process large quantities
f sediment to extract organic matter, adds to the dynamic of these
rocesses and influences the carbon and nitrogen contents.

.8. IMTA mass balance

The principle of an IMTA practice is twofold: to recycle farm-
erived wastes from principal species into harvestable production
nd to reduce environmental impacts. The main waste products
re inorganic nutrients and organic particles of waste feed and fae-
es from finfish, and faeces and pseudofaeces from shellfish (see
able 2). Ideally, the rate of nutrient uptake by the primary pro-
ucer (seaweed) should equal the excretion rate of the principal
quaculture species. Similarly, the biodeposition rate should not

xceed the consumption rate of benthic detritivores. There is some
oss of organic waste through biogeochemical processes in both
elagic and benthic form, but the loss from organic to inorganic
orms is a small proportion (∼1%). For simplicity, this portion is not
elling 246 (2012) 34– 46

considered in calculating the mass balance. In this ideal situation,
the mass in the system is balanced by:

dUnha

dt
− d(Fexcr + Mexcr)

dt
= 0 (1)

dUd

dt
− d(Fw + Ff + Fm)

dt
= 0 (2)

where Unha, Fexcr and Mexcr are respectively, ammonia uptake by
seaweeds, finfish excretion and shellfish excretion. Ud, Fw, Ff and
Fm are respectively, carbon uptake by benthic detritivores, waste
feed, fish faeces, and shellfish faeces plus pseudofaeces.

The nutrient reduction efficiency is simply calculated by:

ENH = dUnha/dt

d(Fexcr + Mexcr)/dt
· 100% (3)

Similarly, the waste organic reduction efficiency is estimated by

EO = dUd/dt

d(Fw + Ff + Fm)/dt
· 100% (4)

3. Application

3.1. Parameterisation

To understand the dynamics of the model and to conduct
scenario simulations, we  parameterised the model with salmon,
mussels, sea cucumber and seaweed. Parameter values and sources
are listed in Table 3. Values of most parameters in the pelagic sub-
models are discussed by Ren et al. (2010).  Because the temperature
effect on rate processes was modified from the exponential func-
tion to the Arrhenius equation, this structural modification requires
a new estimation of related parameter values.

Existing information on physiology of the salmon species
farmed in New Zealand, Oncorhynchus tshawytscha (chinook
salmon) is insufficient for estimating the parameters for the fin-
fish trophic box and therefore published physiological data on
Atlantic salmon (Salmo salar) were used to parameterise feeding
and energy acquisition (Stead et al., 1999; Finstad et al., 2004). The
energy content of salmon wet weight has been recorded in a range
of 4.4–6.4 J mg−1 (Finstad et al., 2004) and a fish generally com-
prises 40% structural weight and 60% of reserves (Kleiber, 1961).
This information was  used to estimate the parameters related to
growth and reserve density. Lack of comprehensive temperature
data necessitated a slight modification of the temperature func-
tion where the species-specific tolerance range for low and high
temperatures was excluded. The catabolic flux coefficient (�) for
growth and maintenance was  estimated indirectly from gonad
somatic index information, following van der Meer (2006).  The half-
saturation coefficient (XHf) for food concentration describing the
functional response of energy acquisition rate could not be readily
obtained, because it varies with energy content of fish feed. This
parameter is treated as a calibration parameter and is discussed in
the next section.

For the detritivore trophic box a DEB model which quantita-
tively describes feeding, growth and energetic was  developed for
the Asian sea cucumber Stichopus japonicus (Ren et al., in prep).
Once the physiological energetics for the New Zealand indigenous
sea cucumber Australostichops mollis are known, they can be sub-
stituted into the detritivore box. Similarly, as data for estimating
parameters for the indigenous seaweed Eklonia radiata are insuffi-

cient, values were derived from other seaweed species (see Table 3).
For mussels the locally farmed species Perna canaliculus has been
intensively studied (Ren and Ross, 2005; Ren et al., 2010) and most
parameter values are directly taken from these studies.
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Table  3
Parameters of the IMTA model.

