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Executie Summaryof Project

This report documents the initial application of AquaModel fish farm siting and effects simulation
software to the east coast waters of the United Arab Emirates (UAE) for the Ministry of

Environment and Water. AquaModel software igdigo forecast sediment and water quality

effects of aquaculture as well as to aid in aquaculture site selection, cage configuration and

spacing, fish farm management and carrying capacity estimation. Users include the U.S.
government (NOAMNOS), theCiBl Yy D2 @SNYYSyiQa NBaSI NOK I N¥Y o
many other regions in the world.

The work reported herein was part of a major program of the Ministry to address harmful algae
OANBR UGUARSE0 AadaadzSa F2ff 20 Ay iniakpljecyledbpnr.dS FA &
Donald Anderson of the Woods Hole Oceanographic Institution. The overall project involves

review and planning for actions to deal with harmful algal effects on fish, shellfish, desalinization
plants, monitoring, satellite ingery use in the waters of the Arabian Gulf and Sea near UAE.

This fish farm study focused on the UAE east coast as it has an operational fish farm company
and appears to be more suited for a marine fish culture industry compared to the UAE west coast
because of water quality, current velocity, depth and wind wave conditions discussed herein.

The west coast apparently has more frequent and destructive wind wave events and water
temperature and salinity maximums that exceed optimum ranges for some typmsdtafed

marine fish such as sea baBsgentrarchus labrax)

To conduct this study, we wrote and tested software code for AquaModel for use with data from
one of the most advanced and powerful ocean circulation models available known as FVCOM
(FiniteVolume Coastal Ocean Model). An application of this model was specially constructed for
the Arabian Gulf and northern Arabian Sea (i.e., Sea of Oman) by Dr. Rubao Ji of Woods Hole
Oceanographic Institution. The circulation model uses an irregular gridwglter resolution

near shore and in the zone where future marine fish net pens are likely to be utilized. The data
output of the FVCOM model are both complex and extensive, requiring considerable effort to
design new code to import into AquaModel, whigbes a gridded (Cartesian) coordinate system.

Using data generated by this advanced software that was processed to run in AquaModel by a
new utility we built, we were able to perform a virtual survey of the east coast of the United Arab
Emirates using A@Model utilities to gain insight into key factors that would influence the
success or failure of large commercial net pen operations in the region.

In the preliminary application of the model, we chose the wqrsssiblecase time period of the

fish culure cycle to model. That would be late summer/early fall, the time period when the fish
are the largest, are consuming the most feed and are contributing the most dissolved nitrogen
wastes and have the highest oxygen demand of the culture cycle. Ifisng@csmall and not
trending upward during this last month of culture during the warm summer months, we could
judge the results to indicate a higher probability of no significant adverse effect. In addition to
impacts within and near the pens to the fishch as reduced dissolved oxygen or high levels of
ammonia nitrogen that would stress the fish, we also considered the possibility of regional
eutrophication (significant increase of algal biomass) and epiphytes on nearshore habitats such
as coral reefssa result of fish farm nitrogen flowing toward shore.



Similarly, for seabottom habitats, we conducted a worst case evaluation when fish biomass is the
largest and feed use and particulate fish fecal waste products are at their annual maximum.

Benthic wate effects can be cumulative over time. Thus, we examined the model to assure that

the possible sites produced steady state effects, not a gradually increasing effect on the sea

bottom that would indicate that total organic carbon was more rapidly accatmng than being

dispersed and assimilated by the benthic food web. Steady state operation is a primary goal of
commercial net pens, provided the waste assimilation is done with the surficial layer of the

bottom remaining aerobic, not anaerobic without@a y3 (2 aFlFff26¢ GKS &St
periods after each fish culture cycle.

The results of this preliminary study are encouraging. Current velocity at all the studied areas
along the UAE east coast, based on the far field circulation model, areopmum to allow

large cages, modestly high fish stocking rates, good supply of oxygen to the fish and suitable
depths to help disperse wastes for assimilation by the aquatic food web. The organisms at
greatest risk to compromised water quality in amgt-pen fish farm operation are the farmed

fish themselves, not wild fishes or invertebrates. Large spacing of cages, strong and persistent
currents greatly reduce such risks to minimal at the proposed site, as discussed in this report.

Water columneffects of fish farms are much more transitory and in the present case we expect
to see very minor decreases of dissolved oxygen and increases of dissolved inorganic nitrogen
within the cages and immediately downstream. But nutrient loading can be a ativeuéffect

of having many fish farms and we demonstrate herein the use of AQuaModel to estimate
carrying capacity of the UAE east coast in that regard.

At depths of at least 30 m and 40 m or more, there should be no significant, measurable adverse
effect of large scale net pen aquaculture provided that operational best management practices
such as feed loss monitoring are utilized daily. But the carrying capacity of the area for benthic
and water column to accept fish aquaculture is not unlimited. figtefarm sizes were selected

to have just the beginning of perturbation to the benthic invertebrate community immediately
below the cages but not outside that immediate footprint area. In some cases, beneficial effects
such as increased diversity andualolance of benthic organisms are possible at low organic

carbon loading rates like this, but it is not possible to predict exactly at this point. Given more
accurate calibration than was possible in this preliminary study, carrying capacity estimates are
possible by means discussed in this report.

The above optimistic conclusions are tentative because this was a preliminary study. We identify
tasks remaining to be completed and include specific short and long term recommendations for
proceeding with usef AquaModel to manage mariculture operations in UAE.

We also prepared a separate report dealing with mitigation of the adverse effects of harmful
algae (HABSs) on fish farms in the region. In other regions of the world mitigation of HABs has not
been amajor impediment to profitable and sustainable mariculture, provided that plans and
equipment are be ready in the event of future blooms.

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast. 2



Executive Summary chquaModel Software

AquaModel ighe firstand onlycomprehensiveomputermodel for netpen ajuaculture that
simultaneouslycalculates and displays retaine feed ingestiongrowth, respiration, excretion,
and egestion byulturedfish. The nodel is composed of interlinked submodels of fish
physiology, hydrodynamics, water quality, solids disjgerand assimilation. The system
provides the user a-8imensional simulation of growth, metabolic activity of caged fish,
associated flow and transformation of nutrients, oxygen, and particulate wastes in adjacent
waters and sediments. AquaModel resdeithin a Geographic Information System (GIS)
program designed for oceanographic use but is compatible with other comrthmensional
GIS software.

AquaModel is not sold but rather licensed to governments and a limited number of professional
users whie it is being tested and validated in a number of locations worldwide. Within the
software are many data graphic and statistical utilities, water flow rate and direction summary
tools, methods to utilize several types of digital bathymetry, and meansport and

interactively display GIS, water quality, satellite imagery and other data in a-Nigefashion or
real time using the polling and processing ability of the software. By combining these diverse
sources of information in a Gl#sed systemysers are able to identify locations for, and
configure selected fish farm sites for profitable fish farm businesses while protecting the
seabottom and water column habitats of ocean creatures. Our research and the scientific
literature in general showshat optimum growing conditions are not only good for the
profitability of a fish farm but for the environment as well.

AquaModelcalculates and displaying ggositioned transport and food web assimilation of the
particulate and dissolved waste in therbic and plankton communities, respectivelyThe
system utilizes user friendlydrop-down-menuinterface that is designed for coastal managers,
planners, biologists and fish farm company managers. The model has been used in several
countries from trgical to temperate locations worldwide and continues to be refined and
validated where usg.

The potentidfish farming area extends along the UAE east coast frorrtijearaharea to the

Oman border on the south that is a relatively uniform shorelineezd@wo applicadbns of

AquaModel were produced single fish farm with 8 cages ndarjairahandanother8 separate

fish farms spaced along the entire coast that also included 8 cages in each fishHanh.farm

was configured to produce about 1,00Cetric tons of fish such as gilthead sea breahhe

simulations involved the use of a high quality and resolution circulation Finite Volume XXXXX
Ocean Model (FYCOM) model produced by Dr. Rubao Ji of the Woods Hole Oceanographic
Institute in 2013 The ungridded data were reprocessed by AquaModel for conversion into the
gridded Cartesian coordinate system used by the model. This involved creation of extensive new
software code for AquaModel and the output was checked and compared to hourly average
model vetors produced in a video by Dr. As there were no high resolution bathymetry data
readily available for the subject area, we used data from TCarta Inc. with a resolution of 50m and
the AquaModel bathymetry processing routine to produce the neeoaithymetry imagery

The goal othis initial project was to produce the models described above and populate them
with preliminary input data and make some general observations about the resulting output. The

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast. 3



benthic effectresults indicate that the subject @a is well flushed and subject to relatively strong
currents. Accordingly, the probable amount of effects on the seabottom would be minimal, i.e.,
only minor adverse effects if any immediately underneath the farms that would be rapidly
mitigated by falloving the fish farm for short periods. More likely the strong currents will result
in no adverse impacts to the seabottom and full assimilatiotihefparticulate waste products.

As first described in the classic paper by Pearson and Rosenberg (19783tlynlode

enrichment of seabottom areas with organic carbon often results in an increase in species
diversity. This measure is widely agreed to represent an environmental benefit as diverse food
webs tend to be more stable and sustainable than impoveddioed webs. Addition model runs
using other initial and boundary conditions should be completed to further validate these
conclusions.

The water column results show that waste nitrogen from fish excretion is rapidly dispersed and
then over time assimatted by phytoplankton that are consumed by zooplankton. For the period

of current flow available (July through December 2008) we did not observe persistent periods of
onshore flow. Onshore flow from large commercial fish farms is to be avoided to protec
nearshore and shallow habitats of special significance such as coral reefs and saaggdews.
Excessive nutrients, solids and especially organically rich solitisse areas can foster epiphytic
algal growth that could be detrimental to existingpld webs(Weber et al. 2012)We also noted

that dissolved oxygen concentrations near the fish pens and farms remained replete with oxygen
compared to remote locations, indicating that the carrying capacity of each location was not
being exceeded by theze of thefish farms.

Introduction

Objectives, purpose and origin of model

The purpose of this report t® document theapplication of computer simulation software
known asAquaModel to simulate the water column and benthic effezft®iet pen fish cultte on
the east coast waters of the United Arab Emirates for the Ministry of Environment and Water.
The model is a product of Systems Science Applicationspin@dle KieferDr. Jack Rensahd

Mr. C NJ yBiien)lard is used both as a consulting toégi us and is currently being prepared for
and by governments for management of net pen industries. The AquaMealal has been
involved in modeling aquaculture effects since 1990 (Kiefer and Atkinson, 1988,Rénsel
1987, 1989a, 1989land many othemore recent reports and publications tite AquaModel
publicatiors page Dr. Rensel has been involvedstudy of the environmental effects of
aguacultureand related fieldsince 1976

The firg application ofAquaModelwas forsimulaingthe water column effects of salmon

farming in the Pacific Northwestnited Statesin work performed fothe National Oceanic and
Atmospheric Administratioand the Washington Fish Growers Associa{iRansel eal. 2001,

2002, 20032007) Subsequently, the model was adapted for use in the Caribbean Sea for the
culture of a fastgrowing fish known as cobi&&chycentron canadumAs of 2013, AquaModel

has been used in several other locations worldwide. Tlgmam is being used by thé.S.

National Ocean Service of NOAA and the Chilean Governments primary research organization,
Instituto de Fomento Pesquero.
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AquaModel is unigue among aquaculture models as it simultaneously calculates and displays
real timeimages ofphysiological effects dfsh aquacultureincludingtheir respiration (oxygen
consumption), nitrogen excretion (mostly ammonia and minor amounts of urea that both rapidly
convert to nitrate in the environment), microalgal (phytoplankton grow#gulting from the

nitrogen excretion and zooplankton grazing upon the available stocks of phytoplankton in the
modeling domain.Concurrently, it simulatedischarge and flux of carberontaining solids from
fishfeces and waste feed that eventually serkd are deposited on the seabottom. In physically
active locations, the wastes aresuspendedaeratedand retransported laterally when near
bottom current velocities exceed threshold valuds these more appropriate locations, the
wasted are assimitad by the food web without causing significant change of the seabottom
community to anaerobic bacteria; this process is to be avoided as reduces or eliminates benthic
invertebrate infauna.

The benthic submodedf AquaModebears some resemblance to othaquaculture models
includingDEPOMOD (Cromey et al. 2002a, 2002b)oth werederived in part from the well
known Gmodel of carbon degradation (Westrich and Berrii984) and subsequent studies
described hereinNo computercode or specific informatn was borrowed from DEPOMOD
Rather all algorithms and code were developed independently from the underlying literature
and known stoichiometric madsalance relationshipsalthough some calibration settings are
sharedfrom the available scientific litature.

AquaModel may be classified asnaltibox model with either 2 or 3 dimension@D or 3D)
hydrodynamic flonoptions. It is structured tallow use ofingle point or ADC&urrent meter
datainputs. It can alssimulate tidal flows based on sigpecifictidal characteristicsaand can

utilize advanced 3D hydrodynamic model outpquaModelA & 2y S 2F ASOSNI f alL
developed for use withiiseographidnformation System software known as Environmental
Analysis System (EASy) which has iplelfunctions and purposes. At present the model is a
consulting tool of Science Systems Applications (SSA) which is owned by Dr. Dale Kiefer and Mr.
CNJ y1 h Qo NR Sy othirdpaitter ilheQdam an8 igrdadiiiculthird effécts
specialistvho works with SSA on model design, testing and applicafionKatsuyuki Abo of the
Japanese Fisheries Research Agency has also contributed in development of the hydrodynamic
submodels.

