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a b s t r a c t

Integrated multitrophic aquaculture (IMTA) has been proposed as a solution to nutrient enrichment
generated by intensive fish mariculture. In order to evaluate the potential of IMTA as a nutrient biore-
mediation method it is essential to know the ratio of fed to extractive organisms required for the removal
of a given proportion of the waste nutrients. This ratio depends on the species that compose the IMTA
system, on the environmental conditions and on production practices at a target site. Due to the
complexity of IMTA the development of a model is essential for designing efficient IMTA systems. In this
study, a generic nutrient flux model for IMTAwas developed and used to assess the potential of IMTA as a
method for nutrient bioremediation. A baseline simulation consisting of three growth models for Atlantic
salmon Salmo salar, the sea urchin Paracentrotus lividus and for the macroalgae Ulva sp. is described. The
three growth models interact with each other and with their surrounding environment and they are all
linked via processes that affect the release and assimilation of particulate organic nitrogen (PON) and
dissolved inorganic nitrogen (DIN). The model forcing functions are environmental parameters with
temporal variations that enables investigation of the understanding of interactions among IMTA com-
ponents and of the effect of environmental parameters. The baseline simulation has been developed for
marine species in a virtually closed system in which hydrodynamic influences on the system are not
considered. The model can be used as a predictive tool for comparing the nitrogen bioremediation ef-
ficiency of IMTA systems under different environmental conditions (temperature, irradiance and ambient
nutrient concentration) and production practices, for example seaweed harvesting frequency, seaweed
culture depth, nitrogen content of feed and others, or of IMTA systems with varying combinations of
cultured species and can be extended to open water IMTA once coupled with waste distribution models.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The constantly increasing demand for seafood, during a period
of overexploitation of the fisheries sector can only be met by sus-
tainable growth of aquaculture. This growth is limited by the
environmental impacts and economic requirements of intensive
monoculture of fed species. Moreover, rapid and uncontrolled
expansion of the aquaculture sector challenges the realization of an
Ecosystem Approach to Aquaculture (Soto et al., 2008). It has been
proposed that expansion of marine aquaculture in parallel with
environmental protection can be achieved using Integrated Multi-
Trophic Aquaculture systems (IMTA) (Chopin et al., 2001; Neori
et al., 2004). IMTA has the potential to be an economically viable
mprianidou).
solution to the problems of dissolved and particulate nutrient
enrichment, since the waste from fed species aquaculture is
exploited as a food source by extractive organisms of lower trophic
levels giving added value to the investment in feed by producing a
low input protein source as well as increasing the farm income. In
order to promote more resilient growth of the Scottish aquaculture
industry a draft Seaweed Policy Statement that examines the
cultivation of seaweed as part of IMTA systems was introduced in
2013 (Marine Scotland, 2013). Large-scale seaweed cultivation has
been suggested as a means to mitigate the nutrient enrichment
environmental impact of marine fish farms (Abreu et al., 2009;
Wang et al., 2013). As a very large area is required for the cultiva-
tion of sufficient seaweed biomass for complete nutrient biore-
mediation, doubt remains as to whether complete bioremediation
by seaweed cultivation is practically feasible (Broch and Slagstad,
2012). However, there is a general agreement that cultivation of
seaweed as part of an IMTA is a promising way for partial removal
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of dissolved fish farm effluent (Broch et al., 2013; Jiang et al., 2010;
Reid et al., 2013; Wang et al., 2013). Similarly, sea urchins can filter
sea cage effluent (Kelly et al., 1998; Schuenhoff et al., 2003) and it
has been shown that Paracentrotus lividus can assimilate fish farm
waste and can achieve high growth and survival rates near salmon
cages (Cook and Kelly, 2007).

IMTA systems design needs to encompass the characteristics of
both the site and the selected organism and optimizing synergies
requires advanced understanding of the system at a specific site. A
major factor restricting the efforts to optimize open water IMTA, is
the lack of knowledge on how IMTA systems operate coupled with
the lack of data from large scale extractive cultures and thus the
need to extrapolate results from small-scale studies (Troell et al.,
2003). Due to limited knowledge of IMTA system properties, the
placement of the extractive organisms is often driven by availability
of space as opposed to nutrient uptake maximization (Hughes and
Kelly, 2001).

Lack of knowledge or inaccurate IMTA design might impact the
health and growth of the finfish or the surrounding environment or
the extractive organism flesh might be of inferior quality. For
example, the use of organic extractive organisms can lead to
additional nitrification of the water column, because most of the
organic material ingested by the organic extractive organisms
returns to the water column as nutrients (Nizzolli et al., 2005) and
pseudofaeces produced by filter feeders may collect on the sedi-
ment impacting benthic communities. Also, the extractive cultures
may interfere with the water movement, changing the particle
dispersal patterns and reducing the water flow through the sea
cages. Farming different species within the same system can in-
crease the exposure to pathogens; mussels for instance bio-
accumulate and shed harmful bacteria (Pietrak et al., 2012). Other
limitations of open water IMTA include the need for high stocking
densities and the need for deployment of the organic extractive
organisms lower in water column near the primary source of par-
ticulate waste.

The maximum production of an organic extractive species crop
is limited by food availability (e.g. Grant and Filgueira, 2011).
Increasing crop biomass beyond this carrying capacity causes food
depletion and thus crop production cannot be maximized
(Cranford et al., 2013). There needs to be a balance between waste
production and uptake where the waste is sufficient to feed the
extractive organisms and concurrently as much of the waste as
possible is removed from the ecosystem. An efficient IMTA farm
allows the profitable use of each of the culture modules with
minimum waste (Neori et al., 2004). In order to achieve this the
standing stocks of all the cultured organisms have to be main-
tained, considering nutrient requirements of each and the rates of
excretion and uptake of the important solutes by each of them
(Granada et al., 2015).

From a biological point of view, the choice of extractive species
in an IMTA system is crucial because their physiological and
ecological attributes determine the rate of particle or nutrient
consumption and assimilation, their growth rate and in capabilities
in terms of biofiltration. Species are chosen based on specific cul-
ture performance traits, for which quantitative information needs
to be available, with respect to nutrient uptake efficiency and sec-
ondary considerations (e.g. yield and protein content). The
marketability of the extractive species is largely dependent on the
location, with the Western world showing less demand for food
species that are low in the trophic chain. Nevertheless, dried
seaweed products can always be exported and seaweeds can be
processed to produce cosmetics, fertilizers, animal feed, biogas and
others.

