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Abstract

Since the earlgeventies, the development of floating net cage mariculture has been of growing
concern with respect to its environmental impacts. Floating net cageiculturesgenerate
considerable amounts of effluent in the farof solidsand dissolved nutrientaith the globally
intensifying maricultureactivitiesand improyng feed technologythe direct release of dissolved
nutrients from fish farmingbecomes of larger importanceHowever itis seldom taken into
consideration dung coastal planning procedures.

The present study focuses on impacts dfssolvednutrient loads fromfloating net cage
mariculture Numericalflow, waveand water qualitymodelling techniquegrovided the basiso
developa strategyto optimize the arrangemenand sizeof multiple floatingnet cage farmsn
order to minimizedissolved nutrient enhancemeim the area Exemplarily, this study was done
for Pegametan Bay, Bali, Indonesia.

The physical carrying capacity was determineing key physical parameterom flow and
wave model resus to identify thoseareas which provide favourable conditiofsr the practice
of floating net cage farmg.

A fish growth and mass balance model was set up to quantify nitrogen fluxTigen grouper
(Epinephelus Fuscoguttajysthe predominant rearedspecies, concluding that of the total
nitrogen inputapproximately37% is excreted in the form of ammoni/ater quality model
simulations of existing farms within the study area indicated a-gptimal farm arrangement
with excessive local enhancementashmonium levels and accumulation of nitrate.

The water quality model was used tgerform numerical experiment®f alternative farm
arrangement scenariog:romthe simulated scenarios it wafound that through a combination
of suitability analysis andcalng of individual farm sizeaccording to the local dispersive
character,defined by the Reynolds numbemmonium concentrations were reduced &%
and nitrate concentrations were reduced by 41% when compared to a non optimized scenario
Furthermore theimpacted area was reduced by up to 48%, relative to-optimized scenario

with identical fish standing stocks

Even though tie determination ofthe environmentalcarrying capacity remains a political and
gualitative issue, it was concluded that optimizitige farm layout of multiple farms within a

region cansignificanly reduce the enhancemerdf dissolved nutrients. The method described
therefore offers avaluable addition to the development of sustainable floating net cage

mariculture.
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Kurzfassung

Set den frihen Siebziger Jahren, ist das Bewusstsein fir die Umweltauswirkungen im
Zusammenhang mit der Entwicklung von Marikulturen gestiegen. Marine Fischzucht in Kafigen
verursacht erhebliche Mengen an Nahrstoffemissionen in Form von flissigen undulgaeik
SubstanzenMit weltweit zunehmender Intensivierung von mariner Fischzucht, gewinnen diese
Emissionen an Bedeutung. Gegenwartig werden sie jedoch noch selten im Planungsprozess
bertcksichtigt.

Die vorliegende Studieefasst sich mit deAuswirkungen von geltsten Stickstoffemissionen aus
ZackenbarsciMarikultur in Pegametan Bay, Bali, Indonesidin numerisches Modell zur
Simulation von Hydrodynamik, Wellen und Wasserqualitatde verwendet, umeine Strategie

zu entwickeln, welchédie Anordnung von mehreren Fischfarmen hinsichtlich einer Minimierung
der geltsten Nahrstoffemissionen optimiert.

Unter der Verwendung von simulierten physikalischen EinflussgréRen wurde eine
Eignungsstudie zur Bestimmupgtentiell geeignete Flache fur die Zicht von Zackenbarschen

in Netzkafigerdruchgefihrt

Ein Wachstumsund Massenbilanzmodelvurde entwickelt, umden Stickstothiaushalt der
vorwiegend gezichteten Spezidspinephelus Fuscoguttatugu quantifizieren. Ungefahr 37 %

des Stickstoffes wird slAmmonia ausgeschieden. Simulationen der Wasserqualitat mit dem
bestehenden Farmbestand zeigen ein syimales Farmarrangement mit lokal erhéhten
Ammoniumkonzentrationen und Anreicherungen von Nitrat.

Mit dem numerischen Wasserqualititsmodell wden exerimentell alternative
Famarrangementssimuliert. Anhand deSzenarien konnte dargestellt werden, dass durch die
Kombination von Machbarkeitsstudie und Anpassung der Farmgrésse an den lokalen dispersiven
Charakter, welcher Uber die Reynolds Zahl definilwurde, im Vergleich zu einer nicht
optimierten Situation €& Ammoniumkonzentrationen um %3 und die Nitratkonzentrationen

um 41% reduziert werden konnten. Die durch die Farmen beeintréchtigte Flache konnte durch
die Optimerung um bis zu 48% reduziert rgden.

Obwohl die Festlegung der regionalen Tragféhigkeit fir Marikultur meist eine politische und
eher qualitative Angelegenheit ist, kann tber die Optimierung in der Anordnung von mehreren
marinen Fischfarmen in einer Region, eine signifikArdéebesserug hinsichtlichder Belastung

durch geldste Nahrstoffemissionen bewirkt werden. Die dargestellte Methode bietet daher eine

sinnvolle Ergdnzung bei Planung und Umsetzung einer nachhaltigen Marikultur.
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1 Introduction

1.1 Significance and statement of the problem

With the rapid development of floating net cage culturey G KS  YcbriRernsgdew witl & =
respect to its environmental impacts. Apart from the strain on protein resources for fish feed
and escapes of neimdigenous farmed fishpeciesmariculture generateconsiderable amounts

of effluent in the form of solid (waste feed, faeces) and disgblgbstances such as nutrients,
pesticidesand pharmaceuticalsvhich are releasedirectlyinto the water column

Most environmental impacts related to floating net cage mariculture were observeafféat

the sea bed and to a lesser extetfte water qualty (Wu, 1995) The environmental impacbf
particulatewaste released from floating net cage farms has been abundantly described since it
proves to be the limiting factor the production capacity, i.e. the maximum carrying capacity of
individual floating ne cage farms as defined by Byron & CeBtarce (2013). Especially in
shallow areas the deterioration of underlying sediments is clearly related to the above lying net
cage farms (Hall et al., 1990, 1992; Wu, 1995; Yokoyama et al., 2004).

However, with onging improvement of feed technology and higher ingestion rates leads to a
reduced wastage in the form of particulate organic matter, makinigstances a more important
factor. So far,immediate large scalenvironmental impact bydissolved nutrientsare orly
sporadically directly related to floating net cage practiince they tend to rapidly dissipate
away from floating net cagg&owen & Bradbury 1987; Aure & Stigebrandt, 190@rakassist

al., 2005; Pittaet al.,1998; Wu et al., 1995 Model studiesndicate the importance of transport
mechanisms as main driving force behind the resulting nutrient concentraffeetshakis et al.,
2012; Skogen et al.2009). Concerrs were expressed bysara (2007who found that nutrient
discharges from floating net cages can trigger a biological response, even at larger distances.
So far, no clear link was laid between the placement of floating net cage fish farms and
mitigation of dissolved floating net cage famastes.Since the degree of nutrient enhancement

is related to the nutrient discharge of a given standing stock and the physical characteristics of a
water body at both farm level and at greater distances away from the farm. Therefore, adequate

farm placenent and methods to optimize the distribution of cultured fish over multiple floating
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net cage farms provides leverage to reduce potential impacts of the dissolved wastes which are

directly released into the environment

1.2 Objectives

The main objective is tdevelop strategic measures to optimize the arrangement of multiple
floating net cage farms and the distribution of the standing stocleff@iently acommodate
dissolved nitrogenous waste$nto the direct environment and to minimize nutrient
concentration enhancemenand potential triggers of eutrophicatiogffects

In order to accomplish this objective it is intended to ...

V assess the behaviour of dissolved nitrogenous wastes released ffoating net cage fish
farms.

V study the relationship between th number offloating net cagdarms, distribution ofthe
standing stock and physical carrying capacitwith respect to resulting nitrogen
concentrations.

V assess the use dfite specific indicators of flow characteristics pioovide a strategy to
optimize thearranganent of multiple floating net cages within a given domain.

V explore and test a method to determine the environmertatrying apacity of a region.

1.3 Cutline

Thefollowing chapter willaddress the status of research towards floating cege farms and the
related environmental issues with dissolved wastes. Subsequently, the pilot study area will be
introduced with a profile of the hydrographic structure and the existing floating net cage
practices. The used field measurements will becdibgd in chaptefour. In chapters five

through seven the set up of the numerical tools is described going flamncharacteristicand
waves to the quantification of nitrogen flux from cultured fish to the simulation of the fate of
dissolved nitrogenouwastes.The determination of the physical carrying capacity is shown in
chaptereight which provide the basis of a number of scenatiostudy a strategy to optimize
farm arrangements and reduce resulting impacts of dissohigdgenouswastes in chapte

nine. A method to determine the Environmental carrying capacity is evaluated in chapter ten.

Overall results and findings will be discussed and concluded in chapter eleven and twelve
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2  Scientific background

Wu (1995)has summarized the environmental pact of marine fish culture stating that &8%

of carbon and 5385% of nitrogen input into a marine fish farm as feed may be lost into the
environment through feed wastage, fish excretion, faeces production and respiration. Even
though improved feed techwlogies have led to a reduction of feed wastage, these numbers
remain valid for mariculture in tropical regions where trash fish, i.e. commercially low value fish,
is the common type of feed.

Solid farm wastes are dispersed by currents but generally tergkttle on the sea floor in the
vicinity of the fish farm. Elevated levels of organic matter and nutrients leading to stimulated
microbial production have mostly been observed underneath and in the close vicinity of floating
net cage farms. Excessive amtai of deposited organic matter lead to increased oxygen
demand if oxygen supply is insufficient to cope with this situation, resulting in methanogenesis
and formation of hydrogen sulphidéHall et al, 1990, 1992)In the worst case, at heavily
impacted ges, azoic zones may ocqifokoyamaet al, 2004).