Model Description

Overview

Toour knowledge our EASy AquaModeiis only software that provides a complete, dynamic
model of farm operation and environmental impact. It is also the only software that fully
integrates environmental information with model computations withinserfriendly
geographical information stam (GIS) More information can be found atww.AquaModel.org
and simplified demonstrations of model use can be found at
http://netviewer.usc.edu/projects.htm(only use Internet Explorer and closely follow browser
options). The GIS program EASy is describbtt@t/www.runeasy.com/

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast. 5
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Figurel. EASy software architecture and datategration processes.

AquaModelandthe underlying EASBIS system ha the capability to contain environmental
information obtained fromsatellite-ocean thermal and color sensors and field surnaysemote
sensing and reportingf currents, nutrients, oygen, chlorophyland other related parameters

It also contains a simulation of virtu@h¥ I Nya G KIF G O y giverSvatér by OS R ¢
and operated according to the conditions found at that location. Most importantly, the
information system flly integrates field surveys of conditions in the water body with a dynamic
model describing the growth and physiology of penned fish under any operating conditions
selected by the user. The GIS softwBASyrovides a 4 dimensional framework (latitude,
longitude, depth, and time) to run simulation models and analyze field measurements as
graphica) numericaland statistical outputs. EASy, whose componentssaremarizedn Hgure

1, is an advanced, Rfased geographical information system designed ler storage,

dissemination integration, analysis and dynamic display, of spatially referenced series of diverse
oceanographic data.

AquaModel graphically renders dynamically in time, within their propergatial context, both
field and remotely sensedata and model outputs as diverse types of plots, including vector,
contour, false color imageand includes a buiin data contouring featureVertical structure of

data, critical in oceanographic applications, is depicted as vertical contours for ¢tarmgedepth
profiles at selected point locations. Time series for measurements and relationships such as
vertical profiles within the database at individual stations can also be visualized interactively as
X¥plots. Presently there are oves0 different XY plots available for different parameters viewed
as vertical profiles or horizontal cross sectitinat are dynamically updated in real time
simulations The software also provides access to data, integrated visualization products, and
analytical toolover the Internet via Netviewer, a clieserver, plugn for EASy.
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Figure2. Diagrammatic representation of key processes simulated in AquaModel.

AquaModelconsists of 4 components: a 2 or 3 dimseonal description ofvater circulation, a
description of the growth and metabolic activity thie cultured fishwithin the farm, a
RSAONARLIIAZ2Y 2F GKS LIXIFylad2yA0 O2YYdzyAiléQa
benthic effectgFigure 2).

The primary benthic parameter of interest is the loading of total organioararbut the model
also simulates the status of sulfidesterstitial dissolved oxygeraerobic and anaerobic bacteria
biomass, carbon dioxide and related parameterthim sedments. AquaModel uniquely tracks
waste feed and fish fecal matter separately and isg@ueipped with pertinent coefficients and
functions to simulate salmon, cobia, striped bass and other species soon to be completed.

Parameters of the model, incluth pen array center, location in the Cartesian coordinate

NE a

system, cell (grid) size, farm dimensions, capture cell locations (i.e., vertical profiles from specific

locations that is exported to spreadsheets$hfioading and feed rates, etc. Maage set
interactively with drop down menu selectioWirtually all parameter settings and coefficients are
user adjustable, either in drop down men(ee Figure3 to 11) or using a text editor in the
accessible software files.
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MariculturellaeEast Options =[] .
 —

Made  |Replay >| |2DMode  ~| DataSources | |Amay hd Colar
Capture Fils . ulturel) aeE agthCapture2D\Mariculturel) aek aztOneMonth
Amay | Pens | Conditions | Operations |  Berthic | Species | Plankton | Display |
Latitude Longitude Heading
Array center and Heading [deqg) |25.64150 :II |56 26260 :II ] j
Grid and Array size Length Width Depth
Gid sizs{m/cell] [0 o [w0 o [eo =
Amray size [# cells) |51 :II |51 :II |5 j
Default Bottom depth [m] [5h] :Il
Capture Cell Positions™ Length Width Depth
Cell #1 20 o [z =L =
Cell #2 IB S o T 4
Cell #3 G SRR o T 4
Cell #4 4 S IED q h 4
Cell 5 2 SE S =
Cell #6 i = [z o T 4
*Capture cell Locations are in X-Y [Cartesian] array,
beginning in the lower right corner of the grid
Enable Submodels
Selected Plankton Area |Hawaii J
Phwsinlogy model V=
Flankton model ez
Benthic model 'z
Apply ‘ Ok ‘ Cancel ‘

Figue 3. Array settings for AquaModel such as location of center or farm(s), default bottom
depth (if detailed bathymetry not available) and capture cell locations to output spreadsheet
or database results.

Figure 3 is for theisgle net pen farm3-D mode nearfield) simulation. The same interface is
used for multiple fish farms (B mode, far field) applications but the data sources (Figure 11)
requirements are more elaborate for the latter.
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MariculturelUaekast Options = | ] |-
I —

bode |HEP|EI.'r' j |2'D Mode ﬂ Data Sources Array - Color
Capture Filz - ultureldaeE ast\Capture2D W ariculturel) aeE aztdnetdonth

Array Pens T EonditinnsT DperatinnsT Benthic T Species T Plarktan T Display ]
. bof Figure4. Pen location,
en |'|_J ol IS—_I . . .
Specics [Moi =] size and initial loading
Pen lat/lon/depth [deg,m] [564030 o [Se3e2i0 o |5 = settings(for Pen 1
Pen size LAW/H [m] oo o [joo o [Eo = only).
Fish weight/density (g kg/m3) [ooo0 =+ [750 =
MariculturellaeEast Options SNIEN >
R a—
Mode  Replay v| |2DMode | DataSources | |Armay - Calar
Capture File . ulureldaeE astsCapture 2D\ Mariculturell acE aztOnebd onth
Array T Pens TE[ZnnditiunsT DperationsT Benthic T Species T Plarkton T Dizplay ]
Chart S5cale Ambient
Min M ax Yalue
Dizzalved inorganic nitrogen range [ph) |D_DDDD j |4.DDDD ﬂ |D.EDDD j
Phytoplankton biomazz range [p_H] |D,|:||:|DD :II ||:|_5|:||:||:| j‘ |D,2DDD :II
Zooplankton biomazs range [phd_M) |U,|:||:|UD j |2_IJIJIJIJ ﬂ |D,DEDD j
Dizzalved owxygen range [modL) |4.DDDD j |EI.EIEIEIU ﬂ
‘W ater temperature range [deaC) [20.00 :II |20.00 j
Ambient Range
Winter Summer
Surface water temperature [degl] |25_[|D :II |28_IJE| :II
Dieepest layer termperature [degC) |2D,|JD j |2D,IJIJ j
Deepest layer diszalved nitragen [LUM] |D.5IJDD j |EI.5EIUU j .
Deepest layer dizzalved axpaen [mgfL] |5_DDDD j |E_DDDD :II FlgudrfS Watecll’ COltl.Jmnl
Iradiance, daily average [moles/m™2/day] [40.00 j |E0.00 j conai |0.nS.a.n optiona
Surface [mixed] layer depth [m) |25,|:|U :II |15.|:||:| :II SynthetIC t|dal ﬂOW
‘wind speed average [misec) [5.00 j [4.00 j simulation Settlngé,
Dispersion Coefficients the latter not used
e 010000000] when current meteror
Wertical [miked layer] [m2/sec) oo DDDDDDj 3D ﬂOW f|e|d data are
Wertical [ztratified layer] [m2r sec) 0.oac DDEIIJ:II | b|
Sinusoidal Tidal Cunrents availlable.
Tidal flow period [krs) 1200 :Il
tax curent velocity [cmisec)] 16.00 j
Apply | Ok Cancel

1 A large variety of water, sediment, atmospheric and other input or boundary conditions factors
can be input using spreadsheets on any time step desired. See toenRendations section for
more information regarding the need for completing this before use in the UAE if better accuracy
is to be achieved.
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MaricultureUaeEast Options == ﬂ“

Made | Capture > |2DMode  w| DataSources | |Anay - Colar
Capture File A ariculturel] aeE asthCapture2D b ariculturel) asE ast

Array T Pens T ng | Benthic | Display |

Feed Rate Options

Optimal feed rate [No=manual,v'es=optimal) V= -
M anual feed rate [fraction weight/day] 0.0l ﬂ
Feed waste rate [fraction] 0.0=0 jl

Optimal rate is calculated for conditions within cage.
Both manual and calculated optimal can be overnidden
with a scheduled feed rate using an Event File.

Feed Composition

Feed carbon [fraction diy weight) 0.520 j‘

Feed water [fraction bulk feed] 0100 j‘

Initial Pen Conditions

Dizsolved oxygen [madL) 5700 jl

|narganic nitrogen [pM) 1.000 jl

Settling Rates Fecal Feed
Waste settling rates [cmds) |D.SDD jl |E|.DDD ﬂ
Other Chart Scaling Ranges Min Max
Fizh specific growth rate [1/day] |D_DD1 jl |D.D2D ﬂ
Tatal farm biormass [metric tons) [7o0.0 j‘ [1000.0 ﬁ

Figure6 Feed rate override settings, compute optimum feed use settings, percent feed loss
level, initial pen oxygen and nitrogen settings, fecal and waste feed sinkatg, fish growth
range bounds.
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MaricultureUaeEast Options ll:' = ﬂ?—l

Mode |HEI:'|~3.'r' ﬂ |2'D Mode ﬂ [ata Sources Array - Color
Capture File MManculturell gk ast\Capture2D WMariculturell aeE ast

Aray T Pens T Conditions T Operations T Benthic Dizplay

Chart Scale Initial
Sediment [top 2 cm]) Min Max Yalue
Aerobic biomass (g/m”2) oo <+ [izooo < [aom A
Anaerobic biomass [g/m™2) |00 j‘ |5.000 ill |00 j
Ovpgen [g/m3) oo+ [eooo & [0 A
CO2 g/m"2) oo = [eoon 5 Joooo o
Sulfide [m-mole/m3)] 0.0 j [50.0 j [00 j
TOE (fraction dry wi] oo+ oo 5 [ooioo o
TOC rate (a_c/m™2/day) oo+ [soo0 4 foswm o
Suzpended above sediment layer Min Max Initial
Orpgen (g/m3) oo+ [eooo < [2am o
POC (g_C/m3] oo < [ao00 4 oo A

Fish Fecal Excess Feed

POC consolidation rate [1/day] oo A o A
Depozition threshold [cmesec) |E_DDD j |‘I 0.000 j
Erozion threzhold [cmézec) |‘| 2000 j |1 4.000 :II
Erozion rate constant (g Cdm™2/4d) |ED.4DEI j |4D.DDD j
Ambient POC deposition [g_C/m™2Ad) ||:|_|:|1 1] :II |D_D‘| 0 j
Rates
POC depozition moving average [days) 0.0 j
Seston POC oxidation rate [per day) 0.020 :II
Apply | Ok Cancel

Figure7. Benthic and sediment properties plot ranges, initial values, settling rates of feed and
feces and other related controls.

The values selectedif erosion deposition and erosion threshold in Figure 7 are highly
conservativdor the present application.
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MariculturelaeEast Options =NASN X

Mode | Capture | [2DMode  w|  DataSouces | |Amay - Color
Capture Fil A aniculturel) aeE azt\Capture 2D WM ariculturel ) acE ast

drray | Pens | Condtions | Operations|  Benthic | Species | Plankton | Display ].
Selected Species IE ﬂ
Anabolich esp [nodim) 1.0000 jl
Azzim. efficiency fraction [hodim) 0.7500 ﬂ
BazalScalar [special] 0.035000 ﬂ
BazalTempExp [1/deqglC) 0.0830 ﬂ
BazalwfeightExp (nodim) Wﬂ
CageFlowFraction [nadim) 0.7500 ﬂ
K [17days) 0.007300 =
k.OxygenLim [g_oxdm3] Wﬂ
KT empLirm [degC] 18.0000 il
Lengthiw'eightExp [nodim) 3.115000 ﬂ
Lengthia'eightScalar [cm) Mﬂ
Lmin fem] 33000 =
Lmax fcm) 320000 =
OptimalTemp (deal) Wﬂ
Rezplluctent [mole_C/male_ox) 0.2000 ﬂ
SlopeQxygenLimit [m3/g_ox) Wﬂ
SlopeTempLim [1/deal) 0.4500 ﬂ
SwimE #p [nodim) 17000 =
SwimScalar [zpecial] Fr.a00a ﬂ
SwimT hrezhold (body/zec) 3.0000 ﬁ

Apply ‘ Ok | Cancel |

Figure8. Several of theith physiological parameters and coefficients obtained frdyast fit to
literature values and ougrowth experiments(dS @St 2 LISND&a GSNRAAZ2Y 2yfeood
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MaricultureUaeEast Options =[Sl -

Mode |Capture v| [2DMode v DataSources | Aray - Color
Capture File SMariculturel) aeE asthCapture2D sk ariculturel aeE ast

Array T FPenz T Conditions T Operations T B enthic T Display ]

Mousze zelection mode

Selection ype Select -

Contours

Contour lines IJEDijI
Line width 2 4
Stretch factor I‘Ujiﬁ
R ezalution High -

Solid fillyes/Ma) Mol -

Current vectors

Enable current vectors [Yesd/Ma) e -

3D wectar dizplay depth m
3D dizplay resolution |57ﬂ
POC waste tracks

POC waste track dizplay [Yes/Mao] Mo -

POC waste track size [pixelz] 3 ﬂ

Grid/mezh overlaps
Aaray Gnd Mo -

ADCIRC mesh digplay [Yez/Mo] Mane -

Apply | Ok | Cancel ‘

Figure9. Contouring current vector display, time stream and other display settings.
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ManculturelaeEast Options = | = —?:H

Mode |Hepla_l,- j |2-D Mode j Data Sources Array - Colar

Capture File AMariculturel) aeE asth\Capture2D WM anculturel) acE ast

Array T Penz T EonditiunsT DperationsT Benthic T Species TEPIanktunET Dizplay ]I
Achl [m2/ma_ch] [oozon o

Adetiitus (1/m] E

Atbio [1/degC] [Lzo00 o

Awaater [1/m) Wj

Bibio [degC) 30000

Cnph [g-atC/g-stN] o0~

GmaxE xpo [nodim) Wj

GrnaxScalar [special] 0.7000 j

Giphtax (1 /day] [i1o00 ~

JOZInazs [mm_ox/mm_N] W:II

Kdin [mg_ath/m] 30000

k.eo [mole_photons/m™2/day] 12.0000 j

KOZResp [mm_ox/m3] IW:II

Koh (ma_ath/m) 30000 =

tzog [nodim) 0.7500 j

Phni [72729) [o2000 o

ReminE=po [nodim] 1.0000 j

FeminScalar [1/day) 0.2700 j

Resphin (1/day) [oio00 <

ReszpPerGrowth [nodim] 0.1500 j

Theta [g-atC/g_chi) 70000 o

Apply ‘ Ok ‘ Cancel ‘

Figure10. NPZ (plankton) model settings, factors, coefficients and raieR S @St 2 LIS ND &
only).