The environmental benefits, matter and energy flux within an
IMTA farm as well as between the environment and the IMTA
system, need to be qualified and quantified prior to the establish-
ment of a marine IMTA system. The aim of this study was to provide
a tool for designing IMTA farms at any site by creating a modelling
tool that can be used to fine-tune IMTA designs for maximising
yields and nutrient removal.

Without a thorough understanding of the dynamics of the sys-
tem, the environmental and economical benefits of IMTA cannot be
achieved. However, field measurements of nutrient and Particulate
Organic Matter (POM) concentrations in open-water systems are
challenging due to the highly diluting, dynamic nature of open-
water systems, presenting high spatial and temporal variation
both diurnally and seasonally. The model described in this study
determines the temporal availability of nutrients and POM released
by the different IMTA components and thus the amount available
for uptake by different groups of extractive organisms. Because of
the site specificity of waste distribution, this model focuses on
simulation of a virtually closed system, withinwhich the nitrogen is
homogenously distributed. The species used in this study are
Atlantic salmon (Salmon salar), a sea urchin (P. lividus) and the sea
lettuce (Ulva lactuca), though it will be possible to re-parameterise
the model for a range of different species.

2. Model development

The model was implemented using the visual simulation pack-
age Powersim™ Constructor Studio 8 (Powersim Software AS,
Bergen). An 18-month period time horizon was used, to simulate
the at-sea phase of salmon production cycle, which lasts between
14 and 24 months (Marine Harvest, 2012). The model is typically
operated with a one-day time step and the model differential
equations are solved using a third order RungeeKutta integration
method. The selected time-step reflects accurately the time
dependent environmental changes (accurate integration) with low
computing effort.

An extensive literature review was carried out for model
parameterization for Ulva (Table 1) and for P. lividus (Add_my_pet,
2014), while the model for S. salar was parameterized using data
acquired from commercial Scottish salmon farms. For the pa-
rameters where a range of values was available in the literature,
the most representative value was used. It is evident that the
inclusion of many proxy variables from the literature propagates
uncertainties through the model, affecting the overall model ac-
curacy. Since the model is deterministic, its output is entirely
determined by the input parameters and structure of the model.
Due to the high structural complexity of the model and high
degree of uncertainty in estimating the values of many input
parameters, a detailed sensitivity analysis was performed by
varying each input parameter by ± 10% and quantifying the effect
on eight output variables (Table 2). The selected output variables
reflect the objectives of the research with respect to nitrogen
bioremediation and yield productivity. Within the sensitivity
analysis all model parameters and initial values of state variables
(50 input variables) were varied in order to determine the
response of the following eight effect variables: harvested
seaweed, salmon and sea urchin biomass, nitrogen accumulated
by seaweed, salmon and sea urchins, DIN and PON available at the
IMTA site at the end of the simulation. The sensitivity analysis
results are presented as a normalized sensitivity coefficient (NS)
(Fasham et al., 1990):

NS ¼ DV=Vb

DP=Pb
(1)

where DV¼ (Vbe V) is the change of a response variable, Vb is the
value of a response variable for the base run, V is the value of a



Table 1
Parameterization of constants and time series variables used at the seaweed growth submodel.

Variable Description Value range in
literature

Value used Units Reference

mmax Maximum growth rate 0.8e18 10 % Day�1 Neori et al., 1991; Luo et al., 2012; Perrot et al., 2014
Nmax Maximum intracelular quota for N 36-54 50 mg�1 N g dw�1 Fujita, 1985; Cohen and Neori 1991; Perrot et al., 2014
Nmin Minimum intracelular quota for N 10 to 13 10 mg�1 N g dw�1 Fujita, 1985; Cohen and Neori 1991; Perrot et al., 2014
T Water Temperature Site specific 6.8e13.7a �C n/a
q10 Seaweed temperature coefficient 2 2 n/a Aveytua-Alc�azara et al., 2008
I0 Water surface light intensity Site specific 50-190a W m�2 n/a
Iopt Optimum light intensity for macroalagae 50 50 W m�2 Perrot et al., 2014
k Light extinction coefficient Site specific 1 m�1 n/a
z Culture depth Farm practice 2 m n/a
Vmax Maximum N uptake rate 0.44e2.2 1.32 mgN g�1 dw h�1 Lapointe and Tenore 1981; Perrot et al., 2014
KN N half saturation 0.06e0.55 0.31 mg L�1 Perrot et al., 2014
Wet/Dry Wet to dry weight ratio 6.7e10.15 8.43 n/a Neori et al., 1991; Angell et al., 2012
M Mortality 0.009e0.02 0.015 d�1 Aveytua-Alc�azara et al., 2008; Perrot et al., 2014
Tref Reference temperature for seaweed growth n/a 15 �C Neori et al., 1991; Luo et al., 2012; Perrot et al., 2014
U Decomposition rate and natural biomass loss n/a M/2 d�1 n/a
D Loss rate due to environmental disturbance n/a M/2 d�1 n/a
S DIN concentration in seawater Site specific 0.594 mg m�3 n/a

a Time series variable.
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response variable for the sensitivity analysis run, DP¼ (Pbe P) is the
change in a model parameter, Pb is the baseline value of a model
parameter and P is the value of a model parameter for the sensi-
tivity analysis run.

When the value of NS for a parameter þ10% is negative then
there is a negative correlation between parameter and effect. When
it is negative for a parameter �10% then there is a positive corre-
lation between parameter and effect.

2.1. Model outline

The model determines the nutrient recovery efficiency and
biomass production of IMTA based on a baseline simulation, com-
ponents of the model can be altered or removed for the simulation
of particular scenarios. Following re-parameterization, the model
can simulate IMTA systems consisting of different combinations of
finfish, sea urchin (or other grazing invertebrate) or seaweed spe-
cies. The present model incorporates an ecosystem model con-
sisting of three submodels that interact with each other and with
their surrounding environment via nutrient cycling (Fig. 1). The
submodels consist of growth models for S. salar, Ulva sp. and P.
lividus that interact with each other through modelled nitrogen
release and subsequent assimilation (Fig. 1).

