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Abstract

Semi-intensive aquaculture has been recognisednasemvironmentally friendly” option.
However, the low profitability and competitivenedshese systems compromise their economic
viability. The optimization of production is thenelrrucial for the sustainability of semi-
intensive pond aquaculture, and implies that fisdg are maximized with minimum impacts
on the environment. Understanding the physicalimib& and biological processes occurring in
fishponds is of outmost importance for definingriarg strategies that optimize fish production.
This knowledge is even more relevant when dealiith mewly cultivated species, as the white
seabream[iplodus sargups Due to the lack of information on the performamd this species in
earth ponds, one of the main objectives of thegmiework was to study the physical, chemical
and biological processes in white seabream ponds, & production cycle. The most relevant
results of this experimental work were that: i) thgpacts of fish activity on bottom sediments
are only noticeable above a fish biomass of 0.5nkgand a feeding rate of 5 kg'dii) pond
sediment and water quality was comparable to thiabadural systems, suggesting that the
assayed farming conditions ensure a good pond ement; and iii) pond water quality was
strongly dependent on inflowing water and on benthitrient fluxes, emphasizing the relevance
of optimum water exchange rates and sediment teg@tto an efficient pond management. The
other main objective of this work was to developeaological model to be used as a tool for
managing semi-intensive systems, to improve theanemic and environmental performance.
The added value of a modeling approach is thattaltigeir ability to integrate the complexity of
fishpond processes, models can be used to sinthkteffect of different management scenarios
on the pond environment and on the adjacent cosgsteéms. The model was implemented and
tested with the white seabream as a case studyg daia collected over the experimental work,
together with literature data. Model constructioaswdone in 3 steps: i) implementation of a
biogeochemical model; ii) implementation of a fisinamic Energy Budget (DEB) model and
iii) coupling of the two models. The biogeochemicabdel developed in this study is a
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mechanistic model that reproduces the dynamicsgsroc and inorganic nutrient (nitrogen and
phosphorus) forms as well as of oxygen, in thegieland benthic compartments of an earth
pond. This model not only helped understandingititeractions between pond variables and
processes but also how pond structural featuresopachtional parameters affect the water and
sediment quality of pond systeniBhe fish DEB model was able to reproduce the groeith
white seabream as well as of gilthead seabre@par(is auratp a traditionally cultivated
species in semi-intensive ponds. This model wad tsénvestigate which biological processes
are more likely to influence fish performance aacekplain inter-species growth variability. A
comparison between the DEB model parameters oftwle Sparidae revealed that white
seabream lower growth rates are presumably linke thigher energy demand for body
maintenance and a lower feed absorption efficiefitye coupled model was able to reproduce
fish pond dynamics, and was further used to sireuéferent management scenarios, related to
stocking densities, water exchange rates and fgestmategies. Scenarios and standard farming
conditions were compared in terms of their effexigpond water and sediment quality, as well
as on final fish yields and nutrient discharge itihe environment. Using the Analytical
Hierarchical Process (AHP) methodology, scenariesewanked in order to evaluate the best
management options for optimizing white seabreaodymction. Results revealed that doubling
the standard stocking density and improving feedogiiion efficiency, may enhance the
performance of semi-intensive white seabream priimusystems. Aside from providing a tool
for managing aquaculture systems, this work coatamluable information for defining
guidelines on environmental standards (e.g. MaxinResommended Values) for marine fish

farming.

Keywords: Biogeochemical model; Fish Dynamic Energy BudgedetoPond management;

Semi-intensive aquacultureconomic and environmental sustainabilPyplodus sargus
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Resumo

No atual contexto de declinio dos recursos marinhoaquacultura podera desempenhar um
papel determinante como fonte de proteina altetmapara responder a crescente procura de
produtos alimentares de origem marinha e reduzwregsdo da atividade piscatoria. Como
consequéncia da intensificacdo da producdo a egalal, os impactes ambientais da
aquacultura tém vindo a aumentar. Neste trabalhdefa uma extensa revisédo bibliografica
sobre os principais impactes ambientais destadati@ e possiveis medidas de mitigacdo destes
impactes. A importancia do conceito de capacidadecdrga para a sustentabilidade da
aquacultura foi também abordada neste trabalho egissdo, e sdo apresentadas algumas
metodologias e ferramentas que podem ser utilizaai@sa reducédo ou antecipacao dos impactes

da aquacultura, como é o caso dos modelos mat@m&tidos Sistemas de Apoio a Decisao.

Se a piscicultura intensiva € por vezes associadma degradacdo ambiental, aquela que é
tipicamente realizada em regime semi-intensivopases mediterranicos, tem sido reconhecida
como uma opc¢ao “amiga” do ambiente. O menor graartiiécialidade (ou seja, as densidades
de carga mais baixas, os caudais reduzidos e armgeantidade de alimento fornecido) destes
sistemas comparativamente com os sistemas intengdoizem substancialmente a sua pegada
ecologica. Devido a crescente preocupacdo dos wodsres com a seguranca alimentar e o
bem-estar das espécies cultivadas, a procura akitpo provenientes da aquacultura semi-
intensiva tem vindo a aumentar nos Ultimos anosesAp deste aumento da procura, estes
sistemas sdo muitas vezes caracterizados por urRaarbatabilidade, que resulta principalmente
de uma baixa produtividade associada a elevaddsescde producdo. Para além da reduzida
rentabilidade, a baixa competitividade da piscigaltsemi-intensiva face aos baixos precos dos
produtos de origem intensiva, compromete fortementsua viabilidade econdmica. Para

assegurar o futuro deste tipo de aquacultura, éssado desenvolver protocolos que permitam
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otimizar a producdo, ou seja maximizar a produgdantendo produtos de alta qualidade e

minimizando os impactes ambientais desta atividade.

Uma vez que o conhecimento dos processos fisiagsji@ps e bioldégicos em tanques de
piscicultura é de primordial importancia para ardefio de estratégias de cultivo que permitam
otimizar a producao nestes sistemas, um dos paiscqbjectivos deste estudo foi estudar estes
processos ao longo de um ciclo de producdo de s@gbodus sargus Os modelos
matematicos, por serem capazes de integrar a din&hos processos que ocorrem nos tanques
de cultivo, podem ser utilizados para a simulagddliferentes cenarios de gestdo bem como
para a previsao do impacte desta atividade no reegior, constituindo por isso uma ferramenta
valiosa para a sustentabilidade da pisciculturai-sgensiva. Neste sentido, o outro grande
objetivo deste trabalho consistia no desenvolvimel® um modelo ecoldgico para tanques de
terra de cultivo semi-intensivo de peixes, de madmaximizar a eficiéncia econémica e a
eficiéncia ambiental destes sistemas. Este modetiepois aplicado ao caso concreto do cultivo
de sargoQiplodus sarguf para avaliar a viabilidade do cultivo desta espém regime semi-
intensivo. Uma vez que a diversificacdo de espéeimssido referida como uma das estratégias
para aumentar a rentabilidade e a competitividadpisticultura semi-intensiva, o sargo, sendo
uma espécie autoctone e de elevado valor comeroglpaises mediterranicos, € considerado

como um potencial candidato a aquacultura seminéita em tanques de terra.

O ensaio experimental destinado a estudar os poee$sicos, quimicos e bioldégicos em
tanques de piscicultura, teve a duracdo de apraemante dois anos, e foi realizado nos
tanques de terra da Estacao Piloto de Piscicultord’IMAR, localizada no Parque Natural da
Ria Formosa, em Olhdo. Durante o ensaio, foramlhiglas amostras de material particulado,
sedimento e agua num tanque de producdo de sangoneanque controle (sem peixes). A

condicdo do sargo foi também avaliada ao longo rikaie, tendo-se realizado amostragens
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biologicas regulares. No que diz respeito ao natesrganico particulado, os resultados
revelaram que a taxa de deposi¢cao das particulasrdou linearmente com o tempo no tanque
de cultivo. A continua deposicdo de material paldido, proveniente da agua de entrada, do
alimento nao digerido, da excrecdo fecal e do laogton senescente, conduziu a um
enriguecimento organico dos sedimentos, sobretymta do segundo ano de producdo. Como
consequéncia da mineralizacdo da matéria orgarduamdada nos sedimentos, houve um
aumento das concentracdes de nutrientes na agusticial, principalmente durante os periodos
de temperatura mais elevada, que estimulou a pdodugicrofitobentdénica no tanque de
producdo. Apesar dos impactes da atividade piscioo$ sedimentos de fundo sO se tornarem
evidentes a partir de uma biomassa de 0.5 Kgende uma quantidade diaria de alimento
fornecido superior a 5 kg, a qualidade dos sediosenb tanque de cultivo foi comparavel a
laguna adjacente (Ria Formosa). Dado que a tasalglevivéncia dos sargos no final do ensaio
foi bastante elevada (94%), os resultados sugertarag condi¢cdes de cultivo experimentadas
nao causam constrangimentos nos tanques de proguggEndo servir como base para o setor
produtivo. Outro indicio da sustentabilidade dot@eolo de cultivo seguido neste trabalho € a
boa qualidade da agua no tanque de cultivo, psisaacomposi¢cao quimica foi semelhante a da
agua de entrada e a do tanque de controle. Umguea qualidade da agua nos sistemas de
cultivo semi-intensivo é frequentemente determinaala qualidade dos sedimentos e da agua de
abastecimento, este trabalho experimental tinhddamcomo propdsito, estimar o contributo
destas fontes de nutrientes para a disponibilidiedazoto e fésforo na dgua de um tanque de
producdo de sargo. O transporte sedimento-aguatdermtes, foi estimado de acordo com duas
metodologias diferentes. Enquanto os fluxos difasiforam calculados de acordo com a 12 Lei
de Fick, através dos gradientes de concentrac@e ardgua intersticial e a 4gua sobrenadante
medidos no campo, os fluxos biolégicos foram deiggidos em experiéncias de incubacéo,
realizadas em laboratério. Os resultados mostrapanos fluxos difusivos de amoénia e fosfato

foram mais elevados no segundo ano do ciclo de ugém] como consequéncia do

iX



enriqguecimento organico dos sedimentos do tanqueuttero. A atividade da macrofauna
bentonica contribuiu de forma substancial paraaosporte sedimento-agua de nutrientes, uma
vez que os fluxos biolégicos foram cerca de umarardle magnitude superior aos fluxos
difusivos. Com base na informacao disponivel sa®eprincipais fontes e sumidouros de
nutrientes num tanque de cultivo de peixes, fdiofeim balanco de massas, para avaliar o
contributo relativo dos sedimentos e da agua deadgtpara a disponibilidade de nutrientes
dissolvidos na coluna de agua. De acordo com o#tadss deste balanco, os “inputs” diarios de
azoto de fosforo devido a agua de entrada, foraimriamente superiores aos dos sedimentos.
Por outro lado, grande parte dos nutrientes digkmdvé perdida através dos efluentes. Estes
resultados evidenciam portanto a relevancia daizdigdo das taxas de renovacao de agua e do

tratamento dos sedimentos para uma eficiente gdetitanques.