CirculationModule

JS

AquaModeRd OA NDdz | A2y NRdziAyS TFfdzakKSa OF 3Sa oAt

them. The computatins during each step of the simulation occur within each element ef a 3
dimensional grid of rectangular cells that populate an array of such cells. The size, orientation,
and geospatial location of the array as well as the number and dimension of thethzl

populate the array are entered by the users. The array of cells begins at the sea andace
extends to the sea floorThegeometryand flow at the sediment/water interface is described in
more detail in the Benthic Routine Sectiand the farmlayout is described in the site description
section. The time steps for the simulation vary between 1 and 5 minutes depending upon the
speed of the currents.

The system of equations describing circulation is a simple finite element description ofiadvec
and dispersion. Each element of the array is treated as a box model in which materials flow

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast.14



across the 6 interfaces of each element, top, bottom and the four sides. Each element is treated
as instantly mixed throughout. These movements are deteeghioy a simple, finite difference
calculation that is most simulations of coastal water flow. The maintenance of conservation of
mass of conservative a tracer such as water itself is a key constraint upon the calculations.
Water anddissolved and suspered materials also move across the side boundaries of the array;
however, here the values for the concentrations of dissolved and particulate materials at the
boundaries remain constant and equal to the initial, ambient concentrations of tracers entered
by the user at the start of the simulationf the calculations of such a model are to be trusted,

the array must be sufficiently large such that the exchange across the boundary does not
significantly perturb the results of calculations.

Input Files T B athyretry T Settings

Imagery—~

Depth Layer |4 j of |5 j Fraction 1] j

Mode |Cortinied .1 file -1 || Figurell. AquaModelcurrent datainput

Category  [Easyimage ~| ||| menu for inputting ROMS, ADCIRC and

Frame (v [Mone | |Mane | |Hane | FVCOM circulation model data.

ADCIRC Data- é(LYI'EIéNJ?é 02E dzASR FT2NJ
aK2gy 0St2¢6X da! NN} é& 510
FVCOM circulation model data import

AveDenth  [soo0 =] - control; and a largeumber of other
categories of data.

Array Data o

Categay — [RUBAD =l Other menus available for entering

VectorFields v flste  +| flonc  +] Ju ~| || bathymetry and 2D flow files from current

Lat / Lon / Zeta ||at ﬂ |In:|n ﬂ |zeta j meters.

He /Csr/5_tho |N|:|ne ﬂ |None ﬂ |None ﬂ

b/ siglay |h ﬂ |sig|a_l,I ﬂ

Freprocess Current Data

Date Range  [1950.0101 — 20200101 =

File A ariculturel aeE astFarFlowField& rayFile
Frocess | Apply ‘ K ‘ Cancel ‘

The circulation at the sedimenvater column interface, where uneaten feed and feces from the
farm not only transported bualso deposited into the sediments, resuspended from the
sediments, or consumed by benthic organisms will be described in the benthic section.

The flow field in AquaModel is either of two modes. As the name suggests the calculated flow R
FASER dnSylaK2ydd Y2RSé A& AY 0 RAYSYaAz2yao 9E
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has no constraints other than the requirement of conservation of mass. Convergent and
divergent motion can be represented within the array as well as local eddies. In adiéion

water depth can vary within the array. Unfortunately, such detailed descriptions of motion are
difficult to measure at small scales and thus rarely measured in coastal waters. Thus, such types
of description come from coastal circulation models whiatiude such drivers of circulation as
winds, tides, and local gradients in water density due to thermal exchange as well as evaporation
and precipitation AquaModelassimilates output from such coastal circulation modétsthe

present case, we were pvided an FVCOM model prepared by Dr. Rubao Ji of Woods Hole
Oceanographic Institution. The model was prepared to examine the initiation of the major red
tide bloom in the summer and fall of 2008. A such, we do not have most of winter, spring and
early simmer time periods to examine and there could be difference in direction or even
magnitude of flow.

Ly GREBYS&yiaAz2ylf Y2RS¢ G Fye GAYS adSLI 2F GKS
Y2UA2Y & FNB dzy A T2 N)Y (K NERdingyKRAd2ly [ifK Sy 2helBsfl aidK S NB/
divergence noconvergence flow within the array. In the case of horizontal motion both

advection and turbulent exchange between adjacent sides of the cells are equal throughout the
array. In the case of vertical motion &ange between adjacent sides of cells are also equal
throughout the grid, but restricted to turbulent exchange in which flow across the upper and
f26SNJ AaARSa 2F | R2IROSPYad8lyl a4 Fa28daVYRRSCKS ae
an upper mxed layer ad the lower stratified layerThe depth intervals of the mixed layer and

the stratified layers vary with seas@s a sinusoidal oscillatiofinally, in this mode the depth of

the water column is uniform throughout the array.

We had no currenmeter data for any of the sitefer this preliminary studyincluding Site 1, the
location assessed in more detail for benthic effects. We were able to generate a record of flow
from the 3D model runs, by specifying vector recording in the capturefoelsdepths

throughout the 42 m deep water column at this site. To make the analysis of benthic effects
highlyconservative, and to better illustrate the nature of graphic results from the model, we
reduced bottom flow by 33% that would cause waste pético be more likely to remain upon
the bottom and not be resuspended. As shown below, despite this highly conservative measure,
the degree of effects on the seabottom was predicted to be very minimal as water current
velocity exceeded thresholds of repension on a daily basis such a modeas described

above turbulent and advective exchange of water is the same across the 4 lateral sides of all
cells and there is no divergence or convergence of water motmprovide additional
recommendations fofuture data needs if fish farming is to expand on the UAE east coast near
the end of this report.

Fish Physiologgnd FarmModule

In AquaModel simulations,BA 8 K FIF NXY A& OKI NI OGSNART SR o6& Ala
physicalsettings andayoutarR (G KS FIF N¥Qa &adG201Ay3as FSSRAy3A:Z |
physical layout requires entry of the following types of information that are specified later in this
report:

1 The number of cages
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1 The location of the cages as described by their geographicdinates (latitude,
longitude, depth)

1 The size of the cages length, width, height ahght adjustments to approximate fitting
into the square grid system

1 The fractional difference between the current speed within the cages and ambient
current speed

Farms operations require entry of the following information for each cage:

1 Species of fish.

1 Metabolic model of the fish as described below. Although the system of equations

describing growth and metabolism is invariant with species, the coefficients fotththw

the equations likely vary with species

Mean weight of fish in grams wet weight at initial stocking or a selected time intervals

Density of fish in number of fish per cubic meter at initial stocking or at selected time

intervals

1 Feed rate in grams dmyeight of feed per day. This rate can be entered manually or
calculated automatically by AquaModel as an optimal feed rate

1 Estimate percentil®f uneaten feed losfrom the cages.

System Science Applicatioas developedquaMode & NZE dzii A Y& mBt&bali€N 6 A y 3
modeledfish; it is based upon extensive reviewd parameterizatiomf basic bioenergetics

studies as well as some of our own unpublished laboratory experin{€ets Rensel, Kiefer and

h Q. N &fgf merenbackgrounyl Its unique featre is its inclusion of equations for oxygen
limited metabolism, a feature necessitated by its importance in farms where fish are cultured at
relatively high densitieand in waters of moderate or lower dissolved oxygen concentration.
Dissolved oxygen is@imary limiting factor to net pen carrying capacity and is therefore of
considerable modeling interestAs indicated in figur#2, the routine includes the processes of
ingestion, egestion, assimilation, respiration, excretion, and growth. Carboageitr and

oxygen fluxes are all computed, and of course the rates of these fluxes vary with operational and
environmental conditions. The operational independent variables are listed above while the
environmental variables that determine metabolism are:

T
1

1 Water temperature

1 Ambient oxygen concentration which is one of the determinants of the concentration of
oxygen with a cage

1 Ambient current velocity, which is another determinant of oxygen concentration within
the cage as well as a determinant of the reapon rate required of the fish to swim at
a speed in order maintain their position witithe cage.
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Figurel2. Generalized fish metabolic processes described by the routine for fish metabolism.
(Background drawindpy Duane Raver, USFW@&ssimilation factor is adjustable

The striped bass routineonsists of a series of functions describing the fluxes of carbon, nitrogen,
and oxygen as determined by the basic features of metabolisgestion, egestion, assimilat,
respiration, and growth. Specifically, each element is tracked according to these 5 basic features,
which are related to each other by conservation of masthe following Equations

1. ingestion rate = egestion rate + assimilation rate
2. assimilatiorrate = rate of respiration + rate of growth

3. respiration rate = resting rate of respiration (i.e. basal) + respiration rate of activity (i.e.
swimming) + respiration rate of anabolic activity (i.e. growth)

4. rate of feces production = egestion rate
5. rate of lcss of uneaten feed = feed ratgngestion rate

The functions for the 5 basic metabolic processes can be summarized as follows. Ingestion rate is
determined by both the rate of supply of food and rate at which the fish can assimilate ingested
food (Equaibn 1). If the rate of supply of food exceeds the sum of the rate of egestion and the
rate of assimilation, then a fraction of the food will be uneaten and contribute to the particulate
waste produced by the cage (Equation 5). As indicatétjure 12, egestionis assumed to be a

fixed fraction of ingestion as determined largely by the nutrient composition of the feed. The
rate of egestion is in fact the rate of feces production (Equation 4). The assimilation rate of the
fish will be a function of thsize (age) of the fish, the temperature of the water, and the
concentration of oxygen within the cage. The assimilated nutrients are then either consumed by
respiration or contribute to the growth of the fish (Equation 2). (We assume that there are no
reproductive demands within the cage.) The rates of respiration, which include both the
consumption of oxygen and excretion of nitrogen, are determined by three processes, basal
metabolism, swimming metabolism, and anabolic metabolism demanded by growtht{&yQd).
Basal metabolism is a function of water temperature and the size of the fish, swimming
metabolism is a function of the fish size and its swimming speed, and anabolic metabolism is
proportional to growth rate. The growth rate of the fish is giyncalculated by subtracting the

rate of respiration from the rate of simulation.
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We were not informed as to what fish to use in this preliminary report but had intended to use
gilthead sea breanSparus auratpa very popular fish to culture in thdediterraneanSeaand
elsewhere We made progress on development of this species specific model, but found that
growth patterns varied more than expected in areas with different seasonal temperature ranges.
As discussed in the recommendations, we can easinplete this growth submodel but need

real data from the UAE grow out experiences to tune the modé&dal conditions. In lieu of

having the completed subadel, we used a generalized tropical fish model, in part based on moi
(aka,Pacific threadfishPolydactylus sexfilis We completed a physiological model of this fish
previously that included validation with literature and our own laboratory &t#ld o0 h Q. NA Sy =
Rensel and Kiefer 2014hd the temperature range of this fish is similar to conditions that may
exist along the UAE east coast

We do this with the knowledggained from our own experiments and the literatutet most all
marine teleostfishes of this size have fecal settling rates in the 0.5 to 1.2 cm/s range and because
the commercial feed tends to have a similar proximate analysis, the fecal waste should be similar
in composition and settling characteristicMoreover, moi have relately high rates of

respiration so the choice of this fish is conservative (i.e., biased toward more effect) compared to
many other marine fishSome examples of the predictions of thmi bioenergeticroutine are
available on line at our website (sbeQienNat al. 201kt the AquaModel publications page

The next section more explicitly describes the fish physiology model used in AquaModel.

Many native species of fish may be suitable forundtin the subject area of the Sea of Oman,

but as noted by others, water temperature minima in the Sea of Opranlude at least one
candidate species growth (cobRachycentron canadum This is not necessarily a matter of fish
mortality, but rather arissue about optimizing growth and the expense of fish feed, that is
usually the most expensive cost involved in commercial net pen operafian.example,

although not lethal to desirable species such as gilthead sea br8parys auratg, water
temperature at or above 30 C may result in reduced growth rate and food conversion ratios
resulting in less competitive business results if competing with others from areas with more ideal
conditions

Outline of AquaModel Fish Physiology Structure

The structuwe of our fish physiology model is illustrated heredasignedoy Dr. Kiefer and shown

for rainbow trout Oncorhynchus mykisay an example. Figur@ $hows the logic of the system

of functions used to calculate the physiological rates for an indiviilslahat each time step of

the AquaModel simulation. Table 1 contains the functions of the model, numbered in the order
in which they will be executed during a single time step of the simulation. Table 2 contains short
descriptions of these functions, drTable 3 contains the coefficients and conversion factors
found in the system of functions. Bothables 1 and 3 also contain the scientific units of the
independent variable on the left hand side of the function or the coefficient or conversion factor.
The independent variables of the model are fish weight, water temperature, current velocity,
feed rate, and oxygen concentration. The key output of the model are the time series of values
for the specific rates of growth, respiration, ingestion, egestiad excretion of fish growing

under a given times series of feeding rates and environmental conditions.
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Figurel3. Logic of Fish Physiological Model.