Salmon growth was modelled using the Thermal-unit Growth
Coefficient (TGC) (Iwama and Tautz, 1981), the seaweed growth
model is based on Droop's model for nutrient-limited algal growth
(Droop, 1968) and sea urchin growth was modelled using the Dy-
namic Energy Budget (DEB) theory (Kooijman, 1986).

The TGC is a simple model widely used in aquaculture, based on
three basic assumptions, which may be violated under certain
conditions (Jobling, 2003). The TGC can present errors when the
temperature deviates far from the optimum for growth (Jobling,
2003), but this is not a setback given the temperature range used
in the present simulations. For the organic extractive organisms a
bioenergetic model was used in order to link the environmental
variables, mainly food availability and temperature, with feed
intake, growth, excretion and faeces production. For the simulation
of salmon growth and nutrient uptake and release, the TGC was
preferred to a bioenergetic model because under intensive aqua-
culture conditions feed is not limiting growth. Furthermore, salmon
is well studied and daily time series data for the TGC and food
conversion ratio (FCR) as well as sources of data for excretions and
faeces productionwere available in the literature. Finally, as salmon
are grown at sea for only for a part of their production, data are not
required for the full life cycle, which is the strength of the DEB
approach.

The model includes daily time steps for a better understanding
of the process affecting the IMTA productivity and nutrient removal
efficiency. Due to the dynamic design of the model the bioreme-
diation potential of different production scenarios can be estimated
by altering various production parameters of the baseline simula-
tion. These include site-specific environmental conditions (tem-
perature, irradiance and ambient nutrient concentration) and
production practices (seaweed harvesting frequency, seaweed
culture depth, nitrogen content of feed, initial stocking biomass of
extractive organisms etc.). The maximum seaweed and sea urchin
biomass that can be sustained at any given time can also be esti-
mated based on the daily amount of nitrogen within the IMTA
system that is available for uptake.

The complete model is used to determine the overall ability of
the IMTA system to reduce the nutrient and POM waste of fed-
species taking into account the quantity of nutrients and POM
that are released and the quantity that could be potentially absor-
bed/consumed by the extractive organisms if all the waste
remained within the virtually closed system. The only nitrogenous
input to the seaweed and sea urchin submodels is the daily waste
released to the sea from the salmon submodel. This is used to
calculate the amount of particulate (suspended) and dissolved ni-
trogen released from the salmon farm for a given fish production
over 18 months, as well as the potential for decreasing the nutrient
released by converting salmon monocultures into IMTA systems.
The model considers fish growth and consequent feed input and
waste release, and the uptake and release of DIN and PON by the
different IMTA components. The growthmodels are combined with
nutrient transfer/cycling and this way the virtually closed system
bioremediation efficiency is estimated (Fig. 1).

2.2. Salmon growth submodel

The growth rate of fish fluctuates throughout an individual life
cycle and is mainly influenced by feed availability, temperature and
photoperiod (Austreng et al., 1987). Salmon growth was simulated
using a thermal growth coefficient:

TGC ¼ 1000
ffiffiffiffiffiffiffi
Wt

3
p �

ffiffiffiffiffiffiffiffi
W0

3
p

T*t
(2)

where W0 is the smolts initial wet weight, Wt is the fish's wet



Table 2
Most sensitive parameters (with NS � 1) for the effect variables a) Nitrogen accumulated in harvested salmon b) Harvested salmon biomass c) DIN accumulated in harvested
seaweed d) Harvested seaweed biomass e) Nitrogen accumulated in harvested sea urchin biomass f) Harvested sea urchin biomass g) DIN available at the IMTA site h) PON
available at the IMTA site, by descending absolute normalized sensitivity coefficient (NS) for either þ or � 10% of the effect parameter's value.

Parameter
symbol

Parameter name Parameter baseline
value

Effect for
parameter þ10%

NS for
parameter þ10%

Effect for
parameter �10%

NS for
parameter �10%

a) Nitrogen accumulated in harvested salmon: effect baseline value is 24.66 tonnes
TGC Thermal-unit growth coefficienta 2.33 30.55 2.42 19.61 2.07
FCR Feed conversion ratioa 1.04 24.92 0.1 20.39 1.73
b) Harvested salmon biomass: effect baseline value is 1000 tonnes
TGC Thermal-unit growth coefficienta 2.33 1242 2.45 808 1.95
c) DIN accumulated in harvested seaweed: effect baseline value is 17.09 tonnes
Nstate Nutrient state of seaweed at

harvestb
10 3.18 �7.93 10.59 3.97

mmax Max seaweed growth rate 0.13 19.78 1.57 13.71 1.98
T Water Temperaturea 10.89 18.01 0.54 12.96 2.41
Vmax Maximum N uptake rate 1.32 19.18 1.22 13.50 2.10
W/D Wet/dry ratio 8.43 19.19 1.23 13.49 2.10
z Culture depth 2 19.39 1.35 14.32 1.62
Nexcr Nitrogen lost via excretion 0.45 16.80 �0.17 15.09 1.17
d) Harvested seaweed biomass: effect baseline value is 341.84 tonnes
mmax Max seaweed growth rate 0.13 395.69 1.58 274.19 1.98
T Water Temperaturea 10.89 360.20 0.54 259.27 2.41
Vmax Maximum N uptake rate 1.32 383.68 1.22 269.92 2.11
W/D Wet/dry ratio 8.43 383.73 1.23 269.88 2.11
z Culture depth 2 387.89 1.35 286.49 1.62
Nmin Min intracellular quota for N 10 303.32 �1.13 358.39 �0.48
Nmax Max intracellular quota for N 50 307.66 �1.00 360.90 �0.56
e) Nitrogen accumulated in harvested sea urchin biomass: effect baseline value is 0.96 tonnes
T Water Temperaturea 10.89 1.119 1.65 0.640 3.33
fPxg Maximum surface-specific feeding

rate
578.55 1.248 3.00 0.723 2.47

Ko Reference reaction rate at 288 K 1 1.229 2.80 0.734 2.35
TA P. lividus Arhenius temperature 8000 0.793 �1.74 1.172 �2.21
mcj Ratio of carbon to energy content 83.30 0.876 �0.88 1.068 �1.13
f) Harvested sea urchin biomass: effect baseline value is 20.02 tonnes
TL P. lividus lower boundary tolerance 273 0.08 �9.96 n/a n/a
T Water Temperaturea 10.89 23.01 1.15 13.37 3.32
fPxg Maximum surface-specific feeding