ApoOs a recolha da informacéo relativa aos procefisie®s, quimicos e biolégicos num tanque
de cultivo de sargo, iniciou-se o desenvolvimentondodelo matematico. A construcédo do
modelo foi feita em trés etapas: i) desenvolvimed® um modelo biogeoquimico; ii)
desenvolvimento de um modelo de crescimento do®giee iii) acoplamento dos 2 modelos. O
modelo biogeoquimico desenvolvido neste estudocémaz de reproduzir a dinamica dos
elementos com maior probabilidade de afetar a @uwiscicola e de causar impactes
ambientais indesejaveis no meio recetor, comoaso do azoto, do fésforo e do oxigénio. Uma
das particularidades deste modelo, relativamerdaramlelos existentes para tanques de terra, €
a sua capacidade de simular ndo s6 as concentrdg®dsrmas inorganicas de nutrientes, mas
também as formas organicas, as quais tém sidadafecomo de extrema relevancia para a
dindmica dos nutrientes em ecossistemas aqualesse modelo, o compartimento pelagico foi
acoplado ao compartimento benténico, devido a ithpora das trocas entre o sedimento e a
coluna de agua em tanques de piscicultura poudamatos (1.5 m). O modelo biogeoquimico

foi calibrado usando as séries de dados recolhidaganque controle durante o ensaio



experimental em tanques de terra, uma vez que fasstalo trabalho néo foram contempladas as
interacfes entre 0s peixes e 0 ambiente. Estatéggtrgoermitiu reduzir a complexidade do
modelo e assim identificar mais facilmente as ayiées entre as diferentes variaveis e processos
na coluna de agua e no sedimento, de modo a dacditcalibracdo do modelo acoplado. A
variabilidade dos compostos na coluna de agua eagua intersticial deste tanque foi
razoavelmente bem prevista pelo modelo. Nos seda®ens compostos organicos de fésforo
foram simulados com grande exatiddo, mas os coogeéoh carbono e azoto organicos foram
mais imprecisos. A andlise de sensibilidade reddizao modelo permitiu compreender as
interaces entre as diferentes variaveis e os ggosede um tanque de terra. Por exemplo, as
formas inorganicas de azoto e fosforo na aguasiitel, foram particularmente sensiveis aos
parametros do modelo relacionados com o0s proceasosbios, 0 que explica a inter-
variabilidade entre estes compostos e o oxigéerasotliido na agua intersticial. Os efeitos das
caracteristicas estruturais dos tanques e de aguwametros operacionais (como por exemplo, a
taxa de renovacdo da agua), ao nivel da qualidadégda e do sedimento, foram também
testados no modelo, tendo-se recolhido informaggmitante para o dimensionamento de novas
unidades de piscicultura e para a gestdo das tie e® actividade. Para além de constituir uma
base de conhecimento da biogeoquimica de tanqudsride o presente trabalho permitiu
identificar os processos que necessitam de um eeshais aprofundado, como € o caso da
ressuspensdo do sedimento, da produtividade pareadia bioturbacdo, de forma a melhorar o

desempenho do modelo e a assegurar a sua apleacfims sistemas aquaticos.

Um modelo biolégico capaz de reproduzir o crescimelas espécies cultivadas constitui uma
ferramenta (til para a gestao de tanques de pisgi@uuma vez que permite estudar a influéncia
das condi¢cdes de cultivo e de diversos parametnasieatais e fisiologicos, na producéo

piscicola. Neste trabalho foi desenvolvido um mod#¢ crescimento de peixes baseado na

teoria DEB (“Dynamic Energy Budget”), por esta asgaeem principios fisiologicos comuns a
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todas as espécies e pelo facto da diversidadedspacifica ser traduzida através de um nimero
relativamente reduzido de parametros, o que faaligplicacdo do modelo a outros sistemas de
monocultivo, mas também a sistemas de policultbatra das vantagens deste modelo de
crescimento, reside no facto de este puder semiacie calibrado, o que é particularmente
relevante quando existe pouca informacao para astom parametros da espécie em estudo.
Correndo o modelo para uma populacadadeeixes, cada um com um conjunto especifico de
parametros atribuido aleatoriamente, é possivetisglar o conjunto de parametros que permite
o melhor ajuste entre os valores de peso e compiinpeevistos e observados, e depois correr 0
modelo para simular um peixe médio. Esta estratdgimodelacdo foi adotada por a fisiologia
do sargo estar relativamente pouco estudada, eigsor existirem algumas incertezas
relativamente aos parametros desta espécie. Nalstdhto, para além do crescimento do sargo, 0
modelo foi utilizado para simular o crescimento dfaurada $parus auratp uma espécie
tradicionalmente cultivada nos paises mediterr&nidma vez que o modelo conseguiu simular
bastante bem o crescimento destas duas espécigsadeeos, foi possivel averiguar quais os
processos biolégicos mais provaveis de afetar sconento piscicola. De acordo com os
resultados do modelo, o crescimento € sobretudordetado pela ingestao e pela eficiéncia de
absorcédo do alimento, bem como pela fracdo de ianalgcada para o metabolismo e para o
crescimento do individuo. Uma vez que o sargo té&in seferido como uma espécie de
crescimento lento comparativamente a dourada, oelmofbi utilizado para investigar as
diferencas entre o crescimento destas duas espétigmparacdo entre 0s parametros
especificos de cada espécie, revelou que o crasttimais lento do sargo resulta de um maior
gasto energético no metabolismo basal e de umarneéici@ncia na absor¢do do alimento. De
facto, um incremento de apenas 12% na eficiénciald®r¢cdo do alimento resultou num
aumento de cerca de 120g no peso do peixe nodmaiclo de producdo, o que poderé ser
suficiente para garantir a viabilidade do cultive dargo em sistemas semi-intensivos.

Considerando que esta espécie omnivora, é presamtieimentada com uma ragdo otimizada
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para a dourada, uma espécie tipicamente carniesragsultados do modelo sugerem que o
desenvolvimento de racfes especificas para o gad® contribuir para uma maximizacao da

producao.

Apoés calibracdo do modelo biogeoquimico e do motédddgico, estes foram acoplados. O
acoplamento consistiu basicamente em utilizar a#ptds” do modelo biolégico como “inputs”
para o modelo biogeoquimico e vice-versa. No geratpdelo acoplado conseguiu reproduzir a
variabilidade dos compostos na coluna de agua eedimentos de um tanque de piscicultura,
assim como o crescimento do sargo ao longo de olm de producédo. O balanco de massas
construido com base nos resultados do modelo peravidliar a eficiéncia da alimentacéo dos
peixes. De acordo com os resultados deste balaraie,de metade do alimento fornecido néo é
ingerido pelos peixes, 0 que justifica a baixa td&aconversao alimentar (3.7) obtida para esta
espécie. Este tipo de balancos permite também i§joantais fontes e sumidouros de nutrientes
dissolvidos e sob a forma particulada, podendousérado para definir formas praticas de
melhorar a qualidade da agua e dos sedimentosatosids de cultivo, ao longo do ciclo
produtivo. Devido a capacidade do modelo de remiodudinamica dos tanques de piscicultura,
este foi utilizado para testar diferentes cenalmgestdo: i) aumento da densidade de carga; ii)
aumento/diminuicdo das taxas de renovacéo da agusymento/diminuicdo da quantidade de
racdo fornecida; iv) diminuicdo do conteddo emdasfda racdo; v) aumento da eficiéncia de
absor¢édo do alimento vi) diminuicdo da velocidade deécaimento da racdo. Os diferentes
cenarios e a simulacao padrdo foram comparadds/egfente aos seus efeitos na qualidade da
agua e do sedimento no tanque de cultivo, na p&mddipal de peixe e nas descargas de
nutrientes para o meio recetor. Utilizando o métaldo Avaliagdo Multicritério (AHP —
“Analytical Hierarchical Process”), foi atribuidana pontuacdo a cada cenario por forma a
identificar as medidas de gestdo que permitem péimd cultivo de sargo. Os resultados no

presente estudo revelaram que a duplicagdo dadaelespiscicola e um aumento na eficiéncia
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de absorcdo do alimento poderdo melhorar o desdrapéos sistemas semi-intensivos de
producdo de sargo e assegurar a viabilidade dova@ulesta espécie. Para além do modelo
constituir uma importante ferramenta de gestdo pamgues de aquacultura, este trabalho
contém ainda informacéo relevante para a defirigdparametros de qualidade ambiental (como
por exemplo, Valores Maximos Recomendados) paradseicpltura marinha realizada em

tanques de terra.

Palavras-Chave:Modelo biogeoquimico; Modelo de crescimento de ggixzestao de tanques

de piscicultura; Aquacultura semi-intensiva; Sustbiidade econdmica e ambientBliplodus

sargus
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1 Aquaculture

1.1 Basic concepts

A simple definition for aquaculture is “the farminfjaquatic species, either plants or animals, in
all types of water environments (fresh, brackistl ararine environments), including natural or
manmade systems” (Pillay and Kutty 2005; FAO 204GAA 2010). According to the degree
of artificiality, aquaculture systems are commongferred as extensive, semi-intensive and
intensive systems (Funge-Smith and Philips 200X).tiAe different levels of intensification
represent a continuum, no specific definition cangbven for each system (Funge-Smith and
Philips 2001). Extensive systems deeply resemhlgralessystems, whereas intensive systems are
highly artificial (Funge-Smith and Philips 2001)géaculture units may also cultivate one or
more species, being classified respectively as, arulture or polyculture systems. More
recently, traditional polyculture systems have egdl into integrated systems, which may be
differentiated into integrated multi-trophic aqukote systems (IMTA), also known as
‘partioned aquaculture’ or ‘aquaponics’, that congbispecies from different trophic levels
(Krom et al. 1995; Buschmann et al. 1996; Brumn@99] Alongi et al. 2000; Choo 2001;
Funge-Smith and Philips 2001; Neori et al. 2004mBvera 2006; Abreu et al. 2009; Troell et al.
2009; Bosma and Verdegem 2011), and into systenmsbioing aquaculture with other
productive activity, such as agriculture or livestqFunge-Smith and Philips 2001; Jamu and

Piedrahita 2001; Neori et al. 2004; World Bank 20Bé6sma and Verdegem 2011).

1.2 Global Production
As a consequence of the continuous decrease imenhrodiversity, caused by anthropogenic
activities such as environmental pollution, habdastruction, fishing, and by global climate

change (Lotze et al. 2006; Halpern et al. 2008; FXXQ0; Merino et al. 2010), a collapse of
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currently fished taxa is expected to happen by 2048rm et al. 2006), if trends are not

reversed. In this context of declining marine reses, aquaculture can have a major role in
providing alternative protein sources to meet thieraasing worldwide demand for seafood and
to ease fishing pressure on marine stocks (FAO ;2Bb8ma and Verdegem 2011; Grigorakis

and Rigos 2011).

According to FAO estimates (FAO 2011a), aquaculturé capture fisheries supplied the world
with 144 million tonnes of animal products, in 20@%®gure 1.1), from which 118 million tonnes
(82%) were used for human consumption (Figure 1ABsuming that most of aquaculture
production (55 million tonnes in 2009) is directlged as human food, one may estimate that
aquaculture provides almost half (47%) of the aquatimal products that are eaten today. If
trends from the last decade are maintained, i.ea@dture growing at6% per year and
fisheries decreasingl% per year (Figure 1.1), the former industry vaitercome fisheries
production in a decade. The majority of cultivatedmal species belong to the lower end of the
food chain, e.g. shellfish, herbivorous and omrowsrfish (Figure 1.2). However, production of
species higher in the food chain, such as shrimlman, and marine finfish, is now growing
(Figure 1.2) in response to the increasing markshahd in developed countries (FAO 2007,
2010). Although animal species dominate aquacujpoeuction (76%), aquatic plants have an

important contribution (24%) to the global industfygure 1.2).

