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Executive Summary of 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 is used to 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 (NOAA-NOS), the ChilŜŀƴ DƻǾŜǊƴƳŜƴǘΩǎ ǊŜǎŜŀǊŎƘ ŀǊƳ όLChtύΣ ŀƴŘ Ŏƻƴǎǳƭǘŀƴǘǎ ŦǊƻƳ 
many other regions in the world.   

The work reported herein was part of a major program of the Ministry to address harmful algae 
όάǊŜŘ ǘƛŘŜέύ ƛǎǎǳŜǎ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀǎǎƛǾŜ ŦƛǎƘ ƪƛƭƭƛƴƎ ōƭƻƻƳ ƻŦ нллу-2009 in a project led by Dr. 
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 imagery 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 types of cultured 
marine fish such as sea bass (Dicentrarchus 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 
(Finite-Volume 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 grid with higher 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, which uses 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 AquaModel 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 worst-possible-case time period of the 
fish culture 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.  If impacts are small 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 fish such 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 reefs as a result of fish farm nitrogen flowing toward shore.  
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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 waste 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 accumulating 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 haǾƛƴƎ ǘƻ άŦŀƭƭƻǿέ ǘƘŜ ǎŜŀōƻǘǘƻƳ ŦƻǊ ŜȄǘŜƴŘŜŘ 
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, are near optimum 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 any net-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 column effects 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 cumulative effect 
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.  The fish farm 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 and abundance 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 use of AquaModel to manage mariculture operations in UAE.  

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

AquaModel is the first and only comprehensive computer model for net-pen aquaculture that 
simultaneously calculates and displays real-time feed ingestion, growth, respiration, excretion, 
and egestion by cultured fish.  The model is composed of interlinked submodels of fish 
physiology, hydrodynamics, water quality, solids dispersion and assimilation.  The system 
provides the user a 3-dimensional simulation of growth, metabolic activity of caged fish, 
associated flow and transformation of nutrients, oxygen, and particulate wastes in adjacent 
waters and sediments.   AquaModel resides within a Geographic Information System (GIS) 
program designed for oceanographic use but is compatible with other common 2-dimensional 
GIS software.    

AquaModel is not sold but rather licensed to governments and a limited number of professional 
users while 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 means to import and 
interactively display GIS, water quality, satellite imagery and other data in a video-like fashion or 
real time using the polling and processing ability of the software.   By combining these diverse 
sources of information in a GIS-based system, users 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 shows that optimum growing conditions are not only good for the 
profitability of a fish farm but for the environment as well.   

AquaModel calculates and displaying geo-positioned transport and food web assimilation of the 
particulate and dissolved waste in the benthic and plankton communities, respectively.    The 
system utilizes a user friendly drop-down-menu interface that is designed for coastal managers, 
planners, biologists and fish farm company managers.  The model has been used in several 
countries from tropical to temperate locations worldwide and continues to be refined and 
validated where used.   

The potential fish farming area extends along the UAE east coast from the Fujairah area to the 
Oman border on the south that is a relatively uniform shoreline zone. Two applications of 
AquaModel were produced: a single fish farm with 8 cages near Fujairah and another 8 separate 
fish farms spaced along the entire coast that also included 8 cages in each fish farm.   Each farm 
was configured to produce about 1,000 metric tons of fish such as gilthead sea bream.  The 
simulations involved the use of a high quality and resolution circulation Finite Volume XXXXX 
Ocean Model (FVCOM) model produced by Dr. Rubao Ji of the Woods Hole Oceanographic 
Institute in 2013. The un-gridded 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 vectors produced in a video by Dr. J.   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 needed bathymetry imagery.   

The goal of this 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 
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benthic effect results indicate that the subject area 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 fallowing the fish farm for short periods.  More likely the strong currents will result 
in no adverse impacts to the seabottom and full assimilation of the particulate waste products.  
As first described in the classic paper by Pearson and Rosenberg (1978), modestly low 
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 impoverished food 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 assimilated 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 protect 
nearshore and shallow habitats of special significance such as coral reefs and sea grass meadows.  
Excessive nutrients, solids and especially organically rich solids in these areas can foster epiphytic 
algal growth that could be detrimental to existing food 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 the size of the fish farms. 

