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Executive Summary

The development of open ocean marine aquaculture (mariculture) farms within suitable
portions of the United States Exclusive Economic Zone (EEZ) offers the promise of
profitable commercialization ih low risk to the environment and wild fish stocks. The
history of net pen fish farming has demonstrated that site selection involves many
interacting and critical variables that are not easily assessed by traditional trial and error
approaches. Withupport from the U.S. Department of Agriculture, we have helped to
advance this industry by completing development AgfuaModel software that
accurately predicts the environmental impacts and operations of fish farms both
nearshore and in the open oceallquaModelis now available to assist industry and
government to predict and meet proposed rules and performance standards and to
provide quick access to information needed for permitting and plannogaModel
provides a home for data used in these ahated pursuits, the tools to visualize and
communicate this information, and a comprehensive model to simulate operations and
environmental impact of operations. Presently, there are no other comprehensive
software systems to accomplish all these tasks.

The updated version dtquaModelprovides mapping and modeling tools required by
regulators and farm operators to manage sustainable mariculture development in coastal
and offshore waters. Using this technology we have developed a mariculture
informations y st em f or Hawai 6i 6s Department of
island. This is a region where the growth of open water mariculture is imminent.
During this project we have completed all six of the tasks we identified in our Phase I

proposal.

. We developed an advanced visualization of a bswuale (entire coastline),-3
dimensional coastal flow and built an interface to link this visualizatigkguaModel
to outputs from coastal circulation models.

. We added contouring and statistics routine® iAquaModelin order to better
summarize the environmental impact of farm operations.

. We wrote computer code to accelerate simulations in order to improve our ability to
analyze the impact of sediment waste deposition in waters where waste accumulation
and the response of the benthic community are slow.

. We completed a greatly improved benthic dynamics subroutine and incorporated it
into AquaModel

. We completed physiological studies of a culturally and commercially important
species (moiPolydactylussexflis) that has been the principal species cultivated in
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Hawai 0i an net pens. We al so ®Rachydentort e d
canadun as this species is growing in importance worldwide in tropical seas.

6. We created an updated version AfjuaMalel a n d i ncorporated
Department of Agriculture GIS information system into our software.

In this report we applied basic componentsAguaModelto a single, modestigized
fish farm site near the NW coast of the
column and benthic effectsThen, for six slightly larger farms in the same region, we
studied potential interactions and effects on eats, phytoplankton and nearshore areas
using the far field modeling system AfjluaModel The hypothetical farms were located
relatively nearshore (1.5 to 2 km) but in deep water (~ 100m) and in areas of strong
currents. The direction of water flow atcheof the far field sites varied slightly, but was
dominantly to the northeast and therefore onto the shore a few km away.

We found that the strong currents and modest production schedule resulted in essentially
no measurable adverse effect upon the cigain anywhere in the modeling domain.

This was expected and the small amount of total organic carbon containing waste fish
feces or waste feed that reached the bottom would be resuspended, moved, aerated and
eventually assimilated by bottom dwelling ongans from bacteria to invertebrates and
demersal fish.

The water column effects of the six farms were found mostly to be independent of each
other, with the exception of two or three sites in the main bight of the Kohala coast.
Waste nitrogen excretday the fish is rapidly moved in several directions, but we were
particularly interested in transport that would impinge upon the nearby shoreline areas
that are replete with coral reefs. Nutrients in the water column around coral reefs can be
detrimentalto reef survival by enhancement of epiphytic growth of attached benthic
algae, although the subject is controversial. Measurable amounts of nitrogen were seen
to occur at the farm sites, bdtat a fAcapt ur e c eHalf teeddisthnoecaa t e d
shae from the net pens show an order of magnitude decline of dissolved nitrogen
concentration due in part to dilution and uptake of nitrogen by phytoplankton. Nearest
shore, the concentration of net pen origin nitrogen would be near zero except for brief
periods, particularly when the fish biomass was approaching maximum carrying capacity.
At such times the concentrations nearshore would increase from the naturally low level of
about 0.1 puM to 0.2 uM but would average much less. Larger or more numetous fis
farm sites could increase the concentrations near shore and possibly initiate a problem for
the coral reefs. We used a conservative estimate of dissolved nitrogen production that
included both urea and ammonia produced by the fish, as well as ottedly nsglected
components through our own studies of the physiology of the targeted culture fish, moi.
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Study of the distribution and amount of phytoplankton resulting from the single and six
fish farm operations indicated that there were more optimal essl dptimal sites in
terms of phytoplankton accumulation and density. Although most phytoplankton are
considered beneficial and part of the base of the food web of the sea, it would be prudent
to minimize nearshore production of phytoplankton in the Hwae n | s| ands as
already numerous anthropogenic and natural sources of nutrient flowing into the sensitive
near shore areas. We found tledfiects nearshore were most pronounced from pens
located inside the Kohala Coast bight, a sort of opentlhatytended to reduce water

flow. Effects were at times noted around the fish farm locations, but due to the lag period
of nutrient production to uptake and cell division, the location of increased production
due to the six fish farm operation could bangodistance from the fish farm sites.
Minimal nearfield effects were recorded for Site 5 near a major headland known as
Keahole Point, due to the northeasterly currents that had no immediate nearby shore in
the down current direction.The simulation show evidence that dissolved nitrogen is
taken up by photosnthetic phytoplankton, as downstream there are minor plumes of
phytoplankton but the concentration of nitrogen in these plumes is similar to ambient
conditions. In all cases, the production of phidogton at all locations was minimal,

only a few tenths of a part per billion in units of chlorophyl{a surrogate density
measure of phytoplankton abundance).

This analysis indicates that some level of net pen based fish farming would be sustainable
along the subject coastal area, but that there are limits or a carrying capacity where the
effects would shift from non measurable or significant to measurable and potentially
adverse. PresentlAquaModelis the only computer software in the world that i
specifically designed for forecasting these effects.
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Description of AquaModel

Background

To the best obur knowledgeAquaModelis 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 GIS.
More information can be found atvw.AquaModel.organd simplified demonstrations of
model use can be found &ttp:/netviewer.usc.edu/projects.ht(only use Internet
Explorer and closely follovbrowser options). The GIS program EASYy is described at
http://www.runeasy.com/

The GlISsoftware EASy provides adimensional framework (latitude, longitude, depth,
and time) to run simulation models and analyze field measurements as graphical,
numerical and statistical outputs. EASy, whose components are summarzgdrenl,

runs in Windows. It is a geographicaformation system designed for the storage,
dissemination integration, analysis and dynamic display, of spatially referencedo$eries
diverse oceanographic datalt provides the tools to import, display, and analyzes
environmental information obtainddom satelliteocean thermal and color sensors and
field surveys of currents, nutrients, oxygen, chlorophyll and other related parameters.

EASy graphically renders dynamically in time, within their proper-ggatial context,

both field and remotely sensddta and model outputs as diverse types of plots, including
vector, contour, false color images and includes a -builata contouring feature.
Vertical structure of data, critical in oceanographic applications, is depicted as vertical
contours for tragects or depth profiles at selected point locatioffisme series for
measurements and relationships such as vertical profiles within the database at individual
stations can also be visualized interactively as-ptots. Presentf there are over 50
different XY-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
tods over the Internet via Netviewer, a cliesdrver, plugn for EASy (Tsontos and
Kiefer, 2002 and 2003).
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Figure 1. EASYy software architecture and data integration and communication capabilities.

AquaModels aplug-in model to EASyandsimulates the dynamics of fish farms that can

be Aplacedo within a select edtionefounéatthdt ody
location. Most importantly,AquaModelfully integrates environmental conditions into

the calclations of the growth and physiology of the penned fish.

The model is designed to simulate both the growth and metabolism of farmed fish species
and the environmental impact of waste produced by the falms to be used by
developers and environmenggencies to assess both the optimal placement of farms and
appropriate size of the farm for environmentally safe and sustainable operations. Several
variables including the water temperature, the dissolved oxygen concentration, current
speed, average weteight of the fish, their density within each pen and the daily food
ration define the initial state of conditions in the fish farm. Each pen is tracked separately
and different species can be stocked in separate pens and each pen allows different initial
size of fish. Outputs from the simulation include three dimensional maps of the two
types of waste plumes (dissolved and particulate) created by egestion, excretion, and
respiration by the farmed fish. Outputs also include the growth rate and stadingfs

the fish, and the concentrations of nitrogenous nutrients, oxygen, and particulate waste
(feces) within the farm. Many other parameters and plots of vertical profiles or transects
can be viewed simultaneously, and all data can be written to spesicor database for
statistical and other types of paabdel processing.
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Figure 2. Key processes simulated irAquaModelinclude the growth and metabolism of
farmed fish, the flow of water through the pens and transport of dissolved and particulate

wastes produced by the fish, and the ecological transformations of these wastes.

The model is best described as consisting 6hiked computational routines: a 2 or 3
dimensional description of water circulation, a description of the growth and metabolic

n the
response to nutrient loading, anddescription of benthic effects (Figure)2 Carbon,
nitrogen and oxygen fluxes are traced and rate functions vary with operational and
environmental conditions. Operational conditions are the size and position of the pens,

activity of the cultured fish withi

the quantity and composition omations, and the density and size of the fish.

Environmental factors that determine metabolic rates are current speed, the temperature
of the water and the concentration of oxygen in the water. As water passes through the
far m, a fAwast ea Wawast e | puamretoi calned pl ume o
characteristics of this plume will depend upon the metabolic activities within the farm as

well as the advective and turbulent flows that shape the plume.

AguaModelis also designed to be user frigpdb that it can be quickly put in the hands

f

ar e

aquaculture stakeholders with basic understanding of commercial software. Thus, virtual
farms are first designed by the stakeholder and simulations are then run using several

graphical inerfaces. For exampl€&igure 3 is such an interface in which the user enters

information on the location, size, and operation of a virtual (or real) fish farm as well as

key environment al informati on. I

n

t hi

S

f

the user selecthé number of pens in the farm, the species of fish in each pen, the
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geographical position of the pens, the size and shape of the pens, the average weight of

fish at the start of grow out, and the stocking density of these fish. In adéitionthis

interface the user can also chose to run a simulation, run and capture the results in a file,

or replay a Aresults fileo. Moreover, one
2-dimensional or 3limensional flow field.
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Figure 3. The user interface for entering information on the location, size, and operation of
a virtual (or real) fish farm as well as key environmental conditions.