The commercialisation of seafood products, is estioh to have yielded 105.3 thousands of
millions of US$, in 2009, and an additional 4.8 ukands of millions of US$ were generated
from aquatic plants trade (FAO 2011a). Nevertheldss revenues from the entire sector are

expected to be significantly higher, because thieevaf aquaculture hatchery and nursery
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production and that of the breeding of ornamerdahat usually included in the estimations

(FAO 2010).
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Figure 1.1 — Total aquaculture (except aquatic plants) argtuca fisheries production versus

human consumption, from 2000 to 2009. Source: FAT1{a).
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1.3 Environmental impacts

Although responsible aquaculture can provide sigguft socio-economic benefits, such as:
development of the economies of low profit-food icéef countries, increase of rural
development, alleviation of poverty and hunger, praimotion of gender opportunities (Black
2001; World Bank 2006; FAO 2010), uncontrolled amdsponsible aquaculture operations can
cause a wide range of negative impacts. Some gktimpacts are related to: i) organic and
nutrient pollution (Wu 1995; Kelly et al. 1996; D&B98; Naylor et al. 2000; Tovar et al. 2000a,
b; Pearson and Black 2001; Paez-Osuna 2001a, bi; &ebFernandes 2003; Gyllenhammar and
Hakanson 2005; Bosma and Verdegem 2011; Grigorakis Rigos 2011); ii) chemical
contamination (Choo 2001; Read and Fernandes 26I@Bn et al. 2004; Grigorakis and Rigos
2011); iii) spread of parasites and diseases (Magtoal. 2000; Nash 2005); iv) habitat
destruction and modification (Wu 1995; Deb 1998ylNaet al. 2000; Black 2001; Paez-Osuna
2001b; Ruiz et al. 2001; Pérez et al. 2008); wouhtction of exotic species and new genetic
varieties (Black 2001; Naylor et al. 2005; Grigasaind Rigos 2011) and vi) depletion of wild
stocks as feeds or seed to aquaculture operatidpeis {998; Choo 2001; Kaiser 2001; Paez-
Osuna 2001b; Grigorakis and Rigos 2011). Aside fdamages to aquatic environments, social
conflicts and economic breakdowns may also occlenwthe ecosystem functioning is radically
altered and the resources that support other hatianties are affected (Boyd and Clay 1998;

FAO 2007; Allsopp et al. 2008; Grigorakis and Rige4.1).

1.4 Semi-intensive pond aquaculture

1.4.1 Advantages and disadvantages
Aquaculture is carried out in a wide variety of teyss, and ponds are the most common

production systems on a worldwide basis (Culberaod Piedrahita 1996). Due to their

5
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manageability in terms of waste, nutrient recyclamygl feed conversion, land-based aquaculture
systems are more promising for the sustainabifityarine aquaculture than open-water systems
(Neori et al. 2004). Semi-intensive pond systeraditionally used in Mediterranean countries,
have been particularly recognized as an environatigsftiendly option (Boyd and Tucker 1998;
SEACASE 2009). The lower degree of artificialitye(ilower stocking densities, water use and
feed inputs) of these systems comparatively tonsite systems, substantially reduces their
ecological footprint (Troell 1997; Boyd and TucKke&98; Kautsky et al. 2000; Banas et al. 2008;
Bosma and Verdegem 2011), i.e. the quantity of renmental goods and services consumed
(e.g. food, space, water) in the generation of goaad processing of associated wastes (e.g.
feces, ammonia excretion) (Rees and Wackernagdl)188ide from ecological benefits, semi-
intensive aquaculture systems promote the developwierural and coastal areas and create
employment opportunities (WorldBank 2006; FAO 200BEACASE 2009; Bosma and

Verdegem 2011; Grigorakis and Rigos 2011).

Despite its environmental and socio-economical athges, semi-intensive fish farms are
usually characterized by a low profitability, ax@nsequence of high production costs (high
labour and land costs) and low productivity (SEAGAZ09; Bosma and Verdegem 2011). A
low profitability associated with the increasingnket competition with low-price products from
intensive aquaculture, strongly limits the economability of this activity (SEACASE 2009).
Thus, to make this environmentally-friendly aquaod more competitive it is necessary to

increase revenues.

1.4.2 Economical and environmental sustainability
One of the strategies that have been proposectease the competitiveness of semi-intensive

aguaculture is the association of its products wtiification or ecolabelling schemes that trace

6
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the origin, quality, safety, and the environmergahditions prevailing during the production
cycle (Boyd 2003; SEACASE 2009; Allsopp et al. 20680 2010; Bosma and Verdegem
2011). The increasing consumer awareness on aninm@alth/welfare  and

environmental/biodiversity protection (FAO 2007; rideke et al. 2007; Allsopp et al. 2008;
Bosma and Verdegem 2011), will most likely increabe demand for semi-intensive
aquaculture products (SEACASE 2009; Bosma and \¢emie2011), and the sector would

largely benefit from certification.

Other strategy that can increase both the profitalaind competitiveness of semi-intensive fish
farms is species diversification (SEACASE 2009)tgththones species with high market value
and high flesh quality, like the sol&dlea senegalen$jsthe sharpsnout seabrea®iglodus
puntazz® and the white seabreamiplodus sarguy are already being tested to be cultivated in
Mediterranean semi-intensive earth pond systemse{Sal. 2006, 2007; SEACASE 2009;
Ferreira et al. 2010; Grigorakis and Rigos 201ihcesthe traditionally-cultivated species, e.g.
gilthead seabreantparus aurathand seabas®icentrarchus labrax can no longer compete

with prices of intensive aquaculture products (SBSE 2009; Barazi-Yeroulanos 2010).

Some authors have also suggested an increaseckingtiadensities as a way to increase the
productivity of semi-intensive fish farms (SEACASB09), however higher biomasses often
lead to a deterioration of the pond environment (ahd Yi 2003; Viadero Jr. 2005) and an
increase in waste emissions (Bergheim and Brink@32Lin and Yi 2003; Viadero Jr. 2005).

To make this a viable option, it must be ensured the assimilative capacity of the fishpond
(Boyd 2003) as well as of the receiving environman¢ not exceeded (Wu 1995; Naylor et al.
2000; Gyllenhammar and Hakanson 2005; Gatlin e2@D7). In fact, for semi-intensive fish

farming to be sustainable there should be an imgmant in its environmental efficiency as well

7
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as on the economic efficiency (Boyd 2003; SEACASB® Chavez-Crooker and Obreque-

Contreras 2010).

As one of the major environmental constraints ahisatensive fish farming is related to
organic and nutrient loadings to coastal watersyBand Tucker 1998; Boyd 2003; Jegatheesan
et al. 2007), mainly resulting from feed waste picid; the sustainability of these systems, as for
aquaculture in general, strongly depends on feedagement (Black 2001; Choo 2001; World
Bank 2006; Bosma and Verdegem 2011; GrigorakisRigds 2011). Optimization of feeding
rates (i.e. the amount of daily feed supplied &snation of fish biomass) is essential to avoid
situations of over or under-feeding that may compse the viability of farming units, and to
reduce effluent discharges (Boyd 2003). Improvesémtfeed pellet technology, namely the
development of species-specific feeds and the aseran pellet stability or reduction of its
sinking rates, may improve feed conversion rat€R$) for cultivated species (i.e. the amount,
in kg, of fish biomass produced per kg of feed $edp by maximizing the amount of feed
ingested and minimising organic/nutrient loadin@hdo 2001; World Bank 2006). Another
feed-related environmentally friendly option is theplacement of fish meal and oils of
formulated feeds by vegetable protein sources ascépybean, corn meal and rice bran (Black
2001; Kaushik et al. 2004; World Bank 2006; Allsogipal. 2008; Dias 2009; FAO 2010). For
some herbivorous and omnivorous fish it has beasipte to completely replace animal protein
by vegetable one without impacts on fish growth gisids (Tacon et al. 2006). However, for
carnivorous species, ecofeeds are still to be gedecording to fish requirements (Tacon et al.
2006; Drakeford and Pascoe 2008; Dias et al. 20000 2010). Aside from reducing
aguaculture dependence on fisheries resourcesk(R@@l; Kaushik et al. 2004; World Bank
2006), ecofeeds of vegetable-origin may reduceienitrloadings (Ferreira et al. 2010),

contributing for the minimization of the ecologictdotprint of semi-intensive fish farming.

8
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Nevertheless, in order for this type of ecofeedbdoviable they have to be produced through

sustainable agriculture (Allsopp et al. 2008; FAT1Q).

Biological methods, such as polyculture (SEACASE20Bosma and Verdegem 2011) or
integrated multi-trophic aquaculture (IMTA) systefheori et al. 2004; Primavera 2006; World
Bank 2006; FAO 2007; Chavez-Crooker and Obrequer€ms 2010; Nobre et al. 2010), may
also be a sustainable option for reducing the enwiental impacts of semi-intensive fish
farming while increasing its economic efficiencyrgBimet 1999; Whitmarsh et al. 2006;
Allsopp et al. 2008; Bunting and Shpigel 2009; Tre¢ al. 2009; Nobre et al. 2010). IMTA
systems are particularly environmentally benignaose organic waste products from fed fish
are recycled by the extractive species cultivatethe same units. Seaweed and shellfish based-
integrated systems are particularly promising duéhé high market demand for these products

(Neori et al. 2000; Neori et al. 2004; Zhou et28l06; Abreu et al. 2009).

In semi-intensive fishponds, sustainability is atpendent on an efficient water management.
If, by on one hand, water exchange rates definal poatter quality, which is crucial for fish
welfare and growth, on the other it determines d@hsount of effluents discharged into the
environment (Hopkins et al. 1993; Brambilla etZz007; d’Orbcastel et al. 2008). The reduction
of water exchange rates is often referred as a m@stagement practice (BMP) for semi-
intensive farms, because it minimizes the riskdodden changes in water quality parameters
and minimizes the adverse effects of effluentstdisge (Paez-Osuna 2001a, b; Boyd 2003;
Primavera 2006). However, the quality of pond antled waters depends on the quality of inlet
water (Bosma and Verdegem 2011). For instance,afpraculture units located on coastal

eutrophic systems, water exchange can increaseigkdor eutrophication within fishponds
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(Boyd and Tucker 1998; Deb 1998; Paez Osuna 20Bokd 2003). On the other hand, in
oligotrophic systems, this risk decreases duedddtver nutrient concentrations in source water
(Maldonado et al. 2005). In fact, in the latter teyss, water exchange may be an effective
strategy for reducing the concentrations of pogédigtitoxic compounds like ammonia and

nitrites, allowing substantially higher stockinghdéies (Burford and Lorenzen 2004).

2 Physical, chemical and biological processes in fighnds

The ecology of semi-intensive fishponds consistsaofrariety of interdependent physical,
chemical and biological processes (Boyd and Tutk68). The knowledge of these processes is
of outmost importance for defining farming stragsgi(protocols, monitoring systems and
techniques) that optimize fish production, i.e. m#@xe production while minimizing
environmental impacts (Boyd and Tucker 1998; Harges 1998; Hargreaves and Tucker 2003).
Although processes occurring in semi-intensive dsids are similar to other aquatic marine
systems (Boyd and Tucker 1998; Hargreaves 1998)gAlet al. 1999; Burford et al. 2003; Boyd
et al. 2006; Nhan et al. 2006; Serpa et al. 20®/aRodriguez-Gallego et al. 2008), the
shallowness of fishponds and the high inputs afchionous material, induce changes in natural
processes (Culberson and Piedrahita 1996; RiseRouwb 1997; Boyd and Tucker 1998;
Hargreaves 1998; Jamu and Piedrahita 2001; MisahkieZimba 2004; Torres-Beristain et al.
2006; Serpa et al. 2007b; Yokoyama et al. 2009ntzoand Verdegem 2011; Joyni et al. 2011).
The spatial and temporal variability of the phykicaemical and biological processes occurring
in fishponds strongly depends on i) farming comai$i, such as stocking densities (Rowland et
al. 1995; Tovar et al. 2000a; Ingram 2008; van deulNegiessen et al. 2009) and feeding
practices (Tovar et al. 2000a; Paspatis et al. 28@cinar et al. 2007; Booth et al. 2008;

Piedcausa et al. 2010; Bosma and Verdegem 20} Xultivated species biology and feeding
10
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behaviour (Chakrabarty and Das 2007; Piedcaush 2080; Bosma and Verdegem 2011) and;
i) site-specific environmental parameters, elgnate and sediment characteristics (Culberson
and Piedrahita 1996; Hargreaves 1998; Serpa eRCil7b; Bosma and Verdegem 2011).
Therefore, the investigation of fishpond dynamitsispecific aguaculture system is crucial for

the optimization of semi-intensive fish farming @woa and Verdegem 2011).