Introduction 

Objectives, purpose and origin of model  

The purpose of this report is to document the application of computer simulation software 
known as AquaModel to simulate the water column and benthic effects of net pen fish culture 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 Applications, Inc. (Dr. Dale Kiefer, Dr. Jack Rensel and 
Mr. CǊŀƴƪ hΩBrien) and is used both as a consulting tool by us and is currently being prepared for 
and by governments for management of net pen industries.  The AquaModel team has been 
involved in modeling aquaculture effects since 1990 (Kiefer and Atkinson, 1988, 1989, Rensel 
1987, 1989a, 1989b, and many other more recent reports and publications at the AquaModel 
publications page.  Dr. Rensel has been involved in study of the environmental effects of 
aquaculture and related fields since 1976. 
 
The first application of AquaModel was for simulating the water column effects of salmon 
farming in the Pacific Northwest United States, in work performed for the National Oceanic and 
Atmospheric Administration and the Washington Fish Growers Association (Rensel et al. 2001, 
2002, 2003, 2007). Subsequently, the model was adapted for use in the Caribbean Sea for the 
culture of a fast-growing fish known as cobia (Rachycentron canadum).  As of 2013, AquaModel 
has been used in several other locations worldwide.  The program is being used by the U.S. 
National Ocean Service of NOAA and the Chilean Governments primary research organization, 
Instituto de Fomento Pesquero.   

http://www.aquamodel.net/Publications.html
http://www.aquamodel.net/Publications.html


Initial AquaModel Study of Potential Fish Mariculture near the United Arab Emirates East Coast.  5 

 
 AquaModel is unique among aquaculture models as it simultaneously calculates and displays 
real time images of physiological effects of fish aquaculture including their respiration (oxygen 
consumption), nitrogen excretion (mostly ammonia and minor amounts of urea that both rapidly 
convert to nitrate in the environment), microalgal (phytoplankton growth) resulting from the 
nitrogen excretion and zooplankton grazing upon the available stocks of phytoplankton in the 
modeling domain.  Concurrently, it simulates discharge and flux of carbon-containing solids from 
fish feces and waste feed that eventually sink and are deposited on the seabottom.  In physically 
active locations, the wastes are resuspended, aerated and re-transported laterally when near 
bottom current velocities exceed threshold values.  In these more appropriate locations, the 
wasted are assimilated 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 submodel of AquaModel bears some resemblance to other aquaculture models 
including DEPOMOD (Cromey et al. 2002a, 2002b)  as both were derived in part from the well-
known G-model of carbon degradation (Westrich and Bernier 1984) and subsequent studies 
described herein.  No computer code or specific information was borrowed from DEPOMOD.  
Rather, all algorithms and code were developed independently from the underlying literature 
and known stoichiometric mass-balance relationships, although some calibration settings are 
shared from the available scientific literature.  

AquaModel may be classified as a multibox model with either 2 or 3 dimensional (2D or 3D) 
hydrodynamic flow options.  It is structured to allow use of single point or ADCP current meter 
data inputs.  It can also simulate tidal flows based on site specific tidal characteristics and can 
utilize advanced 3D hydrodynamic model output.  AquaModel ƛǎ ƻƴŜ ƻŦ ǎŜǾŜǊŀƭ άǇƭǳƎ ƛƴέ ƳƻŘŜƭǎ 
developed for use within Geographic Information System software known as Environmental 
Analysis System (EASy) which has multiple functions and purposes.  At present the model is a 
consulting tool of Science Systems Applications (SSA) which is owned by Dr. Dale Kiefer and Mr. 
CǊŀƴƪ hΩōǊƛŜƴΦ  5ǊΦ WŀŎƪ wŜƴǎŜƭ ƛǎ ŀ third partner in the team and is an aquaculture effects 
specialist who works with SSA on model design, testing and application.  Dr. Katsuyuki Abo of the 
Japanese Fisheries Research Agency has also contributed in development of the hydrodynamic 
submodels.  