rate
578.55 26.01 2.99 15.00 2.50

Ko Reference reaction rate at 288 K 1 25.36 2.67 15.39 2.31
TA P. lividus Arhenius temperature 8000 16.59 �1.71 24.21 �2.09
½EG� Volume specific cost of P. lividus

growth
2748 18.28 �0.87 22.02 �1.00

g) DIN available at the IMTA site: effect baseline value is 12.38 tonnes
Nstate Nutrient state of seaweed at

harvestb
10 23.31 0.22 16.95 0.18

TGC Thermal-unit growth coefficienta 2.33 18.05 4.64 5.55 5.59
FCR Feed conversion ratioa 1.04 11.82 �0.45 6.82 4.49
Nexcr Nitrogen lost via excretion 0.45 15.60 2.60 10.65 1.40
mmax Max seaweed growth rate 0.13 9.69 �2.17 15.77 �2.74
Ncontent Nitrogen content in feed 0.057 15.66 2.63 10.59 1.44
T Water Temperaturea 10.89 11.46 �0.74 16.53 �3.35
Vmax Maximum N uptake rate 1.32 10.29 �1.69 15.98 �2.91
W/D Wet/dry ratio 8.43 10.30 �1.68 15.97 �2.90
z Culture depth 2 10.08 �1.86 15.15 �2.24
Nmin Minimum intracellular quota for N 10 14.32 1.57 11.56 0.66
h) PON available at the IMTA site: effect baseline value is 9.65 tonnes
TGC Thermal-unit growth coefficienta 2.33 12.07 2.54 7.41 2.35
FCR Feed conversion ratioa 1.04 9.68 0.03 7.78 1.94
Ncontent Nitrogen content in feed 0.0576 10.70 1.08 8.61 1.07

a Time series variable. The time series parameters where increased/decreased by 10% at each time step.
b For the parameter ‘Nutrient state of seaweed at harvest’we used Nmin instead of Nmax at the column labelled as þ10% and (Nmin þ Nmax)/2 at the column labelled as�10%.
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weight at time t, T is the temperature and t is time in degree-days.
Solving for Wt we obtain:

Wt ¼
� ffiffiffiffiffiffiffiffi

W0
3
p

þ TGC*T*t
1000

�3
(3)

The total salmon biomass was calculated as individual weight
multiplied by the number of individuals. The model also accounted
for natural mortality, modelled as a time series variable since
mortality decreases with fish size, using empirical data from
Scottish salmon farms.
The amount of waste released from the salmon farm in the form

of excretion, faeces production and feed loss was assumed to be as
calculated by Wang et al. (2012) for Norwegian salmon farms, with
the exception that the feed nitrogen content was set to be 5.76% of
the feed weight, since to date crude protein content is around 36%
(Skretting, 2015). We assume that every day of the simulation 2% of
feed nitrogen is released in the environment as feed loss, 45% as
dissolved excretions and 15% as faeces, while the remaining 38% is
assimilated into salmon biomass and removed from the ecosystem



Fig. 1. Conceptual diagram of the model showing the major state variables (squares)
and forcing functions (circles) of each submodel as well as the interactions among the
submodels. The dashed lines represent nitrogen assimilation and the solid lines ni-
trogen release. T, I and N represent temperature, irradiance and nitrogen, respectively.

F. Lamprianidou et al. / Estuarine, Coastal and Shelf Science 164 (2015) 253e264 257
when the fish are harvested.

2.3. Seaweed growth and nitrogen uptake

Seaweed biomass (B) increases with a varying growth rate and
decreases due to natural causes and periodic harvesting. The basic
processes affecting seaweed biomass form the differential Equation
(4):

dB
dt

¼ ðm�UÞ*B� ðDþ HÞ*B (4)

where m is the specific growth rate, U the specific decomposition
rate, D the loss rate due to environmental disturbance and H the
harvesting rate. Biomass is calculated as wet biomass, for the
conversion of seaweed wet to dry weight an 8.43 to 1 ratio was
used (Angell et al., 2012; Neori et al., 1991). At the baseline simu-
lation due to lack of data in the literature for the specific decom-
position rate and the loss due to environmental disturbance for
Ulva sp. the termmortality (M) is used, whereM¼ Uþ D andU¼ D
(Table 1).

The gross growth rate was defined as a function of water tem-
perature, availability of Photosynthetic Active Radiation (PAR) and
nutrient concentration in thewater column and in the plant tissues.
The joint dependence of growth on environmental variables is
defined by separate growth limiting factors, which range between
0 and 1. A value of 1 means the factor does not inhibit growth (i.e.
light is at optimum intensity, temperature is optimum and nutri-
ents are available in excess). The limiting factors are then combined
with the maximum gross growth rate at a reference temperature as
in Equation (5) (Solidoro et al., 1997):

m ¼ mmaxðTref Þ*f ðTÞ*f ðIÞ*minðf ðNÞ; f ðPÞÞ (5)

where mmax(Tref) is the maximum growth rate at a particular refer-
ence temperature (Tref) under conditions of saturated light intensity
and excess nutrients, f(T), f(I), f(N, P) are the growth limiting
functions for temperature, light and nutrients (nitrogen and
phosphorus).

The major nutrients required for growth are nitrogen and
phosphorus, while carbon is often available in excess and micro-
nutrients such as iron and manganese are only limiting in oligo-
trophic environments. Typically, in marine ecosystems, nitrogen is
the element limiting algal growth (Lobban and Harrison, 1994).
Thus in the baseline simulation it is assumed that phosphorus is not
limiting, so Equation (5) becomes:

m ¼ mmaxðTref Þ*f ðTÞ*f ðIÞ*f ðNÞ (6)

The Photosynthetic response to light is based on Steele's pho-
toinhibition law (Steele, 1962):

P
Pmax

¼ I
Iopt

exp
1� I
Iopt

(7)

where P is the photosynthetic response at a given light intensity I
(W m�2) for an organism that has a maximum photosynthetic rate
Pmax at the optimal (saturating) light intensity Iopt and I is the light
intensity at a given depth (z). Light intensity at a given depth is an
exponential function of depth, seaweed and phytoplankton
standing biomass and is given by:

IðzÞ ¼ I0e
�kz (8)

where k is the light extinction coefficient (m�1).
After mathematical integration of the light limitation factor

Equation (8) we obtain:

FðIÞ ¼
Z z

0

P
Pmax

dz ¼
Z z

0

IðxÞ
Iopt

exp
1� IðxÞ
Iopt

dx

¼
Z z

0

I0e�kx

Iopt
exp

1� I0e�kx

Iopt
dx

¼ 1
k
*exp

�
1
Iopt

�
*

�
exp

�
� I0
Iopt

*expð�z*kÞ
�
� exp

�
� I0
Iopt

��

(9)

The temperature, like the light, limitation factor follows an in-
hibition law.