3 Ecological modelling

Even though an adaptive approach, i.e. the mongoadf variables and processes over time,
should be followed to avoid the deterioration ohganvironment and to minimize the impacts
of effluent discharges on receiving waters (Cradf2003; Gibbs 2009), a modelling approach
has been widely used in pond management (Piedrahitd, 1984; Culberson and Piedrahita
1996; Montoya et al. 2000; Lefebvre et al. 2001; dnd Yakupitiyage 2003; Jiménez-
Montealegre et al. 2002a; Burford and Lorenzen 208hce models are able to integrate the
dynamics of physical, chemical and biological psses occurring in these systems (Piedrahita
et al. 1984; Silvert and Cromey 2001). By beingeatal predict pond dynamics, models have
been used for designing or improving monitoringatelgies (Crawford 2003) as well as to
simulate the effect of different management scesafe.g. stocking densities, water exchange
and feeding rates) on the pond environment andoastal systems (Piedrahita 1991; Burford
and Lorenzen 2004). An ecological model is als@laable tool for preventing episodic events
of fish mortality by improving our understanding thie complex feedbacks between cultivated
species and environmental variables, such as teyper(Via et al. 1998; Das et al. 2005; Del
Toro-Silva et al. 2008; Dalvi et al. 2009), ammoaomcentrations (Biswas et al. 2006; Remen et
al. 2008) and oxygen availability (Del Toro-Silvaa. 2008; Remen et al. 2008; Bosma and

Verdegem 2011). Moreover, models can be used tdighrthe impact of fish farming in the
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surrounding environment (Silvert and Cromey 200d¢iyuez-Gallego et al. 2008; Piedcausa et

al. 2010; Tsagaraki et al. 2010).

Despite its numerous advantages, models have tiantga(Gibbs 2009) that restrict their ability
to reproduce the overall variability of real sysgerfor this reason, even in the presence of
validated models for fishpond systems an adaptneaach should be followed (Gibbs 2009).
The confrontation of model results and observat@li®sys model improvements over time, as
more knowledge is accumulated about the ecosystetarwstudy (Serpa and Duarte 2008). In
addition, uncertainties associated with model patans and results may help define sampling

strategies and experiments to fill the gaps (SamqubDuarte 2008).

Ecological models developed for fishpond systemgy mm&lude different components, like
transport, thermodynamic, biogeochemical and biokdgub-models. Transport sub-models are
used for simulating the interactions between pongdrddynamics and sediment
transport/resuspension (Peterson et al. 2000), asbethermodynamic sub-models are used for
temperature calculations (Culberson and PiedrahR86; Lamoreaux et al. 2005). The
biogeochemical sub-model reproduces the cycleslahents that are most likely to affect
biological activity, such as nitrogen (Kochba etl#8194; Hargreaves 1997; Lefebvre et al. 2001,
Jiménez-Montealegre et al. 2002a; Burford and Loean2004), phosphorus (Montoya et al.
2000; Lefebvre et al. 2001) and oxygen (Meyer amdnB 1982; Culberson and Piedrahita
1996), and often include a pelagic and a benthimpaotment to reproduce water-sediment
interactions. The biological sub-model simulates growth (Cuenco et al. 1985a; Yi 1998;
Hernandez et al. 2003; Zhou et al. 2005; Libralatwl Solidoro 2008; Moss et al. 2009;
Pecquerie et al. 2011), as well as the producti@hlaological interactions between individuals

(Cuenco et al. 1985b, c) or cultivated species (@gal. 2009). This module also predicts the
12
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effects of environmental (e.g. temperature), pHggical (e.g. assimilation and excretion rates)
and husbandry factors (e.g. stocking rates, feedatgs) on fish performance (Cuenco et al.
1985b, c), allowing fish farmers to adjust manageinsérategies that maximize the growth rates
of cultivated fish (Alunno-Bruscia et al. 2009; vder Veer et al. 2009). Biological sub-models
are usually coupled to a biogeochemical sub-modelrefproduce the feedbacks between
cultivated species and the environment (Piedradéital. 1984; Jiménez-Montealegre et al.

2002a; Li and Yakupitiyage 2003; Piedcausa etG102.

So far, fishpond models have been specifically usedresearching nitrogen (Kochba et al.
1994; Hargreaves 1997; Jiménez-Montealegre et @02& Burford and Lorenzen 2004)
phosphorus (Montoya et al. 2000) or oxygen dynar(Msyer and Brune 1982; Culberson and
Piedrahita 1996), while less effort has been madketelop more complete predictive models of
pond dynamics (Piedrahita et al. 1984; Lefebvrealet2001; Li and Yakupitiyage 2003;

Mukherjee et al. 2008).

4 Thesis aims and structure

The low profitability and competitiveness of semiensive fishpond aquaculture in Mediterranean
countries strongly compromises the economic vigbilif production systems. The key for the
sustainability of these systems seems to rely @ dévelopment of new methodologies and
approaches that improve their economic as wellrasr@anmental efficiency. The challenge is to
find the best solutions for each system, because tlre many variables involved. For example, as
these systems strongly rely on natural resourd¢es quality of source water or the assimilative
capacity of receiving waters may prevent the apgibn of a specific approach to one fish farm but

not to another.

13



Chapter 1

One of the main objectives of the present work tastudy the physical, chemical and biological
processes in semi-intensive fishponds, in ordemtterstand the functioning of these systems. The
other main objective was to develop an ecologicatieh to be used as a tool for managing semi-
intensive systems, to improve their economic andirenmental performance. In order to
accomplish the main objectives of this work, sgeabjectives were defined:

i) Monitoring water quality, sediment quality and spsagrowth over a production cycle in
semi-intensive ponds.

i) Develop a comprehensive model to reproduce theebidgemical cycles that are more
likely to affect biological activity and cause néga environmental impacts, namely those
of nitrogen, phosphorus and oxygen.

iii) Develop a biological model to simulate the growtHinfish in a dynamic environment,
using the Dynamic Energy Budget (DEB) Theory.

iv) Couple the previous models to reproduce the iotenras between cultivated species and
the environment.

The fish species used both as an object of studyaara case study to implement and test the above
mentioned model, was the white seabre&iplpdus sargus- a new species in semi-intensive
Mediterranean aquaculture (Cejas et al. 2004; @& 2006, 2007). As there was no other available
information regarding the production of this specie earth ponds, the results obtained in the
experimental work designed to study fishpond preegstogether with literature data were used to
implement the above mentioned models. After modébration/validation, different management
scenarios (e.g. stocking densities, water exchaatgs, feeding rates) were tested for their effects
on the pond environment, final fish production andrient discharges, in order to define the best
management options for optimizing white seabreaadyetion in semi-intensive systems, i.e. to

maximize production while minimizing environmeni@pacts.
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This thesis is composed by 7 Chapters, which cpores to papers that have been published in
peer-reviewed journals, or that are either subnhitbe in preparation. The content of each

chapter is briefly described in the next paragraphs

Chapter 1 — General Introduction

Chapter 2 — Impacts of Aquaculture and Mitigatioaddures
In this chapter, an extensive review on the envirental impacts of aquaculture and on possible
mitigation measures, approaches and tools to redueeaticipate these impacts was carried out

for a global perspective on how to manage aquaeutawards sustainability.

Chapter 3 — Physical, chemical and biological psees in semi-intensive fishponds

As adaptive approaches as well as modelling appesaare required for an efficient pond

management, particularly when a new species igbaiitivated, a case study was developed to
study the physical, chemical and biological proesssver a white seabream production cycle.
The first part of this chapter deals with the effeaf fish farming on bottom sediments, whereas
processes affecting pond water are addressed igeitend part. Data collected over this

experimental work were used for model parametearaind calibration.

Chapter 4 — Modelling biogeochemical processesemisgntensive fish earth ponds: model
development and calibration

This chapter describes the development of a biduwowral model — one of the specific
objectives of the present thesis — integrating j@ayschemical and biological processes in earth
pond systems. This model was first implementedafpond without fish and later coupled with

the fish growth model (Chapters 5 and 6).
15
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Chapter 5 — Modelling the growth of white seabrg@nplodus sargusand gilthead seabream

(Sparus auratpin semi-intensive earth ponds using the Dynanmergy Budget approach

In this chapter, a Dynamic Energy Budget (DEB) giownodel was implemented for two
species: the newly cultivated white seabream; amdditionally cultivated species - the gilthead
seabream. The model was used to investigate whictors (environmental, physiological or
husbandry factors) are more likely to affect fisbwgth performance, and to explain the growth
differences between these two species, towardster henderstanding of the factors that should
be manipulated to improve white seabream growttuiture, since low growth rates have been

reported for this species (Cejas et al. 2004; $& 2006).

Chapter 6 — Mathematical modelling as a tool fonatang semi-intensive production systems

This chapter describes the coupling of the biogentbal and fish growth models developed in
Chapters 4 and 5, respectively. Different managersegnarios were tested with this model and
then scored using the Analytic Hierarchical ProdgddP) methodology, to evaluate the best

management options for white seabream producticenni-intensive systems.

Chapter 7 — General Conclusions and Future Pergpsct
The major results and conclusions from the previchapters are synthesized in this chapter.
Ideas for future improvements and applications e model developed in this thesis are

presented.

16



Chapter 2

Chapter 2

Impacts of Aquaculture and Mitigation Measures

Serpa D., Duarte P. (2008). Impacts of aquaculamd Mitigation measures. In: Russo, R. (eds.)
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Chapter 2

Abstract

The role of aquaculture in world food productionnsreasing very fast, contributing with more
than 40% for the total production of aquatic orgars. The general approach in modern
aquaculture resembles much that of industrial afitice and husbandry, with large energy
subsidies and the usage of many chemicals in, pre@dmtly, monoculture systems, with a large
ecological footprint. Despite the large body of ukgion available worldwide, there are
important ecologic, economic and social impactsiany countries as a result of aquaculture. In
some cases, the anticipation of these impactsda} fmopulations represents a negative feedback
for aquaculture development. In the present workewdew of those impacts is presented,
followed by a discussion of the carrying capaciyaept, then by presenting some approaches
and methods that may help planning aquacultureldeweents including the Drives Pressures
States Impacts Responses framework, modelling awikdn Support Systems. The analysis of
a large number of works suggests that aquacult@magement should be participated by local
stakeholders and viewed within the context of othenagement approaches, such as Integrated
Coastal Zone Management. This may allow for a bettesystemic integration of aquaculture
with other activities in line with Ecological Engiaring concepts. Likely, there should be more

investment in low-trophic level species to redugaeazulture ecological footprint.

1 Introduction

The contribution of aquaculture to global productiaf aquatic organisms increased from ca.
32%, in 2000, to 42%, in 2006, according to the FBAGhery Statistical Collections (FAO
2008). Following the same source, total aquaculpuogluction increased over 18 times for the
period 1997-2006, from 3,584,160 to 66,728,941 ¢snonsidering the mentioned growth and
that intensive aquaculture developed over the yastrs (Muir 2005), it is expected that its

environmental impacts have also increased. Thegmdts as well as the sustainability of
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aquaculture were discussed in previous works @ESAMP 2001; SECRU 2002; Read and
Fernandes 2003; GESAMP 2008). However, there drsesteral issues to clarify about how to
guarantee aquaculture sustainability, giving thgueamess of the concept and the lack of a
general paradigm to handle this problem that, tugetvith social awareness, creates some
negative-feedbacks to aquaculture developmentgioms where perceived costs outweigh the
perceived benefits by local stakeholders (Gibb<9200herefore, the main purpose of this work
is to synthesize information and concepts that tayseful in defining a paradigm towards

aquaculture sustainability.

This work is structured as follows: Much of whatkisown about environmental impacts of
aquaculture is synthesised in section 2. In thieviehg section, the carrying capacity concept
and its application to aquaculture are discusseghther with methods for its quantification. In a
section about aquaculture and environmental managersome approaches and tools that may
help to manage aquaculture towards sustainabiliyy presented. Finally, some general

conclusions are attempted.