The direct release of dissolved nutrients from floating net cage farm activities, especially with
high densities of cultured fish, may lead to elevated ambient nutrient levels. For marine
environments itis mainly nitrogen which forms the limiting nutriefdr potential biological
responses in the form of elevated primary productidine abundance of nitrogen and changes

of nutrient ratios in the water column may favour the growth of certain phytoplanidgooups

such as flagellates ocyanobacteria Increased abundance of microalgae cou&hd to
eutrophication when undesired effects occlihe EU defines eutrophication éhe enrichment

of water by nutrients causing an accelerated growth of algae andehifprms of plant life to
produce an undesirable disturbance to the balance of organisms present in the water and to the
guality of the water concerned, and therefore refers to the undesirable effects resulting from
anthropogenic enrichment by midentso (OSPAR 2003. Undesirable consequences of
eutrophication include an increased abundance of pelagic microalgae recognised as a bloom or
GwSR ¢ARS¢s OKIy3aSa Ay o0AZRAQOSNBAGE |yR 2Ee&3Sy
a consequence of therdting and decay of algal biomass which may again negatively affect the
immediate response of organisms and finally result in nmasgality due to suffocation (Blaakt
al.,2001)

15



Increased ammonium concentrations have been observed around floating getfesh farms
Nonethelesselevated primary production has only been directly associated with farm activities
in poorly flushed regions (Gowen et al989; Aure & Stigebrandtl990; Wuet al, 1994)
Dissolved nutrients tend to rapidly dissipate awaynirdloating net cages. At marine sites,
where tidal currents may be considerable, increases in ammonium levels are often occurring
during slack tidegGowen& Bradbury 1987).

Gowen et al. (1989) proposed a simple box model to estimate the equilibrium rise of
concentration assuming a well mixed semi enclosed water body. By considering the flushing time
of the entire water body the box model assumes that excreted nitrogen is fully dispersed and
thus neglects the occurrence and severity of localized effects.

Gillibrandt& Turrell (1997)developed another simple box model to provide a more scientific
and consistent basis for the assessment of the relative potential environmental impact of new
and exising farms. The potential enhancement of nutrient levels within sea lochs due to fish
farms was predicted to regulate compliance with environmental quality standards (EQS). Similar
to the box model of Gowen et al. (1989) many simplifying assumptions watk rabout the
underlying hydrography of sea lochs. However, it provided a first estimate of possible effects,
and has proven to be a useful management tool.

Technical advances, however, have led to increased possibilities to utilize high resolution models
to capture the fate and impacts of dissolved nutrients which could not have been observed with
the previously mentioned box models or by field measurements. Model studies provide an
improved view stating that fish farming does favour primary productiomeatelarger distances

and that the degree of impact is closely related to the local and regional hydrographic
conditions, production intensity, farm locations and, for temperate regions, the seasonal
physical variability.

Wu et al. (1999)applied twodeterministic models to simulate hydrographic and water quality
conditions within a sutropical marine fish culture site in Hong Kong, where trash fish is used as
feed. The simulation predicted the extent of pollution and area affected under varying fish stock
and pollutant loadings. It was shown that impacts of fish culture activities on water quality at the
culture site were localized owing to strong advection by tidal residual flows.

Petihakis et al. (2@®) createdan ecosystem model capable of simulatingrent diffusion and
primary production forthe Pagasitikos gulf ecosystei@reece, and verified the impact of two
farms at a well protected and an exposed sResults showed little effects of nutrient inputs in

the vicinity of the farm at the exposedsibut revealed that theseffluentsaffect more distant

areas due to hydrodynamic transport where primary production was stimulated. Instead the
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well protected site showed more localized and more intense nutrient enhancement in
conjunction with higher pmary productivity; these findings suggest that the effect depends,
amongst others, on the location of the farm.

Skogenet al. (2009) has set up aoupled 3D physical, chemical and biological ocean model
which has been applied for a fjord at the western sb®f Norway. The main objective of the
study was to investigate and document the environmental effects of fish farming on
eutrophication. An environmental impact study with respect to botfarm size (i.e., fish
production) and location of the farmsasperformed. The experiments showed that increasing
the production of fish in each farm resulted in a rather small increase in primary production,
without anyimpacton the oxygen leva The locations of the farms were of larger importance.
The stimulating effect on primary production wastrongest whenthe fish farms were located
quite far inside the fjord. The best Idgan of the fish farmswith respect to eutrophication
effectswas found to be near the mouth of the fjord where water exchange withapen seais
largest.

Best Environmental Practice (BEP) and Best Available Techniques (BAT) are common terms to
support the development of more sustainable practice of aquaculture including floating net cage
cultures. Proposed BEP and BAT guidelines are wig®rssion among the European countries

to unify and standardize licensing procedures. The Baltic Marine Environment Protection
CommissiofHELCOM2004)and the OSPAR Commiss{@SPAR20M) described a number of
BEP and BAT measures related to genexgliaculture practice including the use of
technologically advancefbrmulated feed types and feeding techniques. Together with the
choice of fast growing (and indigenous) species, feed wastage and nutrient discharges per unit of
production could be reducedo a minimum. The Baltic Marine Environment Protection
Commissio{HELCOWM2004)has formulated thresholds for théischarge of nitroges0 g N kg

) and phosphorug7 g P kg) per unit of produced fish weight for the Baltic Sea Area

Regional planninghould be employed as an instrument for directing fish farming activities to
suited areas mitigating conflicts between fish farming and other uses of the coastal area.
Discharges from sites should be restricted by means of objective environmental impact
evaluation methods in accordance with the holding capacity of the aquatic environment
affected.A guideline for the accommodation of dissolved nutrients is generally rarely regulated.
The Scottish Environmental Protection Agency (SEB#hates the equilibum concentration
enhancement (ECE) based arbox modelfrom Gillibrand& Turrell (1992) which is assessed
against environmental quality standards (EQS). The Oslo & Paris Commission assessment

criterion for critical dissolved nutrient enhancement 50% above natural background
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concentrations(OSPARO009, but there is no statement on the allowable spatial extends of
nutrient excess

Recommended maximum levels of production of fish are stipulated for parts of Puget Sound,
USAdefined byits hydrographical and geomorphologic properti@eston,1986).These levels

are based on dolerable increase in the flux of nitrogen into the arehlitrogen flux was
estimated from the flushingate of the area, using existing hydrographical informationgd an
concentrations of nitrogen in surface waters. A 1% increase in the flux of nitrogen into an area
was specified throughout the Sound as the maximum permissible effect of farming. In the
absence of information on the ability of the waters of the Sound s$sirilate additional
nitrogen orto predict potential nutrient enhancementthis was considered to be small enough

to avoid adverse environmental effects. Using published data on the release of nitrogen from
cagefarmed salmon, the amount of nitrogenput was expressed in terms of produmti of fish.

The existing flux, tolerablecrease and maximurallowablerate of production of salmon were
then calculated for each of the areas of the Sog@dsamp2001).

From the above, | observe thatissolved nutriets is regarded as a minor aspect of the
environmental issues but will contribute as a source of nutrients which affect a much larger area
than for example, particulate wastes, which tend to have a more distinct and localized impact.
Treating dissolved nugnts from floating net cage fish farms as a matter which can be dealt
with more systematically, a lack of solid guidelines is missing. Environmental impact assessments
mostly deal with individual farms as well as other regulatory mechanisms (Bermude&), Rl
attempt is made to consider optimized placement of multiple farms within a region of interest
and define individual farm sizes to match a defined environmental carrying capacity.

The presentstudy proposes a strategy to optimize the arrangement afltiple floating net cage
farms to efficiently accommodate dissolved nitrogenous wastes and attempts to contribate to

tool for the appropriate selection of maricultuas developed bivlayerle et al. (2009).
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3  Study area

This studyarea used to test théhypothesis wasPegametan Bay, situated at the northwest
corner of Bali Island (114.6°E, 8.14°S), Indon&sguie3.1). The bay covers approximately 540

ha and is characterized by a shallooralreef in its centre which pdy falls dry during low tides.

Two main channels east and west of the main reef heatepths of 20 and 30 meters,
respectivelyThe eastern channel is protected from the Bali Sea bgcondeef. At the seaward

edge of the bayvater depths rapidly increase to several hundred metdiise area is dominated

by a mixed diurnal tide with adal range of approximately 1.8 metgisgbert& Erofeeva2002)

The area is tide dominated with current velocitiesthe order of 5 cm$and up to 40 cmSin

the main channelsWater temperatures in the area range betwee@ @1d 30°C. Several minor
small streamddischargewater into Pegametan Bayuring the rainy season between December

to February Salinity varies in the range of 280 PSUHanafi, 2008).

Prevailing wind directions undergo searinual reversing according to northwest and southeast
monsoons. The northwest monsoon has wind speeds averaging approximately “Swiths
maxima of up to 12 m™s During the southeast monsoon wind reaches speeds of up to 8 m s
(Kalnay 1996).

Bali islands heavily reliant oourism. Even though Pegametan Bay itself does not have strong
touristic activities, the northern coastline of Bali harbotosrist resortsa few kilometres east of
Pegametan Bay onward$he Bali Barat National park and marine reserve is located west of
PegametanWithin the bay, occupations consist @Hing,farming and aquaculture. Pegametan
Bay is the largest aquaculture area on Bali. A large shrimp farm area is located west of
Pegametan. Three additional shrimp farms are located along the sbaoriig this study, only a
small number of the available pondsere stocked with Pacific White shrimp (Litopenaeus
vannamei) A number of sea weed farms were situated in the more shallow areas of the western
part of the bay culturing red sea weeds of the geRucheuma

Floating net cage finfish mariculture has been established since 2001 and has grown to a total of
18 farms at the time of this studyigure3.1). The farms consist of wooden rafts equipped with
200 litre plastic drums to provide fitation for the net cagesHigure3.2). Each individuatage
typically measures 3x3x3 meters. This type of floating net cage farm is commonly found in

Indonesia.
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Figure3.1. Pegametan Bay, Bali, Indonesia.
In the period 2002008, 18 floating net cage fish farms have been established in Pegametan Bay. F:
sizes range from 4 to 750 cages.
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A variety of fin fish species are cultured includingaAsSea Basd dtes calcarifgr Humpback
Grouper Epinephelus altivelisand various species of ornamental fish. The bulk of standing stock
consists of Tiger GroupeEginephelus fuscoguttatusvhich is exported to theChinese fish
market. Individual farmsizes range from 7 to 750 cagesthe eastern embaymentA total of

1478 cagesvas presentThe maximum holding capacity is ~280 tons, when considering a typical
stocking densityf 7 kg n for Tiger groupemt the end of the growout period Hanafi,pers.
comm). At the time of inventory in December 20@8otal of 730 cages were stocked. Harvest is
commonly scheduled around February (Chinese New Yseacages were unlikely to be fully
stocked.Assuning astocking density o8 kg n¥’, as also observeby Alongi et. al. (2009)the

standing stockwas~59 tons Adetailed overview of th@bservedfarms is given in Appendix A.