Parameters Description Value Dimension Source

TAf Arrhenius temperature of salmon 6400 K Munch and Conover (2002)
k0f Reference physiological reaction rate for salmon at 288 K 1 Dimensionless This study
[Emf] Maximum reserve density of salmon 11,600 J cm−3 Finstad et al. (2004)
[EGf] Volume-specific costs for salmon growth 6200 J cm−3 Finstad et al. (2004)
Vpf Salmon structural volume at puberty 9 cm3 Graynoth (1995)
XHf Half-saturation uptake of food by salmon 5 g Calibrated
Umf Salmon maximum surface area-specific consumption 380 mgC cm−2 d−1 Beauchamp et al. (2007)
{pAf} Salmon maximum surface area-specific assimilation 2250 J cm−2 d−1 Amundsen et al. (1999)
[pMf] Volume-specific maintenance rate of salmon 75.3 J cm−3 d−1 Stevens et al. (1998)
�f Catabolic flux to growth and maintenance in salmon 0.85 Dimensionless This study
�Rf Reproductive reserves fixed in salmon eggs 0.8 Dimensionless This study
�Ef Reserve energy content of salmon 7730 J g−1 wet W Finstad et al. (2004)
�Vf Structure energy content of salmon 4400 J g−1 wet W Finstad et al. (2004)
Qf N-quota of salmon 0.18 mgN mgC−1 Redfield ratio
Qff N-quota of salmon feed 0.18 mgN mgC−1 This study
TAm Arrhenius temperature of mussel 5530 K Hickman (1979)
TLm Lower boundary of tolerance range for mussel 285 K Marsden and Weatherhead (1999)
THm Upper boundary of tolerance range for mussel 297 K Marsden and Weatherhead (1999)
TALm Arrhenius temperature at lower boundary for mussel 15,000 K Marsden and Weatherhead (1999)
TAHm Arrhenius temperature at upper boundary for mussel 42,000 K Marsden and Weatherhead (1999)
k0m Reference reaction rate for mussel at 288 K 1 Dimensionless Ren et al. (2010)
[Emm] Maximum reserve density of mussel 2600 J cm−3 Ren et al. (2010)
[EGm] Volume-specific costs for mussel growth 2500 J cm−3 Ren et al. (2010)
Vpm Mussel structure volume at puberty 0.36 cm3 Alfaro (2001)
XHm Half-saturation uptake of phytoplankton by mussels 315 mgC m−3 Calibrated
Umm Mussel maximum surface area-specific clearance 0.045 m3 cm−2 d−1 Hawkins et al. (1999)
{pAm} Mussel maximum surface area-specific assimilation 440 J cm−2 d−1 Hawkins et al. (1999)
[pMm] Volume-specific maintenance rate of mussel 12.2 J cm−3 d−1 Marsden and Weatherhead (1999)
�m Catabolic flux to growth and maintenance in mussel 0.7 Dimensionless Ren et al. (2010)
�Rm Reproductive reserves fixed in mussel eggs 0.8 Dimensionless Ren and Ross (2005)
�Em Reserve energy content of mussel 4500 J g−1 wet W Ren unpubl. data
�Vm Structure energy content of mussel 2700 J g−1 wet W Ren unpubl. data
�CJ Ratio of carbon to energy content 48.8 J mgC−1 This study
Qm N-quota of mussels 0.183 mgN mgC−1 Smaal and Vonck (1997)
�  Biovolume density of cultured animals 1 g cm−3 This study
TAd Arrhenius temperature of sea cucumber 7300 K Ren, in prep.
TLd Lower boundary of tolerance range of sea cucumber 270 K Ren, in prep.
THd Upper boundary of tolerance range for sea cucumber 291 K Ren, in prep.