Aquaculture industry seems to be following the sasteps as agriculture: from traditional
polyculture systems with low energy subsidies, ritensive monocultures with high energy
inputs and biotechnological innovation. These hagiergy inputs are in the form of trophic
energy, such as sun light and fish food, and aryilenergy, such as renewable and non-
renewable energy sources, to maintain producti@matipns. In many countries, there is a strong
investment in the production of carnivore specieat tcomprise more than 30% of world
aquaculture production in monetary terms (Primave@®6), implying a relatively small

efficiency in the conversion of primary productiadhpugh several steps of the food web, and a
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large ecological footprint. Furthermore, high irgee aquaculture systems require more

pharmaceuticals and other chemicals to protectnisges from disease.

Perhaps one of the main problems in aquacultureyedisas in other human activities, is the
apparent difficulty of people to think holisticallgspecially in industrialized societies, where
compartmentalization is frequently equated withiceghcy. Due to this limitation, local
developments are planned without much consideratlmwut integration with other activities,
leading to the production of wastes that may represn environmental problem when, if
otherwise planned, could serve as raw materialafother activity. If some sort of integrated
management is applied, such as Integrated Coasted Mlanagement, with considerations about
the spatial distribution of different activitiesy guarantee proper access to resources by all
stakeholders but, without consideration of mateaad energy fluxes related to different
activities, there may still be sustainability preiols. Therefore, traditional Chinese aquaculture-
agriculture-husbandry-waste treatment systems raasesas a good example of empirical yet,
holistic approaches, to be incorporated in modeawmetbpments but in tight interaction with
scientific methods, well in line with the princigl®f Ecological Engineering (e.g. Yan and Ma,

1991; Mitsch 1997).

Aquaculture may be important to alleviate povengygenerating food, employment and wealth
if a more equitable distribution of its benefitsassumed. Its environmental impacts should be
assessed at a larger scale than the farm scaletodine cumulative effects of several farm
operations in the same area and their combinatitnather human activities (GESAMP 2001).
However, if aquaculture development is plannedsoiation from other activities, if it implies

changes in resource ownership, preventing locaplpeloom having access to resources, and it
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leads to concentration of wealth in a few peopteenvironment, economic and social effects are

unsustainable.

2 Agquaculture Environmental Impacts

Aquaculture units can generate considerable amainsstes/effluents containing a variety of
substances such as, particulate material (maisiyltteg from uneaten feed and fecal material),
dissolved metabolites (from excretion via gills dadneys), and various forms of chemicals
(e.g. therapeutants, fertilizers, heavy metalsfh wndesirable environmental consequences (Wu
1995; Kelly et al. 1996; Deb 1998; Tovar et al. @9802000b; Pearson and Black 2001; Paez-
Osuna 2001l1a, 2001b; Read and Fernandes 2003). nvm®ranental impact resulting from
particulate and dissolved organic and inorganicenmt (Table 2.1) is particularly important
because these compounds are directly dischargedhatenvironment affecting both the water
column and the sediment compartment (DalsgaarKaagse-Jensen 2006; Holmer et al. 2007).
The magnitude of these impacts depends mainly rom l@cation, species, culture type, stocking
densities, food digestibility, and on other hushgrdctors such as feeding practices and disease

status (Wu 1995).

The meteorological (e.g. wind patterns), hydrogregdh(e.g. bathymetry, currents, tidal regime,
wave action, sedimentation rates) and geomorphmbgiharacteristics of aquaculture sites
(Kempf et al. 2002; Nordvarg and Hakanson 2002aK&li and Karakassis 2006; Rodriguez-
Gallego et al. 2008), strongly influence the fateany type of waste released into the water
column. For instance, high-energy environments| sweépt by bottom currents, are usually less
affected by the impacts of waste material than ém&rgy environments, most likely due to the
contribution of hydrodynamics to the dissipationdadispersion of exogenous material

(Klaoudatos et al. 2006). Furthermore, re-suspengieriodically re-exposes superficial
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sediments and waste products to oxygen, enhanaiggnic matter decomposition (Burdige
2006). Conversely, in shallow waters or in reségcexchange environments (e.g. semi-enclosed
estuaries, bays or fjords) with weak bottom cusegtitere is a higher risk of particulate organic
matter and nutrients to increase locally (Wallird dddkanson 1991), causing not only the

degradation of water quality but also severe negathpacts on benthic assemblages.

Effluents from intensive production systems, witHaege feed input, typically have greater
negative impacts than effluents from semi-intensiveextensive systems with little or no feed
addition (Kautsky et al. 2000; P4ez-Osuna 2001a@aBaet al. 2008)}However, the economic
viability of these systems, relying mostly on natufood, is usually compromised by their
limited capacity to control environmental and husbg factors (e.g. nutrition, predators and
disease agents), and by their low productivity. tim aquaculture into a more productive
activity with improved profit margins, farmers wdwide have been intensifying production
(World Bank 2006). As stocking densities increa$d® systems increasingly require higher
water volumes, use of feeds and chemicals, whitistaatially increase organic and inorganic
loadings. For example, the ecological footprintsemi-intensive tilapia production systems is
relatively low (approximately equal to the farmareompared to intensive systems that require
an area up to 10000 times higher than the farm (&a&e et al. 1998). The higher the degree of
artificiality, more likely is the occurrence of ammhmental damages because recycling processes
and their respective feedback mechanisms vaguskmile natural systems (Kautsky et al.

2000; Banas et al. 2008).

22



Chapter 2

Table 2.1— Amounts (kg per ton of product) of Total Suspmh&olids (TSS), Biochemical Oxygen Demand (BOR)tiBulate Organic Matter

(POM), Nitrogen (N) and Phosphorus (P) dischargenohfdifferent aquaculture units.

Species Culture method TSS BOD POM N P Reference
kg per ton of product
o _ ) Enell and Ackefors (1991),
Finfish Marine cage farming 61-132 2.2-95
Islam (2005)
Jambrina (1995),
Seabreams Marine cage farming 7038 - 9105 235 3089 190 28 Barbato et al. (1996),
Tovar et al. (2000b)
Octopus Marine cage farming 111 37 Mazon gRal07)
) Freshwater cage Beveridge et al. (1991), Kelly
Salmonids _ 474 - 4015 285-990 71
farming et al. (1996)
Catfish Freshwater systems 9.2 0.57 SchwartBayd (1994)
_ Holby and Hall (1991),
Rainbow trout Freshwater systems 640 129 - 551
Boaventura et al. (1997)
P4ez-Osuna et al. (1997),
_ Semi-intensive earth Biao and Kaijin (2007),
Shrimp 715 - 9105 235 257-918 29-48 2.6-4.6 , i
ponds Casillas-Hérnandez et al.

(2007)
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Species cultured in intensive systems, usually -tigphic level species, have a higher
ecological footprint than those producing low-trappHevel species, as omnivorous or
herbivorous fish (e.g. catfish, tilapia) (Table )2.Larnivore species require high-proteic
manufactured feeds, releasing substantial amodintasies that are not easily assimilated by the
environment (Karakassis et al. 2000; Choo 2001z##&una 2001a; Pearson and Black 2001;
King and Pushchak 2008). For instance, a studyechaout by Folke et al. (1998) revealed that
Atlantic salmon marine cage farming requires ansgstem area 40000 to 50000 times higher
than the farm area. However, as feed technologyadugs and higher feed conversion rates
(FCR) are attained, the footprint of intensive casre production is likely to decrease (Black
2001). An additional factor contributing to the Imigecological footprint of carnivorous
aguaculture is the use of the so-called “trash’ fisk. fish unfit to human consumption) for the

production of pelleted diets, which consumes adaygantity of natural resources (Black 2001).

The most environmentally benign production systeares probably those cultivating species
from the base of the food web, like seaweeds tarfieeders (Crawford et al. 2003). However,
even these systems may have a relevant ecologiogdrint, depending on the location, farm
dimension and stocking densities (Folke et al. 19Bk&ck 2001; World Bank 2006). For
instance, large amounts of biodeposits (e.g. besilMeces and pseudo-feces) may induce
changes on benthic processes and benthic comnaufBieschmann et al. 1996; Kaiser 2001,

SECRU 2002; Watson-Capps and Mann 2005), with cpreseces for the entire ecosystem.

Aquaculture systems combining species from diffeteaphic levels (e.g. fish-shellfish or fish-

seaweeds polyculture) or integrated with othewvats like agriculture or waste treatment may
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significantly lower the environmental impacts ofuaqulture because nutrients and organic

matter are recycled within the system (Buschmarat. d1996; World Bank 2006).

2.1 Organic matter enrichment

The immediate effects of particulate organic matgased from aquaculture operations include
the stimulation of phytoplankton and bacterial depment, which reduces the penetration of
light into the water column, subsequently affectiemthic flora (Pdez-Osuna 2001a; Ruiz et al.
2001; Watson-Capps and Mann 2005; Pérez et al.)2B@8vever, in oligotrophic systems such

as the Mediterranean Sea, aquaculture impactseowdter column are minimal, presenting only
localized or no effects on most water quality pagters (Maldonado et al. 2005). These findings
are generally attributed to fast dilution (Pittaaét2006) and high nutrient recycling rates within

the food web (Machias et al. 2004). Particulateanrg loading also contributes to long term

changes in the benthic environment (Gowen and Brgdth987; Wu 1995; Karakassis et al.

1998; Holmer et al. 2005; Klaoudatos et al. 2006).

On reaching the bottom, biodeposits may be incaedrinto the sediment or re-suspended by
bottom currents (Jones et al. 2001) that dispdrem tfurther away from the discharge point.
With the continuous deposition of organic matteigrobial activity is enhanced and sediments
become reduced due to an increase in oxygen coriEim{iles et al. 2006; Belias et al. 2007;
Holmer and Frederiksen 2007). When the oxygen ddmoansed by the input of organic matter
exceeds the oxygen mixing rate from overlying wateediments become anoxic and anaerobic
processes dominate (SECRU 2002; Holmer and Fres#eriR007). Microbiological processes
such as denitrification, nitrate, manganese, irod aulphate reductions, and methanogenesis
prevail (Pearson and Black 2001), whilst aerobispmation and nitrification processes are

inhibited by sulphide (Deb 1998). The outcome adsth reactions is the production of toxic
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gases (e.g. ammonia, methane and hydrogen sulpddiejhe development of hypoxia in the

water column (SECRU 2002).

Changes in the physical and chemical charactesisfisediments generally have strong adverse
impacts on the structure of benthic communitiesy(dlaet al. 2000; Pearson and Black 2001,
Kelly and Elberizon 2001; Paez-Osuna 2001a; Nogiead Hakanson 2002; Edgar et al. 2005;
Watson-Capps and Mann 2005; Klaoudatos et al. 2@0fdriguez-Gallego et al. 2008).
Although initially the diversity and biomass of Itleic fauna increases, mostly due to the
expansion of opportunistic species (e.g. small kshaad nematode worms) and the immigration
of other species, the continuous organic matteutimpll promote anoxia of the deeper sediment
layers leading to the elimination of larger and pe burrowing long-lived forms and
subsequently to a decrease in biodiversity (Keflgt &lberizon 2001; Pearson and Black 2001,
Edgar et al. 2005; Felsing et al. 2005; Klaoud&tosal. 2006). The increasing sediment oxygen
demand will eventually bring anoxia into the lowevels of the water column, originating the
appearance of an azoic zone (Tovar et al. 2000iz &ual. 2001; Kelly and Elberizon 2001,
Pearson and Black 2001; Read and Fernandes 20@@#r Ed al. 2005; Gyllenhammar and

Hakanson 2005; Watson-Capps and Mann 2005).