Model Description  

Overview 

To our knowledge our EASy AquaModel is the 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 within a user-friendly 
geographical information system (GIS).  More information can be found at www.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 described at http://www.runeasy.com/ 
 

http://www.aquamodel.org/
http://netviewer.usc.edu/projects.htm
http://www.runeasy.com/
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Figure 1.  EASy software architecture and data integration processes. 

 
AquaModel and the underlying EASy GIS system have the capability to contain environmental 
information obtained from satellite-ocean thermal and color sensors and field surveys or remote 
sensing and reporting of currents, nutrients, oxygen, chlorophyll and other related parameters.  
It also contains a simulation of virtual fish ŦŀǊƳǎ ǘƘŀǘ Ŏŀƴ ōŜ άǇƭŀŎŜŘέ ǿƛǘƘƛƴ given water body 
and operated according to the conditions found at that location.   Most importantly, the 
information system fully 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 software EASy provides a 4 dimensional framework (latitude, 
longitude, depth, and time) to run simulation models and analyze field measurements as 
graphical, numerical and statistical outputs.  EASy, whose components are summarized in Figure 
1, is an advanced, PC-based geographical information system designed for the storage, 
dissemination integration, analysis and dynamic display, of spatially referenced series of diverse 
oceanographic data.  
 
AquaModel graphically renders dynamically in time, within their proper geo-spatial context, both 
field and remotely sensed data and model outputs as diverse types of plots, including vector, 
contour, false color images and includes a built-in data contouring feature. Vertical structure of 
data, critical in oceanographic applications, is depicted as vertical contours for transects or depth 
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 
XY-plots. Presently there are over 50 different X-Y plots available for different parameters viewed 
as vertical profiles or horizontal cross sections that are dynamically updated in real time 
simulations.  The software also provides access to data, integrated visualization products, and 
analytical tools over the Internet via Netviewer, a client-server, plug-in for EASy.   
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     Figure 2.  Diagrammatic representation of key processes simulated in AquaModel.  

AquaModel consists of 4 components: a 2 or 3 dimensional description of water circulation, a 
description of the growth and metabolic activity of the cultured fish within the farm, a 
ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ ǇƭŀƴƪǘƻƴƛŎ ŎƻƳƳǳƴƛǘȅΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ƴǳǘǊƛŜƴǘ ƭƻŀŘƛƴƎΣ ŀƴŘ ŀ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ 
benthic effects (Figure 2).    
 
The primary benthic parameter of interest is the loading of total organic carbon, but the model 
also simulates the status of sulfides, interstitial dissolved oxygen, aerobic and anaerobic bacteria 
biomass, carbon dioxide and related parameters in the sediments.  AquaModel uniquely tracks 
waste feed and fish fecal matter separately and is pre-equipped with pertinent coefficients and 
functions to simulate salmon, cobia, striped bass and other species soon to be completed.    
 
Parameters of the model, including pen array center, location in the Cartesian coordinate 
system, cell (grid) size, farm dimensions, capture cell locations (i.e., vertical profiles from specific 
locations that is exported to spreadsheets), fish loading and feed rates, etc. Many are set 
interactively with drop down menu selection. Virtually all parameter settings and coefficients are 
user adjustable, either in drop down menus (See Figures 3 to 11) or using a text editor in the 
accessible software files.  
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Figure 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 the single net pen farm (2-D mode, near field) simulation.  The same interface is 
used for multiple fish farms (3-D mode, far field) applications but the data sources (Figure 11) 
requirements are more elaborate for the latter.     
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Figure 4.  Pen location, 
size and initial loading 
settings (for Pen 1 
only). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 5. Water column 
conditions and optional 
synthetic tidal flow 
simulation settings1, 
the latter not used 
when current meter or 
3D flow field data are 
available.  
 

                                                      

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 the Recommendations 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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Figure 6  Feed rate override settings, compute optimum feed use settings,  percent feed loss 
level, initial pen oxygen and nitrogen settings, fecal and waste feed sinking rate, fish growth 
range bounds.  
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Figure 7.  Benthic and sediment properties plot ranges, initial values, settling rates of feed and 
feces and other related controls.     
 