Circulation Routine

AquaModed s ci rcul ati on routi ne andtasshodssvastea ges Wwi
from them. The computations during each step of the simulation occur within each
element of a @limensional grid of rectangular cells that populate an array of such cells.

The size, orientation, and geospatial location of the aagayvell 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 téetahe 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 circulatiom isimple 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 sides.
Each element is treated as instantlied throughout. These movements aeeked

using a simple, finite difference calculationConservative tracers such as water and
elements are conserved within the computational array.
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Water and dissolved and suspended materials also move acrossritiarpai 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 course of our NMAI project we added the capghititvary 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
be sufficiently large such that the exchangess the boundary does not significantly
perturb the results of calculationsAt the sedimentvater interfaceuneaten feed and

feces from the farnare transporteddeposited into the sediments, resuspended from the
sediments, or consumed by benthic orgars These processes will be described in the
next section.

The flow field in AquaModelcan be either 2or 3-dimensional. In &limensional
simulations the movement of water between adjacent cells has no constraints other than
the requirement otonservation of mass. Convergent and divergent motion can be
represented within the array as well as local eddies. In additierwater depth can

vary within the aray. Since 3limensional flow on small spatial and temporal scales is
rardy measuredin the field, our 3dimensional simulationsiraw upon 3D coastal
circulation models. The spatial scale of these models is generally no smaller than 1 km
and thus small scale turbulence is not included in the output. HowkgeaModel
provides the usethe option to add specified levels of horizontal and vertical eddy
diffusivity. ~ While rates of horizontal dispersion are constant throughout the
computational array, the rates of vertical dispersion can be specified for two layers, the
upper mixed layerrad the underlying stratified waterd.he depth intervals of the mixed
layer and the stratified layers vary with season as a sinusoidal oscillation.

In 2-dimensional simulations advection only occurs horizontally; neither divergence nor
convergence flow amrs within the array. Small scale horizontal and vertical turbulent
motions are treats as described in the previous paragraph. Much of the data on
circulation collected at mariculture sites come from field measurements with acoustic
Doppler current prafers, drogues, or current meters. In other cases information may
come from simple tidal models. Sudhformation is well suited to -Bimensional
simulations.

AquaModelprovides a user interface for importing both&hd 3dimensional output
from curreat meters and circulation models, and automatically interpolates in time and
space such output in order to Afito the

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 8
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Farm Operations and Fish Metabolism Routines

The fish farm is characterized by physical layout sizd of its cages and by its stocking,
feeding, and harvesting regime. The physical layout of the farms requires one to enter:

A The number of cages

A The location of the cages as described by their geograpticdoates (latitude,
longitude, depth)

A Thesize of the cagemcluding the length, width, and height.ndse setting may
have to be adjusted to best fit the size of the cells within the computational array.

A The fractional difference between the current speed withicahes and ambient
current peed.

Farms operations require one to enter for each cage:

A The species of farmed fish. Although the system of equations describing the
growth and metabolism is invariant with species, the coefficients found within
these equations will likely vary with sgies

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

A Density of fish in mass of fish per cubic meter at initial stocking or at selected
time intervals

A Feed rate in grams dry weight of feed per day. This mebe entered manually
or calculated automatically tWquaModelas an optimal feed rate.

A Estimatel percentile of uneaten feed loss from the cages.

Prior to this project wedevelopedthe fish metabolisnroutine that is based upon

extensive review of thetérature describing the growth and metabolism of commercial

species (e.gsee Brettds wor k on 9. o0Thik iefgrmation ddsmon i n
been supplemented by our own unpublished laboratory experiments and has been
incorporated into a series ofaions that track the transformations of oxygen, carbon,

and nitrogen. (See Rensel, Kiefer, 20édd Br i en 2006 and Rensel et
background.) The routine includes a description of oxyganited metabolism an

important feature since fish earaised at high densities, and in some cases farms are

found in ambient waters of moderate or low dissolved oxygen concentration

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 9



As indicated inFigure 4,the routine includes the processes of ingestion, egestion,
assimilation, respiration, excretiosnd 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 thatelenine metabolism are:

A Water temperature

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

A Ambient current velocity, which is another determinant of oxygen concentration
within the cage as well asdgterminant of the respiration rate required of the fish
to swim at a speed in order maintain their position within the cage.

“AF s Growth =

espiration Assimilation - Respiration

- basal A >

- growth Ingestion

/ -Swimming W Accimilation= 4

- Sexual maturation :
Ingestion x 0.75

Figure 4. Metabolic processes described by our metabolic routine for fish metabolism.
(Background drawing by Duane Raver, USFWS.

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, respiratiomdagrowth. Specifically, each element is tracked
according to these 5 basic features, which are related to each other by conservation of
mass:

1.ingestion rate = egestion rate + assimilation rate
2.rate of growth = assimilation rateate of respiratio

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 iiategestion rate

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 1C



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 foddrpcesdl). If the rate of supply dbod 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 ¢ageess5). Egestion is
assumed to be a fixed fraction of ingestion; tlzue of this fraction is determined
largely by the nutrient composition of the feed. The rate of egestion is in fact the rate of
feces productionRrocessd). The assimilation rate of the fish will be a function of the
size (age) of the fish, the temptne 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 fisiProcess 2). Note thatenassume that there are no
reproductive demands withinhe 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
(Process3). Basal metabolisns 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 subtraciinthe rate of respirationdm the rate of assimilation

Information onSalmo salarand Morone saxatilismetabolism that we used to determine

the values for coefficients found in the system of equations for the two species came from
a number of sources ilutling publications of growth and metabolism in the laboratory
and field (see our references), reports provided by our collaborators, and FishBase, which
distributes data over the Internet on morphometrics, respiration rates, growth rate, and in
some casegill surface area. Data from these sources were used to tune the equations of
the metabolism by searching for coefficient values that provided the best fit to the data.
Because of its commercial valugalmo salathas been thoroughly studied, and data f
tuning is comprehensivélorone saxatiligs less studied and our review of the literature
included nformation for wild stocks (e.g., Hung et al. 1993, Chesney et al. 1993, Duston
et al. 2004) as well as stocks by our collaborators at the Hubbs Sdd Résearch
Institute. Examples of the goodness of fit between routine predictions and measurements
for both species folloWRensel, et. aR006).

Figure 5 comparesur routine predictions (dashed lines) of the growth of sockeye
salmon, OncorhynchusNerka with laboratory measurements (continuous lines) at
different temperatures drfeeding rates (Breft964).The accuracy of predictions is also
good. The growth rates are in units of the fractional change in body weight per day, and
the feed rates d.06, 0.03 and 0.015 are in units of fractional body weights of food per
day. Note that the routine accurately predicts the decreases in the temperature of optimal
growth with decreases in feed temperature. The predicted growth rates are calculated

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 11



from the functions describing all the physiological aspects shawgure 4. We wish

to acknowledge here the importance of the measurements and concepts of Brett and co
workers in designing our routindiett, Shelbourne, and Shoope 1969; Brett and Zala
1975 Brett 1976)
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Figure 5. Predicted (dashed line) and measured (continuous line) specific growth rates for
sockeye salmon grown at different temperatures and feed rates. The specific growth rates
are the daily fractional changein fish weight and the feed rates in the upper right corner
are the daily fraction of the fish weight provided by dry feed. The fishweights are about
200 g (Brett1964).

Figure 6 showgpredicted (dashed lines) and measured (solid lines) respirati@enfoate
young sockeye salmon swimming at different speeds (legend) and at different
temperatures (abscissa). The swimming speeds found in the legend are in units of body
lengths per second. Although our model describes 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.

Figure7 is a third example of the performance of the fish metabolism routine, in which
the calculated specific growth rate M saxatilis plotted against the weight of the fish
over time. Two curves are plotted; one is results of calculations witAquaModel
routine and the other is derived from the von Bertalanffy growth oiwae Bertalanffy
1960) The two curves falheaty perfectlyon top of each other. THesh metabolism
routine was calculated for fish that are well fed, at rest, and cultured in water that is
aerated and attamperature of 15 °C.
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Figure 6. Predicted (dashedlines) and measured (continuous lines) respiration rates for
sockeye salmon grown at different temperatures and swimming speeds. The respiration
rates are in units of mg Q/(kg fish wet weight hour) and swimming speed is in units of
body lengths per secod. Fish weights are about 200 g (Brett 1964).
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Figure 7. The specific growth rate of striped bass of differing size (age). The red line is
calculated from the von Bertalanffy growth curve found in FishBase and théalmost exactly
superimposed)green curve is the predicted growth rate under optimal culture conditions
from the AquaModelfish metabolism routine.
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Plankton Routine

The plankton routine describes the cycling by plankton of nitrogen and oxygen within
each element of the array, both within the farm and the surrounding waters. This model
is similar to the PZN models that have been published by Kiefer and Atkinson érB4)

Wr obl ews ki , Sarmient o, and Flierl (1988) .
of nitrogen between three compartments, inorganic nitrogen, organic nitrogen in
phytoplankton, and organic nitrogen in zooplankton. The three biological transftems

A Photosynthetic assimilation of inorganic nitrogen by phytoplankton which is a
function of temperature, light level, DIN (dissolved inorganic nitrogen consisting
of ammonia, nitrite and nitrate) concentration

A Grazing by zooplankton on phytoplanktoihish is a function of temperature and
concentrations of zooplankton, and phytoplankton

A Excretion of DIN by zooplankton, which is a function of temperature and the
concentration of zooplankton.

All three components are transported by advective and turtbildev as described above.

The model displays predatprey oscillations, which dampen over time and reach a
steady state. The default simulations for DIN, phytoplankton, and zooplankton stabilize at
roughly 1 mgat N m?3, for all 3 components respectiye In order to calculate the
concentrations and rates of loss by respiration and production by photosynthesis, we have
assumed a constant flux ratio of oxygen to nitrogen of 6 mojagreat N, consistent

with the Redfield ratio. The inputs to this modeinsist of the time series of exchange
coefficients produced by the hydrodynamic model, surface irradiance, and water
temperature as well as concentrations of dissolved oxygen, dissolved inorganic nitrogen,
cellular nitrogen in phytoplankton and zooplaskt Outputs of this model consist of a
time series of the concentrations of dissolved inorganic nitrogen and oxygen,
phytoplankton (traced as chlorophyll), and zooplankton. This routine provides estimates
of the response of the planktonic community to diecharge of nitrogenous nutrients
from fish farms. Specifically, it focuses on the question of whether such discharges can
initiate phytoplankton blooms.