The impacts of aquaculture on benthic primary peeds, particularly on seagrass communities,
have been widely reported (Ruiz et al. 2001; Péteal. 2008). The combined effects of light
attenuation, mainly due to the shade effect of agjiare structures and high concentrations of
suspended solids, with the accumulation of orgarastes on bottom sediments, significantly
reduces the density of seagrass meadows, suétosidonia oceanicgCancemi et al. 2003;

Pérez et al. 2008). Bottom sediment enrichment ralgp increase epiphytic growth and

herbivore pressure, limiting the seagrasses photbsiic activity (Ruiz et al. 2001). Moreover,
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the decomposition of organic matter increases pat@wnutrient availability and sulphide
concentrations in the root zone, which negativéflgcas seagrasses health and survival (Pérez et

al. 2008).

Changes on the benthic compartment may affect icaghations and energy transfer along the
aquatic food webs (Wu 1995; Deb 1998; Karakassel.€2000; Tovar et al. 2000b; Kelly and

Elberizon 2001; Pearson and Black 2001; Read amdaRdes 2003; Felsing et al. 2005;
Gyllenhammar and Hakanson 2005; King and PushcBaB)2 For instance, studies carried out
in marine cage farms revealed that the organic esastleased from aquaculture operations
constitute an additional food source for wild flshing in the vicinity of the culture site, making

fish to congregate locally (Pearson and Black 20@achias et al. 2004; Gyllenhammar and
Hakanson 2005). The reduction of the fishing pressind the refuge/protection provided by
aquaculture structures (Pearson and Black 2001;hiMscet al. 2004) may additionally

contribute for wild fish assemblages. Although thagnitude of these bottom environmental
impacts depends on several factors such as, cuiyymes stocking densities and cultivated
species (Wu 1995; Kempf et al. 2002; Kalantzi aratakassis 2006), in general, the major
negative effects are found in the farm area antsirmmediate vicinity, decreasing with greater
distance from farming operations (Karakassis e1298; Pearson and Black 2001; Kaiser 2001,

Cromey et al. 2002; Felsing et al. 2005).

2.2 Nutrient enrichment

Inputs of inorganic compounds (e.g. ammonia, r@gahitrites and phosphates) through organic
matter breakdown, animal excretion and pond fediion may also have potentially hazardous
effects on the surrounding environment (Wu 1995dBmann et al. 1996; Deb 1998; Tovar et

al. 2000b, 2000b; Paez-Osuna 2001a; Pearson ack Bd1; Read and Fernandes 2003; Biao
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and Kaijin 2007; Pérez et al. 2008; Rodriguez-Gumllet al. 2008). Most of the undesirable
ecological consequences related to the excessivgemu availability from aquaculture
discharges (Table 2.1) are related to eutrophicatad include, for example, hypernutrification
and the depletion of dissolved oxygen that caused#terioration of water quality (Tovar et al.
2000b; Read and Fernandes 2003). Nutrient loadilsgscontribute to the pool of plant nutrients
in aquatic systems, stimulating the growth of pmynaroducers (Read and Fernandes 2003; Biao
and Kaijin 2007) and evechanging the structure and composition of these da@ymunities

(SECRU 2002).

Should nutrient enrichment coincide with certainygbal conditions, and other, poorly
understood factors, there may be a growth of tghgtoplankton species, leading to the
formation of Harmful Algal Blooms, HAB (Biao and Kia 2007; King and Pushchak 2008).
For example, reports of HAB @hattonella marinapresumably, caused by effluent discharges
from shrimp farms were documented alongshore ththrad the Yellow Sea in 1993 and 1995
(Biao and Kaijin 2007)Toxic phytoplankton blooms may produce differeney of toxins (e.g.
DSP - diarrheic shellfish poisoning, PSP - paralgthellfish poisoning, and ASD - amnesiac
shellfish disease) that often cause shellfish pomgp and the mortality of benthic fauna and
wild/farmed fish, thereby threatening the economability of aquaculture activities (Pearson

and Black 2001; Read and Fernandes 2003; Gyllenkarand Hakanson 2005).

Although the potential for eutrophication appeantikely to marine cage farming due to the
dilution effect of seawater (Wu 1995; Pearson atackB 2001), the possibility of localized
eutrophication in areas of poor flushing cannoebeluded (Wu 1995; Pearson and Black 2001).

In terms of restricted exchange areas, such asatdagoons and estuaries, excessive nutrient
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availability may affect the ecosystem productivifQAERRE 2001) and in some cases,

negatively affect the aquaculture activity its@&ep 1998; P4ez-Osuna 2001b).

2.3 Chemical contamination

The overuse and misuse of chemicals in aquaculfpgeations is also a reason for apprehension
due to the pollution and contamination effects tlhahay have on the aquatic environment.
Chemicals used in aquaculture operations may legoased as: 1) feed additives (e.g. vitamins,
pigments, minerals, and hormones), 2) disinfecténts bleach, malachite green) and pesticides
(e.g. molluscicides and piscicides), 3) liming mials, 4) metals (e.g. antifoulants) and 5)
veterinary medicines, including antibiotics, anhests, parasiticides, and vaccines (Read and
Fernandes 2003) used to control external and ialtgrarasites or microbial infections (Costello
et al. 2001). Other biological products, such aganic matter decomposers (e.g. bacteria and

enzyme preparations) are also used (Graslund angt&on 2001).

The application of these chemicals is mainly depehadn the culture system. For instance,
while semi-intensive shrimp farms require a minimake of chemicals, mostly fertilizers and

liming materials (Boyd and Massaut 1999; Choo 20Gi&slund and Bengtsson 2001), as
shrimp production is intensified, management besmere problematic, and the number and
diversity of chemical compounds largely increasésaélund and Bengtsson 2001). Intensive
pond culture also requires a higher diversity oémitals when compared to cage systems,
which mostly use disinfectants, antifoulants andeneary medicines (Kelly and Elberizon

2001; Read and Fernandes 2003).

The main environmental risks associated with the af chemical compounds relate to: i)

deterioration of water quality, ii) interference bimgeochemical processes, iii) direct toxicity to
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wild fauna and flora, iv) development of resistabggrathogenic organisms, and v) reduction of
the prophylactic efficiency of therapeutants (Clistet al. 2001). The improper use of chemical
compounds may also affect the safety of aquaculpuoducts, constituting a threat to human

health (Choo 2001, Islam et al. 2004).

Since many of the chemicals used in aquaculture wet originally developed for this industry,

their effects on the aquatic environment are niby nown.

2.4 Spread of parasites and diseases

The dissemination of parasites and diseases framefha species to wild stocks, principally
through water, escapees or diseased seed (Nasl 200Stitutes an important constraint to the
sustainability of the aquaculture industry, notyofrfom the ecological point of view but also
from the economical perspective because it affettte investors’ confidence, the
commercialization of aquatic products and profirgias (Choo 2001; Kaiser 2001; Pearson and
Black 2001; Subasinghe and Phillips 2002). Evenighahis was usually considered a localized
problem in the past, with the expansion and glalb#ibn of the aquaculture industry, pathogens
and parasiteegestricted to one region are now rapidly spreadivey the world. For instance, the
introduction of post larvae and broodstock fromaaraffected by the White Spot Syndrome
Virus and Taura Syndrome Virus caused mass maetlih a wide range of shrimp species in
Asia and Latin America countries (Choo 2001). Wadmon and sea trout cultivated in marine
cage farms are also thought to be at risk dueddcsfinead infective larval sea lice from salmon
farms (SECRU 2002). The level of risk for diseasearasites transfer is usually difficult to
guantify not only because hosts may carry pathegerganisms without showing any symptoms
but also because a wide range of parasitic worathogenic bacteriésSalmonellaEscherichia

Vibrio, and others) and viruses are already presentturatavaters, being common to both wild
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and cultured species. Many of these pathogenicn@ges may also be introduced by other
human activities besides aquaculture, like livdstobuman waste and aquatic products
transportation (SECRU 2002). Besides the environahersks, the propagation of parasites and
diseases also constitutes a risk to human hedltbuagh it can be minimized or even completely
eliminated, through the implementation of strichitary and food safety regulations (e.g.

HACCP) to commercial aquaculture (World Bank 2006).

2.5 Habitat destruction and modification

The loss or degradation of habitats, in particafacoastal habitats such as mangrove systems
and other wetlands (seagrass meadows, saltmarsieestal lagoons, estuaries) is one of major
adverse impacts of aquaculture (Wu 1995; Deb 19&8/or et al. 2000; Black 2001; Paez-
Osuna 2001b; Ruiz et al. 2001; Pérez et al. 208@idies carried out in marine cage farms on
the Mediterranean coastline reported the destmicleyradation ofPosidonia oceanica
meadows, as a consequence of the high organicwndmt loading from fish farming activities.
Conversion of mangrove forests into shrimp farmel{[2998; Choo 2001; Paez-Osuna 2001b)
has mainly caused the loss of feeding, nurseryteshend spawning grounds for a wide variety
of marine and terrestrial animals (Ruiz et al. 20Pé&rez et al. 2008), and the loss of natural
protection against floods, storms and hurricanesb(lD998; Choo 2001; Paez-Osuna 2001b).
Coastal lowlands, such as mangroves and saltmanslagsa significant role in shore protection
by deflecting and reducing the energy of water mssand by being important routes of water
discharge (Deb 1998; Choo 2001; Paez-Osuna 200hk)construction of channels and dikes
for inland aquaculture has also irreversibly alfetee hydrological conditions (e.g. water
discharge rates and sediment loads) of many caagtegms and the shore geomorphology (Deb
1998; Primavera 2006). Habitat modification causgdbivalve farming during harvesting or the

preparation of cultivation grounds (usually by dubai of gravel, sand and protecting nets), may
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additionally change the sedimentary processes lamdibgeochemistry of farming sites. This
disruption of bottom communities (e.g. benthic fauar seagrasses) may have negative
consequences for the higher trophic levels, fommgta, by affecting the feeding behaviour of
wadding birds and of marine mammals (Kaiser 200&t38h-Capps and Mann 2005). Other
potentially adverse impacts on marine mammals decfor example, the death or injury through
entanglement in gear, habitat displacement, andtisn of migration pathways, especially for

large cetaceans (Watson-Capps and Mann 2005).

2.6 Introduction of new species and new genetic viaties

The deliberate or inadvertent introduction of ngye@es or genetic varieties should be a key
aspect when assessing the environmental impactagofculture. The main impacts of
introductions fall into two categories: i) ecolaglicincluding biological and genetic effects, and
i) socio-economic (cf. — Section 2.8), that can iberrelated. Despite providing significant
social and economic benefits (e.g. supply of aniprakein and disease control), the use of
exotic species may also seriously affect ecosydtarmtioning. The main negative ecological
impacts resulting from the introduction of new dpscand genetic varieties include: i) loss of
biodiversity, due to direct biological interactioagch as predation and competition; ii) loss of
genetic diversity in wild populations, mainly due Ibreeding of alien organisms with local
strains or species; iii) transmission or spreadiséases to which indigenous species are more
vulnerable; iv) and habitat modification (Black 2Q00A case reporting the hazards of species
introductions is that of the Nile perch in Lake ¥iga, which became the dominant species of
the lake's fauna. Even though the introduction afeNperch generally provided relevant
economic benefits for some entrepreneurs (may bamdor the population depending directly
on lake biodiversity), the arrival of the invasiwater hyacinth blocked waterways and the

access to riparian villages and fishing groundsisicey major economic losses (World Bank
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2006). Whirling disease, a virus infection thateafé rainbow trout, was introduced in North
America through the importation of European brovaut that was immune to the virus (World

Bank 2006). Other vectors for species introductimmiude for example the ships ballast water or
the feces and digestive tracks of commercialisgdaes, which may transport the resting cysts

of toxic phytoplanktonic species and of seaweedsisp (Kaiser 2001).

