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Modelling of salmon growth in the context of IMTA
Outline of talk

® No question, no model

® Beyond FCR

® The context of offshore aquaculture
® Down on the farm

®* FARM model for IMTA

® Synthesis

http://ecowin.org/simta




No guestion, no model
Another salmon model?

® Optimize growth with respect to feed: feed company
models: match growth rates and optimize FCR. If things
aren’t going well, how about this new proprietary formula?

® Benthic footprint for licensing: DEPOMOD and others,
no physiological representation of growth, calculated
emissions

¢ Site selection: models such as MOM (Stigebrandt et al)
Include a salmon growth module

® Carrying capacity: Agvavis, GIS-based system, growing
more complex with DEB modelling etc.

® Other modelling and monitoring systems such as the
Welfaremeter



Welfaremeter operational model

/ A Web application

o~ Easy communication
WELFAREMETER between fishfarmer

and system

Database
Secure storage of data
Expert system

Automatic analysis of
| fishwelfare

Echosounder
Monitors fish behaviour
and fish position

Other .
sensors

® Coupled monitoring and modelling for
finfish cages

® A cage can contain one million USD of
fish, but little investment in monitoring of
environment and fish behaviour

® Automated assessment of fish welfare
In sea cages

® Instrumentation such as profiling CTD,
DO, echosounders

® Database for secure data storage and
retrieval

® Expert system software for data
analysis and modelling

® Web interface for easy visualisation of
data and expert system outputs

® Similar systems developed for gilthead
and bass in the east Mediterranean

Oppedal F., T. Dempster, L. H. Stien, 2010. Environmental drivers of Atlantic salmon
behaviour in sea-cages: a review. Aquaculture.



Aquafish

® Generic model for fish physiology, including not only
temperature as a driver for growth, but mechanistic
representation of feeding, satiation, and other processes

® Key requirements: description of growth, description of
environmental effects — waste particulates (feed and faeces),
metabolic byproducts (nitrogen excretion, oxygen consumption)
— these provide the link to IMTA

® Partitioning of energy use: BMR, SDA, swimming (or going to
the gym) — key for offshore aquaculture

® Other models address only parts of this list

® If we can simulate scope for growth, the individual model can
be scaled to population — any agri or aqua business Is
Interested In harvestable biomass, coastal managers are
Interested in environmental effects




Modelling framework
Field and experimental data combined with various models

Selection of model farms Definition of culture
for Atlantic salmon practice
A
Integration in the FARM Development of
farm-scale model individual growth models

A
Validation of production &
analysis of externalities \

IMTA extension of
production, externalities,

and economic indicators
A

4
Farm-scale economic
analysis

A combination of models helps address different aspects of sustainability.



WinFish workbench - Atlantic salmon

Drivers | |j' Open drivers | |[@Sa\re drivers | .'A—'\q uaFish individual 'C—I':j ht
o e s A [ 8 [c] o [ & [ =~
Start day for growth 1 | Harvest weight 5000 — Fishbiomass(g) — Fishlength(cm)
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et (o [2491 - — g | v 201 . 401 601 801
M4 v W] Driver data | < > Time {days)
Results Summary
A B C | D | E | F | G | H |~ A B c
1 |lulian Day|Weight Length FCR Faeces 02 consumed |Ammonia excreted |Food mass | S 1 |Integrated raw outputs over the |culture period
2 (g FW) (em) (-) (g DW fish-1 d-1) (mg fish-1 d-1) (mg fish-1 d-1) (e DW) (e 2
3 1 80 24.91176035 0.025 0 11124.78105 0 457049131 3 |Net biomass production 4920.05 g FW fish-1
4 1.04(79.97882201 2491176035 0.02500662 0 11121.86159 0 4943530144 4 |FCR 1.09465 -
5 1.08(79.95764523 2491176035 0.025013243 0 11531.22255 4434186855 49.43530144 5 |Apparent digestibility of N | 87.2103 |%
6 1.12(80.10126047 2492021737 0.027140157 0 11877.61935 40.63378068 4961326221 6 |Specific growth rate 5.1E+01 % (In) g d-1
7 1.16(80.23107564 24.93104777 0.029083171 0 11820.27871 36.910115994 49.77267352 7 |Thermal growth coefficient 1.46075|g{1/3) oC-1
8 1.2|80.34703047 2494071097 0.03084344 0 11761.42071 33.16730969 49.91748026 8 |Feed supplied 5473.3 g DW fish-1
9 1.24|80.44905612 24.94920494 0.032421758 0 11700.95001 29.40035111 50.04760131 9 |Food consumed 5019.77 g DW fish-1
10 1.28|80.53706521 24.95652566 0.033818497 0.849505184  11638.72718 23.6019373 | 5016294354 "I PI[\RaiN c]ata |_(" - . >
1 1.32(80.61094319 24.962606641 0.035033498 0 11574.53657 21.7607353 | 50.26338474 w
M < » W[, Drivers - interpolated data’, Atlantic salman | < > S [ ) Run WinFsh | | Ext |