The values selected for erosion deposition and erosion threshold in Figure 7 are highly 
conservative for the present application.   
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Figure 8.  Several of the fish physiological parameters and coefficients obtained from best fit to 
literature values and our growth experiments (dŜǾŜƭƻǇŜǊΩǎ ǾŜǊǎƛƻƴ ƻƴƭȅύΦ 
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Figure 9.  Contouring, current vector display, time stream and other display settings.   
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Figure 10.  NPZ (plankton) model settings, factors, coefficients and rates όŘŜǾŜƭƻǇŜǊΩǎ ǾŜǊǎƛƻƴ 
only).   

Circulation Module 

AquaModelΩǎ ŎƛǊŎǳƭŀǘƛƻƴ ǊƻǳǘƛƴŜ ŦƭǳǎƘŜǎ ŎŀƎŜǎ ǿƛǘƘ ŀƳōƛŜƴǘ ǿŀǘŜǊǎ ŀƴŘ ǘǊŀƴǎǇƻǊǘǎ ǿŀǎǘŜǎ ŦǊƻƳ 
them.  The computations during each step of the simulation occur within each element of 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 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/water interface is described in 
more detail in the Benthic Routine Section and the farm layout 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 of advection 
and dispersion.  Each element of the array is treated as a box model in which materials flow 
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across the 6 interfaces of each element, top, bottom and the four sides.  Each element is treated 
as instantly mixed throughout.  These movements are determined by 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 and dissolved and suspended 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 simulation.  If 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.   

 
 
 
 
 
 

Figure 11.  AquaModel current data input 
menu for inputting ROMS, ADCIRC and 
FVCOM circulation model data.  

άLƳŀƎŜǊȅέ ōƻȄ ǳǎŜŘ ŦƻǊ whaΣ !5/Lw/ ōƻȄ 
ǎƘƻǿƴ ōŜƭƻǿΣ ά!ǊǊŀȅ 5ŀǘŀέ ǊŜŦŜǊǎ ǘƻ 
FVCOM circulation model data import 
controls and a large number of other 
categories of data.  
 
Other menus available for entering 
bathymetry and 2D flow files from current 
meters.  
 
 
 
 
 
 
 
 
 

 
The circulation at the sediment-water column interface, where uneaten feed and feces from the 
farm not only transported but also 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 
ŦƛŜƭŘ ƛƴ ǘƘŜ άо-dimŜƴǎƛƻƴŀƭ ƳƻŘŜέ ƛǎ ƛƴ о ŘƛƳŜƴǎƛƻƴǎΦ  9ȄŎƘŀƴƎŜ ƻŦ ǿŀǘŜǊ ōŜǘǿŜŜƴ ŀŘƧŀŎŜƴǘ ŎŜƭƭǎ 
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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 addition the 
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 which include such drivers of circulation as 
winds, tides, and local gradients in water density due to thermal exchange as well as evaporation 
and precipitation. AquaModel assimilates output from such coastal circulation models.  In the 
present case, we were provided 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 summer time periods to examine and there could be difference in direction or even 
magnitude of flow.    

Lƴ ǘƘŜ άн-ŘƛƳŜƴǎƛƻƴŀƭ ƳƻŘŜέ ŀǘ ŀƴȅ ǘƛƳŜ ǎǘŜǇ ƻŦ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ ōƻǘƘ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǘƛŎŀƭ 
Ƴƻǘƛƻƴǎ ŀǊŜ ǳƴƛŦƻǊƳ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŀǊǊŀȅΦ  ¦ƴƭƛƪŜ ǘƘŜ άо-dimeƴǎƛƻƴŀƭ ƳƻŘŜέ ǘƘŜǊŜ ƛǎ neither 
divergence nor convergence 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 exchange between adjacent sides of cells are also equal 
throughout the grid, but restricted to turbulent exchange in which flow across the upper and 
ƭƻǿŜǊ ǎƛŘŜǎ ƻŦ ŀŘƧŀŎŜƴǘ ŎŜƭƭǎ ƛǎ ŜǉǳŀƭΦ ¢ƘŜ άн-ŘƛƳŜƴǎƛƻƴŀƭ Ŧƭƻǿέ ƳƻŘŜ ŀƭǎƻ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ƭŀȅŜǊǎΣ 
an upper mixed layer and the lower stratified layer. The depth intervals of the mixed layer and 
the stratified layers vary with season as a sinusoidal oscillation. Finally, in this mode the depth of 
the water column is uniform throughout the array.   