Names and numbers refer to the functionsTiables 1 and 2 and line numizeinTable 2. The

symbols W, T, Ox, CS, and FR refer to fish weight, water temperature, oxygen concentration,

current speed, and specific feed rate. The text boxes refer to mathematical transformations that
AYyo2t @S | O2y RAGA2Y A 280 | 20FS YUSKYSI AdyLLIdziza G6KESE 33 diYY
0S06SSy-e¢xyLldzl&F G KSNB Aa y2 GSEG o02E | 83a20AF0S
the transformation is a scaling of variable value by either a division or multiplication.
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Tablel. Example AquaModel fish physiology submodel functioi®. mykis$.

Maximum Growth Rate
1

Weight Langthweightmmpo
1. LengthFunc = (*cm=) ;
LengthWeightsScalar
Log [ _ Lmax-Lmin _ ]
Weight
-Lmax+ mg:wngmscnu]
2. AgeFunc = (*g*) ;
k

3. WeightLimSpecificGrowthFunc=

1
— g WelghtAgeFunck , y , LengthWeightExpo+ LengthWeightScalarx
Weight

(Lmax _ @ WeightAgeFunc[Welght]sk (Lmax - Lmin) ) -l:LengthWelghtExpo

# (Lmax - Lmin) (+*1/day=):

WeightLimSpecificGrowthFunc[Weight]
4. TempLimSpecificGrowthFunc= (* 1/day=*);
1+ Exp[SlopeTempLim (KTempLim - Temperature) ]

WeightLimSpecificGrowthFunc[Weight]
5. optSpecificGrowthFunc= (* 1/day=*);
1+ Exp[SlopeTempLim+ (KTempLim- OptimalTemperature) ]

Upper Limit of Catabolic Respiration
VBodyLimi tToMaxGrowth+ LengthFun[Weight]
6. CurrentSpeedThresholdFunc= H
CageFlowFraction

7. SwimBpeedThresholdFunc = VBodyLimitToMaxGrowths CurrentSpeedThresholdFunc (scm/s #);
8. swimRespThresholdFunc = SwimScalar « VBndyLimitTnMaxGrcmtlf“m° (*mg oxygen/ (m3xday) ) ;
9. SpecificSwimRespThresholdFunc=

HrToDay * CarbonToOxygen » CurrentSpeedThresholdFunc

(#1/dayw) ;
CarbonToWet » KgToGram » GramToMGram
10. SpecificBasalRespFunc =
BasalScalar + Exp[BasalTempExpo+ (Temperature- BasalTempNominal) ] # WeightB3salWelghtexpo

(*1/dayx) ;
11. SpecificCatabolicRespThresholdFunc=
SpecificSwimRespThresholdFunc+ SpecificBasalRespFunc (+1/dayx) ;

Assimilation Rate
12. TempLimSpecificAnabolicDemandFunc=

TempLimSpecificGrowthFunc* (1 + SpecificAnabolicResp) (*1/dayx) ;
13. OptSpecificAnabolicDemandFunc= OptSpecificGrowthFun* (1 + SpecificAnabolicResp)
(*1/dayx) ;
14. MaxSpecificDemandFunc= SpecificCatabolicRespThresholdFunc
+TempLimSpecificAnabolicDemandFunc(x1/dayx) ;
15. optMaxSpecificDemandFunc=
SpecificCatabolicRespThresholdFunc+ OptSpecificAnabolicDemandFunc (*1/day#) ;
16. TempLimSpecificAssimFuncs=
If[Temperature > OptimalTemperature, OptMaxSpecificDemandFunc,
MaximumSpecificDemandFuncd] (x1/day=*);
17. oOxygenLimSpecificAssimFunc=
1

* TempLimSpecificAssimFunc (x1/day»*)
1 + Exp[SlopeOxygenLim (KOXygenLim- Oxygen) ]

18. FeedLimSpecificAssimFunc= FeedRate x AssimilationEfficiency (*1/day=);

19. SpecificAssimFunc =
Min[FeedLimSpecificAssimFunc, OxygenLimSpecificAssimFund] (x1l/dayx*);
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Specific Catabolic Respiration
20. SwimSpeedFunc = CageFlowFraction+ CurrentSpeed (+cm/8+) ;
21. VBodyFunc = SwimSpeedFunc/ LengthFunc(+«bodylengthse/a«) ;
22. SwimRespFunc= SwimScalar+ VBodyFuncs'j'mE"PO (*mg oxygen/misdayw) ;

HrTeDay = CarbonToOxygen  SwimReapFunc
23. BpecificSwimRespFunc= (*1/day=) ;

CarbonToWet » EgToGram » GramToMGram
24, SpecificCatabolicRespFunc= SpecificSwimRespFunc+ SpecificBasalRespFunc(«1l/day=) ;

Growth Rate
25. EnvironSpecificGrowthFunc=
1

(BpecifichAssimFunc- SpecificCatabolicRespFund (=1/dayw+);
1l + SpecificAnabolicResp

26. SpecificGrowthFunc=
Min[WeightLimSpecificGrowthFung EnvironSpecificGrowthFunc] (+«1/day+);
Rates of Ingestion, Egestion, Respiration, and Optimal Feeding
27. EpecifichAnabolicRespFunc= SpecificAnabolilcResp« SpeclficGrowthFunce («1/day«) ;
28. SpecificRespFunc = SpecificAnabolicRespFunc+ SpecificCatabolicRespFunc («1/day«);

31. FeedSatSpecificAssimFunc=
Min[OxygenLimSpecificAssimFunc, TempLimSpecifichsaimFunc] (+1/day«);

SpecifichAssimAtSatFeadRatePunc
32. FeedSatSpecificIngestionFunc= (*1/day+) ;
AssimilationEfficiency

33. OptimalFeedRateFunc= SpecificIngestionAtSatFeedRateFunc (+«1/day+);

Carbon, Mitrogen, and Chopgen Fluxes in Cage
34. CageCarbonRespFunc =
FishNumDensity+ Welght « CarbonToWet

+ SpecificRespFunc (smoleCarbon/ (m3+day) «) ;
gCToMoleC

35. CageOxygenRespFunc=

glxygenToMol esOxygen

RespiratoryQuotient
(»gOxygen/ (m3+day) (FishDensity in #/m3)«);

+» CageCarbonRespirationFunc

1

36. CageNitrogenExcretionPunc= ( » CageCarbonRespirationFunc (+molesN/ (mi+day) «) ;

CToN
37. CageEgestionFunc =
FishNumDensity « Welght « CarbonToWet » SpecificEgestionFunc (+gCarbon/ (m3+day) +) ;

Functions 2930 omitted intentionally.
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Table2. Description of functiongor AquaModel fish physiology model

Name of Function

Description

1. LengthFunc

length as a function of fislveight

2. AgeFunc

age as a function of fish weight

3. WeightLimSpecificGrowthFunc

specific growth rate as a function of fish weight

4. TempLimSpecificGrowthFunc

specific growth rate as a functiasf fish weight and water
temperature

5. OptSpecificGrowthFunc

specific growth rate growing at fish optimal temperature
and limited only by its weight

6. CurrentSpeedThresholdFunc

maximum current speed at which the fish can still achiey
its maximum gravth rate

7.SwimSpeedThresholdFunc

maximum swimming speed at which the fish can still
achieve its maximum growth rate

8. SwimRespThresholdFunc

respiration rate (mg O2/*kg*hr) when thiish swimming
speed = SwimSpeedThresholdFunc

9. SpecificSwimRespThheddFunc

specific respiration rate (1/day) when ttish swimming
speed = SwimSpeedThresholdFunc

10. SpecificBasalRespFunc

specific basal respiration rate as a functiorfist weight
and water temperature

11. SpecificCatabolicRespThresholdFunc

specificcatabolic respiration rate when thigsh swimming
speed = SwimSpeedThresholdFunc

12. TempLimSpecificAnabolicDemandFunc

Specific anabolic demand as a function of as a function
fishweight and water temperature

13. OptSpecificAnabolicDemandFunc

specift anabolic demand as a functionfah weight and
when water temperature = OptimalTemperature

14. MaxSpecificDemandFunc

specific anabolic and catabolic demand as a functidisbf
weight, water temperature, and its swimming speed =
SwimSpeedThresholdFcin

15. OptMaxSpecificDemandFunc

specific anabolic and catabolic demand as a functidisbf
weight, water temperature = OptimalTemperature, and i
swimming speed = SwimSpeedThresholdFunc

16. TempLimSpecificAssim

temperature limited specific assimilatioate

17. OxygenLimSpecificAssimFunc

oxygen limited specific assimilation rate

18. FeedLimSpecificAssimFunc

Feed rate limited specific assimilation rate

19. SpecificAssimFunc

specific assimilation rate limited by either oxygen,
temperature, or feedate

20. SwimSpeedFunc

speed (cm/s) at which a fish must swim to maintain its
position in the cage

21. VBodyFunc

speed (bodylengths/s) at which a fish must swim to
maintain its position in the cage

22. SwimRespFunc

respiration rate (mg O2/kg wet Weightr) as a function of
fish swimming speed

23. SpecificSwimRespFunc

specific respiration rate (1/day) as a functionfish
swimming speed

24. SpecificCatabolicRespFunc

specific catabolic respiration rate = SpecificSwimRespFL
+ SpecificBasalRespFunc

25.EnvironSpecificGrowthFunc

specific growth rate limited by either temperature, oxyge
current speed, or feed rate

26. SpecificGrowthFunc

realized specific growth rate = the lesser of
EnvironLimSpecificGrowthFunc or
BioLimSpecificGrowthFunc
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27. SpecificAabolicRespFunc realized specific anabolic respiration rate

28. SpecificRespFunc realized specific respiration rate

29. SpecificEgestionFunc realized specific egestion rate

30. SpecificlngestionFunc realized specific ingestion rate

31. FeedSatSpecifisimFun specific assimilation rate when assimilation is limited by
either temperature or oxygen

32. FeedSatSpecificSpecificingestionFunc specific ingestion rate when assimilation is limited by eit
temperature or oxygen

33. OptimalFeedRateFunc specificfeed rate when assimilation is limited by either
temperature or oxygen

34. CageCarbonRespFunc rate of carbon respired by all fish in a cage in moles
carbon/(m3*day)

35. CageOxygenRespFunc rate of oxygen respired by all fish in a cage in g
oxygen/(m3*day

36. CageNitrogenExcretionFunc rate of nitrogen excreted by all fish in a cage in moles
nitrogen/(m3*day)

37. CageEgestionFunc rate of fecal carbon egested by all fish in a cage in

g carbon/(m3*day)

Table3. Example fish phgiology oefficientsand conversionfactors(from O. mykiss)

Coefficients of Oncorhynchus mykiss

LengthWeightScalar= 0.0118
LengthWeightExpo= 3.006
Lmin = LengthFunc[10]

Lmax = 90

k=1.3/365

BasalScalar = 0.119
BasalWeightExpo = -0.314
BasalTempNominal = 17
BasalTempExpo= 0.069
SwimScalar = 77.3

SwimExpo = 1.7
SpecificAnabolicResp= 0.8
OptimalTemperature= 17

AssimilationEfficiency= 0.75

ThresholdSwimSpeed = 3
SlopeTempLim= 0.7
KTempLim = 11
SlopeOxygenLim = 2
KOoxygenLim = 4
CageFlowFraction= 0.75
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Conversion Factors
gCToMoleC = 12 (xgCarbon:moleCarbonx) ;
gOxygenToMolesOxygen = 32;
CToN = 6 (*molesCarbon:molesNitrogens) ;

1
MoleNTogC = (*»moleNitrogen/gCarbonx) ;
gCToMcleC x CToN

CarbonToDry = 0.5 (xgCarbon/gdryweightts);

HrToDay = 24;

CarbonToOxygen = (12 / 32) = RespiratoryQuotient {*gCarbon*moleC‘l)/(ngygen*moleOZ'l)*);
RespiratoryQuotient = 0.807 (xmolesCarbon/molesOxygensx) ;

CarbonToWet = 0.15 (* gCarbon/gwetweight CarbonToDry * DryToWet =) ;

DryToWet = 0.3 (xgdryweight/gwetweightx*) ;

GramToMGram = 1000 (+xmg/g%) ;

FeedDryToWet = 0.9 (*xg/gx) ;

The concept of specific rates, which are in units of 1/day, are most easily understood in terms of
a carbon budget for the fish metabolism; in this case the units of the specific rateecan b
described in units of the daily metabolic flux of carbon divided by the carbon mass of the fish, i.e.
grams carbon (as growth, respired, or egested)/(grams carbon in fish mass*day). In order to
calculate the daily increase in carbon biomass, the deigase of carbon dioxide by respiration,

or the daily loss of carbon as feces within a cage, one simply multiples the specific rate by the
number of fish in the cage, and the average carbon content of the fish. Thus, one calculates the
daily increase igarbon biomass within a cage:

Daily Fish Carbon Increase in Cage = Specific Growth Rate * Number of fish in cage *
Average Fish Carbon Content

Since we assume in the model that the elemental composition of the feed and fish are constant,
we can similarly calculate the metabolic fluxes of other elements such as oxygen and nitrogen.

Figure B showshow the system of functions in the model are linked to each other. The figure
describes how the specific growth rate of a single fish is calculated as a function of the

independent variables of a calculation at a given time step. These variables axsaried by

the symbols W, T, Ox, CS, and FR that refer to fish weight, water temperature, oxygen

concentration, current speed, and specific feed rate, respectively. The text boxes refer to
mathematical transformations that involve a conditional statemént ¥ ¢ > (G KS adzY Yl A 2
AYyLzida abés |yR GKS -6R® F T SINB yiorSS NS (14685 Syy2 Ay S Bl &c
arrow connecting two functions the transformation is a scaling of variable value by either a

division or multiplication.