Figure 8 is aschematic of the plankton routine. During the simulation, this subroutine
runs within each cell of our-8limensional computational grid. As shown, the subroutine
calculates within each cell transformations of two tracers, nitrogen and oxygen, by the
planktonic community. In fact the concentrations of oxygen and nitrogen within each
cell vary with time because of both the local transformations with each cell and the
vertical and horizontal transport of these elements among cells.

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 14



Although oxygen is shown as two components, atmospheric oxygen and dissolved
oxygen in seawater, we assuthat the concentration of atmospheric oxygen remains at a
constant value of 0.209 atmospheres (i.e., the normal sea level concentration of oxygen as
about 21% of air), and thus only the concentration of dissolved oxygen varies with time.
For computationakells at the sea surface, local variations are caused by the rate of
exchange across the-aater interface (indicated by the blue horizontal line) and rates of
photosynthesis by phytoplankton and respiration by zooplankton. Below the sea surface,
local changes are caused only by the rates of photosynthesis and respiration. The routine
consists of five components: atmospheric oxygen, dissolved oxygen, phytoplanktonic
nitrogen, zooplanktonic nitrogen, and dissolved inorganic nitrogen. The concentrations
of inorganic nitrogen and oxygen will vary with environmental conditions as weltes

of fish metabolism within the fish pens and transport from the pens. The routine includes
descriptions of the influence of temporal and spatial variations in tewoperand light

on rates of photosynthesis and grazing. The description of light intensity includes
calculations of the concentration of chlorophyll within the water column and its influence
on the diffuse attenuation of downwelling irradiance. The neudilso includes a tuning
algorithm to obtain values for the coefficients for zooplankton grazing and excretion that
provide a best fit to field measurements of concentrations of phytopharadoplankton,

and nutrients.

Atmospheric
Oxygen
I Oxygen Exchange rate=F[dissolved oxygen, wind speq
Photosynthetic rate= ) ‘L
F[Phytoplankton, Dissolved Oxygen
inorganic nltr(_)gen_, Respiration rate=F[Zooplankton growth
temperature, irradiance] ate]
Phytoplankton > Zooplankton

Zooplankton growth rate
Flphytoplankton,zooplankton
temperature, oxygen]

Phytoplankton Assimilation rate=
F[Phytoplankton, inorganic nitrogen,
temperature, irradiance]

Excretion rate=F[Zooplankton]

Dissolved Inorganic
Nitrogen

Figure 8. Processes and components of tiguaModelplankton routine. Processes include
oxygen exchange across the agea surface (but of course not in the computation cells below
the surface), the cycling of nitrogen by phytoplankton, zooplankton, and dissolved inorganic
nitrogen, and the biological production and consurption of oxygen associated with the
cycling of nitrogen.

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 15



Figure 9 shows an example of the dynamics of the plankton routine when it is tuned to
the conditions in the Southern Californiight. This simulation shows the response of

the phytoplankton and zptankton community to a sudden increase in dissolved
inorganic nitrogen in a closed system in which there is neither transport of material in nor
out of the system. The conditions within the system are those of the summer upper
mixed layer several kilomets off the San Diego coast: because of warm water and high
irradiance in a shallow mixed layer the growth rate of phytoplankton is only limited by
nutrient concentration.
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Figure 9. A simple simulation of the plankton routine for a closed system in which there is

no transport of material into or out of the system. The environmental conditions are
constant during the 80 day simulation except that on day 20 the concentration of dissolved
inorganic nitrogen is suddenly increased from 0.2 to 4.4 mgt. N m™>. This increase in the
limiting nutrient stimulates a phytoplankton bloom and subsequently a zooplankton bloom.
During the first 20 days of the simulation the planktonic community is in a nutrient
limited, steay state in which the concentrations of dissolved inorganic nitrogen,
phytoplankton nitrogen, and zooplankton nitrogen are 0.2, 0.3, and Oat gm™,
respectively On day 20 the concentration of dissolved inorganic nitrogen is suddenly

increased fron®.2 to 4.4 meat N m™>. This increase in the limiting nutrient stimulates a

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 16



phytoplankton bloom that assimilates the excess nutrient within a week. This bloom then
quickly grazed by the zooplankton, and a new steady state is established by thehend of t

simulation in which the concentrations of nutrient, phytoplankton, and zooplankton are

0.2, 2, and 3.5 mgt nitrogenm’®, respectively.

This simulation is provides a sense of the type of plankton response one might expect
within the nutrient enricheglume downstream of a very large commercial fish farm,
provided that there is no dispersion of the plume as it is transported from the site, In fact
given the time scales of the plankton response, the mixing of the plume with ambient
waters will greatlyreduce concentrations within the plume well below the values shown
in thisfigure.

Figure 10is an example of the dynamics of the plankton routine when it is subjected to a
simple tuning to the conditions at the Gulf of Maine ,sftem a recent study by our
AquaModégroup It shows a one year simulation for a closed system in daily changes in
the concentration of dissolved inorganic nitrogen is an input to the calculation. Here the
phytoplankton and zooplankton communities oegpto the large seasonal changes in the
water temperature, nutrient concentration, mixed layer depth, and sea surface irradiance.
A comparison of these calculated time series with field measurements at the Gulf of
Maine farm found inthis reportindicatesthat the routine provides a reasonably good
description of the spring and fall bloom of phytoplankton and zooplankton. The timing of
the bloom and the variations in phytoplankton crop are good; however variations in
zooplankton biomass are much too largeis is the consequence of assuming a closed,
cycling system with only components.

The tuning algorithm that is referenced above is executed by solving the system of
differential equations found in the plankton routine for values of coefficients fiound
these equations. The solutions are obtain by assuming that there existdepdsstate
conditions for the key dependent variables of the plankton routine, i.e., the concentrations
of nutrients, phytoplankton, and zooplankton. Under such conditivaescan solve for

the value of unknown cdeéeftOi bieed wteent tatl cpld @av i
independent variable and values for these variables measured in the field. Tuning for the
Gulf of Maine simulation matched predicted and measueddeg during the summer
period when the concentrations of the three dependent variables were low and both the
spring and fall periodsof the phytoplankton bloom. Tuning separateSouthern
California Bight simulation matched predicted and measured vdlurésg the summer
period when the concentration of nutrients are low and zooplankton high and the winter
period when the concentration of nutrients are high and zooplankton low.
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Figure 10. A one year simulationby the plankton routine for a closed system in which there
is no transport of material into or out of the computational cell. A comparison of these
calculated time series with field measurements a Gulf of Maine farm found in sections
4.7- 4.8 indicates that the routine provides a reasonably good description of the spring and
fall bloom of phytoplankton and zooplankton.

The development and application of the tuning algorithm provided us with information
on the sensitivity of calculated values for thependent variables to uncertainties in the
values for independent environmental variables such as water temperature, current flow,
and nutrient concentration as well as uncertainties in the value of coefficients. In the case
of the plankton routine it ggears that predictions are most sensitive to the values of such
environmental variables as vertical and horizontal eddy diffusivity, mixed layer depth,
water turbidity, and primary and secondary macronutrient concentraticosfficients

most critical toaccurate predictions are those that describe zooplankton dynarhiese

are the two scalar coefficients that determine specific rates of grazing and excretion and
the two exponential coefficients that describe the variation in the specific rates afygrazi
and excretion with the size of the zooplankton biomass. Finally, the sinking rate of the
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phytoplankton, which we have set to zero in our simulations, is most important.
Unfortunately, the values for most of these parameters are difficult to measlre an
predict.

Benthic Routine

The benthic loading component of our model is based upon several literature citations
and functions found in the existing, previoushrified DEPOMOD mode(Cromey et

al. 2002 a &b; Cromey, Provost, and BlaB03; Cromey and BlacR005) that in turn

was based on the-fodel of carbon degradation (Westrich and Bernier 1984;lsee a
Panchang, Cheng, and Newell 1997; Brooks and Mahrt£8). DEPOMOD is
presently the international standard for assessing thadnof loading of organic carbon

in sediments underlying fish farms and in some countries calculations with the code are a
requirement for obtaining fish farm permits. Since DEPOMOD only addresses the
transport of particulate waste from the pens to #dinsents, we have written a more
comprehensiveenvironmental description of fish farntisat includes waste production
within the pens, transport from the pens to the sediments, and the biochemical response
of the benthic community to waste deposition.

As wneaten feed and feces produced by fish in each cage sink through the water column,
they are transported downstream of the cage. Since uneaten feed pellets are larger and
denser than feces, the routine tracks both uneaten feed and feces. Not onlgseill th
different classes of particles sink at different rates and be transported at different
distances from the farm, but also when they reach the bottom boundary layer their shear
thresholds for deposition and resuspension will also differ, leading tefuséparation.
Eventually, both uneaten feed and feces will either be consumed by the benthos or
consolidated into the sediments and no longer subject to resuspensionAdualdodel

has three categories of particulate waste within the sediments, urfieate feces, and
consolidated waste.

Physical Description of Deposition

As illustrated inFigure 11,we havesimplified the formulation of physical processes.

This was required because simulations running on a PC became tewotiswening or
mathematally unstable with a more detailed formulation. For each time step the waste
particles produced in the farm are fAdcoll ect
column at a rate 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 -B8imensional array of cells. This is somewhat analogous to water

moving through an unsecured garden hose that is in continual motion but in ¢his cas

driven by variations in current velocity and direction. The waste particles are however not
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subject to turbulent dispersion as is the case for the dissolved wastes. As the capsules

near the bottomthewagbear t i cl es are ndr eltela®thelaellsafnd even
the suspension layer as indicted in Figute This array of cells consists of a single layer

that lies immediately above the sediment surface. [Ehgth and width of these
computationalcells are the same dimensions as the aeithin the overlying water

column, but their depth is user selectable. 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 subjecttkodatvection and turbulent dispersion.