We had no current meter data for any of the sites for this preliminary study, including 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 capture cells for 6 depths 
throughout the 42 m deep water column at this site. To make the analysis of benthic effects 
highly conservative, and to better illustrate the nature of graphic results from the model, we 
reduced bottom flow by 33% that would cause waste particles to 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 resuspension on a daily basis. In such a mode as 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 motion. We provide additional 
recommendations for future data needs if fish farming is to expand on the UAE east coast near 
the end of this report.  

Fish Physiology and Farm Module 

In AquaModel simulations, a ŦƛǎƘ ŦŀǊƳ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ƛǘǎ ǘǿƻ Ƴŀƛƴ ǇǊƻǇŜǊǘƛŜǎΣ ǘƘŜ ŦŀǊƳΩǎ 
physical settings and layout anŘ ǘƘŜ ŦŀǊƳΩǎ ǎǘƻŎƪƛƴƎΣ ŦŜŜŘƛƴƎΣ ŀƴŘ ƘŀǊǾŜǎǘƛƴƎ ǊŜƎƛƳŜΦ  ¢ƘŜ 
physical layout requires entry of the following types of information that are specified later in this 
report: 

¶ The number of cages 
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¶ The location of the cages as described by their geographic co-ordinates (latitude, 
longitude, depth) 

¶ The size of the cages length, width, height  and slight adjustments to approximate fitting 
into the square grid system  

¶ 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: 

¶ Species of fish.   

¶ Metabolic model of the fish as described below.  Although the system of equations 
describing growth and metabolism is invariant with species, the coefficients found within 
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 

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

¶ Estimate percentile of uneaten feed loss from the cages.  

System Science Application has developed AquaModelΩǎ ǊƻǳǘƛƴŜ ŘŜǎŎǊƛōƛƴƎ ǘhe metabolism of 
modeled fish; it is based upon extensive review and parameterization of basic bioenergetics 
studies as well as some of our own unpublished laboratory experiments (See Rensel, Kiefer and 
hΩ.ǊƛŜƴ нлл6 for more background).   Its unique feature is its inclusion of equations for oxygen-
limited metabolism, a feature necessitated by its importance in farms where fish are cultured at 
relatively high densities and in waters of moderate or lower dissolved oxygen concentration.  
Dissolved oxygen is a primary limiting factor to net pen carrying capacity and is therefore of 
considerable modeling interest.  As indicated in figure 12, the routine includes the processes of 
ingestion, egestion, assimilation, respiration, excretion, and growth.  Carbon, nitrogen, 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: 
 

¶ Water temperature 

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

¶ Ambient current velocity, which is another determinant of oxygen concentration within 
the cage as well as a determinant of the respiration rate required of the fish to swim at 
a speed in order maintain their position within the cage. 
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Figure 12.  Generalized fish metabolic processes described by the routine for fish metabolism. 
(Background drawing by Duane Raver, USFWS;  assimilation factor is adjustable). 