The namesnd numbers refer to those found in Tables 1 andStarting at the bottom of the
figure we see that the specific growth rate of the fiSipecificGrowthis calculated by a
conditional functionJf. Here the conditional statement is th&pecificGrowt s the lesser of the
value of either theTempLimSpecifcGrowtr the EnvironSpecifcGrowthThe
TempLimSpecificGrowit the maximum rate at which the fish can grow given its weight and
water temperature. We derived th@empLimSpecificGrowthnction from the Bertalanffy
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equation for growth, and morphometric equations that relate the length of a species of fish to its
weight. EnvironSpecifcGrowik the growth rate of the fish as determined by the functions that
describe the full array of enviromentadtors that influence growth rate and that are listed in
the second sentence of this paragraph. We see in the figure thaEtiveonSpecifcGrowth
Function is simply the difference between the specific assimilation funcBpecificAsimand

the specifacatabolic respiration functiorSpecificCatabolicResphe specific assimilation
function is the rate at which ingested food is assimilated given the fish weight, food supply,
water temperature, and oxygen concentration. As shown in the figure, the spmatiibolic
respiration function is the sum of basal respirati@pecificBasalResgnd swimming respiration,
SpecificSwimResprhe anabolic respiration of growth is not included here. If the assimilation
rate exceeds the catabolic respiration rate, tigh will gain weight and if the the assimilation
rate is less than the catabolic respiration rate, the fish will lose weight.

We see that the specifc assimilation function is also calculated by a conditional function such that
the rate of assimilationsiequal to the least value calculated for either limited food supply,
FeedLimSpecificAssior weight, water temperature, and oxygen concentration,
OxygenLimSpecificAssirtt is clear from the diagram that the logic required to calculate
OxygenLimSpecifksssimconsists of many steps. As indicated TrempLimSpecificAssinvhich is
only a function of fish weight and water temperature, is calculated with a conditional statement.
If water temperature is greater that the temperture for optimal growthemplimSpecificAssim

is equal toOptMaxSpecificDemarfdnction and if less than than the optimal temperature, it is
equal to theMaxSpecificDemanfdinction. TheOptMaxSpecificDemarfdnction is the sum of

the OptSpecificGrowthnd theSpecificCatabolicRgBhresholdfunctions. ThéptSpecificGrowth
function is the maximum specific growth rate of the fish under optimal temperature, while the
SpecificCatabolicRgEhresholds the specific catabolic respiration rate of the fish when it is
swimming at threshold speal that still provides the fish with a sufficient specific assimilation to
support a maximum growth rate. As indicated, this function is the sum of the specific basal
respiration rate SpecificBasalRegmd the specific swimming respiration rate at threkhspeed,
SwimRespThreshold

TheMaxSpecificDemanfdinction is the sum of th&pecificCatabolicRgEhresholdfunction,

which is described in the previous paragraph, andTeenpLimSpecificAnabolicDemand

Fdzy OG A2y X Ly 20 KSNJ féupplyPoiisubstiatesicimedt tSderaniSoOah F A O
fish growing at its maximal specific growth rate when it is swimming at a maximum speed (the
threshold speed) that still allows the fish to achieve its when it is swimming at threshold speed

that still provides the fish with a sufficient specific assimilation to support a maximum growth

rate. As its name suggest the later function is the temperatiméed specific rate to support

the daily increase in fish biomass and the associated anabolic respiratianfuiittion is

calculated from thefemLimSpecificGrowthinction that has been described earlier.
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Plankton Module

The plankton module describes the cycling by plankton of nitrogen and oxygen within each
element of the array, both within i farm and the surrounding waters. This model is similar to
the PZN models that have been published by Kiefer and Atkinson (1984) and Wroblewski,
{FNXYASYyGd2> YR CtASNI oOmMpyyoL o ¢KS avYl adSNE
three compartnents, inorganic nitrogen, organic nitrogen in phytoplankton, and organic nitrogen
in zooplankton. The three biological transforms are:

1 Photosynthetic assimilation of inorganic nitrogen by phytoplankton which is a function of
temperature, light level, DIKdissolved inorganic nitrogen consisting of ammonia, nitrite
and nitrate) concentration

1 Grazing by zooplankton on phytoplankton which is a function of temperature and
concentrations of zooplankton, and phytoplankton

1 Excretion of DIN by zooplankton, whisha function of temperature and the
concentration of zooplankton.

All three components are transported by advective and turbulent flow as described above. The
model displays predateprey oscillations, which dampen over time and reach a steady stage. T
default simulations for DIN, phytoplankton, and zooplankton stabilize at roughly-at tRNgri°,

for all 3 components respectively. In order to calculate the concentrations and rates of loss by
respiration and production by photosynthesis, we have asstia constant flux ratio of oxygen

to nitrogen of 6 moles ggm-at N, consistent with the Redfield ratio. The inputs to this model
consist of the time series of exchange coefficients produced by the hydrodynamic model, surface
irradiance, and water tempetare as well as concentrations of dissolved oxygen, dissolved
inorganic nitrogen, cellular nitrogen in phytoplankton and zooplankton. Outputs of this model
consist of a time series of the concentrations of dissolved inorganic nitrogen and oxygen,
phytoplankton (traced as chlorophyll), and zooplankto&ee prior publications or reports at
http://www.aquamodel.net/Publications.htmior more details about this module.

BenthicModule

The benthic lading component of our model is based upon several literature citations and
functions found in the existing, previoushgrified DEPOMOD mod@romey et al. 2002a,

2002b) that in turn was based on ther®del of carbon degradation (Westrich and Bernie849
and subsequent papers). Despite some limitations involving lack of user control and flexibility,
DEPOMOD is presently the international standard for assessing the impact of loading of organic
carbon in sediments underlying fish farms and in some coemtralculations with the code are a
requirement for obtaimng fish farmpermits. Since the DEPOMOD model is proprietary and only
addresses benthiprocesseswe have written our own code to describe the fate of farm wastes
that are deposited in sedimentsIwo processes, the physical dynamics of waste transport
through the water column and deposition into the sediments and the biological dynamics of
waste assimilation and remineralization by the benthic community, most conveniently describe
our benthic rotine.
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As uneaten feed and feces producedfishin each cage sink through the watsslurm, they are
transported downstream of the cage. Since uneaten fiséarger anddenserthan fecest must

be treated separately. Not only will tee different chsses of particlesink at different rates and
be transported at different distances from the farm, but when they reach the bottom boundary
layer their shear thresholds for deposition and resuspension will also déBating to further
separation. Evenially, both uneaten feed and feces will either be consumed by the benthos or
consolidatel into the sedimentsand no longer subject to resuspension. Thus, AquaModel has
three categories oparticulatewaste uneaten feed, feces, and consolidated waste cimtted

by both the uneaten feed and feces that have been deposited for a sufficient length obtime
the bottom that are no longer erodible

As illustrated in the figuré4, we have simplified the formulation of physical processes. This was
requiredbecause simulations running on a PC became too-toresuming or mathematically
dzyatdlofS gAGK I Y2NB RSOGFAf SR F2NNdzZ I GA2y ® 2
2PSNI I AaLISOAFASR GAYS AYydSNBIt Insatagaiel LJa dz Sa&é
determined from measurements in the laboratory. These capsules are shown as brown dots in

the figure. As these capsules sink, the ambient currents transport them through the 3

dimensional array of cellsThis isomewhatanalogous tovater moving through a unsecured

garden hose that is in continual motidout in this cases driven by variations in current velocity

and direction Thewaste particlesare however not subject to turbulent dispersion as is the case

for the dissolved wastes. AsK'S OF LJadzf S& ySIFNJ G6KS o02Gd0G2Y GKS ¢
evenly distributed into an underlying cell that is part of the grid of the suspension layer of the

water column. The length and width of these cells are the same dimensions as thvetbatis

the overlying water column, but their depthuserselectable. In the case of the demonstration

farm, we have chosen a depth of 1 meter. Once released into the suspension layer the particles

are now treated as suspended particles and subject titn laolvection and turbulent dispersion.
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Figureld. Conceptual diagram of waste transporting model components.
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Following the logic and formulations of DEPOMQneyet al. 2002a, 2002bwhen shear
between the sednent and the bottom water falls below a threshold valueaste particles in the
suspension layer are deposited into the sediment layer. Furthermore, the rate of deposition not
only increases with the concentration of particles in the layer but will ialseasewith

decreases in sheaiVhen shear at the interface exceeds a threshold value, waste particles in the
sediment layer will be resuspended into the suspension layer and thus subject to additional
transport (and dispersion) from the site. The thin@lds for deposition and resuspension differ
with the size, density, and stickiness of the particles and thus will differ between feed and feces.
When shear at the bottom falls between the threshold for deposition and the threshold for
resuspension, thearticles in the suspension layer will be remain in suspension and thus
dispersed.

The wastes deposited in the sediment undergo aggregation and compaction, and will consolidate
into organic particles that are no longer subject to resuspension. Cromegiacdworkers

have derived a function for this process in which compaction begins at a given rate after a 4 day
delay. We have on the other hand chosen a simple first order rate function in which a fixed
fraction of the mass of feed and feces in the iseehts consolidates each day. We have selected
for our simulations the same values found in reference above for shear thresholds and the rate
constant for resuspension of wastes.

Dynamics of the Benthos

The 3 types dfish farmwaste found in the sedients, uneaten feed, feces, and consolidated
waste (from feed and feces) are energy and nutrient sources for the benthic community, which
consist of both macroscopic and microscopic organisms. Thus, at any given time, the
concentration of waste in the \iuty of a farm will depend upon the previous history of

deposition and resuspension, but also upon the previous history of growth and remineralization
by the benthos. As shown Fgure 14 above, we treat the sediment layer as a single layer; this is
despte the fact vertical profiles within sediments indicate sharp, predictable biological and
chemical gradients within. In our simulations we have chosen a depth interval of 2 cm for each
cell of our sediment array. This depth was chosen because it @adahdard depth for sediment
monitoring(core collectionjn and around fish cages imany jurisdictionsvorldwide and is the

most important venue for most of benthic infauna except the labgelied organisms such as

large clams and tubicolous polychaetemws. The length and width of these cells ardected

by the model user anthe same as those within the water column and suspension layers. Our
functions are based upon the assumption that they provide a prediction of average biological and
chemicalconditions within the layerDescribing the complexity and biochemical processes within
the sediment layer has challenged marine scientists, and the models that have been developed
(including ours) are relatively crude and lacking in comprehensive testiegpit® these

limitations, field data describing benthic responses to variations in organic loading of the
sediments show clear understandable patterns, and that when tuned to local conditions models
such as the pioneering-Model of Westrich and Bernier §84), can provide good quartitive
estimates of the responserlesting of our submodule components is completed in Mathmatica
software before assembly into AquaModel code, when additional testing occurs.
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Hgure 15 below shows the components and procebattare described by our benthic routine.

The processes described here are all formulated in the series of equations found in the routine.
As shown the compomes of the routine consist of foutissolved compounds species, oxygen,
sulfate, hydrogen sutle, carbon dioxide, which flow between the suspension and sediment
layer by diffusion. It also consists of particulate organic carbon (POC) produced in overlying
waters from farm waste or the planktonic community, and the benthos, which consists of two
groups of macro and microscopic organisms that mediate the chemical transformations.

Particle Res sio
e diffusive gas exchanges

& Transport T I T l Water /Sediment Boundary

Particle Deposition
0O, HpS Particulate Organic Carbon

benthic respiration

Figurel5. Conceptual model of benthic dynamics process@sl respiration. Sulfide inhibits
aerobes, oxygen inhibits anaerobic argismsand vice versalncreased carbon loading leads
to domination by anaerobes when the oxygen supply is inadequate for the aerobes.

The aerobes respire particulate organic material (POC in the diagram) and oxygen in order to
grow and meet other metaolic needs. The main fyroducts of their metabolism are carbon
dioxide and water. If either the concentration of oxygen or POC decreases below saturating
concentrations, rates of growth and respiration will decrease. Furthermore, at the lower
extremesof oxygen or PO@vailability, aerobegrowth will stop and respiration wibe reduced

to a basal levelThe anaerobes, which here consist only of the sulfate reducing rorganisms
respire POC and sulfate in order to grow and meet other metabolic ne€de main byroducts

of their metabolism are carbon dioxide and hydrogen sulfide (or other reduced sulfur
compounds).If either the concentration of sulfate or POC decreases below saturating
concentrations, rates of growth and respiration will decreaséditionally at the lower

extremes of oxygen or POC growth will stop and respiration will be reduced to a basal level. If
produced at a sufficient rate the hydrogen sulfide produced by anaerobes will inhibit the growth
of the aerobes. On the other hd, oxygen inhibits the growth of the anaerobes.

Hgure15indicatesthat the size and growth rate of the aerobes can be limited by the supply of
oxygen from the overlying water column. In our routine the rate of supply of oxygen to the
sediments is deirmined by the diffusion of oxygen from the suspension layer into the sediment
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layer, and the rate of diffusion will be determined by the difference in the concentration of
oxygen in the suspension layer and the sediment layer, the thickness of thealffusiindary
layer at the interface:

_ 0:DiffCoef [temperature]* (0: suspended- 0:sediment)

J0; Z [velocity]

Where JQis the flux of oxygen into the sediment layepDiffCoef is the diffusion coefficient of
oxygen, which varies with temperature,$Dspended is the concentration of oxygen in the
suspended layer, Sediment s the concentration of oxygen in the sediment layer a, and Z is the
thickness of the diffusion boundary layer, which is less than a millimeter in most open waters,
and as indicated varies with the velocity of flow in the suspended ldyéne current sped in

the suspension layer increases the thickness of the boundary layer will decrease and the rate of
diffusion will increase. The concentration of oxygen in the sediments is assumed to be in quasi
steady state such that the rate of oxygen consumptigrthie aerobes, which varies with the
concentration of oxygen and the concentration of particulate organic carbon within the layer, is
equal to the rate of oxygen supplied by diffusion.