Fish Cages I:l\ﬁ

2-Dor3-D Water Column Array
Currents o ‘f Oxygen
} Nitrogen
Phytoplankton
Zooplankton

Waste Capsules
Feed & Feces

Suspension Layer
Feed, Feces, 02, H2¢

Sediment Layer
Bathymetry ‘ ‘ ‘ ‘ ‘ ‘ ‘ Feed, Feces,
Consolidated Waste,
Aerobic & Anaerobic
Organisms, 02, H2S

Figure 11. The physical layout of the transport and deposition of particles in the benthic

routine. Fish wastes consisting of uneaten feed and feces are transported by advection to

the supended layer that is immediately above the sediment layer. Depending upon the

shear at the sediment surface waste particles within the suspended layer will either remain
suspended and transported within the suspended layer or deposited in the sedimeni&he

value of shear at the interface will also determine whether waste particles in the sediment

layer will remain there or be resuspended into the suspended layer.

Onceparticles reach the Asuspension | ayer o,
DEPCOMOD (Cromey et al. 2002a, 2002h) calculate whether these particles stay in
suspension and transported further from the pen or deposited in the sediments.
According to these formulationsyaste particles in the suspension layer are deposited
into the sdiment layer when shedretween the sediment and the bottom wdddis

below a threshold valugee also Fox 1988). The raikdeposition increases with the
concentration of particles in the layand with decreases ishear. On the other hand

when 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 further transport

and dispersion from the site. The thresholds f@odgion and resuspension differ with
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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, the particlesthe suspension layer will be remain in
suspension and thus transported further from the p@mally, wastes deposited in the
sediment will compacinto organic particles that are no longer subject to resuspension.
Cromey and his cavorkers have derived 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
sediments consolidates each day.

Biochemical Processes in the Benthic Community

The 3 types of waste found in the sediments, uneaten feed, feces, and condelthted
and fecesreto varying degreesnergy and nutrient sources for the benthic community,
which consist of both macrosdo@mnd microscopic organism#lthough the compounds
found in feed and feces will consist of refractive and labile fractions, we have assumed in
our simulations that all compounds are labile. We feel that this is a worst case
assumption. Thus, ata given time, the concentration of waste in the vicinity of a farm
will depend upon the previoyshysical processes of deposition and resuspersavell

asthe previousiochemical processed growth and remineralization by the benthds

shown in Figure 1, we treat the sediment layer as a single layer; this is despite the fact
thatvertical profiles within sediments indicate sharp, predictable bicbgicd chemical
gradients In our simulations we have chosen a depth interval of 2 cm for each cetl of ou
sediment array. This depth was chosen because it is the standard depth for sediment
monitoring (core collection)in and around fish cages imany North America
jurisdictions The length and width of these cells are the same as those within the water
column andthe suspension layer Our functions provide predictisnof average
biological and chemical conditions within the layer.

Describing the complexitgf biochemical processes within the sedinsdrats challenged
marine scientists, and the models that have been developed (including owettevely

crude and laclcomprehensive testing. Despite these limitations, field data describing
benthic responses to variations in organic loading of themsetls show clear
understandable patterns, and that when tuned to local conditions models such as the
pioneering GModel of Westrich and Bernie(l984), can provide good quantitative
estimates of the responsEigure 12 shows the components and processex taire
describedby our benthic routine. Thesecomponents consist of dissolved compounds,
oxygen, sulfate, hydrogen sulfide, carbon dioxide, which flow between the suspension
and sediment layers by diffusionThese componentalso include particulate oganic
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carbon (POC) produced in overlying waters from farm waste or the planktonic
community Finally, they include two communities within thenthosthe community of
aerobic species that respire only oxygem the community o&naerobic species that
respire sulfate.  Although these communities consist of both macroscopic and
microscopic species, it is our view that the biochemical transformations shdwgune

12 are largely mediated by microbes.

Benthic Dynamics

SO4 co2 02 Hzs POC

Water Boundary Layer

Sediment
02 POC
S04 CO2 H2S : ~_Boundary Layer
particle deposition &

diffusive exchange .
resuspension

aerobic
biomass

Figure 12. The biochemical components and transformations of the benthic routine. The
transformations are mediated by two communities consisting of aerobic and anaerobic
species. These two communities compete for organic carbon supplied by particulate
organic carbon (POC) produced in the farms and plankton communities in the overlying
water column. The rates of assimilation by these two communities will depend upon the
supply of POC, the biomass of the two communities, and the concentration of respiratory
substrates (here limited to G & SO,) and metabolic inhibitors (O, and H,S) of the two
communities.

These dissolved compounds will be transported across the seduatentinterface
depending upon both their diffusivity and the size of the concentration graadid¢ime
interface. The same can be said for their transport within the sediment. The local
concentration gradient will depend upon local rates of metabolism by the benthos as well
as diffusivity. Furthermore, diffusivity itself will depend upon the piyosf the

sediment, temperature, and the chemical properties of the compound.

The aerobes respire dissolves organic compounds released from the particulate organic
material and oxygen in order to grow and meet other metatbtiands The main by
produds of their metabolism are carbon dioxide and water. If either the concentration of
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oxygen or POC decreases below saturating concentrations, rates of growth and
respiration will decrease. Furthermore, at the lower extremes of oxygen or POC
availability, arobe growth will stop and respiration will be reduced tosablavel. The
anaerobes, which here consist only of the sulfate reducing-migemisms, respire POC

and sulfate in order to grow and meet other metabolic needs. The maindugts of

ther 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 decrease. Additionally, 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 hand, oxygen inhibits the grbtité
anaerobes.

It is clearfrom Figure P that 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 determined by the diffusion of oxygen from the suspension
layer into thesediment 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 the diffusion boundary layer at the interface:

02DiffCoef [temperature] % (02 suspended - 02sediment)

Jo2 = 3
Z[velocity]

Here JQ is the flux of oxygennto the sediment layer, ;DiffCoef is the diffusion
coefficient of oxygen, which varies with temperaturgsi@pended is the concentration

of oxygen in the suspended layer; €&diment is the concentration of oxygen in the
sediment layer a, and Z is thedlness 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 layer. If the current speed in the suspension layer increases the thickness of
the boundary Iger will decrease and the rate of diffusion will increase. The
concentration of oxygen in the sediments is in steady state such that the rate of oxygen
consumption by the aerobes, which varies with the concentration of oxygen and the
concentration of padulate organic carbon within the layer, is equal to the rate of oxygen
supplied by diffusion.

One should note that at each of the two steady states the growth rate of the aerobic
community is zero and t he ¢ ommhigherloadiogs r espi
rate the aerobic community is much larger, but the steady state growth rate of the
community is zero because of oxygen limitation. Timsitation to aerobic growth
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allows the anaerobic community to grow by assimilating the flux of POC ishat
unassimilated by the aerobes. At the lower loading rate the aerobic community is much
smaller, but the steady state growth rate of the community is zero because of the limited
supply of POC. The growth of aerobesremains check because of the high
concentrations of oxygen.

Organic Loading= 5 mg C *#fday!

175
15 |
<— Steady State

12,5
Rates of
Respiration & 10 ¢
Diffusion 75 | Diffusion
(mg*mz*day?) '

S5t ¢ Steady State
o5 | Organic Loading= 1mg C *ffday? \

2 4 6 8 10

02 concentration (mg/l)

Figure 13. An example of the calculation of the relationship between the organic loading of
sediments and the concentration of interstitial oxygen in the sediment layer. The abscissa is

the O, concentration in the sediment layer and the ordinate show the rate of diffuse of
oxygen into the layer as well as the rate of aepic respiration in the layer. The straight line

is the steady rate of diffusion into the layer when the concentration of On the overlying

water is 10mg L™*. The 2 hyperbolic curves are the rates of aerobic respiration in the
sediment for rates of loading of 1 and 5 mg carbon/(fi'day). The steady state conditions

for the two rates are indicted by the arrow.

A similar diggram and similar arguments can be presented for regulation by POC
deposition and sulfate diffusion for the anaerobes. However, because of the high
concentrations of sulfate in seawater, the rates of diffusion of sulfate into the sediments
layer are suffiently high to rarely constrain the growth rate and biomass of the
anaerobic community in the upper sediments. It is clear from this diagram that increases
in organic loading decreases the concentration of oxygen in the sediments, thereby
releasing anaebic organisms from their oxygen limitation of growth. As a consequence,
the biomass of anaerobes will increase and possibly competing for POC with the aerobes
and producing hydrogen sulfide. The latter may inhibit the metabolism and growth of the
aerobes.Consequentially, if the aerobic community declines, oxygen concentrations will
increase inhibiting growth of the anaerobes. Such interactions will tend to drive the
system toward avell-definedsteady state determined by the rate of organic loading, as
well as the temperature, concentration of oxygen, and current velocity in the suspended
layer above the bottom.
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The differential equationghat are found in the routinean be solved for steady state
conditions in which the state variables of the routane constant with time or solved
during each time step of a simulation. The results of simulations for our New England
and southern California studies will be shown in the sections that follow. Here we
present an example of the behavior of the routoresteady state conditions. We then
compare these results with field observations.

In Figure B we plot calculated concentrations of oxygen, hydrogen sulfide, and the
biomass of aerobic and anaerobic species as a function of the rates of deposition of
particulate organic carbon under conditions typical of those found under the Atlantic
salmon farms of New England amtitish Columbia.Panels A to G show in the upper
sediment layer for the concentration of aerobic biomass, anaerobic biomass, 02,
particubte organic carbon (POC), and H2S, respectively. Figures F and G show
calculations

In Figure BA we see that the concentration of aerobic biomass in the upper sediment
layer increases with deposition up to a rate of about 0.3 g carBsdy(rabove this
threshold iremains constant. In FigurdB we see that the concentration of anaerobic
biomass is 0 until deposition reaches a rate of about 0.3 g carba)/(mbove this
threshold it increases linearly (not obvious on thisliogar plo) with demsition. In

Figure 4C we see that the concentration of oxygen in the upper sediment layer is
decreases with increases in deposition until it reaches a value of 2.3gmyadwhich
deposition has increased to of about 0.3 g carbétdjmabove thishreshold iremains
constant. In Figure D we see that the concentration of POC in the sediments remains
relatively constanttaa value of about 270 g carbor®mver the range of deposition rates.
This organic carbon is almost exclusively the refractive componentlittiehnutritive

value. The labile fraction particulate carbon is assimilated by the benthos. In Figure
14E we sedhat the concentration ofytrogen sulfide in the upper sediment layer is O
until deposition increases to 0.3 g carborf*@)i above this threshold it increases
linearly with deposition (not obviousn this loglinear plot). In Figure 4F we see that

the flux of @ g /(mP*d) diffusing into the sediments increases with deposition until
deposition reaches 0.45 gfd); above this threshold it remains constant at a value of
50 g Q/(m?*d).