TALd Arrhenius temperature at lower boundary for sea cucumber 35,500 K Ren, in prep.
TAHd Arrhenius temperature at upper boundary for sea cucumber 70,000 K Ren, in prep.
k0d Reference reaction rate for sea cucumber at 288 K 1 Dimensionless Ren, in prep.
[Emd] Maximum reserve density of sea cucumber 1350 J cm−3 Ren, in prep.
[EGd] Volume-specific costs for sea cucumber growth 1260 J cm−3 Ren, in prep.
Vpd Sea cucumber structural volume at puberty 4.6 cm3 Ren, in prep.
XHd Half-saturation uptake of food by sea cucumber 50 gC m−2 Calibrated
Umd Sea cucumber maximum surface area-specific consumption 660 mgC cm−2 d−1 Ren, in prep.
{pAd} Sea cucumber maximum surface area-specific assimilation 154 J cm−2 d−1 Ren, in prep.
[pMd] Volume-specific maintenance rate of sea cucumber 4.79 J cm−3 d−1 Ren, in prep.
�d Catabolic flux to growth and maintenance in sea cucumber 0.85 Dimensionless Ren, in prep.
�Rd Reproductive reserves fixed in sea cucumber eggs 0.8 Dimensionless Ren, in prep.
�Ed Reserve energy content of sea cucumber 900 J g−1 wet W Ren, in prep.
�Vd Structure energy content of sea cucumber 900 J g−1 wet W Ren, in prep.
Qd N-quota of sea cucumber 0.18 mgN mgC−1 Redfield ratio
TAa Arrhenius temperature of seaweed 8400 K Fralick et al. (1990)
TLa Lower boundary of tolerance range for seaweed 287 K Fralick et al. (1990)
THa Upper boundary of tolerance range for seaweed 296 K Fralick et al. (1990)
TALa Arrhenius temperature at lower boundary for seaweed 5000 K Fralick et al. (1990)
TAHa Arrhenius temperature at upper boundary for seaweed 19,000 K Fralick et al. (1990)
k0a Reference reaction rate for seaweed at 286 K 1 Dimensionless This study
Unhma Seaweed maximum uptake of ammonia N 0.02 d−1 Taylor and Rees (1999)
Unoma Seaweed maximum uptake of nitrate N 0.02 d−1 Taylor and Rees (1999)
Xanh Half-saturation ammonia-N for seaweed uptake 28 mgN m−3 As for phytoplankton
Xano Half-saturation nitrate-N for seaweed uptake 5 mgN m−3 As for phytoplankton
Qamax Maximum seaweed N:C ratio 0.2 mgN mgC−1 Calibrated
Qamin Minimum seaweed N:C ratio 0.1 mgN mgC−1 Calibrated
Qaoff Seaweed nitrogen uptake parameter 0.03 mgN mgC−1 Calibrated
Gam Maximum seaweed growth rate 0.04 d−1 Mao  et al. (1993)
ra Respiration rate of seaweed 2 × 10−4 d−1 Calibrated
eua Uptake associated excretion of seaweed 0.01 Dimensionless Calibrated
ϕ  DON fraction of phytoplankton/seaweed excretion 0.1 Dimensionless Pujo-Pay et al. (1997)
�CA Carbon to dry weight ratio of seaweed 0.3 gC g−1 Duarte and Ferreira (1993)
TAp Arrhenius temperature of phytoplankton 6800 K Goldman (1977)
TLp Lower boundary of tolerance range for phytoplankton 286 K Goldman (1977)
THp Upper boundary of tolerance range for phytoplankton 298 K Goldman (1977)
TALp Arrhenius temperature at lower boundary for phytoplankton 27,300 K Goldman (1977)
TAHp Arrhenius temperature at upper boundary for phytoplankton 80,300 K Goldman (1977)