FðTÞ ¼ q
0:1ðT�Tref Þ
10 (10)

where q10 is a temperature coefficient and Tref is the reference
temperature at which the seaweed growth rate was measured.

The nitrogen limitation factor Equation (11) is given by the range
of internal nitrogen concentration, with a feedback effect on the
uptake function (Aveytua-Alc�azar et al., 2008; Coffaro and Sfriso,
1997; Solidoro et al., 1997). It can range between 1, when
N ¼ Nmax and uptake is saturated and 0 when N ¼ Nmin and
maximum uptake rate is possible, all measured in mgN g�1 dry
seaweed. Internal nitrogen quota/concentration (N) refers to the
concentrations in algal cells as opposed to external concentrations
that refer to the concentration in the water column.

FðNÞ ¼ 1� Nmax � N
Nmax � Nmin

(11)

For calculation of (N), a quota-based model was used developed
from Droop's original formula (Droop, 1968):

dN
dt

¼ V*FðNÞ � m*N (12)

where V is the nitrogen uptake rate (mg g�1dw h�1) and m is the
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specific growth rate.
Nutrient uptake rates (V) are proportional to nutrient concen-

tration in the water according to MichaeliseMenten kinetics:

V ¼ VmaxS
KN þ S

(13)

where Vmax is the maximum nitrogen uptake rate under the site's
prevailing conditions (mg g�1dw h�1), S is the total DIN concen-
tration in the seawater (mg l�1) and KN is the half-saturation co-
efficient for nitrogen uptake (mg l�1).

By combining Equations (11)e(13) we obtain:

dN
dt

¼ VmaxS
KN þ S

Nmax � N
Nmax � Nmin

� ðm*NÞ (14)

The bioremediation effect of IMTA is closely dependent on the
biomass of extractive organisms harvested. However, the
maximum biomass is restricted by culture practicalities such as the
potential alteration of water currents and by the availability of
nutrients. Themaximum biomass is site and species dependent. For
the baseline simulation presented here, the maximum seaweed
biomass permitted on site at any given time was set at 35 tonnes
wet weight. The area required for the culture of 35 t of Ulva, with
stocking density of 1.6 kg m�2 and two layers of seaweed one at the
sea surface and one 3 m deep would be 10,937 m2. This stocking
density was selected because the maximum density permitted to
guarantee the greatest uptake of nutrients in U. lactuca is 1.9 kgm�2

(Neori et al., 1991). The area required for the seaweed culture is
used for the estimation of the virtually closed IMTA site's water
volume, which is estimated using the following formula:

'IMTA site volume'¼ 'Average depth' * 'Number of salmon cages'
* 'Sea cage area' þ 'raft area' * 'number of rafts' * 'Average depth'.

Seaweed is lost due to mortality, harvesting and natural biomass
loss (seedling mortality, grazing, epiphytism, sediment abrasion
and smothering and removal by wave action). Managing the har-
vesting rate is of paramount importance for achieving high pro-
ductivity rates. For optimal results, when the seaweed biomass
reaches a predefined level (35 t in the baseline simulation) the
seaweed is harvested at regular time intervals. The biomass har-
vested depends on the forecasted growth and natural mortality rate
of the forthcoming days. A discrete flow in the model controls the
loss of seaweed biomass due to harvesting; the rate of the flow
(harvest rate) is regulated by the following instruction:

IF (start harvesting ¼ 0, 0 ton, IF (current time step * time-
step ¼ stoptime e starttime, seaweed biomass, IF (accrued part of
10 days ¼ 1, seaweed biomass e maximum seaweed biomass, IF
(accrued part of 10 days ¼ 0, seaweed biomass e maximum
seaweed biomass, 0 ton))))where ‘start harvesting’ is a level that
allows harvesting to start only when the seaweed biomass has
surpassed the value of a constant that defined as maximum
biomass that can be on site (maximum seaweed biomass). The level
‘start harvesting’ changes from 0 to 1 when the level ‘seaweed
biomass’ is equal to or larger than the constant ‘maximum seaweed
biomass’. ‘Current time step’ is a level that counts the time steps,
starting from zero. Timestep, starttime and stoptime are Powersim
built-in functions that return the time step of the simulation, the
start-time and stop-time of the simulation, respectively. In the final
time step all the seaweed in the level ‘seaweed biomass’ is trans-
ferred to the level ‘harvested seaweed’. ‘Seaweed biomass’ is a level
that shows the seaweed biomass. ‘Accrued part of 10 days’ is a level
used for the calculation of 10-day periods. When the value of this
level is one, all the seaweed is harvested apart from ‘maximum
seaweed biomass’.

The model is effective for perennial seaweed species. However,
as the gametophyte stage of Ulva, lasts only for a few months,
frequent reseeding will be necessary at time intervals dependent
on the environmental conditions, epiphytic growth or disease. The
numerical parameters used in the seaweed model are summarized
in Table 1.
2.4. Sea urchin growth and nitrogen uptake and release

The sea urchin growth submodel is based on the DEB theory
(Kooijman, 1986). DEB theory is based on two state variables:
structural volume (V) and energy reserves (E) and on two forcing
variables: temperature (T) and food density (X). The basic concept
of the theory is that from the food ingested a certain amount is
released as faeces and the rest is assimilated. All assimilated food
enters a reserve compartment. From there a fixed fraction is spent
on maintenance and the rest is spent on maturity or reproduction
(Kooijman, 1986). A detailed description of the DEB can be found at
Kooijman (2008). Most of the species-specific parameters used for
this DEB model were obtained from (Kooijman, 2014).