Figure3.2. An example of a floating net cage
farm as found in Pegametan Bay

Wooden rafts hold net cages measuring 3 x
3 meters. In Pegametan Bay, a total of 1478
cages were present divided over 18 farms,
predominantly culturing Tiger Grouper
(Epinephelus fuscoguttatus).
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4 Field measurements

4.1.1 Water quality

A number ofwater samples and in situ measurementere taken within the study area in
December 2008, providing data which was used for the calibration of the water quality model.
For each of the location® and P,, surface water samples were taken every two hours
throughaut an eight hour period. These locations were chosen according to the simulated flow
field in thebay 6ee chapterb) with the intend of capturing the accumulaiih of nitrogenfrom

the existing multiple floating net cage fish farmdthin the arearather than influence from
individual farms Additionally, two reference locationfRé€f and Ref) situated outside the bay
approximately two kilometres north of the area of interest, were sampled twice over the course

of one day to obtaimutrient reference concentrationd={gure4.1).

' ' A Figure4.1. Overview of the water

sampling locations andgints of

interest

°Ref2 Along the sampling locations P1

P2, Ref 1 and Ref 2, existing

. | farms are indicated. In the cente
s of the domain, a tidal gauge was

installed.
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Immediately after sampling, 200 ml subsamples were filtered and preserved with 0.4 ml of 3.5%
meraury chloride solution HgCJ). Samples wereoutinely analyzed for dissolved nitrogenous
nutrients i.e. ammonium, nitrite and nitrate and dissolved organic nitrogen using the
calorimetric method according tGrasshofet al.(2009)at the University of Kiel, Germany

Table 4.1 provides an overview of mean concentrations and their standard deviations for
reference stationRef + Ref and stations R and R in the study areaNitrogen concentration

observedwithin the bay showedno significant differene (p < 0.05) with those observed at the
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reference stations Nitrogen flux from the existing farms and corresponding standing stock
resulted in linted nutrient enrichment at the locations where water samples were taken. In
contrast to the remaining nitrogen compoundsiean nitrate concentrations were 1.6 to 2.5
times higher than themean reference concentration which could, despite its statistical

similarity, indicatea possibletendency of nitrate accumulation.

Table4.1. Measured sea surface nitrogen concentrations, for reference and study area stations.
All concentrations are averageti§tandard deviation) img N 1*.

Location ‘ NH,"-N NG, -N NG;-N DON TDN

Ref + Ref 21+0.7 0.14 £ 0.02 1.99 £ 0.54 130.5+41.1 133.7+£42.2
P 1.8+0.3 0.17 £0.09 3.25+1.73 131.4+£31.7 135.0 £ 30.3
P, 2007 0.24 £ 0.08 5.02+3.29 125.1 £49.7 132.4 £49.7
Method Error 0.7 0.28 1.4 1.4 1 2F S

Along with surface water samples-situ readings of oxygen, salinity and water temperature
were made using a handheld Giidltiprobe (Sea + Sun Technology GmbH). situ

measurementgTable4.2) showuniform conditions at both the reference and inner bagitions

Table4.2. Insitu measurements of sea surface temperatures, dissolved oxygen concentrations and salinity.
All readings are averaged $tandard deviation).

Location \ Temp (°C) O, (mg rl) O % Salinity (psu)
Ref + Ref 30.5+0.3 6.9+0.08 108 £+ 1.3 28904
P 30.5+0.3 7.0+£0.1 106.4+£4.0 29.1+0.5
P, 30.3+0.3 6.6+£04 106.6 £ 3.0 28.7+0.6

4.1.2 Tidal gauge

Due to the lack of current velocity field measurements a validation was done using the available
water level field measurements, measuratiobservation point WL using a CeraDiver Pressure
logger 6chumbergeWater Services, 201 Water pressure was logged every 10 minutes from

the 16th of December 2007 until the 15th of April 2008.
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Figured.2. Overview of the observed water levels as logged by the tidal gauge.

4.2 Discussion

The measurements used for this study were taken duringya priod which provided the
advantage that land based influences were reduced to aimim. Observed nutrient
concentrations were very low, common for tropical oligotrophic waters. Sample locations were
chosen to capture the possible cumulative effect of the 18 floating net cage fish farms, rather
than signals from individual farms. It wisind that there is no significant difference between
nutrient concentrations measured within the bay and at reference stations situated off shore.
Nitrate concentrations however did tend to be slightly higher when compared to the reference
stations.

Sampés taken during the wet season dscumented bySulawestian (2008yere much higher

with maximum ammonium and nitrate concentrations in the order of 20 and 18'phese

high concentrations were attributed anthropogenic and natuihd basedsources soh as
shrimp farms, diffuse runoff and river discharge from one particular river.

It was chosen to adopt the nutrient measurements from the dry season since Pegametan Bay
only functions as a pilot study area to address the behaviour of soédirfy net cge farm

effluents.
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5  Setup of flow and wave models

5.1 Introduction

For this studyflow and wave modeling techniques are applied to provide spatial and temporal
information of the physical parameters which are used as driving forces of the water quality
model and for the determination of the physical carrying capacity which are discussed in

chapters7 and8, respectively.

5.2 Set up of theflow model

Theflow model was set up using the Delft3modelling softwareThis software allows the setup

of, amongst othersnumerical flow wave and water quality models of any region of interest to
simulate twadimensional (depth averaged) and thrdanensional fluid flow resulting from tidal

and meteorological forcing. Unsteady fluid flows are simulated onto boundary fitted grids by
solvirg the shallow water equatits consisting of the horizontatquations of motion and
continuity (Deltares 2Q14).

The model domain covers the Southern Bali Sea region between Bali Island, Java Island and the
Bali Strait using three computation grids with increasing grid resolution towards Pegametan Bay
as shown irFigureb.la. The coarsest domain has an average grid cell size of approximately 800
meters. An intermediate subdomain along the nortlwestern Bali coast was fitted with a grid
resolution of approximately 200 meters. Tfieest domain covers the Pegametan Bay area with

a resolution of up to 25 meters. The latter, in contrast to the two coarser domains was
computed in three dimensions with five equally spaced vertical layers relative to the water
depth (sigmdayers). Simlations were carried out using domain decomposition where
computationsof all grids are performed in parallel allowing smooth transitions between the
refined subdomains

Tides were imposed at the northern and southern boundaries of the largest domaig 1&in
astronomical tidal constituentgM2, S2,N2,K2,K1,01,P1,Q1,MF,MM,M4,MS4 Méldracted

from the Global Tidal ModdEgbert& Erofeeva2002) Bathymetric informationfor the model
domains were taken frorthree different sources. The General Bathyme@itart of the Oceans

(I0C, IHO & BODC, 200@3rovided offshore depths at a 30 arc second resolution. Higher
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resolution bathymetric information for the near coastal region was available from
measurements taken by the Indonesian National Survey Author{fsakorsutangl 2008)
Additional field measurements were taken using a handheld echo sounder for the areas where
bathymetric information was lacking. Space and time varying wind and pressure fields were
taken from theNCEP/NCAR reanalysis database to irarate the correspondingvind fields for

the simulated period Kalnay 1996)
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a. Three computational grids
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A sensitivity analysis was done for varyibgttom roughness and wind magnitudes and
compared for stations PR, and R (Figureb.1b).

Theflow model proved to be most sensitive to bottom roughness settings &wind variations.
Simulations were carried out for bottom roughness ranging n = 0.02%tmn = 0.1 s n¥®
characterizing the range of a sandy plain bed to a strongly vegetated seab@ddwy, (1959).

Model results of the imposedoughnessas shownin Figure5.2 demonstrates that current
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velocities are affected considerably in areas with relatively high current velocitigsinP
comparison to those witlgenerally lower current velocities {P indicating the importance of
this parameter to the model results. Currents keep their principal flow directions apart from a
minor influence.The roughness has no effect ¢m contrast to currents, water levels remna

unaffected by the different bottommoughness settings
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Figure5.2.Model sensitivity for a range of Manning bottom roughnesses

Ranging Manning roughnesse&0.02, 0.03, 0.07 and 0.1'fhs™ for observation points Hleft) and B

(right) Figureb5.1b) with, from top to bottom, the depth averaged current velocitesrent direction

distribution and water levels. Current velocities are affected, principal current directions are kept anc
water levels show no reaction to the different settings imposed.

A variety of wind scenarios were imposed to the model. In additioa no wind scenario, wind
fields with magnitudes of 4 m*sand 8 m & from predominantly northnorth eastern direction
were imposed. Model simulations indicate an increase in surface current magnitudes with
increasing wind speeds as exemplarily iathd for observation points;Rleft) and R (right) in

Figure5.3. An impact of wind speeds on current directions is most obvious for locations with
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limited water depth i.e. observation point £ where currents are forced into south western

directions with increasing wind speeds. Imposed winds did not affect the simulated water levels.
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Figureb.3. Model sensitivity for wind

Scenarios with no wind and winds with magnitudes of 4 and 8 from north-north eastern direction
shown for observation points, Reft) and R (right) Figure5.1b) with, from top to bottom, the current
velocity, current directions and water levels. Increasing winds affect both current velocities and direc
Shallow areas in the centralized reeé affected more.

According to the results obtainethe roughness has no effect on the water levels. Therefore,

the bed roughness was selected based on values proposed by Chow (1959). A uniform Manning
roughnesf 0.03 s ' is defined fora sandy, #htly vegetated, botton{Chow, 1959) and was
chosen to represent a coral reef environment with corals sand and moderate presence of corals
Wind was imposed on the model domain for the simulated periods as provided from the
NCEP/NCAR reanalysis datab#sanay, 1996)The water density was 1018 kg’ mnder the
assumption that temperatures of 30°C and salinity of 30 psu were constant in space and time. A
detailed overview of the model settings is given in appendix B.