The release of cultivated organisms to the nateraironment, either by accident or natural
catastrophes, not only poses a risk for the straabfi wild populations but also to the regional
economies (Youngson et al. 2001; Read and Fern&@). Most of the negative ecological
impacts resulting from the interaction betweenicated and wild species result from the genetic
interaction of wild organisms with their aquacuéiwonspecifics. The genetic impacts of escapes
on wild populations are a complex subject, but filnedamental problem rests on the genetic
differences between wild and farmed species (Kapskicand Brister 2001). As part of the
evolutionary strategy, wild species possess higjgretic diversity both within and between
populations (SECRU 2002). Escapees that survive gmm@éad to spawning grounds can
interbreed with wild organisms (Kapuscinski andsBrr 2001; SECRU 2002; Naylor et al.
2005), posing two types of hazards: firstly, oudloieg depression (i.e. loss of fithess in the
offspring) that mainly reduce the survival fithesxl efficiency of wild organisms and secondly,
the homogenization of genetic differences whiclraases the vulnerability of individuals to
environmental changes, and compromise the susthiyath wild populations (Kapuscinski and
Brister 2001). Even though domesticated speciesh s the farmed Atlantic salmon, are
generally less fit for survival and breeding (mgimlue to a lower ability to participate in
breeding and to a poorer quality and quantity ahegi@s), when a substantial proportion of
escapees secure mating with wild fish, outbreediegression may cause the decline of wild

populations (Kapuscinski and Brister 2001; SECROZM\aylor et al. 2005) due to the loss of
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environmental adaptive genotypes which determieesgiecies success. These risks are greater
for small populations that are already threatened, avhenever genetic modified organisms
(GMOs) are used. The growing development of GMOmtoease the quantity and quality of
aquatic products may seriously jeopardize the gemetegrity of wild stocks and ecosystems

functioning (Spreij 2004).

2.7 Harvest of wild stocks as feed or seed/broodstoto aquaculture operations

The depletion of wild resources and biodiversity gooduce animal feeds or to supply
seed/broodstock to aguaculture can cause signifdamages to aquatic ecosystems (Deb 1998;
Choo 2001; Kaiser 2001; P&ez-Osuna 2001b). Fiskiegpef low commercial value (e.qg.
Japanese anchovy and chub mackerel) are mainlgtéakggo be processed into feeds for
carnivorous fish, or as supplements for other gedike for example, shrimp, tilapia and
milkfish (Black 2001). The use of this so-calleda&h fish” puts even more pressure on the
already overexploited wild fish stockshe broad collection of wild seed (e.g. of eglpuper,
yellowtail, and tuna aquaculture) and broodstockafuaculture purposes also contributes to the
decline of natural populations. The collection afdwshrimp and shellfish seed is particularly
environmentally-damaging because not only it treestthe wild stocks of target species (e.g. by
affecting species recruitment) but also affectsstoeks of other living resources (other shrimp
species, macrozooplankton, finfish and shellfiskepiles and larvae) that are indiscriminately
killed. This reduces the food availability for oth&rganisms such as aquatic birds, reptiles and
mammals linked through the trophic web, and mayseqgbently increase their mortality at the
same time that it reduces their breeding succelss@001). Harvest of wild species may also
cause genetic degradation of native populationsti@diestruction and modification of natural
habitats, causing further disturbances on the agtadd web (Deb 1998, Primavera 1998, Islam

et al. 2004, World Bank 2006). This activity is fpaularly dangerous for heavily fished species
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and for species with low reproductive capacitie{M/Bank 2006), but probably as long as the
production of broodstock in captivity remains cgstthe purchase of wild spawners will
continue, causing environmental damages in ecasgssound the world (Nash 2005; World

Bank 2006).

2.8 Socio-economic impacts
Despite the negative impacts that it might havetlo®m environment, aquaculture may also
provide important socio-economic benefits. Foranse, aquaculture is foreseen to become the

major source of animal protein (Naylor et al. 208Qgiura et al. 2006; World Bank 2006).

The commercialisation of aquaculture products $® @n important source of incomes (Biao et
al. 2004; Primavera 2006) and largely contributethe country’s economic development (Table
2.2). For instance, since 1970, the aquaculturemséas increased at an average annual rate of
10.4% in developing countries (World Bank 2006) l&hin developed countries it grew on
average 4% per year. The trade of aquaculture ptedsi particularly important for developing
countries and to low profit-food deficit countrigsg. Bangladesh, Indonesia, Vietham) because
it considerably increases their revenues. Besidedributing to the development of national
economies, aquaculture has also allowed the stabdn and strengthen of populations from
remote regions or marginalised social groups (ngaimlAsia and Africa), by increasing rural
development and reducing poverty and hunger (BR@B1; World Bank 2006). Aquaculture
production may also contribute to the reductiorfigif prices, at the same time that it increases
the access to fish products by poor householdsex@mple of pro-poor aquaculture has been
implemented in Asia, where it was developed under models: one in which commercial
opportunities have been opened for enterprisestl@ndther consisting in using public support

to generate enough critical mass for smallhold&éfe enterprise model not only generated
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growth and employment in poor regions where alteBreaaemployment is scarce as also
increased the stability of local communities (BI&€01). For example, this sector employs more
than 12 million people in China, Indonesia, and @adesh alone (FAO 2007). Many of these
people are rural dwellers and some, such as wilidhghseed collectors, are among the poorest
and most marginalized (Deb 1998). On the other hgnblic support extended profit
opportunities to smallholders in China, Vietnamd aBangladesh mainly by combining a
supportive policy (e.g. microcredit) with the disseation of knowledge on proven technologies
(e.g. polyculture). This strategy has also prowehé an effective mean of targeting the landless
poor (e.g. rice farmers) mainly by improving thierelihoods (World Bank 2006; FAO 2007). A
surplus in households may turn into a social bérteftause it improves the nutritional state of

poor populations and provides an opportunity te@gtvn education.

Table 2.2 — Top ten aquaculture producer countries in 2006 idespective aquaculture

revenues.

Country million tons % USS$ billions %
China 34.4 67.7 384 48.8
India 3.12 6.05 3.43 4.36

Vietnam 1.66 3.20 3.32 4.21

Thailand 1.39 2.68 2.22 2.81

Indonesia 1.29 2.50 2.25 2.86
Bangladesh 0.892 1.73 1.36 1.73
Chile 0.802 1.55 4.43 5.62

Japan 0.734 1.42 3.10 3.93
Norway 0.708 1.37 2.72 3.45
Philippines 0.623 1.21 0.981 1.25

Source: FAO Fishstat, ftp://ftp.fao.org/fi/stat/smary/default.ntm
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Other social benefits provided by aquaculture ideldior example, women empowerment. In
Bangladesh and Vietnam, more than 50 percent okeverin seed collection, fish markets and
processing plants are women, and although salafigsese workers are still quite low ($1-$3
per day), they are significantly higher than saamarned in agricultural activities (World Bank
2006). In the Mekong delta aquaculture has alsdribared to a decrease in urban migration by
young women and prevented women from being forogéal prostitution, reducing the risks of

spreading sexual diseases (FAO 2007).

Although responsible aquaculture can provide sicguiit economic benefits, uncontrolled and
irresponsible aquaculture operations can cause dg wange of negative socio-economical
impacts, particularly when the ecosystem functignsradically altered and the resources that
support other human activities are affected. Fetaince, pandemics outbreaks have devastated
shrimp farming in many producing countries (Deb 89®ther adverse effects result from the
introduction of new species. For example, the ohiation of the golden apple snail into Asian
countries, mainly with the purpose of developingeaport industry, resulted in high damages to
rice farmers, since this snail consumed large duesiof paddy-rice (World Bank 2006). The
import of crayfish and oysters from North Ameridacadestroyed the European crayfish and
oyster industries mainly due to the introductiorpathogens hosted on the imported organisms
(World Bank 2006). Conversely, in Chile, the intuation of the Pacific and Atlantic salmon in
the 1970s turned into an economic benefit, sineectuntry is now the world’s leader in salmon
production. Tilapia, a group of species originatingAfrica, is also cultured worldwide and

provides income and high-quality protein to mamalrareas, especially in developing countries.

The inexistence of an ecosystemic approach fomtheaagement of the aquaculture industry,

often lead to conflicts over common resources sashland and water. For instance, the
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conversion of mangrove forests into commercialmsprfarms led to the loss of forest products
and fisheries (Primavera 2006), affecting prindip#he poor populations. The conversion of
residential, agriculture (rice and pastures) anchroon lands in Asian countries (Thailand,
Bangladesh and Philippines) has also raised sedooflicts between agriculture and shrimp
farmers (Deb 1998; Choo 2001; Primavera 2006). lxfover water use are particularly
frequent because aquaculture effluents may contmithe water used by other aquaculture
units downstream (Deb 1998; Gréaslund and Bengt&0@&1). On the other hand, aquaculture
itself may be subjected to water contamination ttuerban waste and agricultural pollution.
Saltwater intrusion caused by aquaculture actsjtieither from the percolation of water
discharged from brackish/marine cultivation pond$rom active pumping of groundwater, has
also several negative socio-economic repercussiorduding, for example, the loss of
agricultural crops, land subsidence, decreasesingroduction or the occurrence of freshwater
crisis that cause gastrointestinal diseases (Dé&8;18hoo 2001; Paez-Osuna 2001b). Other
negative impacts resulting from the massive intobidnn of aquaculture structures (ponds, cages,
or rafts) include the blocked access to coastaluregs, navigational hazards, privatisation of
public lands and waterways, and fisheries declPrn(avera 2006). Conflicts over common
resources generally lead to serious social problaniseven in some cases, to human rights

abuse (World Bank 2006).

An ecosystem approach to the management of thecaluize industry is therefore crucial for its
sustainability. Letting aquaculture developmentcpex irresponsibly or taking only partial
approaches to its management incurs a risk thatebative impacts may counteract any benefits

from aquaculture or that it will not produce theegted benefits.
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3 The concept of carrying capacity in aguaculture

In a broad sense, carrying capacity (CC) may bene@fas the capacity of a natural or man-
made system to hold a certain pressure withoutrdyits structure and function above Limits of
Acceptable Change (LAC) (Duarte 2003). Whilst tgmneral and simple definition may be
appropriate as a first approach, it is importarapply the concept to some specific areas and to
develop more precise definitions. CC may be defwwédin the scope of any activity implying
some sort of environmental, social or economicaddat. The LAC concept has long been used
in tourism management (e.g. Wearing and Neil 1998¢ goal is to be able to use natural and
man-made ecosystems without compromising theira@gpi continue providing the goods and
services that people need. The definition of LA€R0t straightforward, because though some of
these limits may be defined on a quantitative wakiers are rather subjective and depend on
people’s perception about the environment. For gl@nwater quality parameters may be used
to establish quantitative limits on aquacultureflouts to prevent ecosystem degradation.
However, it may be more arguable to establish $inmt relation to scenic or habitat quality

(GESAMP 2001).

The concept of CC is a central theme in aquaculame it may be related to the amount of
natural resources available for aquaculture opmratisuch as food and space, the services
provided by natural ecosystems, such as organitematineralization and nutrient cycling, or
the economic yield of aquaculture and its econoamd social effects. When CC is exceed,

negative-feedbacks affect aquaculture operatiodsvaay result in yield losses.

Policy makers must take management decisions tlagt affect the sustainability of natural
resources. Having at hand the relevant CC indisaisrthe way to prevent them from taking

decisions that will jeopardize options for futureages. Whenever possible, these indicators
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should be quantitative, such as the area that raallbcated for aquaculture, the standing stock

of fish that may be kept in a fish culture area, et

Given the multiple exploitation possibilities oftadic ecosystems and their synergic effects, it is
clear that CC must be accessed for different aigs/taking into account their interactions. For
example, if a coastal zone is used for sewage ighet's CC for aquaculture may be limited,
because not all areas will have the necessary \watdity for aguaculture and also because the
impact of the sewage outfall may limit ecosysteeslience to assimilate organic loads from
aquaculture leases. These complex set of interechetween different uses and the ambiguities
of resource ownership leads to the idea of inclgidaguaculture within the framework of
Integrated Coastal Zone Management (GESAMP 200dnc€rning inland aquaculture, similar
integrated approaches are needed integrating attierties such as agriculture, tourism, nature

conservation, etc.