Example run with IDREEM drivers to grow a 5 kg fish.




Feed Conversion Ratio (FCR) and mass apportionment
Example for 1kg of fish, FCR =1.12

FW to DW conversion Feed FCR
Consider a moisture content 1120 g DW

of 73.65% for Salmo salar
muscle (Atanasoff et al.,
2013): 1.00 kg wet weight =
0.2635 kg DW.

) 4

Fish intake Fish production
? kg DW 1000 g WW

Total loss
? g DW Assimilation
80%

v
Feed used Fish faeces + Metabolism + Fish mass
Equiv. ? g DW ? g DW

? g DW ? g DW

FCR is the result of Input/Output. Input-Output = Total loss



Mass balance for an Atlantic salmon growth cycle

- Energy
Anabolism: 19547.9 kcal assimilated
BMR: 3677.7 kcal 7336.4 kcal

SDA: 5864 4 kcal
Swimming: 2669.4 kcal

Food
ingestion
5019.8 g DW
S:F?;;jed Respiration Excretion
547339 DW 62.7 kg 02 Digestion in ggzafcegw 164.6gN
the gut g j
\ Feed . |
Cultivation: 817 da Loss Organic Inorganic
Current: 100 cm s-}1,S 45359 DW [ losses losses
—— 1438.0 g DW 1646 gN
Biomass: 5000.1 g FW

Length: 75 cm
FCR: 1.1 : ] )
ADC (N): 87%

Matched FCR and end-point weight.




Literature and model comparisons

AguaFish

Feed wasted (%) 12 9.1
Ingested feed (%) 88 90.8
Ingested feed lost as faeces (%) 15 17.6
Food consumed in metabolism (%) 58.3 54.7

Literature data from Reid et al, 2008, and various other sources, based on
measured outputs or mass balance differences.



Feed Conversion Ratio (FCR) and mass apportionment
Example for 1kg of fish, FCR =1.12

FW to DW conversion Feed FCR
Consider a moisture content 1120 g DW

of 73.65% for Salmo salar
muscle (Atanasoff et al.,
2013): 1.00 kg wet weight =
0.2635 kg DW.

) 4

Fish intake Fish production
1017 g DW 1000 g WW

Total loss
102.7 g DW Assimilation
80%

4

+ Fish mass
263.5 g DW

Metabolism
Equiv. 556.9 g DW

Feed used Fish faeces

1017 gDW | 197 g DW

FCR is the result of Input/Output. Input-Output = Total loss



AquaFish model analysis

Offshore current speed effects on finfish growth
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Four current speed classes identified; class B optimises cultivation period and
Feed Conversion Ratio (FCR)



FARM model
Monoculture and IMTA

?: FARM - Farm Aguaculture Resource Management i ;lg'ﬂ
| 9 Shelfishmodeloff | | Finfishmodeloff | [X) Shimpmodeloff | | £)Seaweedmodeloff | | ) Deposi feeders off | [ » Runrarm | [GiEa]

— D —

FARM model for finfish, shellfish, seaweed, and deposit feeders.

Ferreira et al., 2012. Cultivation of gilthead bream in monoculture and integrated multi-trophic aquaculture. Analysis of
production and environmental effects by means of the FARM model. Aquaculture 358-359, p. 23-34.