Hgure 16 below, which is an example of a calculation by tetine, illustrates relationship

between organic loading of the sediments and the oxygen concentration within the sediments.

In the figure we see straight line, which is calculated from the equation above, describes the flux

of oxygen into the sediment layer dstermined by the concentration of oxygen in the sediment

layer. In this example the concentration of oxygen in the suspension layer isri(g mg/L).

The curved lines show the rate of respiration by the aerobic members of the benthic community

as cetermined by the concentration of oxygen in the sediment layer. The lower curve shows the

respiration rate of the aerobes when the deposition rate of POC is 1g carbdh, and the

upper curve shows the respiration rate of the aerobes when the depositite of POCis 5 g

carbonm®d™. Both curves represent steady state conditions for the aerobes at which growth

rate of the community is zero and the respiration rate is basal. This condition occurs when the

concentration of POC has been reduced wmacentration at which icannotsupport growth.

Thus, the upper curve is the consequence of catabolic metabolism by a high concentration of
aerobes in the sediment

Organic Loading= 5 mg C *#fday! layer, and the lower curves
175 the upper curve is a
15 ¢ consequence of catabolic
125 | 3 Steady State metabolism by dow
g:t;ﬁrgtfion P concentration of aerobes.
Diffusion Diffusion
(mg'm>dayy) O
S5t ¢ Steady State
,5 [/ Organic Loading= 1mg C *ftday? Figurel6. Organic loading
. ) . ) to sediments and interstitial
2 4 6 8 10 oxygen concentration
02 concentration (mg/I) re|ationship_
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A similar diagram and similar arguments can be presented for regulation by POC deposition and
sulfate diffusion for the anaerobes. Howevéecause of the high concentrations of sulfate in
seawater, the rates of diffusion of sulfate into the sediments layer are sufficiently high to rarely
constraint the growth rate and biomass of the anaerobic commuimitthe upper sediments.

It is clear from this diagram that increases in organic loading decreases the concentration of
oxygen in the sediments, thereby releasing anaerobic organismstfreimoxygen limitationof
growth. As a consequence, the biomadgsanaerobes will increase and possibly competing for
POC with the aerobes and producing hydrogen sulfifliee lattemay inhibit the metabolism

and growth of the aerobes. Consequentially, if the gross metabolism of the aerobic community
declines oxygenconcentrations will increase inhibiting the gross metabolism of the anaerobes.
Such interactions will tend to drive the system toward a well defined steady state determined by
the rate of organic loading, as well as the temperatwa@ncentration of oxygn, and current

velocity in the suspended layabove the bottom

The importance ofthesedynamics to the management of fish farms is that provided the organic
loading rate of the sediments is not too large, the respiratory activity of the benthic cortynun

will remineralize much if not all of the particulate organic material thereby releasing carbon

dioxide into the sediments and water column. These predictions from our bemthime have

been confirmedoy field studies such as those of Findlay andivg (1997) andnodeling work

of Chamberlirand Stucch{2007). In fact we have conducted a general tuning of the benthic
NRdziAyS G2 YFIGOK GKS RFEdGF 2F CAyRfSe& FyR 21 0f
salmon farm at Toothacre Cove in Mainel@hamberlirand Stucchi (200fphodelingof salmon

farms in British Columbia.

After this initial work we then conducted a more detailed tuning of our routine to observations of
waste loading by salmon farms in Puget Squiescribel in the next section.We will see in our
concluding section on impact assessment that the rate of waste deposition undeiSM&RIH
demonstration farm is so low becauselafgedispersion over droadarea that the perturbation

to sediment chemistry othe benthic communitywill be exceedingly small and likely

undetectable. Our benthic routine indicates that the major response of the sediment under the
farm will be a slight increase in the density of aerobic organisms and a corresponding increase in
benthic respiration that Wi prevent the accumulation of farm wasgad actually embellish food
supply for the benthic food web

PhysicalCirculationModule

AquaModel operates with a variety of inputs to drive physical circulation from simpleibuilt
sinusoidal tidal amplitude natels, to current meter data and several types of leading circulation
model outputs. Current meter outputs are best for single net pen fish farm sites with relatively
homogeneous flows over small areas in coastal areas (e.g., ) tHanhave recurringnostly
tidal-origin flow processes. As often this is not possible, AuaModel also accepts output from far
field 3D circulation models such as ROMS, FVCOM and ADIH&Cocean and more exposed
coastal areas are subject to other forcing physical fagtoegldition to tides that are simulated

in these models, notably the effects of winds and sometimes bordering ocean currents.

AguaModel preprocesses these data from gridded (normal mesh) egrdded (uneven mesh)
models and calculates the depths andigrs necessary to produ@naccurate conversion to
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the Cartesia coordinate system that is necessary to operate with the limited computation
power of standard desktop and laptop personal computers.

AquaMode & OA N dzf I G AretypenNigh drnin dageS with &ndrankvéaters and
transports wastes from them. The computations during each step of the simulation occur within
each element of a-3imensional grid of rectangular cells that populateaaray of such cells.

The size, orientation, and gspatial location of the array as well as the number and dimension of
the cells that populate the array are entered by the users. The array of cells begins at the sea
surface and extends to the sea floor. The geometry and flow at the sediment/vmteface

was previously described The time steps for the simulation vary between 1 and 5 minutes
depending upon the speed of the currerist the user can choose to view the movike visual
output on any time step from minutes, to hours, to days.

The sygem of equations describing circulation is a simple finite element description of advection
and dispersion. Each element of the array is treated as a box model in which materials flow
across the 6 interfaces of each element, top, bottom and the four sifsh element is treated

as instantly mixed throughout. These movements are tracked using a simple, finite difference
calculation. Conservative tracers such as water and elements are conserved within the
computational array.

Water and dissolved and spended materials also move across the boundary of the array;
however, here the values for the concentrations of dissolved and particulate materials at the
boundaries are determined by the boundary conditions of the computational array. During the
courseof our NMAI project we added the capability to vary the values of current velocities and
the concentration of tracers at the boundary to vary at a time step specified by the user. If the
calculations of such a model are to be trusted, the array must Hecwuntly large such that the
exchange across the boundary does not significantly perturb the results of calculations. At the
sedimentwater interface uneaten feed and feces from the farm are transported, deposited into
the sediments, resuspended fromdlsediments, or consumed by benthic organisms. These
processes will be described in the next section.

The flow field in AquaModel can be eitherd 3-dimensional.In 2-dimensional simulations
advection only occurs horizontally; neither divergence rarvergence flow occurs within the
array. In 3-dimensional simulations the movement of water between adjacent cells has no
constraints other than the requirement of conservation of mass. Convergent and divergent
motion can be represented within the arrag well as local eddies. In addition the water depth
can vary within the array. Sinced8nensional flow on small spatial and temporal scales is rarely
measured in the field, our-8imensional simulations draw upon3 coastal circulation models.
The patial scale of these models is generally no smaller than 1 km and thus small scale
turbulence is not included in the output. However, AquaModel provides the user the option to
add specified levels of horizontal and vertical eddy diffusivity. While #tesrizontal

dispersion are constant throughout the computational array, the rates of vertical dispersion can
be specified for two layers, the upper mixed layer and the underlying stratified waters. The depth
intervals of the mixed layer and the stratifidayers vary with season as a sinusoidal oscillation.
The system is designed to limit mixing between the mixed layer and stratified layer, and if the
user specifies depth ranges of cells in the grid that overlap the boundary condition input for
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mixed layer depth, the system automatically alters the mixed layer depth slightly to insure that
rapid mixing from one layer to the other is avoided.

Prior Validation

¢tKS AyaSyd 2F GKS Y2RSt OIFfAONIGAZY LIN2dDSaa A
correspondence between the model output and actual observations of the environmental
aeadsSy GKFG GKS Y2RSt A a) Aghagy gilubation indlel, eBtibgNS & Sy
and validation is necessary (Cromey and Black 2005, Rense2@@6i. h Q. NASy SiG Ff o
et al. 201). Testing and validation éiquaModelhas been done in several stageger many

years and continues at present. This is necessary as the model is being applied to different
ecoregions and fish species, in mam@ges where naquaculturemodeling has been done

before.

First, it is conducted upon initial equation development when we create mathematical fosmula
to characterize known physical and biological processhsse outputs are compared to field or
laboraory measurements from the literature or that we have personally conduciiukn it is
tested when linked to other interdependent functions and processesrves are fitted to

natural processes such as growth rates and the best possible equations aredder describe
them.

Ourfirst work was with salmon as so much is known about their physiology that weotliteed
to conduct any additional labatory work. Thecomparison of predictions of growth and
metabolic activity for fish growing over a broeshge of environmental conditions with
published data displayed good agreemeRefsel Y A S T S NJ2007). Bubbefueriy \gey
have closely compared our growth estimates with data from the U.S. Pacific Northwest and
British Columbia and from Chile wieeconditions are somewhat similar. The results have
indicated a very close final fish size after 18 to 20 months for Atlantic salmon (Salmo salar).

Growth Rate Measured and Predicted by % BW Ration
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Figuresl7 and 18 show two comparisons of model predictions with laboratory measurements.
Figurel7 shows predicted (dashed lines) and measured (solid lines) growth rates for young
sockeye salmon grown at different teratures (abscissa) and different feed rates (legend).

The growth rates are in units of the fractional change in body weight per day, and the feed rates
of 0.06, 0.03 and 0.015 are in units of fractional body weights of food per day. Note that the
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modelaccurately predicts the decreases in the temperature of optimal growth with decreases in
feed temperature.

Figurel8 shows predicted (dashed lines) and measured (solid lines) respiration rates for young
sockeye salmon swimming at different speesisglegend) and at different temperatures
(abscissa). The swimming speeds found in the legend are in units of body lengths per second.
The upper graph shows respiration rates for maximum swimming speed record for a given
temperature. Although our model deskés steady state conditions as opposed to the short

time interval during which the measurements was made, the fit is still good except at maximal
swimming speeds.

These types of analyses were made for striped bass from literature and laboratory sldesaibed
elsewhere in this report.

Respiration Rate Measured and Predicted (P)
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e iU Figurel8. Laboratory measured vs. model
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predicted (P) respiration rate for initial
calibration runs.
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With respect to water column effect®ensel (in WDF 1991 appendices and subsety

collected unpublished but reported NPDES monitoring data) has examined nutrient and dissolved
oxygen deficit plumes around commercial net pen farms. In both cases the extent to which the
plume can be detected is typically less than 30m for theggeléairms with 1,000 MT (2.2 million
pounds) or more of fish biomass as shown in Figugeantl 20, respectively. For dissolved

oxygen, thousands of measurements have been collected in Maine by C. Heinig, yielding similar
results (Normandeau AssociatestaBattelle 2003).

Previously we have conducted sensitivity analyses of key factors used in AquaModel simulations
owSyaSt sz YSATS Nie beyisRivith aDalysidvwe yerfermed demanstratéd the
importance of resuspension as a factor that lindésbon deposition and allows for broad

transport of waste particulates. This effect has previously been demonstrated with a benthic
model (DEPOMOD) using a fluorescent tracer in a situation where current velocity was
significantly less than the OHA si@rémey et al. 2002b, mean velocity 4.9 chmaximum

velocity 23 cmd). In our prior studies,he largest factor controlling water column and benthic
effects was fish biomass (a function of fish density and size) and at the highest levels tested
would produce significant and undoubtedly adverse effatturrent velocity (primarily) and

depth (secondarily) were minimal.
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Fgure19 Summary of dissolved oxygen deficit compared to background (upstream) conditions
for commercial net pens in prior studies. N = 12.
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Figure20. Summary of dissolved inorganic nitrogen increases inside commercial net pens and
immediately downstream relative to ambient conditions as described in text.=N2.

SAAYYAY3I AY HAMHIE ¢S o0S3ty GSadAy3a Fff 23G§KSN
correspondence between boundary conditions and the simulation domain when no fish are
being reared. In the past we had observed perturbation of deepwadaditions that were
related to shallow bathymetry or shoreline interactions of the water current, vertical mixing and
diffusion. We resolved and corrected these minor variations by creating a deepest layer system
that allowsthe user to enter boundaryanditions at the bottom of the modeling array as well as
the sides for oxygen, nitrogen and water temperature. Additionally, a new mixed (surface)
versus stratified (deep) layer separation system is used to more closely control vertical diffusion
throughthe boundary between these layers. As with all AquaModel controls, they can be set
seasonally in a drop down menu or entered as more frequent entries via a spreadsheet input
system.

PrimaryAquaModel Coefficientdor UAE Simulation

The following coeffieints were evaluatedor this specific applicatioand used in the model
Several have been previously evaluated for proper range through a sensitivity analysis (Rensel,
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FishSpecies Selection arfécal Settling Rtes

Fecal settling rates for salmonids dominate the literature but thesenaessarily

representative of other fishes inailing striped bass Findlay and Watling (1994), Elberizon and
Kelly (1998), Panchang et al. (1997), Chen et al. (1999) all examined settling rates of salmon
feces, from small (259) to relatively large (1kg) fiRleid et al2009recently reviewed the

literature and found considerable variability because of differences in diet, water viscosity, fish
size and methodologies. Rates cannot be estimated from physical science calculations but
despite all this salmonid settling rates are fairly well charaateriaver a range of fish size. eTh
mean settling rates varied from 2 to 6 cihand rate was related to fish size as expected.
Cromey et al. (2002a) examined fecal pellets from even largerSaimo salardf 3.4 kg mean
weight, and found settling rageaveraging 3.2 cm's Determination of fecal setting rates is not
easy, one of us has considerable experimental experience in this work and note that it is known
that that fecal pellet sinking rates for marine species are often mmudtdally distributed(i.e.,

there are differing size and density fractions that settle at different rates but the mean rates can
still be determined).