 
The striped bass routine consists of a series of functions describing the fluxes of carbon, nitrogen, 
and oxygen as determined by the basic features of metabolism, ingestion, egestion, assimilation, 
respiration, and growth.  Specifically, each element is tracked according to these 5 basic features, 
which are related to each other by conservation of mass in the following Equations: 
   

1. ingestion rate = egestion rate + assimilation rate 

2. assimilation rate = 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 loss of uneaten feed = feed rate ς ingestion 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 (Equation 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 indicated in Figure 12, egestion is 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 the size (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 growth (Equation 3).  
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 simply calculated 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 bream (Sparus aurata) a very popular fish to culture in the Mediterranean Sea and 
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 easily complete this growth submodel but need 
real data from the UAE grow out experiences to tune the model to local conditions.  In lieu of 
having the completed submodel, we used a generalized tropical fish model, in part based on moi 
(aka, Pacific threadfish, Polydactylus sexfilis).   We completed a physiological model of this fish 
previously that included validation with literature and our own laboratory studƛŜǎ όhΩ.ǊƛŜƴΣ 
Rensel and Kiefer 2011) and the temperature range of this fish is similar to conditions that may 
exist along the UAE east coast.   
 
We do this with the knowledge gained from our own experiments and the literature that most all 
marine teleost fishes 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 characteristics.  Moreover, moi have relatively high rates of 
respiration so the choice of this fish is conservative (i.e., biased toward more effect) compared to 
many other marine fish.  Some examples of the predictions of the moi bioenergetic routine are 
available on line at our website (see hΩ.Ǌien et al. 2011 at 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 for culture in the subject area of the Sea of Oman, 
but as noted by others, water temperature minima in the Sea of Oman preclude at least one 
candidate species growth (cobia, Rachycentron canadum).  This is not necessarily a matter of fish 
mortality, but rather an issue about optimizing growth and the expense of fish feed, that is 
usually the most expensive cost involved in commercial net pen operation.   For example, 
although not lethal to desirable species such as gilthead sea bream (Sparus aurata ), 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 structure of our fish physiology model is illustrated here as designed by Dr. Kiefer and shown 
for rainbow trout (Oncorhynchus mykiss) as an example.  Figure 13 shows the logic of the system 
of functions used to calculate the physiological rates for an individual fish at 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, and Table 3 contains the coefficients and conversion factors 
found in the system of functions.   Both Tables 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, egestion and excretion of fish growing 
under a given times series of feeding rates and environmental conditions.   

http://www.hawaiicoralreefstrategy.com/PDFs/7_Fisheries_Completed/4_FISHLIFE_Moi.pdf
http://www.aquamodel.net/Publications.html
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If

+

-

+

If

26.SpecificGrowth[W,T,Ox,CS,FR]

10. SpecificBasalResp[W,T]

If

25.EnvironSpecificGrowth[W,T,Ox,CS,FR]

16. TempLimSpecificAssim[W,T]

10.SpecificBasal
Resp[W,T]

24.SpecificCatabolicResp[W,T,CS]

23. SpecificSwimResp[W,CS]

19.SpecificAssim[W,T,Ox,FR]

18.FeedLimSpecificAssim[FR]

17. OxygenLimSpecificAssim[W,T,Ox]

12.TempLimSpecificAnabolicDemand[W,T]

14.MaxSpecificDemand[W,T]

15. OptMaxSpecific
DemandFunc[W,T]

8.SwimRespThreshold[W]

5.OptSpecificGrowth[W,T]

4.TempLimSpecificGrowth[W,T]

4.TempLimSpecificGrowth[W,T]

+

+

11.SpecificCatabolicResp
Threshold[W,T]

 

Figure 13. Logic of Fish Physiological Model.   

Names and numbers refer to the functions in Tables 1 and 2 and line numbers in Table 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 
ƛƴǾƻƭǾŜ ŀ ŎƻƴŘƛǘƛƻƴŀƭ ǎǘŀǘŜƳŜƴǘ άLŦέΣ ǘƘŜ ǎǳƳƳŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴǇǳǘǎ άҌέΣ ŀƴŘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ 
ōŜǘǿŜŜƴ ƛƴǇǳǘǎ ά-έΦ   LŦ ǘƘŜǊŜ ƛǎ ƴƻ ǘŜȄǘ ōƻȄ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿ ŎƻƴƴŜŎǘƛƴƎ ǘǿƻ ŦǳƴŎǘƛƻƴǎ 
the transformation is a scaling of variable value by either a division or multiplication.    
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Table 1.  Example AquaModel fish physiology submodel functions (O. mykiss).  
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                 Functions 29-30 omitted intentionally.  








































































