40 J.S. Ren et al. / Ecological Modelling 246 (2012) 34– 46

Table 3 (Continued)

Parameters Description Value Dimension Source

k0p Reference reaction rate for phytoplankton at 292 K 1 Dimensionless This study
kback Background attenuation coefficient 0.22 m−1 Tyler (1983)
Xl Half-saturation light level 7 �mol phot m−2 d−1 Kiefer (1990)
kp Light attenuation coefficient 0.01 mgC−1 m2 Tyler (1983)
Unhmp Phytoplankton maximum uptake of NH4-N 0.55 d−1 Caperon and Meyer (1972)
Unomp Phytoplankton maximum uptake of NO3-N 0.45 d−1 Caperon and Meyer (1972)
Xpnh Half-saturation NH4-N for phytoplankton uptake 28 mgN  m−3 Andersen and Nival (1987)
Xpno Half-saturation NH4-N for phytoplankton uptake 5 mgN  m−3 Caperon and Meyer (1972)
Qpmax Maximum phytoplankton N:C ratio 0.25 mgN mgC−1 Tett and Droop (1988)
Qpmin Minimum phytoplankton N:C ratio 0.1 mgN  mgC−1 Tett and Droop (1988)
Qpoff Phytoplankton nitrogen uptake parameter 0.01 mgN  mgC−1 Ross et al. (1993)
Gpm Maximum phytoplankton growth rate 1.6 d−1 Caperon and Meyer (1972)
rp Respiration rate of phytoplankton 0.01 d−1 Chapelle et al. (1994)
eup Uptake associated excretion of phytoplankton 0.05 Dimensionless Zlotnik and Dubinsky (1989)
ıpmin Minimum phytoplankton sinking rate 0.1 d−1 Bienfang (1977)
ıp Maximum phytoplankton sinking rate 0.25 d−1 Tett and Droop (1988)
TAc Arrhenius temperature of jellyfish 7100 K Widmer (2005)
TLc Lower boundary of tolerance range for jellyfish 283 K Widmer (2005)
THc Upper boundary of tolerance range for jellyfish 296 K Widmer (2005)
TALc Arrhenius temperature at lower boundary for jellyfish 3200 K Widmer (2005)
TAHc Arrhenius temperature at upper boundary for jellyfish 32,000 K Widmer (2005)
k0c Reference reaction rate for jellyfish at 283 K 1 Dimensionless This study
Uccm Maximum uptake rate of jellyfish 15 d−1 Kiørboe et al. (1985)
XHz Half-saturation uptake of zooplankton by jellyfish 150 mgC  m−3 Kiørboe et al. (1985)
dc Jellyfish faeces 0.5 Dimensionless Reeve (1980)
Rcmin Minimum reserves for jellyfish growth 0.3 Dimensionless Ren et al. (2010)
Gcm Maximum growth rate of jellyfish 0.1 d−1 Møller and Riisgård (2007)
ıc Jellyfish mortality 0.05 d−1 Ross et al. (1993)
Qc N-quota of jellyfish 0.18 mgN  mgC−1 Redfield ratio
rc Respiration rate of jellyfish 0.1 d−1 Møller and Riisgård (2007)
euc Uptake associated excretion of jellyfish 0.15 Dimensionless Kiørboe et al. (1985)
TAz Arrhenius temperature of zooplankton 6200 K Yurista (1999)
TLz Lower boundary of tolerance range for zooplankton 288 K Yurista (1999)
THz Upper boundary of tolerance range for zooplankton 302 K Yurista (1999)
TALz Arrhenius temperature at lower boundary for zooplankton 5100 K Yurista (1999)
TAHz Arrhenius temperature at upper boundary for zooplankton 47,000 K Yurista (1999)
k0z Reference reaction rate for zooplankton at 291 K 1 Dimensionless This study
Uczm Maximum uptake rate of phytoplankton by zooplankton 2 d−1 Kiørboe et al. (1985)
Upoczm Maximum uptake rate of POC by zooplankton 0.5 d−1 This study
Xpz Half-saturation uptake of phytoplankton by zooplankton 150 mgC  m−3 Kiørboe et al. (1985)
Xpocz Half-saturation uptake of POC by zooplankton 300 mgC  m−3 This study
dz Zooplankton faeces 0.25 Dimensionless Kiørboe et al. (1985)
Rzmin Minimum reserves for zooplankton growth 0.3 Dimensionless Ren et al. (2010)
Gzm Maximum growth rate of zooplankton 0.1 d−1 Møller and Riisgård (2007)
ız Zooplankton mortality 0.05 d−1 Corkett and Maclaren (1979)
Qz N-quota of zooplankton 0.18 mgN  mgC−1 Redfield ratio
Qo N-quota of particulate detrital organics 0.18 mgN  mgC−1 Redfield ratio
rz Respiration rate of zooplankton 0.02 d−1 Nakata et al. (2000)
euz Uptake associated excretion of zooplankton 0.15 Dimensionless Kiørboe et al. (1985)
knit Water-column nitrification rate 0.1 d−1 Chapelle (1995)
kdenit Water-column denitrification rate 0.02 d−1 Devola et al. (2006)
kdb Sediment N and C bury rate 0.001 d−1 Ren et al. (2010)
kor Water-column DON remineralisation rate 0.022 d−1 Dutkiewicz et al. (2001)
ksr Nitrogen and carbon release rate 0.01 d−1 Edwards and Grantham (1986)
�o Resuspension coefficient of sediment organic matters 0.01 d−1 This study
�o Water-column organic settling rate 0.05 d−1 Dowd (2005)
ıra Natural mortality of seaweed 0.001 d−1 Dowd (2005)
ırf Natural mortality of salmon 0.001 d−1 Dowd (2005)
ırm Natural mortality of mussels 0.001 d−1 Dowd (2005)
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ırd Natural mortality of sea cucumber 

.2. Study area and observational data

To provide biophysical data for the IMTA model, water sam-
les were collected from two bays supporting salmon and mussel
arming at 6 weekly intervals for one year (March 2007 to April
008). The bays were Waihinau Bay and Port Ligar, located off
he main channel of Pelorus Sound at the northern end of the

outh Island of New Zealand (Fig. 2). The salmon farm is in west-
rn Waihinau Bay where it covers a small area (∼9 × 103 m2)
ompared to the total bay area of 2.3 × 106 m2. Port Ligar has an
xtensive amount of mussel farming (by New Zealand standards)
0.001 d−1 Ren, in prep.

with farms occupying 8.8 × 105 m2 compared to the bay area of
8.3 × 106 m2.