Due to the lack of current velocityefd measurements a validation was done using the avail
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water level field measurements, measured at observation point WL using a CeraDiver Pi
logger GchumbergeWater Services, 2010 Comparison of the model results with measur
water level dataprovided a matching agreement with a mean absolute error of 6 centime
(Figure5.4). The analysis of the high and low water peaks indicated mean average er®r
and 5 centimetres, respectively. Phase shifts for high and low water level peaks were les

one minute.
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Figure5.4. Comparison ofmodeled and measured water level within Pegametan Bay
With a meanabsolute error of 6 centimeters the simulated water levels are in good agreement witt
field measurements observed at station WL.

5.3 Setup of the vave model

An approximation of potential wave action affecting the Pegametan Bay shoreline was made
using the RIft3D wave modelling softwargDeltares 2011b). The Delft3D wave module
simulates the evolution of wind generated waves by computing wave propagation, wave
generation by wind, wave dissipation and rlomear wavewave interactions using the actien
balan@ equation as described by Bo(ip89).

For an analysis of the carrying capacity (See Ch&ptamworst casewind forcing scenario was
defined to identify those stretches of thenorth Bali coastwhich are vulnerable to wave
exposure Instead of one worstase event, e worst caseconditions were defined by the
predominant wind direction and the maximum wind spesfda represent periodin case othis
study a 50year reanalysisfrom the period 1960 to 2010was taken A 50 year period was
assumed to provide aonservative representationf wind fieldsto identify wind driven wave
fields at exposed areawhich may cause excessive stresses on thetifiganet cagesThis is
done according to criteria which will be further discussedhapter8.

Wind informationwasextracted from the NCEP/NCAR reanalysis databdse dataset showed
maximum wind speedsf ~12 ms™. The predominantind directionover the considered period
was North-North-East(35°). Boundary conditions were specified with a significant wave height

of 1.9 meters and a wave period of 6.25 seconds, determined from the nomofgnaceep
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water significant wave height predictiorf§lS Corps of Engineef®84) using a fetch length of

100 km. An overview of thmodel settings and boundary conditions are given in appendix C.

5.4 Results

Current velocities generated from the model showednagnitude of less than 0.05 rit for

both ebb and flood flows during neap tides in the confined regions of the model domain. During
spring tides, ebb and flood flows were in the order of 0.2 twdthin the confinements of
Pegametan BayF{gure5.5). Tide averaged current velocitiese in the order of up to 0.1 ni's

in a predominantly eastern direction through the bay.

Comparisons with water level measurementsdicate that the model provides a good
approximation of the volumes of water moving around within the domain. The sensitivity
analysis has shown that different settings of bottom roughness significantly affect the current
magnitudes. The approximation thigottom roughness is based on descriptive classifications
according to Choy1959)

9702000
9702000
T

9100000
9100000
E

236000 238000 240000 236000 238000 240000

9702000
 —
9702000
T

9100000
9100000

236000 238000 240000 236000 238000 240000

Figure5.5. Simulated flow fields for Pegametan Be
for a period covering one neapringneap tidal
cycle

During neap tides, floeda.) and ebklows (b.) are
retarded to magnitudes of up to@m s'. In
contrast, spring tidal flood(c.) and ebHlows (d.)
reachmagnitudes of up to 0.2 nm'snside the bay.
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The adopted worst case wind conditions generated a wave field with significant wave heights of
approximately 1.6 meters when approaching the North Bali shoreline. Due to the considered
processes of bottomriction, refraction and diffraction, energy rapidly dissipates to negligible
wave heights within Pegametan Bayiqure5.6). The shallow reefs act as a barrier to lsfrethe

inner bay.
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Figure5.6.Worst case wave scenario for Pegametan Bay
Significant wave heights (m) of 1.6 meters approaching the Pegametan Bay shoreline under
case conditions but quickdiissipate to negligible levels in the sheltered regions of the bay.

5.5 Discussion

Comparison with water level measurements indicate that the model provides a good
approximation ofwater levels and hencehe volumes of water moving around within the
domain. Optimally, aflow model is calibrated with current velocity measurements which were
not available for this studyThe sensitivity analysis shed that different settings of bottom
roughness significantly affect themulatedcurrent magnitudes. The appramation the bottom
roughness is based on descriptive classifications according to Q€®8)to provide he best
possible approximation.

In case of the wave model, and “adc" setup was used where the model was not calibrated or
validated. Model resultsdwever were able to show which shorted of the study area are subject
to high wave impact and how wave energy dissipates leading to lower wave heights in the inner

bay.
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6  Quantifying temporal nitrogenous flux  floating net

cages

6.1 Introduction

An understanthg and quantification of the nitrogen flux from floating net cage mariculture is a
prerequisite to study the fate of nitrogenous wastes from floating net cage mariculture using a
water quality model. However, direct assessment of floating cage fish fariss®ns with field
measurements are labour intensive and time consuming. Due to the open boundary conditions
of marine cage fish farms, a complex measurement strategy is needed to capture all discharges.
In contrast, a mass balance approach is easiempplyaand can provide comparable results as
described in this chapter.

Feed is the ultimate source of nutrients emitted from floating net cage farms. The type of feed is
the major factor affecting the nutrient. Most investigations dealing with nutrient kptand
release in fin fish cultures are based on Salmonid farms operated with formulated(f8edsn

et al, 1989; Hall et a).1990; Holby& Hall,1991; Hevia et al., 1996Nevertheless, a major part

of aquaculture, especially in SouHast Asia, is pcticed with nonSalmonid species, fed with
trash fish(Wu et al. 1994; Wul1995; Wu et aJ.1999; Alongiet al. 2003 & 2009). Moreover,
according to Handy & Poxtofi993)juvenile fish have higher excretion rates than adult fish
which hence illustrates the importance to assess the quantity of metabolic wastes from different
life stages during the growut period.

In this chapter, a temporal growth and mass balance modehi® quantification of the nitrogen
fluxes from Tiger Group€Epinephelus fuscoguttatusidividuals is described. The mass balance
model calculates fish growth and the fraction of nitrogen dedicated to the different pathways of
growth, excretion, faecafliscard and to feed wastage. In combination with floating net cage
production properties, a quantitative estimate is made concerning the nitrogen flux and its
temporal variations for a given farm volume. The results form the basis for modelling theffate o

nitrogen emissions after being released into the water column.
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6.2 Fish growth

Fish growth for Tiger Grouper was calculated using the weight based Von Bertalanffy Growth
Model (VBGM) which is commonly used to calculate the growth of aquatic animalse(Sparr
Venema, 1998). In particular, the daily growth raf8/¢) was computed using the first
derivative of the VBGM with specification of the maximum or asymptotic wet fish waigsjt (

the initial age 1) and a growth coefficien] according tdequation6.1. The growth coefficient

(K) was determined using culture properties regarding the age of the juvenies the wet

market weight Wharkep and the duration of the growaut period €marke) USiNgEquation6.2.

Equation6.1. — waip Q Q

Equation6.2. O A&

Tiger grouper fingerlings were estimated to be at the age of approximately 70 days. The
maximum weight was assumed to be equal to the broodstock weight which was indicated to be
in the order of 9 to 12 kg. Tiger Grouper reaches a market weight of 500 giféens period of
approximately 10 monthgHanafj 2008) Fish growth was observed for one growt cycle by

the Gondol Research Institute for Maricultuglanafi 2008) 20 to 30 individuals were
repeatedly weighed over the course of one grout period resulting in an average weight

growth curve.

6.3 Feed and nitrogen input

For Indonesian growsut cultures trash fish is commonly used. Feed is given manually according
to fish appetite &d libtum). Observeddaily ad libitum feeding rates ) were in the orde of

20% of the fish body weight for fingerlings and decreased towards 4% for adult fish reaching a
weight of 600 graméHanafj 2008) Total feed inputl{) was calculated using the fish weigiit,}

and the corresponding feeding ratelR)(at time t accoding to Equation6.3. The nitrogen input

at a given timeN;) was calculated according Exquation6.4. The nitrogen content of trash fish
(Fvieed Was adopted from findings at a comparable Tiger Grouper farm on Sumatra Island,

Indonesia, and accounted for 3.96% of the wet weigtibngiet al., 2009).

Equation6.3. 'O Y 3b

Equation6.4. 0 000
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6.4 Metabolism, waste feed and nitrogen fluxes

The probability of feed ingestion is influenced by a number of factors such as fish appetite, the
ability for the fish to detect the feedp reach the feed and finally the decision of the fish to
ingest the feedBeveridge2004) Of the total amount of feed supplied to the fish, part will be
ingested and part will be lost directly to the environment as waste feed. A fraction of the
ingestad organic nitrogen compounds in the feed is lost by the direct release of undigested
nitrogen with the faeces. The catabolic part is absorbed across the gut, remineralised and
excreted through gills and skin as ammonia and urea. Since grouper are amriopitte
predominant nitrogenous excretion product is ammofitandy& Poxton 1993)The remaining
fraction of nitrogen is assimilated and used for growth. In this study total nitrogen flux is divided
over assimilation, excretion, faecal excretion and feetage according to the mass balance of
Equation6.5.

Equation6.5. o 0 0 0 0

Leung et al. (1999¢onducted fitrogen metabolism experiments with Areolated Grouper
(Epinephelus areolatyisand found that 28.1% of the ingested nitrogen was assimilated, 63.9%
was excreted as ammonia and 8.0% was excreted as faeces. In this study these rates were
adopted for TigeiGrouper and represented as three empirical constants regarding assimilation
(Massimilation, €Xcretion Mexcreion @nd faecal excretionMiqeca). The daily amount of assimilated
nitrogen Nassimiatio) Was computed from the growth ratd"{ ) and the iitrogen content of the

fish biomassHys) according toEquation6.6.

Equation6.6. 0 —J0

Nitrogen composition of cultured fish was takinbe in the same order as the feed composition
i.e. 3.96% for wet weightAlongiet al.,2009. The ingested, excreted and faecal nitrogen are
determined by Equation 6.7, Equation 6.8 and Equation 6.9, respectively. The amount of

nitrogen lost through feed wastage is used to close the mass bal&ocgaijon6.10).

Equation6.7. 0

Equation6.8. 0 0 D
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Equation6.9. 0 0 D

Equation6.10. 0 6 0

Ammonia is excreted at different rates throughout the day, strongly regulated by the time at
which feed isgiven (Handy& Poxton, 1993; Dosdait al., 1996; Sumagaysayhavoso, 2003).
Maximum post feedingmmoniaexcretion rates occur between four and siaurs after feeding

for various cultured species (Sumagay&davoso, 2003; Dosdat al., 1996). Such excretion
peaks may have a significant effect on the water quality as further discussed in chapter four.
Hourly ammonia fluxes were approximated from th®rmalized temporal post feeding
excretion pattern as found biposdatet al. (1996)which were adapted to thelaily averaged
values from the mass balance model.