FARM model outpuddish monoculture

Ireland Salmon 743 998 +25.6 1.4-1.6 2.49
Norway Salmon 2940 3203 +8.2 1.07 2.27
ltaly Sea bream 240 308 +22.1 2.40 3.23
Cyprus Sea bream 1095 962 -13.8 1.8-2.1 3.69
Israel Sea bream 843 835 -1 2.30 4.04

* Uncalibrated model outputs for FCR — improvement needed
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FARM model analysis

Offshore current speed effects on finfish culture
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To the right of the dotted line, finfish culture becomes economically
uninteresting due to excessive metabolic cost of swimming
Ferreira et al. 2012, Aquaculture, 358-359, 23-34.



How can integration work in the West?

IMTA can mean different things...

* Does integrated explicitly mean direct recycling, or can it be a
system-scale (water body scale) budget?

* Interactions among fish cages and extractive culture in open
water at densities acceptable in the West are difficult to quantify
* For shellfish and seaweeds if your layout has a budget role,
do we need structures close together?

* Perhaps the only direct coupling is with the benthos, after all
that's where the impact concerns are greater.

Different layout models and stocking densities constrain the word Integrated.



Offshore IMTA — oysters and finfish

Fish
optimized
IMTA

Oysters optimized IMTA
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Oyster yield may increase in IMTA due to greater food availability.
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Allochtonous supply of organic material to
deposit-feeders under a fish cage

Polar cage
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Longitudinal (main) current axis

Advection shifts the dispersion footprint as a function of the residual current.