Water samples were collected within both fish and mussel
farms, along transect lines away from farms and at the main chan-
nel of Pelorus Sound using a tube sampler (25 mm diameter, 15 m
length). Water samples were analysed for chlorophyll-a, particulate
organic carbon (POC), particulate organic nitrogen (PON), ammo-

nium nitrogen (NH4), and nitrate nitrogen (NO3). At each sampling
site, a CTD profile of temperature and salinity was  taken. Current
measurements were taken at a number of sites in the bays and
around the farms to develop a hydrodynamic model. The growth of
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ig. 2. Location of the study area, Waihinau Bay and Port Ligar in Pelorus Sound,
ew Zealand. The square shows the sampling point in the main channel of Pelorus
ound.

ussels was also conducted at both fish and mussel farms during
his period.

.3. Model setup

After parameterisation, each of the DEB sub-models were inde-
endently calibrated using growth and environmental data. The
ost uncertain parameter is the half-saturation coefficients (XH*)
hich depend on food quality and quantity. Because it is not
ossible to directly estimate these values, they were treated as
alibration parameters, following Pouvreau et al. (2006).  These sub-
odels were then integrated into the modified ecosystem model

Ren et al., 2010) to form the framework of an IMTA model to sim-
late the yield of the principal species (salmon and mussels) and
econdary species (sea cucumbers and seaweed).

The field data were used for a crude validation of the model. The
odel simulations were based on standard farming practices. The
ussel farm was based on ∼1.5 backbones per hectare with three
ussel cohorts at a farming site at any one time. To be consistent
ith culture practice, the model simulation was designed to include

mall, medium and large mussels with lengths of 25, 55 and 75 mm
t densities of 180, 150 and 120 per metre longline, respectively.
ussel numbers in each cohort was calculated according to the

arm area. For salmon culture, the farming company provided data
n stocking density and husbandry information. Because this infor-
ation is confidential, the stocking density is presented in terms of

 biomass index (Fig. 3). The initial values of sediment-N were set
o zero for model runs and pelagic variables from the main chan-
el of Pelorus Sound were used for the boundary flux conditions.
ecause the farming areas are relatively small, we set one box for
oth the fish and mussel farms.

After calibration, the model is subsequently used to simulate

MTA scenarios to estimate stocking densities of biomitigators (sea-

eed and sea cucumbers) and investigate ecological benefits for
onversion from monoculture to IMTA practices. Scenario simula-
ions were based on existing culture practices by assuming that the
Fig. 3. Index of salmon biomass in Waihinau Bay during March 2007 and April 2008.

current monoculture is converted into an IMTA practice through
introduction of co-cultured species into the system. The stock-
ing density of mussels remains unchanged in Port Ligar. For the
salmon site in Waihinau Bay, however, general culture informa-
tion from salmon industry was used so that the number of fish
in each cohort was  set to 1.2 × 105 individuals. The stock of sea
cucumbers was  assumed to consist of three cohorts with initial
individual weights of 50, 100 and 150 g, respectively. The initial
salmon stock also consisted of three cohorts with length of 20,
25 and 30 cm corresponding with body weight of 110 g, 225 g and
400 g. Natural mortality (ır) was  set at 0.1% for all cultured animals
and harvesting mortality was  set to 1 at the time of harvesting,
but was not considered throughout the simulation period. Ideally,
an optimised IMTA system should convert all farm-derived waste
into harvestable biomass. Practically, the waste would not be fully
utilised by biomitigators during the entire culture period due to
the difference in environmental effects on rate processes between
animals. For model runs, the initial biomasses of seaweed and sea
cucumbers are arbitrarily set and optimised until the farm-derived
wastes are reduced to ‘equilibrium’ low levels. A few criteria are
followed to decide the optimal biomass: (1) the values from Eqs.
(1) and (2) (in Section 2.8) should always be less than or equal to
0; and (2) the values from Eqs. (3) and (4) are between 0–100% and
should be as close to 100% as possible.