Once released into the water, a major fraction of ammoniagjNgHrapidly ionized to ammonium
ions (NH"). The major factor that determines the proportionafimoniumin water isthe pH.In

the following, farm flux, once released into the direct environment is thus expressed as Total
Ammonia Nrogen (TAN), the sum ofion-ionic ammonia and ammonim ions, or simply

ammonium.

6.5 Nitrogen flux from floating net cage farms culturing Tiger Grouper

Computed Tiger Grouper growth was compared to field observations as shofiguire6.1.
With a mean absolute error of 3.5 grams, fish growth was accurately reproduced. Specific
growth rates were in the order of 4.7% of its body mass per day for juvenile fish and decreased

to approximately 1% at the end of the grow out period

Figure6.1. Computed and observed growtiurve
for cultured Tiger Grouper (E. fuscoguttatus)
The use of the VBGM with physical grow-out
culture parameters yielded a good agreement wit
observed fistgrowth.
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Feed efficiency was highest in the early life stages with feed conversion ratios in the order of 4

kg feed per kg of biomass yield (wet weight). At later life stages, feed conversion ratios increased
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towards 7 as indicatedn Figure 6.2. Daily nitrogen input per kilogram of fish produced,
decreased over the duration of the gresut period from 7 to 1.75 g N Kgd™* (Figure6.3). Of
the supplied nitrogen approximately 1.8 to 0.25 g N'kfff was assimilated by the fish for
growth. Faecal excretion was in the range of 0.53 to 0.07 g NdKg Metaboic nitrogen
excretion rates for ammonia were in the order of 4.8.6 g N kg d™. The remaining 1.60.34 g

N kg' d™* was considered to be lost to the environment as waste feed.
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Figure6.2. Calculated éedconversiorratios for Figure6.3. CalculatedNitrogen fluxdistributed
cultured Tiger Grouper (E. fuscoguttatus) overthe varioussinks during the various life stage

¢CKS @I NA2dza C/ wQa | f 2y Feedwastage is the largest sink of nitrogen
reach the order of magnitude of those described I followed by the excretion of ammonia.
studies for similar fish cultures feeding trash fish

feed.

Optimal stocking densities for Tigérouper cultures aréndicated to be in the range of 3 kg'n

for younger fish and up to 7 kg hior market weight fishas indicated by the Gondol Research
Institute for Mariculture(Hanafj 2008) which is in agreememtith stocking densities found by
Alongi et al. (2009)in a comparable Tiger Grouper farm. Dissolved nitrogen farm fluxes per unit
farm volume are shown ifrigure 6.4. Ammonia excretion flux expressed as Total Ammonia
Nitrogen (TAN) were in the order 12¢81.7 g TAN md™ for a stocking density of 3 kghand
29.9¢ 4 g TAN mid* for a stocking density of 7 kg inAssuming a stocking density of 3 kg m
for averayed weight fish (170 grams) and 7 kg far adult fish (500 grams), 2.91 g TAN d

and 4.05 g TAN thd™ are released into the water column, respectively. Hourly post feeding
excretion rates were in the range of 61.2 to 199.7 mg TAhrit for average weight fish and

85.2 to 277.9 mg TANHir™ for adult fish as shown iRigure6.5.
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Figure6.4. Totalammonia ritrogen flux per unit Figure6.5. Approximated 24 hour post feeding
farm volume nitrogen excretion rates per unit farm volume

TAN fluxes are indicated for two stocking densitie Two stocking densities were applied with mean
of 3 and7 kg i at mean and maximum fish body — and maximum fish weights.
weight, respectively, as indicated by the white dot

6.6 Discussion

The temporal growth and mass balance model quantifies the nitrogen flux from Tiger Grouper
cultures over the course of its groaut period. The computed growth curve provided a
reasonable reproduction of the observed growth indicating that the VBGM can be used to
approximate growth of cultured fish species based on their production propertids gabd
accuracy.

Total feed input was calculated based on recorded feeding rates relative to the fish bodyweight
and formed an empirical approximation of ad libitum feeding of Tiger Grouper. Resulting feed
conversion rations (FCR) were in the order @f Z4demonstrating the amount of feed required

per unit of biomass produced.eunget al. (1999)found a feed conversion ratio in the order of

6.5. Tiger groupers cultured on Sumatra, Indonesia, had feed conversion ratios in the order of
7.78(Alongiet al.,2009) Wu et al.(1994) summarizeteed conversion ratios in the range of 4 to

® F2NJ YAESR &aLISOASE TSR 6AGK GNFAK FTAAKD [/ 2 YLI NI
good agreement with those found for comparable farms utilizing trash fish aprtheary feed
source.

The relative percentage distribution of nitrogen over the different somatic pathways and sinks
i.e. assimilation, ammonia excretion; faecal excretion and feed wastage were compared to
similar studies as shown irable6.1. Both nitrogen assimilation through growth and total loss to
the environment fall within the order of magnitude as found for the Tiger Grouper culture

studied byAlongiet al.(2009)andfor other tropical species studied Byuet al.(1994).
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Table6.1. Comparison of calculated relative floating net cage nitrogen flux found by various studies.

Species Feed FCR Growth Excreted Faeces Wasted Totalloss
(%) (%) (%) (%) (%)
Wuet al. Mixed Trash fish  4-9 20 52 20¢ 47 52¢ 95
1994
Alongi et al. | Tiger grouper Trash fish 7.78 12.8 87
2009
This study Tiger Grouper Trash fish 6.5 16.3 37.1 4.7 41.9 83.7

Handy & Poxton (1993)eviewed nitrogen toxicity and excretion and found that maximum
hourly post feeding ammonium fluxes fall within a range qf18l0 mg TAM kg' hr* equivalent

to 18 ¢ 420 mg TAMN mi® hr' and 42¢ 980 mg TAMN ni® hr' for stocking densities of 3 and 7

kg m?®, respectively. These ranges cover the hourly rates found by the mass balance model when
a post feeding distribution was imposed.

Confined species are susceptible to adverse conditions which may affect growth and
metabdism. Constant nitrogen compositions for both feed and fish biomass were assumed
which in reality change over the course of the grout period (Hall et al.1992). During its
development, fish require different amounts of energy to maintain various bdditgtions

which may affect the assimilation and excretion of nitrogen over t{Btgebrandt1999).Such

processes were not considered in the model.
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7  Modelling the fate of dissolved nitrogenous waste

from floating net cage fish farms

7.1 Introduction

In chapter fourit was concluded that approximately 37% of the total nitrogen ingiven to

Tiger Grouper(Epinephelus fuscoguttatusy excreted asammonia Such discharges may
contribute to the enhancementof ammonium concentrations in the water colum8mcerns

have been expressed about the fate of dissolved nutrients released which appear to have no
immediate large scale effec{&arakassis et al2005)but could affect biological processes at
larger distances from the farm depending on the temporaltiefabetween nutrient diffusion

and nutrient uptake(Sara 2007). Various modelstudies have dealt with thediffusion of
dissolved wastes to perform environmental impact assessments and were able to clarifigeh
accommodation of dissolved nitrogen tsamgly regulated by thelispersive character of a farm

site and regior{Wuet al.,1999; Skogent al.,2009; Petihakis2012)

In this chaptetthe set up of a water quality model for Pegametan Bagresented Simulations

of ammonium fluxes fromexisting floating net cagefarms were compared to field
measurements to provide an insight in model performance. Results from model simulations are
analysed toidentify the mmin controlling mechanismghat contribute to the resulting

ammonium and nitrate @ncentrations in this serenclosed area.

7.2 Water quality model setup

The fate of dissolved nitrogenous farm discharges was simulated using the BalR8Dwater
guality modelling softwardéDeltares 2011c). The water quality model was coupled to tlew
model results as described in Chaptiand solves the advectiediffusionreaction equation

(Equation?.1).

Equation7.1 - 00— — 00— — 00— — Y &b
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The advectiordiffusionreaction equationis divided into separate terms of advection and
diffusion describing concentration change due to mass transport of a substance. The reactive
term captures the decay or generation of a substance as a function of the concentration and the
reaction rate overtime. Additionally, discharges of a substance are considered as a

concentration change.

7.2.1 Advection and diffusion

Advective mass transport results from the unidirectional flow in which a dissolved substance is
present. It is incorporated in the water qualimodel using the coupled current velocitiesv

andw from the flow model flowing inx, y and z directions. Diffusion refers to the movement of
mass due to random water motion causing mixing and minimizing concentration gradients. Even
though mass trangmrt is broken down into the two idealized forms of advection and diffusion
an overlap of the two processes is considered where diffusion numerically takes into account all
motion not captured by theflow model. Diffusive mass transport was computed in both
horizontal and vertical directions using diffusion coefficiebks D, and D,. Time and space
varying horizontal diffusion coefficient®y) were computed for the water quality model as a
function of depth ¢) and current velocityd) incorporating a number of calibration indicasb

and ¢ as shown inEquation 7.2 (Deltares 2011¢. Due to the reduction of the vertical
momentum equation which assnes only gravitational influencesthe vertical diffusion

coefficient ;) was considered to be in the order of molecular diffusion.

Equation7.2 Op, ® 6 Q ©

7.2.2  Ammonium disharges

Discharges adimmonium from floating net cage culturase imposed to individual grid cells and
are numerically incorporated as a change in concentrati®rdétermined from the discharged
load and the volume of the computational cell at a givemeti Discharges of the eighteen
existing farms were imposed to the model grid. Discharge cells were selected to match individual

farm sizes as illustrated Figure7.1.
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A ' Figure7.1. A representationf a scaledfarm
and the corresponding numerical discharge
cells.