Marine fish fecal settling rates are scarcer, but perhaps of higher quality. With the exception of
Japanes@&eriola quingeradiata(Japanese yellowtail, likura 1974, 5 cirbsit likely large fish)
marine speciebaddiffuse, slowly sinking fecal matteMagill et al. (2006yeported rates for
gilthead sea breanfparus aurataand sea basdicentrarchus labrgxhat are mised in pens in

the Mediterranean Seand elsewhere They collected fecal matter from sediment traps
suspended below net pens for 2.5 to 6.75 hours and transferred the contents to the laboratory
for resuspension in 2 m high Plexiglas cylinders. Usinanaed but laborious video tracking
methods applied to over 1000 particles for each species, they found mean settling rates of 0.70
and 0.48 cm$for sea bass and sea bream fecal matter respectiv@lyese authors carefully
documented that the settlig rates were not unimodal, as discussed above. As gilthead sea
bream are presently the only fish species reared in marine cages, we could have used the rate of
0.48 cm gIn our simulations for this project. However, to be conservative, we increased the
rate to 0.8 cm $ so that there would be more concentrated effect in case other species were
used too.

Waste fish feed settling rates

In comparison to fish feces, waste feed particles are easily studiequanttified within columns
or containers. Amall range of values have been obtained but we chose to use 9.0 éon sur
evaluation with larger fish that will require a larger and therefore slightly faster sinking pellet
than those used with smaller fish.

Waste fish feed loss rates

It should be oted that waste fish feed loss rates for large, corporavened fish farms were

once considered to be relatively high (5 to 20%) but are now thought by most authorities and
scholars in this field as averaging about 3%. Other modelers have recently issestd¢tand we
believe it is appropriate for the relatively clear waters of offshoféhe UAEvhere the fish can
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see the feed easily. Some countries such as the U.S. requires some kind of feed loss prevention
feedback mechanism for all U.S. marine festms, so 3% loss can easily be achieved. Most
commonly submerged video cameras are used and when this rule was invoked most of the fish
farmers in the U.S. already had adopted the technique, ostensibly for economic réasons

Waste feed loss rates havallen dramatically in the past decade for several reasons. First, feed
is the single largest cost of marine fish farming and no fish farmer could stay in business long if
loss rates were consistently high. Waste feed is much richer in carbon and nittuge waste

feces and it sinks much faster, therefore the adverse effects of oxygen demand on and in the
seabottom will be most pronounced from waste feed compared to fish feces (dry wt. basis).
Waste feed can be eaten by wild fish and invertebratesthrsglhas been demonstrated as a
significant mitigating factor in semitropical and tropical environments in particular. Use of
chemical therapeutants or antibiotics in the feed is increasingly rare with modern fish
mariculture due to use of effective vaneis and best management practices.

Resuspensiothreshold

In recent years several studies have indicated that resuspension and transport of fish farm
wastes are among the key factors to understand in modeling the effects of fish farms on
sediments (Partang et al. 1997, Cromey et al. 2002a, 2002b, Riedel and Bridger 2003).

At less than a given, specispecific current velocity, fish fecal and food wastes will settlinéo
0203G2Y YR NBYIFAY Ay GKS alYS f20toiA2y > gKAOK

At higher rates of flow, wastes are resuspended and k&p and move across the bottom in a

LINE OS & a G S NYafilRurrén&velbciyldécredses eigain. This often occurs in
GSNRaA2ylft¢ O2yRAGAZ2Y A | YR Rife two 2xiaiEsshaimg SNBE A &
GSNY GOGNYXyardAaAzylfé O2yRAGAZ2YAD azald Y2RSNY
conditions and as long as the sediments do not remain on the bottom for extended periods (i.e.,
days), the recently deposited sediments atéhject to being resuspended and transported in the
process of saltationin this process, particles are eroded into smaller sized particles and more

easily moved and are of course available to the food web for assimilaome fraction of the

deposited materials will remain behind under all but the most erosive conditions, a process
1y26y a aO2yaz2tARINGA2YEé GKIFIG A& RAA&AOdzaaSR 06S
AquaModel allows for separate particle tracking of feces and feed fate, unlike any other available
models that only traclall solidsat one rate. A prior estimate ofthreshold forresuspension rate

for salmonwastes(feed and feces combined 9.5 cm 3 as measured or modeled 2 m above

the bottom (Cromey et al. 2002a, 2002b, Cromey and B286K). But the model they usidoes

not differentiate between rates of waste fish feed and fecal matter and obviously the latter settle
much slower than the formerVery little guidance is available for marine fish species waste fecal
matter resuspension rates, but in lieu of defeialues, we pro rate the resuspension rates

similar to the slower settling rates afiarine fish fecal waste.

%Dr. Rensel was the athair of the U.S. Dept. of Agriculture, Joint Subcommittee for Aquaculture Net Pen
Commitee charged with helping develop environmental performance standards for the U.S for four years.

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast.38



As shown in Figureé, we selected rates of 12 and 14 cm Séar resuspension rates of waste fish
feces and fish feedespectivelyfor thisproject. We would be justified in using lower rates, but
as there are other uncertainties about the subject area, we elected to choose these
conservatively high ratesThese rates are uncertain and change with the hydration of these
particles and amounof time on the bottom, so they are typically the focus of sensitivity analysis
in our model validation studies.

Once the thresholaf resuspensiofis exceeded, we quantify the rate of erosion for feces of 60.4
g C Mdand 40.0 g C fid™ for waste feed, hut these rates areindexed towater flow rates

above the threshold ratsimilar to what other modelers have dométh particle resuspension
models.

Deposition threshold

A contrasting calibration parameter the erosion thresholds the deposition theshold, the near
bottom water velocity at which fish fecal and waste food particles settle out. We selectedth3.0

s* for fish feces and 4.6m s' for waste feed. The literature combined values for salmonids are
not well defined, but Cromey et al. (@Ra, 2002b) used 4&n s' for the combined value and

since the fecal matter of striped bass is likely less dense than salmon fecal matter, we scaled its
threshold rate down commensurately. Both erosion and deposition thresholds are indexed to 2
m abovethe bottom, which allows the use of bottom mount ADCP current meter data.

Consolidation rate

For longterm modeling of the effects of fish farming on the sea bottom chemistry and infauna
an important consideration is the degree of consolidation of wastdigle. As described by
Cromey et al. (2002a, 2002b) this is the stickiness of materials that may remain consolidated
upon the bottom despite elevated rates of flow over the bottom. There idemce that the rate
increaseswith elapsed time of slow vetities, but it has not specifically been studied for fish
wastes. Since this factor is poorly known or described we opted to consider this the primary
variable to vary in our calibration runghe values selected ranged two orders of magnitude from
0.1%d™ to 10% d" and we found that values near the lowest end of the range produces results
that were most realistic. We are comfortable with this approach as we essentially have only one
unknown in this analysis and the factor has both time of flow belwwdeposition threshold and
near bottom current velocity as primary components so we need not change the calibration for
differing conditions. We found that consolidation rates are important for fish farms in more
guiescent waters, but for the HSWRIshfbre aquaculture demonstration site the effects of
varying consolidation are muted. This is because there simply are not prolonged periods of
minimal flows. Any drop in near bottom current velocity is sHwmed and does not allow an
extensive accumuten of organic carbon containing wastes.

Organic arbon oxidation rates

Another important factor in modeling fish farm effects is the rate at which carbon deposited on,
or moving along the bottom is oxidized by bacteria or assimilated by the food Webrate of
organic matter degradation by microorganisms is often estimated wsiingt order kinetics or a
MichaelisMenton kinetics approach with similar result in cases where substrate, instead of
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microbial biomass, is limiting. When a fish farm bhegperating at a new site, the biomass of
microorganisms on and in the sediments beneath and immediately adjacent to it will increase in
abundance commensurate with the increase in organic matter provided by the farm. Within
reasonable bounds, after thiarm operates for some period of time the microbial biomass (and
macrofauna too) approximate a steady state to process the wastes. Beyond reasonable bounds,
if too much carbon is deposited, sediment bacterial communities shift to anaerobic (sulfide
redudng) which tends to extirpate many sensitive invertebrate macroinvertebrates, infauna or
epifauna. Generallyp to1 to 1.5 percent total organic carb@uded to thetop 2 cm will not

result in the shift to anaerobic conditions, depending on sedimeningsze and water

temperature. Here we deal with the carbon to be added by the fish culture operation, keeping in
mind background levels of TOC that are relatively low, approximatélyedcent. Total carbon
levels are much higher but most of this canbis locked up as biogenic, refractive carbonates

from shell.

Tlusty et al. (2000) demonstrated that fish fecal matter had a very high solubility potential,

loosing approximately 50% of its organic matter in 12 day exposures to water flow. Fish feces are

0 Kdzd -NSENF OGAf S¢ FT2N¥a 2F OFNb2ys dzyt A1 S OF Nb 2
such as tree trunks or bark or carbonate carbon such as shell.

Prior modelers of fish farm carbon oxidation rates (Fox 1991, Pachang et aliri99&3hingon

State and Maindnave often used the value of 1 percent per day, which stems from an EPA (1982)
document dealing with sewage sludge oxidation. Hendrichs and Doyle (1986) found carbon in
phytoplankton cells€yclotellasp.diatom) decomposed at rates >1@ d* (1.4% per day), but

that was for a mean temperature of 7°Qhis low compared to summer bottom water
temperatures but just about similar to winter bottom water temperatures at the subject site.

Fuijii et al. 2003 found carbon decompositionasforSkeletonemaf 1.4%day" and semi
refractory carbon in the form of POC@G08% d, both at 20°C.From the literature it is clear

that most fish farm waste carbon is highly labile (i.e., not refractory) so the former rate would
apply for the present analysis.

Given the above, we conservatively choose to use Hb%arbon oxidation rate in sediments
and during the interval that particles are in the water column. A higher rate may have been
justified, but without more experimental and observata data regarding fish farm wastes, we
selected a lower rate. Water temperatures of bottom waters at the proposed site are
approximately equal to or less than in most of the studies above which is one factor in our
choice.

Description ofStudy Sites and Virtual Fish Pens

Here we describe thenodeled fish farnsites, dimensionsconfigurationand other attributes
andfactors used in ousimulationmodeling. Again, these are theoretical sites only, we are not
advocating any of them without further studyigures 21 and 22 are vicinity maps and Tabfe
includeslocation of the center of the simulated clusters of fish farm pens in the eight locations
shown in the figures.
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Figure2l. Landsat image of part of UAE with eighttual fish farm sites for demonstration
purposes only. The authors of this document are not suggesting that fish farms should be
placed at these locations as indicated in this document.

Figure22. Vicinity mapof sites 1
(near field site) and 2 near the
shoreline bight of Fujairah

Positioning of Site 1 with respect to the bathymetric drop off at 40 m depth is shown in Figure
23. Figure 24 is the same site but viewed close up and with a bathymetric transestidwing

in the XY plot, image profile. Figure 25 is of GEBCO bathymetry throughout the entire region,
and Figure 26 shows all eight study sites along the UAE east coast within the green line
rectangular box indicating the modeling domain.
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Hgure 23. AquaModel bathymetry and modeling domain (small box to the left) with green net
pens in center for Site 1, the near field site that was examined with regard to sediment effects
on a fine scale.
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Figure24. Site Inet pen fish farm W|ththe eightnet pen cageshown within the 1.8 km
square modeling domain and with a red transect line drawn across the middle to illustrate the
gradually sloping depth profilavith the cages at about 42m qwh.
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Figure25. AquaModel view of Arabian Gulf (left) and Sea of Oman/Arabian Sea (right) with
part of the Arabian Peninsula. United Arab Emirates east coast modeling domain indicated by
the rectangular green box and some ofelGIS shapefiles turned on to illustrate the GIS
functions of the program.
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Figure26. Closer view of the modeling domain for the far field examination of 8 locations
along the UAE east coast with mariculture options showingtbasic layout of the array.

Table 4 providglayout of the study sitestilized or this site. The primary consideration was to
assay sites in about 40m depth of water, including one site near the bight near Fujairah and
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several more distributed appraxately equidistant along the UAE east coastote again, we do
not represent these locations as suitable for net pen aquaculture until other studies are done
that look at a variety of factors besides fish farm optimization or water column and benthic
effects discussed in this report.

Table4. Study bcationsites, cagevolume, fish density weight and biomassat the beginning
of the final month of culture for fish farm No. 1 near Fujairamly (above) and eight fish farms
spreadalong the entire east coast UAfBelow). All sites were aboud0 mdeep.