3.4. Hydrodynamics

The IMTA model is not spatially explicit, but uses a number of
benthic and pelagic compartments with exchanges between these
boxes. A hydrodynamic model was  used to firstly estimate appro-
priate sizes for the benthic and pelagic compartments, and then to
calculate the flows into and between compartments. The hydro-
dynamic model is described in detail elsewhere (Plew, 2011). In
brief, a 2D finite element hydrodynamic model with an unstruc-
tured grid and resolution varying between 5 and 10 km offshore
and 25 m in the study area was  used to simulate the tidally driven
currents. To calculate the sizes of the benthic compartments asso-
ciated with deposition from the fish and mussel farms, a particle
tracking and dispersal algorithm was  embedded into the hydro-
dynamic model. Particles were continuously released within farm
areas for 72 h and tracked until they reached the seabed. The sink-
ing velocity of 4 cm s−1 and 2.5 cm s−1 was  used, respectively for

particles from finfish and mussels. The sizes of the benthic compart-
ments were defined as the area within which 90% of the particles
are settled.
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The volume of the pelagic nutrient compartments associated
ith the farms was determined by continuously releasing neutrally

uoyant particles from the farms. For simulating NH4 dispersal, the
articles were given an initial relative mass (M0) of 1 with an expo-
ential decay of the form M(t) = M0·exp(−k·t) and a decay rate (k)
f 0.1 d−1. NH4 concentrations in the bay reached 95% of steady
tate within ∼30 days. The model was therefore run for 30 days
nd NH4 concentrations were averaged over the next 6 tidal cycles.
his provided a spatial map  of average concentrations relative to
he release rate. Contours were fitted to the map  of average NH4
ontours, and the contour containing 90% of the NH4 mass used to
efine the volume of the nutrient compartment.

After the sizes and locations of the compartments were deter-
ined, daily exchange rates of water volume between boxes were

alculated using the hydrodynamic model. The model was  run
sing the 7 largest tidal constituents as boundary conditions in
rder to simulate the tidal flows (Plew, 2011). The daily water
olume exchanges between compartments were calculated by
ntegrating the flow through the boundaries of each compartment.
.5. Simulations of current farming practices

The model was initially set up to simulate the dynamics of
oth salmon and mussel monoculture systems. The simulated
arming practice in Waihinau Bay (left column) and Port Ligar (right column) during

values of chlorophyll-a generally reflect the temporal varia-
tion of the observations with high biomass occurred in winter
(August) and early autumn (March) (Fig. 4). The high nutrient
concentrations in the salmon farm were not considered to drive
phytoplankton growth during winter months in 1997. However,
phytoplankton responded to high nutrient concentrations from
late 1997 along with increases of both temperature and irradi-
ance from late spring and summer. The model also responded
adequately to the difference in mussel growth rates between
salmon and mussel farms. High chlorophyll concentrations in the
salmon farm drove the mussels to grow with significantly higher
rates than in the mussel farms (Fig. 5). In addition, winter and
spring were fast growth periods corresponding with high phy-
toplankton biomass, while slow or non-growth occurred during
summer.

The simulated NH4 in Port Ligar closely followed boundary
conditions with high values in winter months and low values in
summer (Fig. 4). Nutrient enhancement through ammonia excre-
tion in the mussel farm was not as prominent as in the salmon farm.
The ammonia level in the salmon farm was considerably higher, on

average 4 times that in the mussel farm. The variation in ammo-
nia agrees with the variation of fish biomass over the simulation
period (Fig. 3). The simulated NO3 in both mussel and salmon farms
matched the observed values reasonably well.
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espectively, the observed and simulated mussel growth in the mussel farm in Port
igar.

For the mussel farm, the simulated NH4 excretion showed little
ariation during the period of March 2007–November 2008 (Fig. 6),
espite mussel growth. This resulted from low temperatures during
he period when the effect of body size on NH4 excretion was  offset
y the effect of temperature. With increase in temperature during
ummer, NH4 excretion increased at a considerable rate. By the
nd of the simulation, NH4 level had increased by three times the
alue in November 2008. The daily NH4 excretion from the salmon
arm was consistent with fish biomass and considerably higher than
rom the mussel farm.

In the benthic sediment compartment, the model simulation
ndicated that daily biodeposition rates from mussel farms ranged
etween 0.15 and 0.50 gC m−2 d−1 (Fig. 7). Despite high phyto-
lankton biomass in winter, the biodeposition rate under the
ussel farm was low. Biodeposition rates below the salmon farm
ere a few hundred times higher than under mussel farms.