Unfortunately, although there are abundant measurements of the concentration of organic
carbonunder fish farms, there have been very few direct measurements of the dalil
deposition of waste carboifhere are even fewer such measurements that have been
supplemented by measurements of current velocity, the biomass of the comnainities
aerobic and @aerobic organisms, and concentrations and fluxes of oxygen, hydrogen
sulfide, and carbon dioxide. The studies of Findlay and Watling (1997) and Chamberlin
and Stucchi (2007) are not only comprehensive but also praiseworthy, and in fact the

AquaModel: Software for Sustainable Development of Open Ocean Fish Farms 25



work of Findlay, Watling and ceworkers has helped guide development of the benthic
routine. In 1991 Findlay and Watling undertook a comprehensive study during summer
grow-out of the benthic community beneath an Atlantic salmon farm off Swans Island,
Maine Findlay, Waling, and Meyer1995; Findlay and Watlind997. This study is
important because it clear demonstrated that there is a critical threshold rate of waste
deposition that determines the biochemical response of the benthic community. If rates
of deposition a& below this threshold the rate of growth and respiration of the
community is sufficient to remineralize most if not all of the particulate organic material
reaching the sediments

In short below this threshold a steady state appears to be establiskkitimthe rates of
organic carbon deposition are matched by the rates of release of respired carbon dioxide;
neither organic waste nor biomass of the benthos will increase significantly. Above this
threshold, this balance is lost and the rates of carlmaddi release are much lower than

the rates of organic carbon deposition. This imbalance appeared to reflect an increase in
the biomass of the benthos and possibly an accumulation of waste carbon.

Figure 15 summarizes their field measurements of orgaspodgition, CO2 flux from
sediments, and O2 flux into sediments. The left graph shows the flux of particulate
organic carbon to the sediments beneath the farm and the rate of CO2 release from
sediment cores incubated in the laboratory. At loading rates®fthan 400 mmoles-m

2*day carbon deposition is roughly equal to respiration. The single point above this
threshold indicates a net accumulation of organic carbon beneath the farm.
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Figure 14. Steady statesolutions of the benthic routine. Benthic community responseto
changes in particulate carbon deposition plotted under conditions common to the sewnts
in Atlantic salmon farms. of the flux of CO2 outand O2 into the sediments over the range
of deposiion.
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Figure 15. Field measurements of organic deposition, C&flux from sediments, and Q flux
into sediments collected during the growing season at an Atlantic salmon farm off Swans
Island, Maine. The left graph shows thel@ix of particulate organic carbon to the sediments
beneath the farm and the rate of CQ release from sediment cores incubated in the
laboratory. The right graph shows the respiratory stoichiometry of CQ to O, of sediment
cores sampled during the growng season (Findlay and Watlingl997).

The right graphof Figure 15shows the respiratory stoichiometry of CO2 to O2 of
sediment cores sampled during the growing season. The expected ratio of 1.4 fell rapidly
as rates of deposition exceeded the depositimshiold of than 400 mmoles carbor m

2*day. This imbalance coincided with the sudden appearance and rapid growth of
Beggiatoa a Proteobacteridghat not only respires sulfide and oxygen but also fixes. CO
Although itself a chemolithoautotroph, this sigscis key indicator of the development of

a dominant anaerobic benthos. Its presence as a dense mat at the sediment surface
explains both the drop in G@elease. The disappearance of respiratory stoichiometry for
CO,/O, may be explained by the onset obth anaerobic andchemioautrophic

metabolisms.

Although the scales abscissa of Figudasllogarithmicand thatof Figure b is linear a

careful comparison of the two figures indicates that general features of our benthic
routine fits well with thesdield data. An examination of FiguregR and14G show
calculated rates of Celease and £assimilation as functions of organic deposition. In
Figure MF one sees that the benthic routine predicts that the respiratory releasg of CO
by aerobes at low tas of deposition combined with respiratory release of 6P
anaerobes at high rates of deposition will balance rates of carbon deposition over a broad
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range of deposition rates. We propose as do the authors that the presence of a threshold
deposition at400 mmoles carbom?day is set by the appearance and growth of
Beggiatoawhen the rates of production of hydrogen sulfide by anaerobes is sufficient to
support colonization by this species. With the addition of“ab&nthic component
consisting of sultle oxidizing autotrophs to our routine, such a threshold will emerge.

In Figure UG one sees that ssimilation matches rates of carbon deposition up to a
depodtion threshold of 0.5 g carbam?*day or 42 mmoles carbom?day; above this
thresholdthe rate of @assimilation is fixed and no longer matches the increased rates of
deposition.  This is about #0ld lower than the threshold measured in the study.
Although large, this difference may be easily by a the differences between calculated and
field variables such as the oxygen concentration of water at the sediment interface, the
bottom current speed, the porosity of the sediments, and the biomass of epibenthic
aerobic species. We also note that the benthic routine was not tuned to this|&mwhn
study and adjustments in the values for several coefficients would certainly much
improve quantitative predictions.

More recently Chamberlin and Stucchi (2007) have assembled time series field data on
sediment conditions including concentrations ofganic carbon and sulfide
concentration, currents, and waste production at an Atlantic salmon farm in British
Columbia. Simulations with DEPOMOD provided them with a correspondingsimes

of deposition rates beneath the farm which they then comptredheir field
measurements. Figures,1which is one of their most interesting results, shows the
relationship between sulfide concentratiamd eorganic carbon depositionTheir log

linear plot can be directly compared to the benthic ut i n e 6 s shqgwn i@ iguet i o n
14E. The fit is good despite the fact that there was no tuning of the routine.

Becausewe have not yet obtained a comprehensive and diverse dataset on the benthic
impact of fish farms, we have not been able to test the accuracy benotiic routine

much beyond the comparisons shown in Figuresl@d4 However, during the
development of the benthic routine and its initial runs, we have been able to identify
those environmental and mathematical parameters whose variation most infliences
benthos.
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0.001 0.01 0.1 1 10 100
Predicted Flux (gCm2d)

Figure 16. Field measurements of sulfide concentration in sediments and organic loading of
sediments calculated with DEPOMOD under salmon farms in British Columbia
(Chamberlin and Stucchi, 2007). Tl increase in sulfide concentration with deposition is an
indication of increases of total metabolism of anaerobes in the surficial sediment layer.
Comparisons of such field data with predictions by our benthic routine shown in Figure4l
indicate good ageement.

The most important physical parameters are the areal rate of waste prodyctie b
farm (in units of g wasten? day'), current speeds throughout the water column and
particularly the bottom layer, the depth of the water column, the oxggecentration

and temperature in the bottom layer, and the porosity of the sediments. The most
important biochemical parameters are the values for threshold for deposition, erosion,
and resuspension, the maximum specific assimilation rates of partioujaiaic carbon

for aerobes and anaerobes, the half saturation constant for oxygenic respiration, and the
half saturation constant for oxygen inhibition of anaerobic respiration.

This relatively long |ist of keyropgpar dmesttedr sc
critical variables that can be applied to fish farms of differing sizes and locations.
According to our routine, the dynamics of the benthic community is highly nonlinear

because of thresholds and fundamental nonlinearities in the reggdresghic species to

the concentration of diverse electron donors and acceptors as well as their response to
metabolic inhibitors. Because of this complexity we propose that accurate predictions of

impact will require computations with models such ashbanthic routine that have been

tuned and validated.
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SBIR Project Accomplishments

As stated in the executive summary, we have comptaedixtasks foundn our Phase
Il SBIR proposal that isliscussed below

Task 1. Development of broad -scale, 3-dimensional coastal
flow system to couple AquaModel to existing coastal
circulation models

During this project we addedew interfaces that allow thé&quaModelsimulation to
incorporate output frondetailed bathymetry as well aoomplex coastal circulation
models. The detailed bathymetry combined withdBnensional ocean current data
allows theAquaModelo accuratelyrack the movement of uneaten feed and fish feces as
it sinks through the water colunso thatAquaModelcandetermine whether such waste

is depositechear the mariculture sit@r transported away from the site Wwater column

or bottom currents Accurate tracking of waste ithe most important factor in
determining the environmental impact of open ocean fish faand is even more
important that nearshore aquaculture locations that may be predictably driven by
repeating tidal cyckéorced currents

AquaModelcan display coastline data from several different sources including World
Data Bank (WDBII), World Vector Shoreline (WVS), or frolarcShape files. For this
project we used World Vector Shoreline because it is relatively detailed (1:250000).
WVS is provided by NOAA National _
Geophysical Data Center. HB raw data |2sze e = e oo
however, consists ofa series Of jgu
disconnectedline segments that are
suitable only foran outlinedisplay of
land massesA filled shorelinesuch as
that shown in Figure 71 requires that
line segments are first connected in
ordered polygons. EASy includes an
interactive tool that provides this
capabilty.

—

o) 9359759 100 0

The new version oAquaModelutilizes Flgure 17. AquaModeIuses;mgg’tgilledmb;t!ﬁ;r‘netr
detailed bathymetry shown in Figur@ qto determine the spatial distribution of where
. farm waste products are deposited.

to define thedepth of the water column P P

at each grid cell location.Prior versions were restricted to a uniform grid where the
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ocean bottom was modeled as flat and levi#laste products transported by ocean
currents may travel further from a farm site if the bott@ptt is deeper. Modeling of an
uneven bottom depttmerefore provides for a more assessment of the distribution of farm
waste products.

In addition to measured current meter dagiaModehow interfaces withhreetypes of
modeled 3-dimensional ocean cent data. Thisdetailed data provides a basis for
analyzing the effects otonvergent and divergent current flows as well as eddy
circulation. Thenew programfeatureaddresses the problem of matching differences in
temporal and spatial resolutidretweenthe circulation model oygut andthat used by
AquaModelto simulation the processes of waste production, waste transport, and the
biological transformatios of the waste.

The first circulation model that we interfaced witfguaModelwas the NASA Je
Propulsion Laboratory ROMS (Regional Ocean Modeling System). This model
computes dlimensional current vectors for specific regions. We accessed current data
for the Southern California Bight region with ocean current data with a temporal
resolution of3 hours and a spatial resolution of 2 kilometers. This data was used to run
simulations of a proposed open ocean experimental farm near San Diego as shown in
Figure 18.