ORGANIX ¢ ORGANIC Sedimentation model

ST
[~ Model specs | » runorGANKX | |9 B |
—Culture structures

" Polar cages Results l
 Sguars cages A cu v W cx cY cz DA DB DC DD DE OF | b6 | DH | o =
£ Rectangular cages 1 |y (m)/x(m) -106 -104 -102 -100 98 96 94 92 -90 -88 -86 -84 -82 -80 -78
' Rectangular gid 169 33| 364.9471| 362.2583| 359.2165  355.8402| 352.1488 348.163 343.9043) 339.3953) 334.6588| 329.7184  324.5977| 319.3205| 313.9104 308.3907 302.7842
Cezp Bl [ 170 -32| 369.6155| 366.9374| 363.9059 | 360.5398| 356.8591 352.8847 348.6388 344.1442  339.4242  334.5027  329.4037 324.1513  318.7694 313.2815| 307.7108
Cage N-5 positon: 40m 171 -31| 374.0072| 371.3445| 368.3286 364.9786 361.3148 357.3588| 353.1329| 348.6605| 343.9652  339.0713| 334.0032 328.7851 323.4414 317.9958 312.4716
Eegzdkinm, 1 = 172 -30| 378.1112| 375.4687 372.4737 369.1456| 365.5052 361.5743| 357.3759| 352.9335 348.2713  343.4139 338.3858| 333.2118 327.9164 322.5236 317.0567
Cage side (m) 0 = E 29| 381.9171| 379.2997 376.3309  373.0306| 369.4199 365.5212 361.3577 356.9533 352.3325 347.5203 342.5416| 337.4215 332.1845| 326.8549 321.4562
174 28| 385.415 382.8276 379.8904 376.6238| 373.0494  369.1897| 365.0685  360.71 356.1391 351.381 346.4611| 341.4044 336.236| 330.9802 325.6607—|
—Cubture practioce ———————— | | 175, -27| 388.5962 | 386.0435  383.1433 379.9163| 376.3845 372.5708| 368.4993| 364.1946 359.682| 354.9869 350.1349| 345.1515 340.0617 334.8902 329.6606
Statt day forgrowth 1 =] 176 -26| 391.4522| 388.9391 386.0812 382.8997| 379.4169 375.6561| 371.6417| 367.3986 362.9526| 358.3202 | 353.5544| 348.6538 343.6528| 338.5758 333.4469
Growth cycle days) 600 =] 177 -25| 393.9758| 391.5069 388.6966 385.5664| 382.1388 378.4376| 374.4876| 370.3141 365.9428| 361.3998 356.7113| 351.903 347.0005  342.0284  337.0107
178 -24| 396.1601| 393.7402  390.9827 387.9094| 384.5432 380.9085| 377.03| 372.9335 368.6451| 364.191 359.5977| 354.8911 350.0968| 345.2396 340.3434
= = E -23| 397.9995| 395.633| 392.9334  389.9226| 386.624  383.0621| 379.2622| 375.2503| 371.0526| 366.6958 362.2064| 357.6105 352.9339| 348.2014 | 343.4369
Fshpercage 20000 =] 180 -22| 399.4889| 397.1804 | 394.5435 3916006  388.3755 384.8929| 381.1784| 377.2583| 373.1591  368.9077 364.5307| 360.0544 | 355.5046| 350.9062 346.2831
Fish per square metre: 22.2 181 -21| 400.6244 | 398.3781| 395.8087 392.939| 389.7931  386.3959| 382.7735| 378.9522 374.9589| 370.8207 | 366.5642| 362.2161 357.802| 353.3469 348.8746
Fish per cubic metre: 2.2 182 20! 401.4029| 3992228 | 396.7255| 393.9341 3908728 387,567 384.043 380.3273 376.4472| 372.4296  368.3016| 364.0897| 359.8198 355.5167 351_204_3'L|
Erensmre W4k N[\Benthi: load (gC m-2 y-1} / Benthic load {gPOC cycle-1) / Faeces load bottom {g POC d-1) /Feed load bottom (g POCd—iLI 4
Atlantic salmon -
Summary
— Environmental inputs ————— Annualized organic loading to the bottom A | 8 c | =
Faeces diameter {mm) 3.30 ﬁ — - 450 | 2 | . .
Feed pellet @ nm) 450 = E. 1;. w0 | 3 |Faecal s.ettIln.g_\.relo_clt\,r 3.58 cm 5-1
o ~ . 4 |Faecal deposition time 20.96 minutes
r— Environmert 2 g 50 | 5 |Feed settling velocity 6.65 cm s-1
Length (E-W) {m) 600 1] o | 6 |Feed deposition time 11.27 minutes
Width {N-S) {m) 400 g &m0 . 7 |Unit waste feed load 16.80 g POM (DW) cage m-2 d-1
¥ Use uniform seabed depth £ E — 200 | 8 |Total waste feed load 15116.67 g POM (DW) d-1
Depth m) 50 =] ‘?’ ﬁ 150 . 9 |Unit faeces load 13.85 g POC cage m-2d-1
Xvelociyu fnsl) 020 2 E 100 iTotaIfaecgsload 12469.07 g POC d-1
_ [~ ) 50 ' 11 |Total loading from cage | 10928.04 kg POC cycle-1
Y velocity v fms-1)  -0.05 = ;_". cH, 12 | Total loading to bottom | 10923.95 kg POC cycle-1
Dispersion Kx (m2s-1) 1.25 :I -300 -240 -180 -120 -60 0 60 120 13 |Non-compliant area 2918.00 m2
Dispersion Ky (mi2s1) 0.41 =] East-West Distance (m) % Mean above threshold 372.62 g m-2 d-1 =
4 4 » |, General /Probabiiity [« | L|_I

Clear plume separation from a square cage dfeed settles faster than faeces.



Live Weight (g)

Simulation of sea cucumber growth in
integrated culture under salmon farms
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FARM model

IMTA of Atlantic salmon and sea cucumber

t_ FARM - Open Water Farm Aguaculture Resource Management (EAS standard model (finfish only)) - |EI|£|

||ﬂ Shelffish model off | |H Firfish model on | ||ﬂ Shrimp mode! off | |@Seaweed model off | | | Deposit feeders live | r Run FARM | ||_a Exit |