. IMTA scenario simulations
The model simulations show conversion from monoculture to
MTA would result in considerable seaweed production over the
imulation period (Fig. 8). The biomass per unit area in the salmon
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ig. 6. Simulated ammonia excretion rates of the current farming practice in Wai-
inau Bay (solid line, left axis) and Port Ligar (dashed line, right axis) for IMTA
cenarios.
Fig. 8. Simulated seaweed biomass (dry weight) in Waihinau Bay (solid line, left
axis) and Port Ligar (dashed line, right axis) for IMTA scenarios.

farm was  over 100 times that in the mussel farm. At the same time,
the model predicts that IMTA scenarios could result in average opti-
mal  nutrient reduction efficiencies of about 70% (Fig. 9). Overall, the
nutrient reduction in the fish farm is not as efficient as in the mus-

sel farms. Total mussel excretion is largely driven by temperature,
while the fish excretion rate mainly depends on culture biomass
and quality and quantity of add-in feed.
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Fig. 9. Simulated reduction efficiency of excreted nutrients (NH4) for IMTA scenarios
in  Waihinau Bay (solid line) and Port Ligar (dashed line).
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inau Bay (solid line) and Port Ligar (dashed line).

With the co-culture of sea cucumbers, the model predicted
hat by the end of the simulation period, the IMTA practice could
heoretically yield 210 kg ha−1 and 25,000 kg ha−1 biomass of sea
ucumbers, respectively from the mussel and fish farms. Because
iodeposition increased consistently with the growth of fish, opti-
ising biomass of sea cucumbers is straightforward under the fish

arm, ignoring at this point the constraints that relate to benthic
ontainment (cages) and/or free ranching. However, a strong vari-
tion of biodeposition rate over the simulation period under the
ussel farm makes it difficult to estimate the appropriate biomass

f sea cucumbers. Based on the balance between biodeposition and
onsumption rates, the model predicts that optimum numbers of
ach cohort were 500 and 30,000 individuals per hectare, respec-
ively under the mussel and fish farms. The simulated reduction
fficiency of biodeposition is shown in Fig. 10.  It is less variable
nder the fish farm than under the mussel farm. Potentially up to
0% of the material that settles on the seafloor could be consumed
y the predicted optimal sea cucumber density. The simulated aver-
ge annual growth rate of sea cucumbers across all cohorts was
igher under the fish farm (260%) than under the mussel farm
180%).

. Discussion

The primary motivation to develop the IMTA model was  to
rovide a quantitative tool for the development and manage-
ent of IMTA practices through mapping energetic pathways

etween trophic groups and their environment. Application can
ssist designing IMTA practices to maximise resource utilisation
nd minimise environmental impacts.

The feasibility of a modelling approach for general manage-
ent in the aquaculture industry hinges on the flexibility of a
odel for various species and portability between farming systems.

ecause the IMTA concept is very flexible, it can be applied to open-
ater, land-based, marine and freshwater systems (Chopin et al.,

008) and therefore the choice of secondary organisms should be
ased on their commercial value as well as biomitigation poten-
ial in the local farm environment. Practically, culture feasibility,
conomic value and social potential are primary consideration for
oth principal and secondary species (see Chopin et al., 2008).
p to date, there have been different mixed-species aquaculture

ystems in study and in operation worldwide (Barrington et al.,

009). Through the lack of predictive modelling tools, both experi-
ental and commercial-scale operations have been dependent on

eld trials and results remains semi-quantitative (see Neori et al.,
004; Chopin et al., 2008). Some effort has been made to model
Fig. 11. Simulated biodeposition (solid line) and consumption by sea cucumbers
(dashed line) under mussel farm in Port Ligar for IMTA scenarios.

salmonid solid and soluble nutrient loading for co-culture trials
of seaweeds and mussels in salmon farms (Angel and Freeman,
2009). The authors have recognised the need to develop flexible
models that can simulate co-culture interactions and the effects
of IMTA systems on water quality inside and around the farm. We
believe that the present model accommodates this flexibility. The
development of energetic sub-models that are specific to a trophic
group is based on DEB theory that species share the commonality in
physiology and hence follow the same energetic pathways across
species (Kooijman, 2000). In addition, the temperature effect on
the rate processes of all biological groups follows a single Arrhe-
nius relationship. The model is transferable to other IMTA systems
with species combination of finfish–shellfish-detritivore-primary
producer for optimising yields and reducing farm-derived wastes.
Adjustments lie in the parameterisation for local environmental
processes and hydrodynamic properties.