Cheamy s
File Edt View Tools Add Help

Figure 18 Using NASA JPL's ROMS 3D current data the AquaModel was usedto
simulate a proposed mariculture farm near San Diego, California.
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Although the ROMS data are relatively high resolution, it is only available for relatively
few geographic regions. To evate mariculture farms in other geographic regions, we
added an interface to the NASA JPL ECCO2 model. This model produces current data
worldwide with a temporal resolution of 6 hours and a spatial resolution of 25 kilometers.
In addition to 2dimensionalflow field, the ECCO2 model also outputs predicted
temperature, and salinity. This is useful since temperature is another parameter that is
critical in determining the environmental impact of mariculture operations. Figure 19
shows an example of ECCOg@rface velocity vectors.

b
.M e P T S— -

LGS aam s o s ppgl i«

Figure 19. The NASA JPL ECCO2 model current data allowsAquaModelto evaluate the
environmental impact of mariculture operations anywhere in the world.

For the Hawai Department of Agriculture information system weterfacedthe
AquaModelwith the University of Hawdi ocean circulation model. This model creates
a detailed ocean current data shown in Figd@eroundindividual Hawaidan Islands
with a temporal redation of one hour and a spatial resolution of one kilometer.
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Figure 20. The University of Hawaid ocean current data provides detailed information that

AquaModelcan use to evaluate proposed mariculture sites.

Finally for this task we improved théquaModelsimulation replay capability so that the

user can now skip forward or backward to display results at any specified simulation
time. Prior versions provided for capturing and replayhgimulation resultsbut the

it still toolka significantperiod oftime to progress to the endlohg

of the simulated period. Whileigreplay mode progressed about six times faster than the

replay was restricted to a sequential display of simulation results starting at the beginning
original simulation

simulation run Using the new simulation replay capability the user can immediately skip

to the endor to any other point of the simulation peribg either moving the red line in

hdd

0 date/2li me as
The new capability also allows the user to play the simulation forward or backward from

any selected point as well as to adjust the simulation replay time $tegse features

7

ocurrent

the time bar with the mouse or by enterang

allow the user to more easilyvestigate the dynamic nature of the environmental impact

of mariculturefarms such as seasonal changes

34
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— Simulation / Real Time
stat [10/01/2007 00:00.00 = [l (000 = [Mintes +]

Cunent [10/04/2007 10:00:00 = [l [432000 = Figure 21 The new simulation
End  [10/08/2007 00.00.00 |l [10080.00 < control panel allows the user to
Deta [~ Feal Time |60 i“Minutes ~| skip to any point in a previously
captured simulation and to play

ﬁ@@ﬁ ﬂﬂﬂﬂ | 4pph | Cancel | | the simulation either forward or
Im Retain da}lslﬁﬁ backward.

Task 2. Develop contouring and statistics routines into
AquaModel in order to better summarize the
environmental effects of fish farm s

We addeda capability to contour any useelected simulation variable. The program
now provides the ability to view patterns in the distribution of farm wastes as either false
color raster images or as contour3his capability also allows the user to compare the
spatial distribution ofwo variablesby viewing one as a false color image overlaid by a
seconddisplayed as a contaurFigure 22shows an example of surface oxygen overlaid
by the distribution of
surfacenitrogen.

. ~
220096465 |-155.901672_ 100000 29999999 M 360°% [10/29/ 2007 Dspley

Figure 22. The new contouring tool allows the user to view the relationship between two
spatial distributions such as surface oxygen (false color image) overlaid by surface nitroge
(contours).
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We also added a capability talculatestatistics for a user selectedndow of any
selectedspatial image This tool displays theelected window height, width, and area as
well as thenumber of valid pixels within the selected winda¥ve pixel minimum and
maximum values the mean,and standard deviatian It also displays a -8imensional
perspective view of the selected region. Fig2Beshows an example of the computed
statistics for a selected region (red box) of the oxygen false color imhhgestatistics

tool exports pixel values in the selected region as well as the calculated statistics for off
line analysis.

o[B8 ml@lalel [z 2%

| 42800 Aea(km'2) 231 Mean 48433
Width[km) 147 Height (km] 1.57  Stdev 00332

File Edit om Process Window Help

5654 I 66 82

o

f 1Km 2km, \//
| AN

For Help, press F1 +20105474 |-155.882388 100000 [99999999.9NM [360% (10/29/2007 |Display [#

Figure 23. Image statistics for a user selected regions provide for rapid analysis of critical
oceanographic properties.
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Task 3. Provide computer code to accelerate simulations
of sediment waste deposition and resuspension.

We have increasethe speed of computations lay factor of four by re-designing
AquaModelto operaten threeseparate mode

1 Thetransport and ecological transformations of both dissolved (oxygen depletion
and nitrogenous enrichment within the water column) padiculate wastes
(organic caoon of uneaten feed and feces)

1 The transport and ecological fate of the dissolved wastes alone
1 Thetransport and ecological fate within the sediments of the particulate wastes.

The speed at which each of the 3 simulatiamss depend onthe time step othe
calculations and the size of thedBnension§ computational gridGenerallya 1 month
simulation for both dissolved and particulate wastes requires 8ldwouirs on anodern
PC. Thi, a simulation of 1 year will requerabout36 hours Usually 12 to 18 month
simulations are required to evaluate the response of the beothimunity to organic
loading andto determine ifseasonal changes in farm operations and environmental
conditions are significant. We acknowledget ttiee new computations for dissolve and
pariculate wastes alone are sttime consuming, and we hope to make additional
improvements as we continue to impro&guaModel Such improvements are easily
achieved by embedding code in modern graphic boardgxtimple, that can speed up
the routines by an order of magnitude or two.

Task 4. Complete testing of an improved b enthic dynamics
subroutine .

Design and implementation ofd benthic routine is now completdaquaModelnow
providesa detailed and comghensive description of the fate of uneaten feed and fish
feces deposited in the sedimemitsneath thearms. Other methodsfor computing
sediment loadindrom farm wastes provide general calculations that are limited to the
aerobic remineralizatio of carbonand the associated consumption of oxygen. As
discussed beloywour implementationexpands this description to include changes in the
relative abundance of aerobic and anaerobic organisms, the remineralization of waste
carbon by anaebic organisms hat respiresulfate (rather than oxygenpand the
production of hydrogen sulfide by the anaerobadraction of hydrogen sulfidas toxic

in marine wateand itis a key indicator of excess loading by farmsis tommonlyusel
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to monitor fish farmenvironmental compliancéhrough the measurement of free sulfide
AquaModelkalculates total sulfide, a measwiich can be related to free sulfide.

The development of the benthic routiisean importantaccomplishmenof this project

The benthic routineddresses the question of whether the deposition of organic waste in
the vicinity of the farm will adverselgffect the taxonomic composition of the benthic
community and the fluxes of oxygen and hydrogen sulfide between direesgs and
overlying waters. The physical processes of the routine ¢singf the transport ofish

feces anduneatenfeedto the bottom andheir depositionand consolidation.The bic
chemical processes consist of the growth of aerobic and anaerobic taxa of the benthic
community asdetermined by increased rates of organic deposition beneath the pens.
Such growth will increase the demand for oxygerd potentiallyto the depletion of
oxygen and production of hydrogen sulfide.

To run AquaModelthe userfirst identifiesthe source®f environmental datancluding
bathymetry, ocean currents, and environmental conditions such as water temperature,
wind speed, ambient oxygen, ambient trogen, ambient phytoplankton, ambient
zooplankton,mixed layer depthand average daily irradianceAquaModelprovides a
flexibility set of options for entering each type of daBathymetry can be specified by

an ASCII file of depth measurements, by a set of vector contours, or by a raster image.
Ocean currents can be specified by a time series cérdumeter measurements or by a
time series of dlimensional vectors. rivironmental conditions can be specifibg
enteringstatic constantsnto AquaModelor by specifyingone or moreExcel files that
include time seriesdata formeasured valuesAn exanple of this time series data is
shown in Figure4.

The user interfacdor specifying sourcesf ambient time series data, bathymetry, and
ocean currentss shown in Figuré5. This interface also allows the user to scale the
available ocean current vecs to evaluate a range of extreme current conditions. It also
provides a capability to merge measured ocean current data sithm8deled tidal
current data to account for global ocean currents and/or weather conditions.
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A

1 Date

2 1/4/2009
3 | 1/11/2009
4 | 1/18/2009
5 | 1/25/2009
6 21172009
7 2/8/2009
8 | 2/15/2009
9 | 2/22/2009
10 3/1/2009
11| 3/8/2009
12 | 3/15/2009
13 | 3/22/2009
14 | 3/29/2009
15| 4/5/2009
16 4/12/2009

B C D E F G H
Oxygen Oxygen Oxygen Suspended Temperature Temperature Temperature
(Tm) (22m) (53m) Oxygen {1m) (22 m) (53 m)
11.80 9.15 9.05 9.05 3.5 3.6 4.3
11.88 9.20 9.10 9.10 3.2 34 4.2
11.94 9.30 9.15 9.15 3 3.2 4.1
11.97 9.38 9.22 9.22 2.9 3.1 3.9
12.04 9.51 9.35 9.35 2.7 2.9 3.6
12.12 9.61 9.50 9.50 2.5 2.6 3.3
12.19 9.70 9.61 9.61 2.3 2.4 2.9
12.26 9.81 9.68 9.68 2.1 2.1 2.5
12.36 9.88 9.75 9.75 1.8 1.8 2.3
12.45 9. 9.81 9.81 1.5 1.5 2.3
12.38  10.00 9.88 9.88 1.7 1.6 2.5
1222 10.02 9.95 9.95 2.2 2.0 2.6
12.02 1022 10.00 10.00 3 2.7 2.8
11.92 1038 1003 10.03 3.5 3.2 2.9
11.78 1091 10.00 10.00 4.1 3.6 3.2

Figure 24. Ocean currents and other measured properties can be used to describe ocean
conditions around the specified farm pens.