Pen Lastmonth  Lastmonth  LastMonth
NetPen | iiude Longitude Volume  Fish Density  begiming  Beginning Fish
Number 3 3 ; i BiomassvT
m kg/m fish weight g
1 25.6403 56.3621 15,000 7.5 500 112.5
2 25.6409 56.3621 15,000 7.5 500 112.5
3 25.6415 56.3621 15,000 7.5 500 112.5
4 25.6421 56.3621 15,000 7.5 500 112.5
5 25.6403 56.3631 15,000 7.5 500 112.5
6 25.6409 56.3631 15,000 7.5 500 112.5
7 25.6415 56.3631 15.000 7.5 500 112.5
8 256421 56.3631 15,000 7.5 500 112.5
Total peronesingle farm:  120,000m® 900 MT
Fish Total Last month  Last month Last Month
Farm Latitude Longitude Volume Fish Density  beginfish Beginning Fish
Number m® kg/m?® weight g Biomass MT
1 25.6415 56.3626 120,000 7.5 500 900
2 25.5816 56.3943 120,000 7.5 500 900
3 25.4981 56.4152 120,000 7.5 500 900
4 25.4162 56.4175 120,000 7.5 500 900
5 25.3071 56.4272 120,000 7.5 500 900
6 25.2056 56.4182 120,000 7.5 500 900
7 25.1001 56.4264 120,000 7.5 500 900
8 24.9979 56.4380 120,000 7.5 500 900
Total for all eight farms: 960,000 m® 7,200 MT

Erding biomass for all eight farms: 8,160 MT

Figure27is an AquaModel generated view of the UAE coast showing the actual bathymetry used
to 140 m deep and offshore. The image statistics model provides area and volume estimates of
bathymetry and imagstatistics summary for all the 50+ different categories that AquaModel
utilizes. This perspective highlights the relatively smooth profile of the eastern coastline of the
United Arab EmiratesFigure 28 is a slice of the Arabian Peninsula including #s¢ and east

coasts of the UAE that illustrate the profound differences between them.
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Figure27. D view of the UAE east coast AquaModel bathymetry from using the AquaModel
Image Statistics tool.
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Figure28. 3D view of UAE west coast (left side) and east coast (right side) showing profound
differences in depth structure.
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Near Field, Single Fish Farm AquaModel Analysis Results

Current Velocity

Water current velocity, and to a lessdegree total depth, are among the most important factors
for the optimum siting of fish net pens to produce profitable results and protect the
environment. The ideal fish farm site is relatively deep and has moderately strong current
velocity. Literatue ranges are quite broad (e.qg., 10 to 60 ¢chrange considered ideal by
Beveridge, 1987) but the higher values cited by this author often cause problems with cage
structures and may result in reduced fish growth. Smaller fish may be unable to deal wit
sustained velocities beyond 2 to 3 body lengttisied fish farm net and anchor system
maintenance is more difficult in strong current situations exceeding about 25'crariously,
slow velocities are not conducive to better growth of teleost flsfised on research with salmon
and a few other species in North America (el@avidson 1997 This is fortuitous gsrogressive
fish growers realize that moderately strong velocity of flow benefits their fish as well as reduced
environmental impacts on #nsea bottom.

Stronger currents not only disperse waste feces or feed further to initial point of bottom contact,
but will allow for resuspension and further transport. Cumulatively, these properties of a
suitable net pen aquaculture site allow the washaterials to be aerobically assimilated by the
surficial bottom sediments. Without such currents, the wastes from larger fish farms would falll
and be maintained in a smaller area and may exceed the carrying capacity of the sea floor
organism to procesthem. This may result in a rise of the redox potential discontinuity layer
OADPSPY GKS wt5 2NJ aofl O] f I &S Nkssociateddcredd®da G KS
sediment sulfides and concomitant shift to anaerobic bacteria decomposition afésées. This
process involves the use of sulfate rather than oxygen as a primary substrate for reduction and
may result in hydrogen sulfide production which may be undesirable for marine life or the
cultured fish above. AquaModel simulates these processatinuously during a model run.

Optimum water currents are also desirable for maintenance of healthy levels of dissolved oxygen
within the fish cages and removal of ammonia and urea. In tidal channels, currents often drop to
nil during slack tide ant is at this point that fish may become stressed due to these factors.

This may happen repeatedly and during naturally occurring low dissolved oxygen periods; such
stress may contribute to less than optimum growth and survival. By contrast, open oz a

that are subject to prevailing oceanic currents typically have much more sustained and
continuous periods of current motion.

In our 40 year experience with net pen, we have found that an average current velocity of 15 to

20 cm & with maximum currat velocity (e.g., 1 percentile exceedence) of 35 &ratshe net

pen depths affords the best fish cultural results for large commesizald net pen farms with

many cages. Additionally, near bottom current velocities that regularly (at least sénezala

week) exceed > 10 to 12 cil sesult in minimal amount of seabottofbenthic impact, or even

positive benthic effects of increased diversity and abundance of organisms. Average current
velocity is just one metric, however, as it is both the freqcy and strength of stronger currents
OKFG FFFSOG aSRAYSY(G GNIXyaLRNI FyR SNIiA2y®

Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast46



settings for differing types of environments that are sensitive not only to average rates of

transport, but the distributior2 ¥ OdzNNBy i @St 20A0GASa o C2NJ SEI
O2yaz2t ARIFGUA2YEé AyOfdzRSa NI GS FdzyOuAazya (2 &aAY
G§O02y a2t ARFGSRé O0APSHPE OSYSYUSRO (2 GKS o620Gi02Y
AquaModel is the only fish farm model available that separately tracks waste fish feed and feces,
with differing parameter of deposition and erosion rates.

Table 7 indicates that the distribution of water currents for the month long survey were quite
good compared to the ideal net pen conditions discussed above. Currents at net pen depth
averaged 14.6 cm ségjust slightly less than ideal with a®®percentile and maximum result
that were reasonable if appropriate anchoring and pen technology is ugeén sea bottom
current velocity was, as normally is, much less at 8.5 crlsetstill well above the 5 cm séc
velocity that some countries have assigned as a minimal mean rate for all depths.

Table5. Summary of single fts farm current velocity, biomass, feed use, growth rate, pen
oxygen and dissolved inorganic nitrogen in cagksing a final month of growout of sea
bream.

. Velocityat EachPen | EachPen| Specific| Pen . Pen
. . Velocity | SeaBottom . Nitrogen
Single Fish Farn inPen | below Pen Biomass Feed Growth | Oxygen (DIN)
MT Used MT| Rate d' | mg/L

cm/sec cm/sec uM
Sum -- -- -- 1483.3 - - -
Mean 14.6 8.5 121.8 2.0 0.49 6.60 1.3
SD 7.7 3.7 0.04 0.04 0.04 0.38 0.6
Min 1.1 1.13 1125 1.9 0.42 5.89 0.5
Max 27.6 15.2 1307 2.1 0.57 7.11 4.3
5th Percentile 2.5 2.3 - - 0.42 5.92 0.7
95th Percentile 26.0 14.1 - - 0.56 7.05 2.4

Dissolved Oxygen and Nitrogen

Estimated @ssolved oxygen in the net pens did not decline below 5.89 nagkraged 6.6 mg/L
and was thereforanore than sufficient for the selected fish specgigen that these estimates
were made at maximum annual loading and size of fish.

Dissolved inorganic nitrogen produced by the fish and added to the background load averaged
1.3 pM with a 98 percentile vdue of 2.4 uM and maximum of 4.3 pNBecause boundary
(ambient) conditions were set at 0.5 UM nitrate, this results in télﬁércentile and maximum
value from the fish of1.9 and 3.8 puM total ammonjaespectively Assuming a pH of Bto 8.3

of the sWbject seawateywith salinity of 35 psu and a water temperature of 25C, the fraction of
toxic ammonia fraction would be about 4% to 6% of the above stated val@emaximum of
0.11pM and0.23 pM for each of the above stated measures. Converted t6'wglues, this is
equivalent tol.6 and 33 ug/L (or parts per millionYhis is far below the threshold for marine
fish chronic and certainly acute toxicity. For examplesga bas®icentrarchus labrathe safe
long term exposure limit was judged to Be26 mg/L (i.e., 260 ug/L, Lemarié et al. 2004) about
100x higher than the anticipated valuts the pens simulated herddquaModel is programmed
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to spread the ammonia production out over an entire day but we know from many studies that a
few hours afterfirst meal consumption that rate of ammonia production peaks at about 3x the
normal rate. So in the present case there is a more than comfortable difference between the
highest probable values and the safe level as determined by the above cited study.

Nitrogen is also a factor phytoplankton and other algal growth as well@mastal sea
eutrophication and this is discussed in the next section with regard to multiple fish farm
modeling results.

Figure29through 35 are snapshots frames of the hourlgsults that play in AquaModel like
video output, one frame per second to see patterns. In these images the primary image is of
water column dissolved nitrogen concentrations with a mixturevater column and benthic
parameter XY plots.
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Figure30. Midway through month 5AMshowing a mixture of water column and benthic parametersyxplots with dissolved
nitrogen as the primary image
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Figure31. Mid way through month &M showing a mixture of water column and benthic parametersyxplots with dissolved
nitrogen as the primary image
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Figure32. Mid way through month AM showing a mixture ofwater column and benthic parameters-X plots with dissolved
nitrogen as the primary image.
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Figure35. End of Month /AM showing a mixture of water column and benthic parametersyXplots with dissolved nitrogen as the
primary image

Note sgnificant increase in total biomass above 1000.
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Benthic Effects

The primary metric used by AquaModel for calibration and modeling of benthic effects is the
amount of fish farm originparticulatetotal organic carborthat falls to the sea bottom. The

bacterial respiration of thisatal organiccarbonis the primary factor responsible for other

related factors such as ggen reduction in the sediments,dreased aerobic bacterial biomass

and the possible shift to anaerobic biomass that follows if rafesrganic carbon exceed the

carrying capacity of that particular area. AquaModel predicts and tracks all these factors plus the
production of sulfidedy anaerobic bacteriand CQflux in order to complete the mass balance
estimates involved.

Figure36 andillustrated the projected mean concentration of sediment total organic carbon at
six locations to the SSE of Site 1, illustrated in prior figures as the series of grey dots in a row.
There was a small increase of TOC to a mean of 1.18% overtihidenel of 1.0% at the location
nearest the net penélable 6) Other results were statistically insignificantly different from
backgroundconcentrations.

1.3%

1.2% T

1.1% -

1.0% -
0.9% -
0.8% -
0.7% -
0.6% -
0.5% - | T | | |
0 50 100 150 200 250

Distance from Pens (m)

Total Organic Carbon (%)

Figure36. Total organic carbon (percent) from zero to 250 m fromt pen Site 1 simulation.

Table6. Total organic carbon at varying distances along primary current vector direction line
for Site 1.

Distance from
pens (m) 0 50 100 150 200 250
Mean TOC 1.18% 1.03% 1.01% 1.02% 1.02% 1.05%
Stdev 0.07% 0.01% 0.01% 0.01% 0.01% 0.03%
Min 1.05% 1.00% 0.99% 0.99% 0.99% 1.00%
Max 1.30% 1.05% 1.03% 1.04% 1.04% 1.10%
5th percentile 1.06% 1.01% 1.00% 1.00% 1.00% 1.00%
95th percentile 1.28% 1.05% 1.02% 1.03% 1.03% 1.09%
Ambient 1.00% 1.00% 1.00% 1.00% 1.00% 1.00%




Net pens in other countries with large commercial net pens have variable amounts of TOC under
FYR ySIFENI 6KS OF3Sao Ly GKS !'®d{ oz ySiG LISya I N
levels of deposition may occur and perturbation of the benthic invertebrate community may
accompany the carbon loading. The level of TOC flux and resulticgrdcation vary, but it is

not uncommon to see a 100% increase in TOC concentration under or adjacent to net pens but

by 50 to 100 m distance, levels approximate background conditions.

This simulation for the UAE east coast shows very small incré&afe3% maximum) and
suggests that benthic loading may not be a limiting issue for the subject sediments with the study
site layout and operation.

At present the background concentrations of TOC in sediments in 30 to 40 m deep waters of this
region andat these sites are unknown. So this exercise can be viewed more appropriately as
showing the degree of possible perturbation of net pen operation when the pens are stocked at
their maximum biomass of fish. Tablgfesents this same data in tabular formlot shown

here is the fact that these results vary slightly and inversely with increased current velocity.

Figures37through 39illustrate another set of images from this same AquaModel simulation but
with the primary imagéeingtotal fractional amout of total organic carbon in the surficial sea
bottom sediments (i.e., the top 2 cmpccompanying XY plots show some of the many benthic
parameter plots and outputsCommentary is given below each snapshoexplain further

Again, these slide represt the worst case analysis of the last month of fish culture with
maximum fish biomass, peak daily feed use and fish wastes produktiigure 37plots from

left to right, top to bottomare: total biomass, sediment aerobic profile, sediment anaerobic
profile, sediment CO2 profile, sediment sulfide profile, sediment total fraction profile of organic
carbon, total organic carbon rate of (temporary or otherwise) deposition, surface and bottom
current flow time series and simulation control panel.

Figure B illustrates the extremely minor increase of TOC is within the range where beneficial
effects on benthic diversity and biomass would be expected without a major change in
community composition. TOC rate to the bottom has increased but the net TOC catioerst
are little affected, compare to the prior figure. Suspended total profile changes rapidly on an
hourly time basis depending upon the strength of the current velocity at any given time, this
shows the movement of particulate wastes across the s#toln while aeration and

assimilation of these wastes occur.

Figure 39 is from the final day of the simulation. Rates of TOC deposition, anaerobic and aerobic
bacterial biomass and the concentration of sediment sulfides have increased, but the total
fractional profile of organic carbon remains the same as 2 weeks prior. This indicates that the
increased rate of organic enrichment is being assimilated with no resulting change of sediment
TOC. Compare the total fraction organic carbon plots in Figure 38%&talsee this effect.

However, if the fish culture continued at this point, the levels of sulfides would have increased
from the modestly low levels to concentrations that, together with reduced dissolved oxygen,
would have perturbed the benthic commugimeasurably. Not shown here, we conducted
simulations of larger fish farms prior to those reported herein, and found this to be the case.

This is an illustration of the use of AquaModel to set a reasonable carrying capacity limit.
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Figure37. Beginning oflast month of fish culture cycleshowing benthic parameters X plots with fractional amount of total organic

carbon as the primary image



Figure38. Midway through final month of fish culture withvery limited benthic effects occurring only below and immediately
adjacent to net pens.
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