The initial structural length/diameter of sea urchin juveniles
was set to 10 mm, a size suitable for successful transfer of hatchery-
reared sea urchins to sea (Kelly et al., 1998). At this length P. lividus
individuals are characterized as sub adults (Grosjean et al., 1998), so
in the baseline simulation the DEB model simulates the growth
from late juveniles to mature adults.

The DEB model starts with the ingestion of PON (mgN d�1) by
the sea urchins. This is based on ingestion rate (jx) (mgC d�1)
divided by the C/N ratio of the aquaculture waste. Ingestion rate is
proportional to the surface area of the structural volume and fol-
lows type-II function response depending on the density of PON.
The food that is ingested but not assimilated as biomass is released
to the environment as faeces or as excretion by diffusion. The DEB
model enables estimation of the potential amounts of excretions
released by the sea urchins by estimating the daily production of
faeces released into the surroundings this is then divided by the C/N
ratio in order to calculate the amount of PON and DIN that is in sea
urchin excretions, which is assumed to be immediately added to
the PON and DIN pools and is thus available for consumption by the
sea urchins and seaweed, respectively. The P. lividusN quota (Q)was
set to 127 mgN mgC�1 (Tomas et al., 2005) and sediment N quota
(Qs) is site specific it was set to 7, which is a representative value for
an average Scottish salmon farm site.

The total sea urchin biomass is calculated as individual weight
multiplied by the number of individuals. The decrease of the sea
urchin stock size, due to mortality, is calculated in Equation (15)
where due to the planktonic nature of sea urchin larvae, it is
assumed they will be dispersed from the IMTA site and thus
reproduction will represent a net energy loss and restocking of sea
urchins will be necessary. However, the release of the larvae will
contribute to restocking native sea urchin populations.

dN
dt

¼ �dr*N � dh*N (15)

where dr and dh are the sea urchin natural and harvest mortality,
respectively. The harvest mortality was zero and at the simulation
last time step all sea urchins were harvested, same as in the salmon
and seaweed submodels. The natural mortality was set to 0.00102
individuals d�1 for sea urchins with test diameter less than 2 cm
and 0.00056 individuals d�1 for sea urchins with test diameter
more than 2 cm (Turon et al., 1995).

During the grow-out stage of P. lividus juveniles, the stocking
density is approximately 400 individuals m�2 (as used in tank
cultures; Carboni, 2013). Space is not an issue for the organic
extractive component of the IMTA, since for the production of



F. Lamprianidou et al. / Estuarine, Coastal and Shelf Science 164 (2015) 253e264 259
560,525 individuals only 1401 m2 would be required and this area
would be directly underneath the fish cages and the seaweed rafts.

2.5. Assumptions and simplifications

The key assumption of the overall model is that all nitrogen
released by the IMTA components is dispersed homogenously
within a quantified water volume defined as the IMTA site water
volume (see Section 2.3). It is also assumed that all the nitrogen
available in the IMTA site volume is in a form suitable for uptake.
Correspondingly, the model does not take into account the in-
teractions between nitrate and ammoniumwithin the environment
and organisms, such as the role of sediment and water in the
nutrient dynamics or denitrification. The increase of light limitation
due to increased self-shading as the seaweed grows was not
considered, neither was the shading caused by phytoplankton. Data
from Broch and Slagstad (2012) could be used to derive a seaweed
self-shading formula fromwhich an add-onmodel could be used to
simulate the changes in k, in this study k is a constant. In the
seaweed growth submodel the biomass loss due to mechanical
damage caused by harvesting was not included. It is also assumed
that nitrogen is the only nutrient limiting seaweed growth. Addi-
tionally, the seaweed biomass used as initial biomass is assumed to
have an average ((Nmin þ Nmax)/2) N quota (this can be regulated by
using nitrogen deprived seedlings).When seaweed is harvested it is
assumed that the N quota of the harvested seaweed is equal to the
maximum N quota due to the high availability of DIN in the
virtually closed system. The assumption that the seaweed har-
vested has this high nitrogen quota might lead to overestimation of
the bioremediation efficiency and the effect of lower N quota at
harvest was examined in the sensitivity analysis (Table 2). From a
farm practice perspective it is assumed, that the relative position of
the extractive organisms in relation to the fish cages is such that it
ensures high O2 availability for the fish. For the salmon growth
model, excretion, faeces production and feed loss were assumed to
be a steady proportion of feed input during the 18 month pro-
duction period while in reality they change as fish grow.

2.6. Production specifications of the baseline simulation

The results presented are from the IMTA baseline simulation,
which was parameterized using data acquired from the literature
and from commercial salmon farm sites. The environmental data
such as monthly variations in seawater temperature and irradiance
were acquired from empirical databases for the West coast of
Scotland and the production-specific input data from Scottish
commercial salmon farm sites (Figs. 2 and 3). Typically, S1 smolts
Fig. 2. Baseline scenario values of the time serie
are transferred to sea in spring (AprileMay), so April is set as
simulation time 0. The baseline scenario farm consists of nine 90 m
circular salmon cages with the extractive organisms placed in im-
mediate proximity to those cages. The model simulates a farm that
produces 1 000 t of Atlantic salmon in 18 months on-growing, a
farm size representative of the Scottish industry.

3. Results

3.1. Growth performance of IMTA components at the baseline
simulation

The baseline simulation run estimated that the mean individual
fish biomass after 540 days (18 months) was 3.78 kg (Fig. 4A) and
the salmon stock decreased by 16,525 individuals from 280,883 to
264,358 individuals (Fig. 4B). During the 18-month production
period, 342 t of seaweed and 20.02 t of sea urchins were produced
and harvested as well as the targeted 1 000 t of salmon. The
seaweed achieved high growth rates, especially during the summer
months (Fig. 5). The effect of the growth limitation factors on
seaweed growth rate is presented in Fig. 6. The lower seaweed
growth rate during the first 300 days (10 months) of the simulation
(Fig. 5) can be mainly attributed to low levels of nitrogen available
for uptake (Figs. 6 and 9). It is clear that in the hypothetical baseline
model scenario, during the first 340 days of the simulation seaweed
growth is mainly limited by the availability of nitrogen. Tempera-
ture limits growth more during the colder months (OctobereApril)
while, the effect of light intensity is rather stable throughout the
year (Fig. 6). It should be emphasized here that site specific shading
caused by phytoplankton or seaweed self-shading does not
contribute to light limitation in the baseline simulation (see Section
2.5).