5. Flow Field Options

Ambizrt Files

[ 354M aricultureH awaiitH awais andersCurents. ils
c:hEasy 35 \M aricultureH awaiisMisedLaverD epth slsx
c:hEazy 3B \M aricultureH awaiitwindS peedT est xlax

Current Welocity (0,
Mixed Laver Depth

Current Diraction (0,100)

100]

WindS peed
Bathyrnetry
Categary |E zBathyrmetry ﬂ
Image |E B athymetry ﬂ
Orientation |Elevati0n ﬂ
Buattom |Bathyrnetry File: j

Preprocess Bathymetry Data
File: c:MEasp35\M aricultureH awaiB athymetmdrapFile

Frocess

Flaws Field
Imagerny — (s
Depth Layer |4 ﬁ of |3 j Depth m] ||g ﬁ
Made |Separate uww files j
Companent u -
Cat /Frame |Llvel_Surf | JuveL |
ADCIRC Data-—
AveDepth  [5000 j r
Preprocess Current Data
File AManicultureH awailh Capture 304 FlowFieldbrayFile
Dats Rangs [o/ot/zo07 — [Tosotzzo0e =
Surface/Bottom Factors |1 o j 0,50
Yector Dffset/Scale 0.00 ﬁ 1.00 j
terge Mode Mone = Fliescss
Apply | Cancel |

Figure 25. AquaModel provides flexible options for enteringboth static and time series

environmental data.

Static environmental conditions aratered w i

t hi

n

t he

0 Co mmphit i ons o

user interfaceshown in Figure 26 These conditions include water temperatasrerage
daily irradiance,mixed layer depthand nominal wid speedor winter and summer,
diffusion coefficients, tidal period and maximum tidal velocity, and ambient oxygen,
nitrogen, phytoplankton, and zooplanktoit. also includes parameters that are used to
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tune t he pr ongodehtonlécal ngpnhadambidént aodhplume condition3hese
static parameters amperseded by measured tisexies data if it is providely the
user

MaricultureHawaii Options . i = | B )
Made m Colar |Arra_l,l j |3-D Mode ﬂ Flow Data
Capture File M aricultureH awaiiCapture 30 WM aricultureH awaitd ergedD elta
[Cobia =
Array T Penz T iConditions T Operations T Berthic T Display 1
Enable oxygen model es -
Figure 26. Static environmental e OB Lt e 7 "
" Surface temperature win.sum [deal) 26.00 : 26.00 .
conditions can be used to ) 5 5
. ) . B ottom temperature windsum [deglC) 20,00 &l 24.00 =
SImUIate farm Operatlons If more Ave daily iradiance windsum [moles/m2/day) W% 50.00 ﬂ
detailed time series or ocean Mised layer depth windsum (] T R
- . . J J
current data are unavailable. Nominal wind spoed win/sum (m/sec] 0 5 lw
Diffusion Kh/ksebixed K vShat (m2/sec) |0.400 = |ozm ﬂ |n.005 5
Tidal flow period [hrs) 1200 =i
Max current velocity [cm/zec) 10,00 j
Dpgen min/max/amb (g/m3) [z00 = [reo0 = [4s00 A
Mitrogen min/max/amb [mtd/m3) |-1.600 = [1.200 = |0100 =
Phytoplankton mindmas/amb [mkd /m3) |D.DUD % ‘U-ZUU ﬁ |U a0 ﬁ
Zooplankton min/maxdamb [mbd /m3) |D.DSD = ‘0-150 = |U1UU =
Planktan ambient oxpgen_temp iradiance |D_1DD j ‘D.'IDD i |D3UU i
Planktor ambient nitrogen,PhN ZoN (mt/m3]  [0.100 -~ [0.100 ﬂ |0.200 ﬂ
Plankton plume oxpgen.temp imadiance |0.100 = [oaoo = R E] =
Plankton plume nitogen PN ZoN (m/m3)  [0.200 &) [o500 = f2000
Apply | Ok | Cancel
=
MaricultureHawaii Options I . = | B i
Made  |Capture - Colar |Array j |3-D Mode j Flow D ata
Capture File MM aricultureH avait Capture 30 WM aricultureH awaiit ergedD elta
[Cobia |
Array 1 Penz | Condiions | Operations | ici Display
Enatble benthic model e -
it bi in/mar/init [g/m2/top2 ~ -~ = H i
Aot bemass min/maw/ik (g/mdoper) [ow0 5000 o [2000 Figure 27. Sediment and suspended
Anaerobic biomass min/max/init (a/m2/top2em) [0.000 4 [s000 < [rooo | meters define how waste
Sediment oxygen mindmasinit [9/m3) |0.000 j |6.000 ﬂ |2.400 ﬁ ayer para R
S CRR e (i) oon 4 [eom A oo A materials effect the environment
Serrer sl o frsteiie) T W T I after they reach the ocean bottom.
Sediment TOC min/masdinit [fraction) |D_DDDD j |D_D2DD ﬂ |D_D1 oo ﬁ
Suspended oxpgen mindmasdinit (a/m3) |0.000 = |e000 = 2400 =
Suspended POC min/mas/irit (g_C/m3) [ooo0 4 [oooo A joodo
“water POC oxidation rate [1/day] 0.020 j
Fecal/Feed ambient POC deposition [(g_C/m2/d] [0.025 ~ 0.025 ~
Fecal/Feed TOC consolidation rate [1/day] 0.020 : 0.080 j
Fecal/Feed deposition threshold [cm/zec) 2.000 J B.000 ﬂ
Fecal/Feed erozion threshold [cmizec) E.000 ~ 2.000 =
Fecal/Feed erosion rate constant [g_C/m2/d) B0.400 : B0.400 j
Apply | Ok | Cancel |
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Sedi ment

and

suspended |

ayer

conditions

user interface shown in Figug. Sediment conditions include minimum, maximum,
and initial values for aerobic ammshaerobidiomass, sediment oxygen, &@ulfide,and
TOC. The suspended layer is the layer of water just above the sediment. Thstager

source ofambient oxygen that is diffused into the sediment.

It also transpods

diffusessuspended materials along with the bottom currents. Suspepdegpdaameters
include minimum maximum and initial values for oxygen and PCHnally, this tab
defines feed and fecal deposition, consolidation, and erosion rates and thresholds.

The AquaModela nal ysi s

array i s

speci fiedseby

interface shown in Figure 28This tab defines the center and orientation of the analysis
array, the array size and resolution, and the default bottom déeftk. results of a

simulation run are displayed as false color images, contours,paofile plots.

In

addition,AquaModelcreates an Excel export file that contagnsme series of calculated

simulation valueghat can be usefdr post simulatioro f f | i ne

anal ysi s.

includes three user speaifile analysis array locationsCalculated valuegor these
capturearraycells will be appended to the standard vaindgbe Excelexport file.

MaricultureHawaii Opticns

Mode Capture - Calar |Anay
Capture Fil= M aniculbureH awaihCapture 3D anicultureH av aii
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|30 Mode
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T Diizplay ]
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|2011240
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Apply

Ok

Cancel |
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Figure 28. The analysis
area of interest b
specified by a
geographic location,
array orientation, size,
and resolution.

f ar m thp graphicalar e

user interfaceshown in Figure 29 The location size of each individual pen iscsfed
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alongwith the fish species, initidish weight, and fish density. Pens must be located
within the analysis array. While each pen must contaily one species,separate
specified pens may contain different speci&be user may specify as maayg 99 pens
although this limit could be easily increased to any practical lifadach pecified pens
are simulated aa separatentity soit may represent eith@nindividual penfor a single
mariculture farm othe effect of multiplgpensfor a numbeiof farms.

MaricultureHawaii Opticns - = | B |l
Mode  [Caphue = Calar lAmray ~| |3DMode  ~|  FlowData
Caphure File M anculbureH awaiCapture 30 M anicultureH aveail
[Cobis |
Array Pens! T Conditions T Operations T Benthic T Dizplay ]
Pen |-|_j| of ,fﬂ :
Species Cobia :I'
Pen lat/lon/depth (deg.m] 2011376 < [1558%6462 |5 4
Pen size LAwH [m) [Foo H oo [5o 5|
Pen fish weight/density [g.kg/m3] [29a.0 ﬁ |75 j
Apply ‘ Ok ‘ Cancel ‘

Figure 29. Net pens or multiple farms are modeled as independent interties with separate
geographic locations. The pens may also be of different sizes and may contain different fish
densities or species.

Farm operational parameters are specified
interfaceshown in Figure 30 The pen feed rate parameters and initial pen oxygen and
nitrogen concentrations are specified along with feed and fecal settlirgy rétbe
specified minimum and maximum growth rates are used only to control the piofile

range of values.
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MaricultureHawaii Opticons - = | ] [
Mode  [Capture - Color |Arra_l,.l ﬂ |3-D tode j Flow Data
Capture File AMaricultureH await Capture 304M aricultureH awaii
[Cobia -]
Array 1 Fens | Condtions | Dperations | Benthic | Display |
I arwal feed rate (fraction fish weight/day] 010 j‘
Feed rate [No=manual Yez=optimal] Yes -
“Wasted feed » optimal (fraction) 0.050 j‘
Initial pen oxygen [9/m3) 5.70 j‘
Initial pen nitrogen (Ml /m3) 020 j‘
Fecal/Feed setting rate [cm/'s) |2.00 ﬂ |3.00 ﬂ
Fizh growth rate min/mazx [1/day] |D_DD‘I ﬂ |D_D2D ﬂ
Apply ‘ Ok ‘ Cancel |

Figure 30. The operational parameters provide a capability to evaluate various farm
operating scenariodncluding the effect of altering feed rates.

AquaModeldisplay optionsar e speci fied with the o6Display
interface shown in Bure 31 These optiongare used in conjunction with EASy display

options tocontrol the display of aryagrid cells, contours, ocean current vectors, and

POC waste tracks. They also specify a mouse selection mode that determines if a left
mouse double clickventwill display detailed pen or POC track values or will be used to

identify thedrill point userfor profile plots.

Program operation and display parameters are located at top of the graphical user
interface dialog box. These include the program mode (Display, Normal, Capture, or

Replay), the ocean current vector typeDd(dr 3-D), and the capturalé folder. Finally,

the 6Colord button all ows the user to change
the computational array boundary, current vectors, feed and fecal streams.
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MaricultureHawaii Opticns

I:IEI‘&

tode m Colar |smray | 3D Mode ~|  FlowData
m b aricultureH avaihCapture 304 ancultureH awai
[Cobia =l
Aray T Pensz T Conditions T Operatiohs T E enthic T Display ]
Array Gd M -
Contour lines rﬂ
Contour width '27ﬂ
Contour stretch rﬂ
Contour resolution m
Contour zolid [Yes/Ma) Mo -
Current vector display [Yes/Mo] es -
30 arrow depth layer m
3D armowe rezolution "Iﬂiﬂ
ADCIRC mesh display [YesMao) Mone -
POC waste track display [Yes/Mo) es -
POC waste track size [pixelz) 2 j‘
Mouse selection mode Coill -
Apply | Ol Cancel |

Figure 31 AgquaModeland EASy display parameters allow the user to tailor false color

images, contours, and profile plots to evaluate the results of a simulation run.