Coarser resolution of the model grigquires
an approximation of discharge cells which
resemble the realistic scenarios as found in
the field.
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Ammonium discharges per model grid cell were specified in accordance with the individual
floating net cage farm sizes. The ammonium discharge fluating net cage farm was
determined from the farm volume and the approximated discharge per unit volume as described
in section6.5. Daily TAN emissions accoudtfor 2.91 g TAN thd™ under the assumption that
cultured fish had an average weight of 170 grams and that average stocking density accounted
for 3 kg nT. The daily discharge and incorporated post feeding peak as described in $iBtion
resulted in a distribution of hourly discharges in the range of §1189.7 mg TAN thhr?. Of

the 1478 cages present in the study area at the time of the simulated periody@B9stocked

with fish, predominantly with Tiger GroupeEginephelus fuscoguttagy The stocked volume
corresponds to a cage volume of 19710 made up by individual cages measuring 3x3x3
meters. According to these findings, the total holding capacity during the simulated period

accounted for 59.1 tonnes which would emit approximately 57.4 kg TAN d

7.2.3 Nitrification

Apart from physical transporbiochemical transformation processes play an important role on
the fate of nutrients in the environment. The individual processes are incorporated into the
model as reactive term$y(C,t) Nutrient transformation may constitute a source or sink to
dissolval inorganic nutrients. In the present study it been assumed that phase transfer
processessuch as mineralisation and uptake of nutrients are balanced. Due to the well
oxygenated water ideally denitrification was considered to be negligible. Insteadicaiioh of
ammonium was considered as a main transformation process.

The oxidation of ammonium to nitrate (NJOoccurs in two steps through various genera of
ammonium oxidizing and nitrite oxidizing bacterMit{osomonas Nitrosococcus, iMobacter,

Nitrospira and Nitrococcy®nd can be summarized as:
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60 ¢b+ 6O ¢O OO0

The nitrification process is controlled by ammoniun@monuny and oxygen Gxygen
concentrations and follows the Michaelidenten kinetics. Half saturation concentrations for
ammonium and oxygenK@ammonium Krnoxyged Were used to numerically induce limitation of
nitrification and determine the nitrification rateR(;) according toEquation7.3. The reaction
rate is strongly temperature sensitive. The maximum nitrification riatg (vas calculated using
the temperature dependent nitrification variableEduation7.4) where ko represents the

nitrification rate at a temperature of 20°C arkt,; is the corrected nitrification rate at

temperatureT.
Equation?.3. Y
Equation7.4. Koo Qo

7.2.4 Boundaryconditions

Boundary conditions and initial ammonium concentrations were taken to be equal to the mean
observed ammonium concentration of 2.1 pg Nals observed in the surface waters at the
reference locations Refand Ref situated at the open boundarySimilarly, a nitrate
concentration of 1.99 pug N'lwas taken at the open boundaries. To account for the mass
transport of the dissolved substance across the open boundaries from the domain and its
potential return into the model domain, boundary condit@are corrected using the Thatcher
Harlemann timeag Equation7.5). The ThatcheHarlemann timelag uses the defined boundary
condition Gy) and the last modelledoncentration Go) of a substance leaving the domain to

define a corrected value of boundary conditiot% ¢ ) as function of time,) according to the

time-lag {T},).

Equation7.5 6 6 06 wEi— 6
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7.3 Water quality sensitivity

7.3.1 Warm up time

Water quality model runs were coupled low model results in multiples of a neapringneap

tidal cycle simulated for the period of thd &intil the 19" of December 2008. A sequence of this
cycle reached an equilibrium depth averaged concentration pattern after one-ggapgneap

tidal cycle with constant discharges from the selected discharge points. A 14 day warm up time

for the water quality model sbuld thus be kept in consideratioRigure?.2).

ug TAN 17

1 1 L ]
05-12 19-12 02-01 16-01 30-01

Figure7.2. Warm up timeof the water quality model
An equilibrium ammonium concentration pattern is reached after a simulation period of one spramy
neap tidal cycle as illustrated for locatiop P

7.3.2 Diffusion coefficients

Based on the default dispersion settings (a = 1, b = 0.8 and ¢ = 1.2; see also&2djagiven

by Deltares (2011c), different simulations were conducted altering the influence of current
velocities and water depth for the calculation of the diffusicate. Numerically, it was the
influence of depth which had a greater effect on the computed diffusion rates. Increased
diffusion coefficients Kigure7.3.a.) led to a more rapid spreading of the released substance
which results in a decrease of concentrations close to the discharge pogqiré7.3.b.). The
influence of settings for the calculation of the diffusion greatly affects the ambient TAN surface

water concentrations.

7.3.3 Time of feeding

In addition to constant discharges, approximated pfesiding pe&s were considered with
GFSSRAYS&E G cYnnX wmanYnn FYR wmnYannd allEAYdzy
were higher for peak discharges than for constant discharges in the vicinity of the discharge
location. The degree of enhancement was also aejemt on the time at which peak discharges
occurred, indicating the relevance of temporal variations in feeding times and ofidiae

situation occurring during peak dischargdsg(re7.4).
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Figure7.3.The effect of various diffusion settings on TAN concentrations
Time averaged diffusion coefficients (a.) and surface water TAN concentrations (b rahsegt Al Q
under difference influences of depth (d) and current velocity (u). Indices leading to a higher diffusion

resulted in a more rapid spreading and a sub sequent local decrease of the simulated TAN concenti
The farm location is indicated llye short bold line.
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Figure7.4. TAN enhancement effect due to pdseding discharges

Maximum TAN concentrations after 14 day period along transéctA ¥ 2fé¢dinglpeakidischarges
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the same amount of substance results in different local TAN enhancements. The farm location is inc
by the short bold line.

7.3.4 Nitrification rates

Variationof maximum nitrification rates (0, 0.05, 0.1 and 0.15 m¢g ") leads to differences in

time averaged nitrification fluxes along transeet A2 Ay G KS 2NRSNJ 2F aAS@SNI
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and day. Along with increasing nitrification intensity simutat€ AN concentrations were
reduced by up to 30% at the water surface for the range of settings while simulated nitrate
concentrations were enhanced. Due to the time span required for the conversion of TAN to
nitrate and the mass transport at which these stdnces are exposed, nitrate is equally
distributed in space as indicated by time averaged concentrations along trandecFAywe

7.5).
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Figure7.5. Nitrification fluxes and resulting TAN and NOconcentrations for different maximum
nitrification rates (Koni) ranging between 0 and 0.15 mg Nd™*

Simulated nitrification fluxes (a.) in@®e at higher maximum nitrification rates and are dependent on
the availability of ammonium. Along with an increase of nitrification rates TAN concentrations (b.) ¢
reduced and subsequently nitrate concentrations are enhanced (c.). The farm locatthcaited by the
short bold line.
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7.3.5 Water quality model calibration

Simulations for calibration of the water quality model were conducted in 3D with five vertical
layers each of which representing 20% of the local water depth. A 14 day warm up period
coverirg one neagspringneap tidal cycle was taken in consideration for each simulation.- Post
feeding discharge variability was adopted based on the local average feeding times at 10:00
every day resulting in daily peak discharges of TAN at approximately 26d#¥ault maximum
nitrification rate (koni) of 0.1 mg'} d* was taken to account for the nitrification of ammonium in

the water column (Deltares, 2011c; Boderie & Ouboter, 1997). Diffusion settings were used for
calibration

Simulated surface TAN comteations were compared to those observed at the corresponding
time and locations Pand R (Figure7.6). Diffusion settingsofa=1,b=0.6,c=1.6,a=1,b=0.8,
c=12anda=1,b=12, c=0.8indicated an overall agreement in the order of magnitude and
error ranges of the measuremes. Settings of b= 0.6 and ¢ = 1.6 for diffusion indices for velocity
and water depth, respectively, resulted in the best agreement with mean absolute errors of 0.40
and 0.42 pg TAN'lequal to mean absolute percentage errors of 19.9 and 17.4% for both
locations PPand B. Surface nitrate concentrations were reproduced with mean absolute errors
of 35and 5.25 ug N@N ' and mean absolute percentage errors of 99.9 and 99F#u(e7.7).

A detailed overview of the final water quality model settings is given in Appendix D.

0 | | |
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Figure7.6. Water quality model calibratioof TAN concentrations
Comparison of measured and simulated TodNcentrationdor different calibration simulations at
locations R (a) and B (b).
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Figure7.7. Water quality model calibratiofor nitrate.
Comparison of measured and simulated nitratencentrationdor different calibration simulations at
locations R (a) and B (b).

7.4 The fate of ammonia released from floating net cage farms in Pegametan Bay

Water quality modetesults indicate thammmoniun enhancement occurs locally in the vicinity
of the floating net cage farm@-igure7.8 a and b) In thefar eastern bay where one individual
farm accounts for 46% of the total emission in gtadyarea, TAN concentrations were 31.8 +
11.5 pgTANI™* and 46.5TANug [* for time averagednean (z standard deviation) and maximum
values respectively. In the centaf the domain, where 30% of the total emission is divided over
12 farms, TAN concentrations werethe order of7.7 + 5.0 pd ANI™ and a maximum of 40.8 g
TAN T was reachedocally. In the western part where the remaining 24% of all emissioaew
released,ammonium concentrations were in the order 4f8 + 1.4 pgrANI" with maximum
concentrationsof 14 pgTANI™. During neaptides, TAN concentrations increase the direct
vicinity of sites where one or more farms are located. Whidaltamplitudes increase during
spring tidesand corresponding ebb and flood flowase strongest, ammonium is dispersed more
efficiently resulting in reduced localized impa(fgure7.8 a and b).

Nitrification, as implemented by the model, ocsut a rate of approximately 0.3d
correspondingo anitrification fluxin the orderof 2 ugNI™* d*, but varied over the domain
according to thepresence of ammoniunSince the amount of time required for the biological

oxidation of ammoniunto nitrate is much longer thathe diffusion rateit is subjected to
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causinghe signal of individual farman nitrate concentrations to b&aded.Nonetheless

elevated nitate conentrations were found around sitegherefishfarms are presengoverned
indirectly byaccumulation of mliiple farmammoniumdischarges. Nitrate is accumulated
during neap tides angartly flushedaway from the domainluring spring tide¢Figure7.8 ¢ and

d). The pockets of thevestern and far eastern embayment remain affected by elevated nitrate
concentrations. Maximumime averagedhitrate concentrations within thelomain were in the

order10.5 + 1.7 ugNO;-N I and 16.0 pgNOs-N 1™,
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Figure7.8. SimulatedTAN and nitrate&eoncentrationpatterns during neap and spring tidesPegametan
Bay.