The aim of the model is to achieve high nutrient bioremediation
efficiency in limited space. Sustaining the seaweed biomass at a
high density at all times, using the harvesting instruction
(described at Section 2.3), played an important role in achieving
high bioremediation efficiency (Fig. 7). The first seaweed harvest-
ing occurred 250 days after the simulation start, following which
there was sufficient nitrogen available due to the large size of the
fish and the environmental conditions were also favourable for the
remaining seven months of the simulation (AprileOctober) (Figs. 3
and 6) thus ensuring constant high growth rate and harvesting at
10-day intervals (Fig. 7).

At simulation time zero the site was stocked with 827,900
(0.09 t) sea urchins. During the 18-month production period 20.01 t
(wet weight) of sea urchins were produced with average test
diameter 4.47 cm (Fig. 8). As a result 0.96 t of nitrogen were
s variables, TGC, FCR and salmon mortality.



Fig. 3. Baseline scenario values of the time series variables, water temperature and light intensity.

Fig. 4. Simulated output of the salmon: a) individual average biomass, b) stock size,
during the 540 days of culture at sea.

Fig. 5. Seaweed specific growth rate for Ulva sp. under the baseline scenario pro-
duction conditions.
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assimilated in the sea urchin biomass and removed from the
ecosystem via the process of harvesting.

3.2. Baseline scenario bioremediation potential

For the production of 1 000 t of salmon with an average feed
conversion ratio (FCR) of 1.02 and feed nitrogen content 5.76%, the
model shows that 65 t of nitrogen are introduced into the system
over the 540 day simulated production period. From this 65 t, only
38% is accumulated by the fish and the remaining 62% (40.2 t) is
released into the environment. Under the environmental condi-
tions and production method of the baseline scenario the total
nitrogen released to the environment from the IMTA site would be
45.2% less (22.03 t instead of 40.2 t) than what would have been
released from a salmon monoculture farm of the same capacity. In
detail, the amount of nitrogen released from salmon monoculture
would be 62% of the exogenous nitrogen input but only 34% in the
IMTA system since a large proportion of the nitrogenous waste will
be assimilated by the extractive organisms and removed from the
ecosystem via harvesting (Fig. 9). Fig. 9 shows the gradual increase
in nitrogen within the IMTA system over the simulated production
period.

3.3. Sensitivity analysis

All biological, environmental and production parameters were
analysed in terms of uncertainty and their relative importance in
the model. Due to the large number of input and response variables
used in the sensitivity analysis, only the results for the most sen-
sitive parameters (absolute values) are summarized in Table 2.
Those parameters are the potential critical assumptions and thus
require accurate estimation and/or calibration.

In the salmon submodel, the growth and nutrient uptake is most
sensitive to change in the TGC and secondarily to variation in the
FCR (Table 2; sections a and b).

In the seaweed submodel, all output variables were most sen-
sitive to parameters affecting growth and nutrient uptake either
indirectly through nitrogen uptake and nitrogen content of the
seaweed tissues, wet/dry ratio and the culture depth or directly
through maximum growth rate, temperature and nitrogen input
from salmon excretion. These results show the overall importance
of temperature and nitrogen uptake for seaweed growth (Table 2;
sections c and d). All parameters, apart from the minimum and
maximum intracellular nitrogen quota, were positively correlated
with the output variables. Also, increasing parameter values
mirrored the effect on the model output of decreasing parameter
values, which indicates that most parameters affected growth
linearly.



Fig. 6. Seaweed growth limitation factors, under the baseline scenario production conditions. The limitation factors can vary between 0 and 1; where a value of 1 means that the
factor does not inhibit growth.

Fig. 7. Seaweed submodel simulation output for Ulva sp. produced under the baseline
scenario conditions. It illustrates the biomass change over time, the cumulative
amount of seaweed biomass lost due to natural causes and the cumulative amount of
seaweed biomass harvested.
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In the sea urchin submodel the output variables were most
sensitive to parameters related to temperature. Other sensitive
parameters included the maximum surface-specific feeding rate,
the volume specific cost of growth and the ratio of carbon to energy
content (Table 2; sections e and f). Overall, this analysis revealed
Fig. 8. Sea urchin submodel simulation output for the length e dry weight relation-
ship of P. lividus.
that the DEB model was most sensitive to increases in TL. Changes
in the remaining DEB input variables had little effect on growth
(sensitivity < 1).

The most sensitive parameters within the salmon and seaweed
sub-models are also the most sensitive to outcomes of the overall
model. The most sensitive parameters of the DEB sub-model do not
play such an important role within the overall model performance
due to the sea urchin biomass being very small in comparison to
that of salmon and seaweed (Table 2; section g and h).

4. Discussion

The aim of this study was the development of a dynamic tool for
relative comparison of IMTA scenarios at a given production site,
rather than the generation of absolute bioremediation and pro-
duction estimates. The model results presented are derived from a
baseline simulation, which can be re-parameterised to simulate
different scenarios.

Results from similar IMTA studies have shown bioremediation
potential of a similar scale to the output generated by the present
model. Broch and Slagstad (2012) estimated that 0.8 km2 of Sac-
charina latissima biomass would be needed to sequester all the
waste released from a salmon farm producing 1 000 t a year and
Abreu et al. (2009) estimated that a 1 km2 Gracilaria chilensis farm
would be needed to fully sequester the dissolved nutrients released
from a salmon farm producing 1 000 t a year. Sanderson et al.
(2012) estimated that 0.01 km2 of S. latissima could remove
5.3e10% of the dissolved nitrogen released from a salmon farm
producing 500 t of salmon in two years. However, the results pre-
sented, as the results from any other IMTA model or trial, cannot be
directly compared with output from similar studies due to the fact
that the productivity of an IMTA farm depends on local environ-
mental characteristics, the species combination used, the duration
of the grow out seasons and other factors. Moreover, linear inter-
polation of results from studies with shorter durations can lead to
misestimating results. Thus a large variance in production and
bioremediation results is natural. The results of this study are in the
same order of magnitude as the results acquired from the studies
mentioned above; however they suggest higher bioremediation
potential, possibly largely due to the harvesting method applied.
Specifically, it was estimated that 35% of the total nitrogen released
from a salmon farm, with the specifications of the simulated sce-
nario, will be accumulated by the 0.01 km2 of Ulva sp. suggesting a
very high bioremediation efficiency. Aiming to achieve 100%
bioremediation (i.e. no available nitrogen above the ambient