The EASy graphical user interface provides additional display parameters including the
selection of falseaor images, current vectors, contours, and profile plots and associated

col or and size dis

pl ay setti ngs e32isTldedk

OBr ow:s

to select the false color or satellite image that is displayed in the main graphic window
. During the simulation the graphic image is

prior to the beginning of the simulation
controlled by the

6l magesb

tab

of t he

»y 3 |Ox:,'gen lex'_.fgenSurface jl'lD:"D'IHDSD[ji“NDrmaI j|lmage

I s e

Figure 32. The 'Browse Images' toolbar allows the user to dplay selected false color or

satellite images in the main graphic window.
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The Ol mages6Datahbh daégdbexshownsimFigure 3lows the user to
select a false color (or satelltenagetype and/or theAguaModelocean current vectors
that are displayed on the EASy main graphic windowuring the simulation The
program animates the selecsehjuence of images and/or ocean current vetdaoshow
how spatial changes occur over time.

Data Graphics I ﬁ
Plots ] Stations ] Vectors ]
Blobs ] Contours ] Extents Images l Overays ]
|Ox§,rgen 5m ﬂ |N|:|ne j |N|:|rrnal ﬂ
|Aqua|"-"|0|:|e| Vectors ﬂ |N|:|ne ﬂ |N|:|rrna| ﬂ
|None ﬂ |Nu:une ﬂ | J
|i.:.5'.'::-'; Vectors J |-; J | J
[
= Post Offset Factor

- _ et |
2 _Femove_|
o -1 -1 -1

===

Tidal Hlipses ——Angie s+ Points T — S5

Figure 33. False color images
shown in the main graphic window Tidal Periods, Resolution |1.0 :| 4 :|

allow the user to visualize both Hlipse Width, Color i coor

spatial and temporal changes in

critical ocean properties. Foirtt Size. Color =

0K | Cancel | Apply | Help |

Available ocean properties that may be displayedadse color images include array
oxygen, nitrogen, phytoplardt or zooplankton ateachsimuated array cell depth;
suspended oxygen, fedeécal, and total wasteoncentration; and sediment oxygém,

or hydrogen sulfide concentratignieed fecal, average waste, cumulative waste, and
total waste concentratiptotal consolidation wast@ndaerobic oranaerobi@abundance.
This tab is als@nables the display calculatedidal ellipses for D ocean currents.

The 60Contoursdé tab of the 0Da3taowStheaupehi ¢cs 6 di
to select amocean property that will be displayed as a contbwning the simulation

Ocean propeies that can be displayed as false color imagag atso be displayed as

contous. The selected contour is displayed over the selected false color (or satellite)

image so that the user may determinew two parameters interact spatiallpuring the

simulation he selected contour is animataldng with the selected image show how

the two properties interact over time.
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Profile plots are selectefbr displaywith the6 P1 ot s & t ab ocfs 6t hdei ad Dbagt a
box shown in Figure 8 Four types of plots are available: depth plots (property vs.

depth), time plotsproperty vs.time), transact plots (property vs. distance along a user

defined transact line), and falselmoimage plots (color image representing property

valuesat array depthslong a useselected transact line Examples of thdour plot

types are showhelowin Figure35. The upper leffigure shows a depth plot of oxygen

at a usespecifiedd d r i | ,Ithe pppdr nghfigure shows a false color image plot of

oxygen along a usespecifiedtransact linethe lower leftfigure shows a transact plot of

suspended total waste along the same transactahidethe lower righfigure shows a

time plot of average surface and bottom ocean current magnitude.

Data Graphics l &
Blobs | Contours I Exderts I Images I Owverays I
Plots | Stations I Vectors

Choygen Profile
Choygen Transact
Mitrogen Profile
Mitrogen Transact

oPlankton Profile

ZooPlankton Profile

ZooPlankton Transact

Sediment Aerobic Profile

Sediment Anaerobic Profile

Sediment Average Waste

Sediment CO2 Profile

Sediment Cumulative Waste
Sediment Sulfide Profile

Sediment Consolidation Waste Profile
Sediment Consolidation Fractional Profi
Sediment Fecal Waste Profile
Sediment Fecal Fractional Profile
Sediment Feed Waste Profile
Sediment Feed Fractional Profile
Sediment Ciygen Profile

Sediment Total Waste Profile
Sediment Total Fractional Profile
Suspended Fecal Profile

Suspended Feed Profile

Suspended Cygen Profile

SusEend?d TutaI_ProfiIe =
ok | cancel | aph | Hep |

m

Figure 34. User selected contour options are displayed over selected images show how two
ocean parameters interact.
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Figure 35. Four types of X-Y profile plots provide flexibility in evaluating critical ocean

properties.

The O6Settingsé tab

oef—the—o6D+sptapyy Settings
Display Settings
nd

dialog box enables general display objects _ :
. i : Birdseye | Categories I Qverays I Flots I
associated color, size, and resolution as shownsesnes Seftings Services | Simulation
H H — Units — Legends
in Figure36. The AquaModelocean current| | 0 e =) [ Chtie ¥ Compes
vector di splay i s c|lowct fGd -k veﬁf’;djdprysca|e$r|he 6Vecto
Arrowsd panel of thitl?smiediont—a—bi'gwf;fh"‘l; deflines vecH
. Mercator < ||| -2t - ]
length, width, and color, arrow head type and ; -, Lnes | G Lo | | [Fomal =] G ™
size, and vector array display resolution. i saes Wheelimtvae [1 =
i H .| Global zoom scale |1.00 ﬁ r Vector Amows —————————
Other display items that are controlled by this _ """ - o= | Lenia 50
tab include distance units (metric or English), seveesse [fo0 = | Fesses I =5 =
. . . . R - Scale/Style Fleh vl
latitude/longitude units, legend types, display :”‘l' l_ﬂii o [F >
. . ext size scale 1 -
projection (Mercator, Lambert, or Arc), and | . .nsee Wg‘ e —
H H : S e rees =]
geographic and profile plot background et [T | e beames) ||_1” =
I —Geo-Marker—————————— o) 1o —
colors. See Ja | colr | "mﬂgeﬁ'?
. . — Backaroun ors Retain days|999 -5
Figure 36. EASy setting controls allow the usr ; ds‘;endﬁ”' L ot
to tailor the geographic and profile plot
displays.
oK | Camcel | i | Hep |
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The O6Simulationd tab of the ODisplay Setti
simulation start and end dates and the display frequency as shown in Figuiide
ORestricted St imeetidgg$ areoignored anptlasbdialbg box as they are
automatically set by thdquaModelservice depending on the selected operating mode

(e.g. ONormal 6, .60Captured, or ORepl ayd)
Display Settings ‘—l ==

Birdseye ] Categories ] Overays ] Plots ]

Scenes ] Settings ] Services Simulation

Date./Time Format <
Simulation Start [01/01/2009 00.00:00 -

Simuation End [01/08/2003 00:00:00 = Figure 37. The simulation settings contro
Display Deka 60 Mrutes =] allows the; user to set the simul_ation start
and end times as well as the display
Restricted Simulation Capabilties interval.

Play Backward [ Edit Times [ Edit Delta Time [

NCOTE - These capabilties cannot be used where services require
sequential execution.

Execution of the simulation ighen
controll ed by the 60Si mu
Panel 6 sho®nThisdialogi gur e
box allows the userto step, run, stop, or

reset the current simulation. During the
AquaModelreplay mode the user may

alsoskip to any point in the simulation or

play the simulation either forward or

backward

. Simulation Control Dptiois‘ X
Figure 38. The new -

simulation control panel Simulation / Real Time
allows the user to skip to Start  |10/01/2007 00:00:00 :| |0.00 iHMinutes |

any point in a previously Cunent [10/04/2007 10:00:00 - [l [432000 =

captured simulation and - Z
play the simulation either End  [10/08/2007 oo:oc:00 | [l [1o0s0.00 -+

forward or backward Deta |~ Real Time [=0 = [Minutes =]
simply by clicking and

dragging on the red slide ﬂ @@ @ M ﬂﬂ ﬂ fpply | Cancel |

area in the blue bar.

QK | Cancel | Help |

NORMAL Fetain dayz| 999 :|
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Figures 39 through42 illustrate various combinations of geographic false color image,
contour, and profile plots for a 2xge farrmear the big islandf HawaiG. The array of

dark green dots in the center of the displiaythe farm pensA dot near the center of the

array istheselct ed o6drill 6 | ocation and the red
selected transact. Finally, the blue arrows show ocean current vectors at the displayed
simulation time.

Figure 39 shows afalse color imagef oxygen concentration éitve metersdepth. The

red rectangles partially obscured by land are an artifact that resulted from the bathymetry
sourcethatidentified those area® havezero depth (e.g. land). As a restijuaModel
assumed an oxygen concentration of zero (réthe false calr image is overlaid by
contours that showhe concentration of total waste in the némttom suspended layer.
Profile plots includedepth and false color image transact plots dwygen, nitrogen,
phytoplankton, and zooplanktptransact plots of suspéed layer and sediment total
wastesanda time plot of average surface and bottom ocean currents.

Figure 40 shows a false color image of nitrogen concentration at five meters depth
overlaid by contours of sediment total waste.

Figure41 shows a false cotamage of phytoplankton concentration at five meters depth
overlaid by contours of nitrogen concentration at five meters depth.

Figure42 shows a false color image of zooplankton concentration at five meters depth
overlaid by contours of phytoplankton a@mtration at five meters depth
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® MaricultureHawaii - EASy
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Figure 39. The combined display of a false color image (oxygen), contours (suspended total
waste), current vectors, and profile plots provides users with a comprehensive tool for the
analysis ofcritical ocean conditions.
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Figure 40. The lack of a nitrogen plume (false color image) shows that excess nitrogen is
being consumed by the available phytoplankton. The contours show only tiny areas where
waste is being accumuted.
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Figure 41 Phytoplankton is abundance (false color image) near the farm eliminates excess
dissolved nitrogen (contours).
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