Ammonium patterns during elftows for neap(a) andspring(b) tides illustrate the enhanced dispersion
during spring tides. Nitrate patterns during neap tide (c) are accumulated and partly flushed away di
spring tidegd).

Highest ammonium concentiians were restricted tathe surface layers of the waterolumn
where the floating net cages were presefitigure 7.9 a) and were gradually diluted with
increasing distance from its source. Due to the temporal delay at which nitrification occurs in
relation to turbulent mixing, nitrate is more uniformly digtuted over the water columigFigure
7.9b).
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Figure7.9. Cross sections oinsulated TAN and nitrateeoncentrationalong transect Al Q
TAN(a) andnitrate (b) during neap tideThe farm location is indicated by the bold line.

An attempt is made to assess the environmental impact status of the domain, based on the
deviation of TAN and tmate concentrations from background levels. Potential problem areas
were defined as the areas where both ammonium nitrogen and nitrate concentrations are
exceeding the natural background levels by more than 50%. This definition is adopted by the
Oslo & Pds Commission responsible for the control of eutrophication in its member states
(OSPAR 20080r the assessmenrtide averaged concentrations were taken. The 50% threshold
was exceeded over an area of 66.9 hectares with average concentratidn® 617 pg TANI™?

and 7.2 + 22 ug NO;-N I Compared to reference background values at the boundaries of the
domain, these concentrations represent an enhancement#02 for ammonium nitrogen and
264% for nitrate.

7.5 Discussion

A water quality model was set ufor Pegametan Bay to simulate the fate of dissolved
nitrogenous waste fronmexistingfloating net cage farms. The nitrogen flux per individual farm
was imposed at the corresponding locations. Coupling with the output ofidemodel results
allowed the #@nulation of advection and diffusion oinorganic dissolved nitrogen.Grid
resolution on both horizontal and vertical were chosen to be in the order of individual farm
dimensionsAs the main transformation process, nitrification was considered to acdourthe

conversion of ammonium to nitrate.
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The used measurements were &k during a dry period, with limited influence of land based
discharges or runoff. It should be kept in consideration that land based discharges from rivers
and diffuse runoff could &ve a significant effect on water quality in the bay during winet
seasonas described bypulawestian (2008 Adopted samples taken in December 2009, prior to
the beginning of the wet season, were more likely to capture the signal of the floating net cage
farms. The sampling locations were deliberately chosen at some distance of the farms to
eliminate the influence of individual farms. The only difference between the reference stations
and the inner bay sampling stations was found for nitrate whaesan nitrate concentations

were 1.99 pg NN I* for the reference station and 3.25 ug MO I and 5.02 pg N@N I* for
locations P and B, respectively. Even though elevated nitrate levels were not statistically
supported when compared to reference leve|s>0.05) it may indicate the enhancement of
nitrate rather than ammonium.

Model results reproduced the order of magnitude which was observed by the field
measurements taken during a neap tide period at some distance of the farms. These
concentrations, howeer, were in the same order of those found at the model boundaries, i.e.

the reference concentrations. Given the limited numberwgéilablefield dataand the

assumptions taken regarding the nitrogen flux, the approximated standing stock, time of
feeding,water quality model simplifications and measurement errors, model resylfsoach

the order of magnitudeand will be used to study the general tendencies with respect to the
dispersion of dissolved nitrogenous fish farm waste

Adopting the model settirgy it was found that ammonium is enhanced at a local scale and was
rapidly dispersed at increasing distance from its soukbean modelednitrification fluxes were

in the order of 2 pg N'ld™* and resulted in a rapid conversion from ammonium to nitrate.
According to the model results, it is nitrate which is abundantly present within the bay and
accumulated in those regions where flushing rates were lowest, i.e. the western and eastern
embaymens.

The overall impact defined at the area at which 50% oftthekground level is exceeded for

both ammonium and nitrate was adopted from the threshold set by the ®sldss Commission,
responsible for the control of eutrophication in its European member states (OSPAR 2008). The

affected area of about 67 ha coveredabstantial part of the bay.

Eventhough theenrichment of biologically reactive nutrients is indicated, the magnitude of its
biological impact remains uncertain. Although the availabiitydissolved inorganic nitrogen
(DIN), i.eammonium+ nitrate, was assumed to be the limitifector for primary production in

the area, no adverse effects of nitrogen enhancement in the water column are known for
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Pegametan Bay. Due to the relatively short time scale considered, nutrient uptake through
primary production and promotion of phytoplankton growth is not included in the water quality
model. From studies in other coral reef systems including the Caribbean, Indian Ocean, the Great
Barrier Reef and Red Sea it has been concluded that inorganic mittegels (DIN) chronically
exceeding the range of 14g DIN ' may lead to increased algal dominar¢@pointe, 199Y. In

the present study average DIN (ammonium + nitrate) levels within the affected dadithimot

exceedthis threshold.
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8  Physical carrying capacity for floating net cage farms

8.1 Introduction

A site siitability analysisdentifiesthe siteswhich physically allowhe placement ofloating

net cage farmsit provides the physical carrying capacity in terms of the available perimeter
which provides favorable conditions to practicewture of agiven specieand cage type

The verification of key physicparametersto predefined suitability criteria is a common
methodto assess whether a site is suitfat floating net cageulturesor not. Such analysis
can be conductedbr a single farm sitéhrough the interpretation of measurements as done
by Halideet al. (2009)but proves moreeffectivewhen applied to aspatialdomain with the
usage ofgeographical information systems (GES) done byPérez et al. (2002, Hargrave
(2002 andSilvert(1994). The disadvantage of spatial domains is dlifficulty to achieve full
coverage of the required data in both space and time. This problem has been partly resolved
through the application of high resolution numeridldw and wave modelsvhich are able

to provide required physical informatiorand significantly improe the degee of detail
considered in the suitability analysiddyerle et al., 2009Vindupranata& Mayerle, 2009).

This chapter descrilsethe application ofa numerical flow model and wave modeffor
Pegametan BayModel results serve the purpose of a s#eitability analysisor Pegametan
Bayto narrow down theregionof interest to the availablareaswhichallow the placement

of floating net cage.

8.2 Site suitability analysis

The site suitability analysis was done using physical parameters of water depthent
velocities and waves provided by the numerical models. Criteria for the key parameters adopted
for this study as shown ihable8.1, were previously used foimilar purposes by Windupranata

& Mayerle (200) and originate from recommendations for South East Asian floating net cage
types(FAO1988 FAQ 1989).

Floating net cage cultures require a clearing from the bottdimajgproximately three to five

meters to preventany contact with the sea bed. Sufficient clearing maximizes water exchange
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and prevents the build up of noxious gasses such,8sgdnerated bynaerobicdecomposition
of depositedorganicwastes which may att fish stock healtl{Beveridge 2004). Accordingly,
for cage depths of three meters, loaainimum waterdepths shouldhus be at least six to eight
meters. In contrast to the minimum depths, maximum depths preferablyuldnot exceed 20
meters otherwise investment and maintenance costs will be higher as longer anchoring ropes
and heavier anchor blocks are requdr (FAQ1989).Current velocities should be ihe given
rangeto guaranteesufficient exchangef waterin the fin fishcagedor the supplyof oxygen and
the flushing of harmful excretory productsom the standing stockHowever, to prevent
excessive strain on the farm structuamd fish stresscurrent velocities should natxceedthe
range of0.5 to 1 m 8. Worst case wave action, correspbng to the acceptable time of
occurrence may cause damage to the farm adldlitionally stress to thdish stock and hence

should remain below significant wave height in the range of 0.6 to 1 m.

Table8.1. Site suitability parameters and criteria for floating net cages

Parameter Units Allowable Optimum
Minimum water depth m >6 >8
Maximum water depth m <25 <20
Maximum current velocity ¢ageflushing ms' >0.6 0.2-0.5
Maximum currentselocity (exposure) m s <1 <0.5
Worst case significant wave height (exposure m <1 <0.6

The necessary statistics farater depth and current velocitieaere calculatedfrom a 14 day
periodto provide a representation of flow characteristiehich cover the tidal amplitude during

a neapspringneap tidal cycle for tide dominated areas

The resulting spatial grids were reclassified, as schematically showigune 8.1, indicating
suitability for each grid cell to be allowable (1) or optimal (2) for floating net cage culture. The
remaining values, outside of the specified ranges, were classified as unsuited (0). The final
suitability for the domain was obtaéd by a grid overlay of the reclassified grids where the final
suitability consists of the average score of all parameters. Each grid cell dithiobt reach the
d02NB dal f f 2 grhotefpdBametdLwdsd ciassiied asNihsuited.
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Figure8.1. Schematic overview
of the site selection process
exemplarily for minimum
water depth criteria
Parameter information is
reclassified (afollowed byan
overlay (b.whichyields the
averaged suitability score
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Identification of the selected physical parameters for the suitability analysis each resulted in an
overview of the domain specifying the unsuited, allowable or optimal perimeters. Critical
minimum water depths were found at the reefs and shoreline, legngunited regions within the
two main channels located in the western and centre part of the domain. Additiomealty,of

the eastern embayment is deep enough to house floating net cage féfigare8.2a). The off-
shore area and part of the eastern channel is limited dwceedingmaximum water depths
(Figure8.2b). In several near shorparts of the study area, current velocitiesre beyondthe
range required for the flushing of the farms as defined by the adopted cri(Erpire8.2c). In
particular, current velocities are insufficienh the "pockes" of the western channel as well
inside the eastern embaymenturrent velocities isidethe bay do not reach magnitudes which
exceed the maximum allowable straim the farms(Figure8.2d). By contrast,in parts of the
offshore area curmts exceed the permitted magnitudes. The confined nature of the area
between the reefs protects thday from harmful wave action as visible n Figure 8.2e, but
shorelines east and west of the area of interest prove taubsuited due to wave exposure with
exception of a small stripe in the eastern embayment

For the existing farms locations in Pegametan Bay were mostly based eamttiafror practice

with water depth and wave actions as factors observable with the naked eye of the farmers.
Similarly, water depth and wave information was used for a first overall site suitability analysis.
Here, a total area of 216 hectares covering 6.2% of the entireafftomas found to be suited for
the common type of floating net cages, ranging between allowable to optigie8.3a). The
existing farm locationare in good agreement with the identified suited perimeter where most
farms are located within or on the edge of the identified suited perimeter.