Fig. 9. Modelled output of cumulative amount of nitrogen assimilated by the different IMTA components and the amount of DIN or PON remaining at the IMTA site area at each time
step.
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concentration occurs at any given time), especially without the
addition of external feed sources for the extractive organisms and
while sustaining the quality of the extractive organisms, is unre-
alistic and might only be possible in a fully closed system such as a
Recirculating Aquaculture System (RAS). Nonetheless, even at
lower bioremediation efficiencies, the model already demonstrates
the environmental benefits of IMTA.

The simulated growth for juvenile and adult sea urchins showed
good correspondence with literature data (e.g. Cook and Kelly,
2007), although the reference temperature for which all the DEB
constants were calculated was 20 �C (Table 1) which is significantly
higher than the average temperature (11 �C) at the modelled IMTA
site. The sea urchin growth model output is comparable to the re-
sults of Cook and Kelly (2007) who concluded that P. lividus, with an
initial 1 cm test diameter, deployed adjacent to fish cages need
approximately 3 years to reachmarket size (>5.5 cm test diameter).
The sea urchins will be approx. one year old when they are
deployed and 2.5 years old at the end of the grow out phase at
which point their test diameter will be 4.47 cm. At the end of the
18-month grow-out phase of the salmon, the sea urchins will have
reached the lower limit of their target market size. The growth rate
achieved in this study was similar to that achieved directly adjacent
to the sea cages (Cook and Kelly, 2007) and higher than that ach-
ieved by Fernandez and Clatagirone (1994) (1.41 mm month�1)
where the sea urchins were fed with artificial feed containing fish
meal and fish oil at higher water temperature than this study
(5e33 �C). After the sea urchins have reached market size a two to
three month period of market conditioning at controlled environ-
ment is required (Carboni, 2013; Grosjean et al., 1998).

In the first eight to ten months of the IMTA baseline scenario,
seaweed and sea urchin growth is limited by nitrogen (Figs. 6 and
8), since the fish are still small and thus require a relatively low
feed input. From the eleventh month onwards mainly light and to a
lower extent temperature are limiting the seaweed growth. From
that point onwards the seaweed growth rate is high as can be seen
in Fig. 5. For successful high bioremediation efficiency, at an IMTA
farm seaweed growth should not be limited by light or temperature
but only by nutrient availability. For this reason IMTA systems could
be more efficient in sites further south than the one used for the
baseline simulation. It can be seen clearly in Fig. 9 that there is a
constant increase of the residual DIN and PON remaining at the
IMTA site. This high waste output particularly during the last
months of the salmon production is a challenge for achieving very
high bioremediation efficiency. The ratio of salmon to extractive
organisms used at the baseline scenario is very low, final salmon to
seaweed weight ratio was 2.92 and final salmon-sea urchin ratio
was 50). From the perspective of space requirement there is the
potential for increase of the amount of sea urchins produced,
however the quantity of waste available for consumption by the sea
urchins decreases with distance from the sea cages and thus
increasing the production would mean that some sea urchins
would be potentially too far from the food source. Furthermore,
limited market demand for marine invertebrates might also pose
limitations.

The results of the sensitivity analysis indicate that the model is
robust, since variation of key model parameters by ±10% does not
cause unexpected changes in the effect parameters. The various
model parameters have a different relative influence on the model
output, both in terms of harvestable biomass and in terms of ni-
trogen bioremediation. Thus, depending on the specific study ob-
jectives of users, one should consider the precision with which
certain parameter values are determined, and whether further
tuning is required. This model sensitivity analysis is a useful means
for assessing which are the key parameters that increase model
uncertainty. Those parameters with high sensitivity have a big
impact on the output of the model (e.g. thermal sensitivity pa-
rameters TL in the sea urchin DEB submodel, T in all the submodels
and mmax in the seaweed submodel), and therefore future efforts
should focus on methods for improving their estimation. In
contrast, because parameters with low sensitivity have little in-
fluence on the output of the model, their estimation could be
simplified. Consequently, despite the large variability observed in
some of the parameters, their relative importance may be minor if
their sensitivity is low.

Other polyculture and IMTA models developed, to date, include
(Nunes et al., 2003; Ferreira et al., 2012; Shi et al., 2011; Ren et al.,
2012). The uniqueness of the model developed in this study is that
it is a dynamic model developed in a software environment with
simple user interface and thus can be used by anyone prior to the
setup of an IMTA system. The model presented here is highly
adaptable as all the submodels can function independently. By
altering model variables the submodels can simulate growth and
nutrient assimilation under different environmental conditions or
for different species. Altering the values of constants can also help
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assess their effect on the IMTA system and in some cases these
values can be optimised. For example, all the values related to
production practices at the IMTA site, such as seaweed harvesting
frequency, maximum seaweed biomass allowed, initial biomass of
seaweed or sea urchins, seaweed culture depth and seaweed den-
sity, can be optimised for the achievement of higher bioremedia-
tion efficiency and/or higher extractive organism production.

The model can be also used to accomplish more general objec-
tives such as: optimization of IMTA culture practices (e.g. timing
and sizes for seeding and harvesting, in terms of total production),
assessment of the role of IMTA in nutrient waste control and used
as input for the evaluation of economic efficiency of various system
designs. The present model can be used as a decision support tool
for open-water IMTA only after being coupled with waste distri-
bution modelling and environmental sampling for model param-
eterization. Future versions of the model can link the virtually
closed IMTA system to hydrodynamic models for spatial analysis of
thewaste dispersion and nutrient dilution. Such amodel could help
develop a balance among the components of the IMTA system and
assist in developing an IMTA design for maximumwaste uptake in
‘open environment systems’, as water exchange rate is the key
factor influencing the assimilative performance, thus enabling
prediction of the effectiveness and productivity of openwater IMTA
systems.
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