The capability of the model has been examined through IMTA
scenario simulations for both fish and mussel farms where crop
species of different cohorts were all seeded at the same time.
Although this assumption was somewhat arbitrary, the model out-
puts have helped us understand system behaviours of the IMTA
scenarios. Generally, the model could generate reasonable out-
comes on the required biomass of each trophic level for the
prescribed IMTA system. The model outcomes have shown that
IMTA practices would considerably reduce environmental impacts.
Simulations have also illustrated some of the difficulties in optimis-
ing production and bioremediation on an IMTA farm. One  of the
important features is that the consumption rate of sea cucumbers
mismatched the mussel biodeposition rate during the simulation
period, particularly during the first few months of the simulation
(Fig. 11). The biodeposition rate showed clear seasonal varia-
tion, while the sea cucumber consumption generally showed an
increasing trend. This mismatch resulted from the difference in
physiological characteristics: mussel biodeposition rate depends
on food supplies and temperature (e.g. Hawkins et al., 1999), while
the consumption of sea cucumber is largely affected by tempera-
ture (e.g. Yang et al., 2005). Although the biomass of sea cucumbers
could be increased to match mussel biodeposition rate initially,
this would cause less food availability and starvation during some
periods, particularly in winter months when biodeposition rate is
low. This disagreement between consumption and biodeposition
would cause low reduction efficiency where a large fraction of the

biodeposition remains in the system. The optimisation between
consumption and biodeposition rates could be achieved through
manipulations of stocking density, seeding time and harvesting
frequencies, but any proposals for culture operations should be
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conomically practicable and cost-effective. Therefore, acceptable
evels of reduction efficiency would account for feasibility and prof-
tability of culture operations. For the salmon farm, however, the
iodepostion rate matched reasonably well with the consumption
ate of sea cucumbers, reflecting little variation of reduction effi-
iency (Fig. 10).  This result is very promising for the development
f fish-based IMTA practices, as it is feasible to achieve accept-
ble levels of consumption rate and reduction efficiency without
dditional costs resulting from multiple stocking density and har-
esting operations. Because finfish aquaculture can cause much
igher environmental impacts than shellfish farming (see Hatcher
t al., 1994; Buschmann et al., 2006), the co-culture of sea cucum-
ers would have promising mitigation potential.

Development of the novel IMTA model is not without difficul-
ies and shortcomings. Some knowledge gaps have been detected,
ne of which is the lack of comprehensive physiological informa-
ion for potential co-culture species in New Zealand. Although this
ould have contributed some uncertainties in the parameterisa-

ion of the DEB sub-models, model simulations may  not have been
reatly compromised. The variation of parameter values may  not
e considerable between related functional species and hence bor-
owing parameter values is common in bioenergetic modelling
tudies. For example, a model for sockeye salmon could success-
ully predict the behaviour of coho salmon and chinook salmon
e.g. Stewart and Ibarra, 1991). Similarly, other studies have shown
hat rainbow trout metabolism was an adequate substitute for
hinook salmon metabolism (Madenjian et al., 2004). In addition,
ome limited information indicates that physiological rates of sea
ucumber (A. mollis)  are similar to those of S. japonicus and the
ates of seaweed (E. radiata) are close to the parameter values
sed in the model (NIWA unpubl. data). Nonetheless, the model
as contributed to understanding the dynamics of IMTA systems
nd provided a quantitative tool for designing and managing IMTA
ractices. Our approach to development an IMTA model is juxta-
osed with field experimentations. The identified knowledge gaps
ill direct future experimentations.

In conclusion, the development of IMTA practices, the balanced
cosystem approach, is bound to play a major role worldwide
n sustainable expansions of aquaculture (Soto, 2009). An IMTA
cosystem model is a useful tool for gauging optimal stocking sce-
arios based on the predicted amounts of farm-derived wastes.
he model structure is flexible for application to different IMTA
perations. Further improvement of the model would rely on com-
rehensive physiological information of trophic species collected
rom specially designed experiments that provide data suitable
or modelling requirements. The predictive accuracy of the model
resented here will be enhanced with feedback from monitored
ommercial IMTA farms that are likely to grow in number as pres-
ure for space increases and environmental accountable becomes
ore acute across the world.
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