In a second analysis current velocity was included. Lacking current velocities in the western
embayment and irthe far most eastern embayment resulted in a reduction of the suited area to
89.2 hectares equal to 2.6% of the entire domaiig(re8.3b). According to the analysis, four

existing farms are located in unsuited areas.
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Gonsidering water depth and wave exposure (a) and the additional incorporation of current veloc
(b) which narrow dowrthe suited perimeter of the domain. The locations of existing farm (white d
coincide withsuitabledepthsand waveshowever three farms are situated in low current velocity
areas classified as unsuited
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8.3 Discussion

With the use offlow and wave model results, the areas which provided the basic environmental
needs for floating net cage farming in terms of the key physical parameters were identified.
From the classification of the individual parametarbécame obvious that apartdm water
depth, the consideration ofurrent velocities with respect to cage flushing gmutential wave
impact results in a reduced physical carrying capacity of areashveltie exposed to the open
sea. According to the adopted criteria and the informatiqorovided by the flow model,
insufficient current velocities dominate the western and far most eastern embayment making
them unsuited for the placement of floating net cage farfftze physical carrying capacitgund

for Pegametan Bay is in good agreemeiith the locations of existing fish farmwghen current
velocities are not considered. These farmare placed by trial and error since 2001, the year
when floating net cages were introduced to Pegametan B&en current velocities are
considered for detamination of the physical carrying capacithiree of the existingfarms were
situatedat suboptimal sites where reduced current velocities may aff@ater exchange within

the cages andincreases risk on fish wellbeing Lacking current velocities may st in
insufficient flushing of the farm leading to an accumulation of potentially toxic compounds such
as ammonium or nitrite and a critical decrease in dissolved oxygen levels due to an inadequate
oxygen supply which does not cope with the intense nmegjmn rates of the fish culture
(Beverige 2004). The magnitude of these phenomena is, however, not only driven by the
environmental characteristics but also by the stocking density and the ¢aaracteristics such
assize net type, shape etdt therefore may be possible that the chosen criteria for current
velocities with respect to cage flushing are taken too conservative, since from the existing farm
practice at the time of this study, no adverse effects are knodternative criteria usedor
comparable studies define mean currents exceeding 1 tigHalide et. al., 2009) to maximum
currents exceeding 10 cm*ss described by the FAO (1988; 198®)e variability of these
criteria does indicate that an absolute value for such criteridifscult to define. Also, he
adopted suitability criteria were only specified for key physical parameters and ignored
additional parameters which were taken into account by Windupranata & May@0€0)
because they were deemed irrelevant for main olijges of this studyExamples of additional
criteria are the variability of salinity, temperatyreurbidity and water quality parametersuch

as natural oxygen levels, nitrite and ammonium concentrations, contaminants and pathogens;
the occupation of avéable perimeter for other coastal uses such as traffic lanes, conservation
areas, tourism; anthropogenic influences such as waste water discharges from industries and

settlements.
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9 A best practice strategy to optimize the arrangement
of multiple floating net cage farms to efficiently

accommodate dissolved nitrogenous wastes

9.1 Introduction

In chapter?, water quality simulations have showthat due to the semienclosed nature of
Pegametan Bagmmoniumconcentrationsare enhanced locally butre subsequently dispersed
throughout the domain. Because of the relatively small time scale at whicmonium is
biologically converted into nitrate, it is nitrate which ispsead through the domain It
accumulates in the bay during neap tides andaigelyflushed away during spring tides by a
residual flow in eastern directioPersistentlyenhancedl ANand nitrateconcentrationsoccurin

the less flusheatonfinements wherdarm effluentscannot bewell dispersedCorrespondingly
some of the existing farms argtuated in regiors where current velocities were insufficient
according to the adoptedriteria for sitesuitability. Alternative placement of the floating net
cage &rms thus provides leverage toreduce the enhancement ofTAN and nitrate
concentrations

In the presentchapter, the water quality modelill be usedo simulate the fate of floating net
cage dischargewsith respect toTAN and nitrateenhancemenfor altemative arrangements with
respect to farm placement, farmdensities and individual farm sizes. From the model
simulations, indicators will be analyzed which may contribute to the planning and practice of

more sustainable floating net cage mariculture preeti

9.2 Farm placementscenarios

Alternative farm locations are selected by taking in considerationptisical carrying capacity

as described in chapte8, the minimum spacing between individual farms and alternative
distribution of a givenconstant holding capacity according thow characteristics.Current
legislation for floating net cage mariculture in Pegametan Bay is regulated by the local
authorities ofthe Buleleng district which harbours Pegametan Btting that he regiondly

permitted farm surface aremay not exceed % of thetotal perimeter available for floating net
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cage farmgHanafi 2008. Currently the available perimeter is only based on wWader depth.
Accordingo the identified suited area based dhe criteria fordepth and wavesas described in
chapter8, a total of1% of the total available aseequivalent tai21365 m? is available for floating

net cage farms. For cages measuring3x 3 m, an equivalent 02374 cages can be held with a
total volume of 64095 m3At astocking density of 7 kg Trat the end of a growout period, the
maximumallowable standing stock for the total farm volum&ould correspond to 448.Tons

with a maximum dailyTAN flux in the order of 259.6 kg TAN thdividual farm locationsvere
selected prioritizing the highest suitabilityhe standing stockof 448.7 tons, corresponding

the permitted regional farm surface arewas distributed over the farms according to three
principles. At first, all individual farms were given equal sizes, where each farm had the same
standing stock andorrespondingr ANdischarges. Second, farm sizes were normalized according
to the tide averaged currentelocity (Figure9.1a). Third, farm sizes were normalized according

to the Reyntds number(Figure9.1b), an expression to classify the turbulence of a water body
oFlaSR 2y OdNNByl @St20AG8& o0dz20x ¢ @SNEqRBLIGK 6RO
9.1).

Equation9.1 YQ —
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Figure9.1:Spatial overviews of tide averaged and depth averaged current velocities (a) and tide avet
Reynolds numbers.
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Two scenarios with minimuseparationdistances of 300 meters (left) and 900 meters (right). Relative

farm sizes are indicated through varying marker sizesdorlly sized farms (a 4,darm sizesrormalizd
according to velocityc(+ g andfarm sizesrormalizd according to the Rewlds numbeke + f)

In order to account for accumulative effects of discharges, high and low farm density scenarios

were defined by keeping a larger and smaleinimum distance between individual farms.

Considering the available physical carrying capacity, a clearing between individual farms of 300

and 900 meters were chosen to provide a contrast in farm density for the scenarios. Resulting

farm arrangements hel@6 and 8 farms, respectiveliigure9.2) and are described in detail in

appendix E.
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9.3 Results

9.3.1 Equal farm sizes

Fora scenario witthigh farm densityand equally sizé farms i.e. & farmsdistributed over the
suitable area with an individual distance of 300 metdfgre9.2 a), the model simulation
indicatesthat enhancement offAN level®ccursin those areas where thaggregation of farms
is highestSinceall farms have equal discharges, the relatively high accumulatidiblin the
western embayment is likely caused by lacking current velocfiegure9.3 a). For the low
density scenario with 8 farms spaced 900 meters agkigure 9.2 b), TAN enhancement
occurred more localized in the vicinity of the farmsbecause individual farm sigeand
corresponding dischargegere larger Eigure9.3 b). Accumulation of TANin between farmsvas
not asapparent because of the increased spacing. Bh®F f AT SR aK2(G alLkRiGasé
embayment confirm the lack afubstantialdispersionin this areawhereas equally sized farms
elsewhere in the domain show lower imgac(Figure 9.3 b). According to model results,
ammonium is nitrified to nitrate at a rate of approximately 0.3'dDuring the time ammonim is
nitrified, it is dispersecaway from the farms leaving adimmed signal ofits original source.
Nonetheless, nitrate concentrations are elevatatsiteswhere an abundance cdimmonium
prevails Nitrate was accumulated in the western embayment for both highd low farm
density arrangements which indicate the imparta of he dispersive character of aesifFigure
9.3c and d).
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Figure9.3. Distributionpatternsof time averaged verticalANand nitratemaximain Pegametan Bafpr
model scenarios with equal farm sidmsg different farm densities

a. High farm density TAN distribution; b. TAN distribution at low farm density; c. High farm density n
distribution; and d. nitrate distribution at low farm densifyhe total standing stock for each scenario is
448.7 tons.

9.3.2 Farmsizes scaled according to current velocities

By scaling farm sizes accordintg current velocitiesat each farm sitethe weight of the total
ammoniumdischargevas shifted towards theenter of the domain. Model results shawat by
redudng farm sizedn the poorly flushed areathe pressure with respect t§ AN enrichments
relieved The better flushed regison their tum assimilated the bulk of themmonium(Figure
9.4 a and b) Similar to the equal farm size scenatioe scaled low density scenario, iacing
fewer but larger firms led to an increase in localizEANconcentrationsn the direct vicinity of

the farms
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Figure9.4. Distribution patterns of time averaged vertical TAN and nitrate maxima in PegametaorBay
model scenarios with farm sizes normalized according to current velocities at different farm densitie:
a. High farm density TAN distribution; b. TAN distributioloatfarm density; c. High farm density nitrate
distribution; and d. nitrate distribution at low farm densifyhe total standing stock of each scenario is
448.7 tons

The pattern of nitrate is strongly governed by the dispersion of ammonium andubetitative
relation between nitrification and nitrate dsipersion. This can be drawn from the phenomena
that nitrate is abundantly found in the poorly flushed western embayment, eventhough the bulk
of total ammonium dischargewas transforted away from # bay Figure9.4 ¢ and d). This
accumulation was primarily caused by the discharges of the downsized farms present in this
poorly flushed area, which allocates over time to nitrification of ammonium. The relatively low
nitrate concentrations in the well flushed regionglicate the effective transport of ammonium

and nitrate away from the domain by the predominantly eastern residual flows.

9.3.3 Farm sizes scaled according to Reynolds numbers

Normalization of the farm sizes according to thealReynoldsiumberresulted inminor
changeswhen comparedo the scenarios where current velocities were used as a criterion for
the distribution of thestanding stockRigure9.5). Somefarmsat sitesholding favorableurrent
velocities were decreased in size becausenefrtshallow waterdepth while other locations with

lower current velocitiegained in farm size because of their larger depiMedel simulation of
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