'FARM drivers FARM depost feeder outputs | FARM deposit feeder mass balance |

s Harvost

A B | ¢ | D | E | F | 6 = — Individual weight (g) = Total harvest (kg)
1 |lulian Day |Live weight Length Harvest Total POM load | Background POM load Aquaculture POM loa—
2 (g wet weight) {cm) (kg live weight) |{g POM m-2 d-1} {g POM m-2 d-1) {g POM m-2 d-1) &0 10000
| 3 | 1 5.000 454 0.00 0.000004 0.000004 0.0000C = 6 / L3000
| 4 | 2 499 454 0.00 0.000682 0.000004 0.0000C Em ey g
[ 5 | 3 499 454 0.00 0.001356 0.000004 0.0000C 24 PN
| & | 4 498 454 0.00 0.002021 0.000004 0.0000C E e Lao00 B
7 | 5 497 454 0.00 0.002678 0.000004 0.0000C E 20 — - / - ZE
8 | 6 497 453 0.00 0.003328 0.000004 0.0000C - T
| 9 | 7 496 453 0.00 0.003965 0.000004 0.0000C 1 —— 0
10 8 4,95 453 0.00 0.004598 0.000004 0.0000C o 100 200 300 400
H o4 n[\califurnia sea cucumber (Box 2), California seacucumher(Box3}/_|4| | _PI_I Time (days)
Summary
—I-'_W"-F’j‘;:i‘,:ﬁ‘;f{ms}w Al & [ clol e [F|l e [ n | 1+ [ 1] « 1=
— 1 |Section Seed (TPP APP Revenue Cost Profit Harvest Ind. weight Length
Beoe volume (m3) W —— —
2 (ke) (k) () (TVPS) [(S) (5] (kgm-2) (gTFW)  (cm)
Timestep (days)  [0.0058 3 1]1000.0 32146 3.2| 73679/12740 60939  0.08 67.83 11.31
Lveweicht @ [5738 4 2 1000.0 3154.2 3.2 72293 12740 59553  0.08 67.37 11.28
[z 5 3 1000.0 3087.7 3.1 71000 12740 58260  0.08 66.95 11.26
Length fem) e | 6 [Total  3000.0 9466.5 3.2 216972 38220 178752  0.08 67.38 11.28
N2 timesteps 63120 7 | _ILI
W + v n]\ Production (ASSETS / Biodeposition || | ’

Model setup: Area of 600 m (3 X 200 m sections) by 200 m; sea cucumber density for
standard model: 5 ind. m-2; culture period for tests: 400 days; drivers as in  WinFish

FARM simulates changes to individual weight, harvest, and income.



FARM outputs for deposit feeders

Scenario Mono IMTA 1 IMTA 2 IMTA 3 IMTA 4 IMTA 5
0.5 fishm?2 | 50fishm? | Oysters | IMTA2+IMTA3 | IMTA4 + 3X Dep.

Individual 67.4 154.4 107.4 167.1 167.1
weight (g)

Length (cm) 11.2 11.3 15.1 13.3 15.5 15.5
Harvest 8.73 9.47 58.1 29.6 65.9 197.8
(t cycle)

APP 2.9 3.2 19.3 9.9 22 22
Profit (ke) as 161.9 178.7 1292 640.4 1473 4417.7
EBITDA

POM removal 11.9 12.2 29.8 20.1 32.5 97.4
net (ty?)

Excretion 11.7 12..0 30.6 19.9 33.9 101.6
(kg NH, y?)

POM loading 20.5 21.6 124.4 47.1 151.0 151.0
(gCm2y?)

Scenarios for different finfish densities in IMTA, shellfish longline culture (100
ind. m2), shellfish + finfish, and 3X deposit feeder density (15 ind. m-2).



Synthesis

AguaFish was developed to meet several needs, including site
selection for offshore aquaculture, and environmental externalities
for IMTA,;

The EU IDREEM project has allowed the validation of production of
various finfish species in monoculture, including salmon in Norway
and Ireland — further work is needed to improve FCR simulation;

IMTA in Europe, US, and Canada is extensive by definition. Direct
coupling is obvious only with deposit feeders;

Trials with the FARM model show it is responsive to solid
emissions from both finfish and shellfish;

The simulation of fish physiology allows the quantification of
environmental externalities within the culture cycle, and their effect
on co-cultivated organisms (mitigation);

Models such as FARM and ORGANIX allow a representation of
IMTA in time and space, and can be used to optimize stocking
densities and timing of culture combinations.

http://ecowin.org/simta