3.1 CC categories and definitions
The CC definition and classification defined byllagt al. (2000), adopted by McKindsey et al.
(2006) and adapted by Gibbs (2009), regarding abasfuaculture development, was followed
in the present work for aquaculture in general:
(i) physical CC — the total area of farms that can dmmmodated in the available
physical space;
(i) production CC — the stocking density of culturedamisms at which harvests are
maximized,
(iii) ecological CC — the stocking or farm density whegluses unacceptable ecological
impacts;
(iv)  economic CC — the biomass that investors are gilimestablish and maintain;
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(V) social CC — the level of farm development that eausacceptable social impacts or

that community is willing to allow.

Some of the above categories are defined differenyl different authors. For example,
according to Jiang and Gibbs (2005), production i€@he theoretical maximum culture that
could be supported in an embayment. Alternativelgduction CC was defined as the maximum
sustainable yield of culture that can be produc&tlinva region, whereas ecological CC was
defined as the level of culture that can be suggovtithout leading to significant changes to
ecological processes, species, populations or conti@sl in the growing environment (Gibbs
2007). Therefore, in defining production CC, mosthars choose to express it as a stock
measure (e.g. Carver and Mallet 1990; Bacher et248; Inglis et al. 2000; Jiang and Gibbs
2005), whereas others define it as a yield megguge Gibbs 2007). Therefore, it is important to
agree on some common measurements for the sal@npfacability within and across different
aquaculture areas. Since stock and yield are cklatthough differently in different aquaculture
areas, and since stock is easier to regulate, peihé the most straightforward way to quantify

CC.

3.2 CC and limiting factors

The CC categories above reflect some of the mostmoan limiting factors for aquaculture
development. However, it must be emphasised thamast instances, these categories are
interlinked. In the case of physical CC, space i&yimiting due to the lack of sheltered areas
and to other competing uses such as sewage dispeasbour activities, fisheries, tourism,
nature conservation and water availability (in dase of inland aquaculture). For example, the
Southeast Asia’s seas are under several threatei®-of coral reefs collapsed, whilst 80% face

risks, mangroves — one of the most threateneddabpnvironments (Valiela et al. 2001) — have
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lost 70% of their cover, seagrass beds’ loss rafigea 20 to 60%, urbanization is predicted to
increase and there are tens of pollution hot sfPEMSEA 2003). Whilst urbanization and
resulting pollution may limit geographically aquéave development, aquaculture itself has
been one of the reasons for mangrove destructiomoist tropical countries (Primavera 2006) —
in relation to ecological CC. In the case of Thailaa ban on mangrove destruction in the early
1990s was followed by a shift from salt water terdsalinity inland shrimp farming, leading to
competition for soil resources between rice andnghrfarmers and to soil salinization

(GESAMP 2008). Competition between farmers may hbesalt of overcoming social CC.

Regarding production CC, limiting factors dependsthoon the culture type. In the case of
extensive and semi-intensive cultures, stocks mayirhited by food availability and water
quality. A typical example of extensive systemdlyfdependent on natural food (phytoplankton
and organic detritus) is the cultivation of bivalsespension-feeders. Both the quantity and the
guality of these food items are important for biseagrowth (Bayne 1993; Hawkins et al. 1998).
Production CC for bivalve cultivation depends oa tenewal rate of available food. Suspension
feeders have a remarkable capacity to filter theemeolumn such that they are food limited at
higher culture density. Therefore, water residetmoes and phytoplankton doubling times may

limit CC (Dame and Prins 1998).

The relationship between bivalve production andbie standing stock is parabolic (Figure 2.1),
as demonstrated by the theoretical model desciibdgacher et al. (1998) and the results of
Ferreira et al. (1998) and Duarte et al. (2003er&hs an initial increase in production, but as
available space becomes filled up with stock, imtlial bivalve growth rate is depressed and
mortality increases due to several factors assatiatith overcrowding. The overall result of

these effects is a strong reduction of harvestlgiabove a certain stock threshold.
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Yield

\ 4
Camying Capacity
Investnent in Standing Stock
Figure 2.1 — The parabolic relationship between stock andblyie bivalve culture. Carrying

capacity increases with stock up to a point abowvechv individual growth is severely

compromised due to food limitation (see text).

In semi-intensive and intensive systems, product@® may be limited by water quality,
namely, by dissolved oxygen (DO) in some fish faf®kin and Wu 2003). On the other hand,
release of feces, uneaten food and excreta magaserbiochemical oxygen demand (BOD) and
nutrient concentrations that may overtake limitfirgel for ecological CC. According to Sara
(2007), available literature data on the effecta@fiaculture leases on water quality present a
convincing evidence for increases in ammonium,itaitand nitrate and, to a lesser degree,
dissolved phosphorus, in comparison to non-aquareuksites. These “aquaculture effects” are

most noticeable in sheltered water bodies with hggidence times.

Another important limitation for bivalve productian coastal areas is Harmful Algal Blooms

(HAB) that may cause bivalve contamination and alidyt by harmful toxins (Hagaret et al.
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2007) (cf. — Section 2.2). In most areas of thelgvbivalves are monitored for the occurrence of

several toxins to prevent their commercialization.

In a recent paper, Gibbs (2009) discusses the ablkeocial barriers to the establishment of
aquaculture activities in suitable areas. Accordimdhis author, local stakeholders tend to be
more environmentally conscious and demanding steandence about the environmental and
economic sustainability of aquaculture developm@&his attitude is related to their perception
that aquaculture benefits are diffused among thenaonity and state, while costs are

internalized locally, especially in coastal regiovisere recreational and amenity values are high.

3.3 Methods for determining CC

Physical CC may be analysed and estimated fromigadyshemical and biological data, with
the help of a Geographical Information System (G[B®)ese data may include geographic
descriptors, sediment and vegetation types, deptteorology, hydrography, water quality, land
use, etc. The interception of layers with this dgpes helps selecting areas that may potentially
be used for different aquaculture types. For exanrg#nsitive habitats may be excluded, as well
as contaminated or other areas, where land useggearent plans or political boundaries are not

compatible with aquaculture development.

GIS may also be used to help assessing economisaia CC, if it contains information on
relevant descriptors. For example, areas that aeel dor some other economic activities or
where local stakeholders have a strong oppositi@ytiaculture developments may be excluded,

reducing social conflicts.
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Production and ecological CC may be approacheé\aral spatial scales, such as the scale of
the cultivation unit (farms, rafts, etc.) and tlwo®ystem scale. The former is directly relevant to
farmers, whereas the latter is relevant for ecesysnanagement (Duarte 2003). In accordance
to this, aquaculture leases produce “near-fieldf dar-field” effects — the latter result from the

cumulative effects of the former at the ecosysteales This scale may be easy to define in the

case of estuaries, bays and fjords but more difffou open coastal areas (Anderson et al. 2006).

Following the last authors, if the scale of thenfas large in comparison with the ecosystem
scale, more important impacts are expected tharhén opposite situation. Therefore, the
definition of ecosystem boundaries is critical wakeating aquaculture impacts. One possible
approach is the analysis of impacts from the farsoale to progressively larger scales, until

they are no longer relevant. Such an approachraédyhachieved without a mathematical model.

One important point here is that whatever methagsed to estimate aquaculture impacts or CC,
it should allow resolving scales smaller than tlsesgstem scale. The rationale beyond this
statement is discussed in Duarte et al. (2005¢letion to bivalve culture, but concepts may be
extended to other culture types. The general idehat if CC is evaluated at a scale larger than
the farm scale, “farm effects” are diluted oveehatively larger area. For example, in the case of
bivalve suspension-feeders, food limitation mayhderestimated, since local food depletion is
ignored, with the result of overestimating prodoctiCC. Ecological CC may also be

overestimated, since excreta from cultivated orgasiare “diluted” over a larger area.

Ideally, the smaller scale resolved should be sevadlugh for water residence time to be lower
than the time needed for significant changes tauoac any chemical or biological factors

related with CC. When this condition holds, wateogerties do not change much across the
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scale considered. Current speed measurements gdradynamic model may be used to

determine the mentioned smaller scale.

In Figure 2.2, a practical example of the abovecepts is presented (for details see Duarte et al.
2003, 2005) regarding Sungo bay (People’s Repuwbli€hina). This bay is extensively used for
kelp and bivalve culture. If a whole system bivajw®duction CC is estimated from water
residence time, phytoplankton doubling time andhbi® clearance time (the time it takes for the
bivalves to filter the water in the bay), as ddsedi by Dame and Prins (1998), the obtained
result suggests that bivalve density may be doubidun the ecosystem (from ca. 44000 to ca.
88000 tonnes). In fact, Nunes et al. (2003), usingero dimensional bay ecosystem model
obtained even larger production CC estimates. @mother hand, Duarte et al. (2003), using a
two dimensional hydrodynamic-biogeochemical modeth a finite-difference grid of 500 m
resolution (Figure 2.2) — in line with consideratgoabove on the need to resolve scales smaller
than the ecosystem scale - obtained much lower STiGa&es. Given average current velocities
in Sungo Bay, water residence time within the 50800 m grid cells depicted in Figure 2.2, is
smaller than the time bivalves need to filtrate wWader within the cells, considering their large

densities within cultivated areas (Duarte et a0%)0

Considering the complex feedbacks between cultivapecies and environmental variables, the
cumulative effects of many aquaculture activitiesd ahe various dimensions of CC, an
ecosystem model is necessary for a descriptiomefptoblem. However, any model is just a
pale description of the real system with many lamgns, as discussed by Gibbs (2009).
Whenever there are no available data and models f@liable estimate of CC, an adaptive
approach should be used by being conservative,rdiogoto the precautionary principle,

monitoring relevant variables and processes owe ind being able to make any adjustments to
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avoid permanent damage to natural and man-madensystin fact, this adaptive approach

should be followed even in the presence of detaillath and validated models, due to the
limitations mentioned above (Gibbs 2009). The comfation of model results and observations
allows model improvements over time, as more kndgdeis accumulated about the ecosystem
under study. Furthermore, uncertainties associtddmodel parameters and results may help

defining sampling strategies and experiments kohd gaps.
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Figure 2.2— Areas cultivated in Sungo Bay since 1999 witlp&d_aminaria japonicd, oysters
(Crassostrea giggsand scallopsGhlamys farrer), including part of a two dimensional model

grid (upper left corner), for which the spatialpste 500 m (refer text).

A model capable of predicting production and ecimi@aigCC should include a transport and a

biogeochemical sub-model. Ideally, it should alsdude a thermodynamic sub-model, for water
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temperature calculations, and biological sub-motét&iselevant species or species groups. The
transport sub-model should be able to predict atispeeds and water mixing (or simply to read
and return current speed time series measuredtained with another model) and calculate the
transport of dissolved substances and particlemaly be forced by wind, river flows, tidal
height variability at sea boundaries, etc. The éamjpemical sub-model should reproduce
biogeochemical cycles of elements that are mostyliko become limiting, such as phosphorus
and nitrogen, that may limit primary productionpdfytoplankton and cultivated plants, oxygen,
that may limit fish survival, etc. This sub-moddiosild include a pelagic and a benthic
compartment, especially when water-sediment intenag are more important, as in shallow
water ecosystems. The biological sub-models sheiuddlate growth, production and biological
interactions of most relevant species or speciesigy. It should also simulate nutrient
production/consumption and link these with the bmghemical sub-model. The spatial
resolution of the model should follow considerasi@bove. For some examples see Duarte et al.
(2003, 2007), Ferreira et al. (2007), Grant e(2007), and Shin and Wu (2003). For a review of

recent CC models see McKindsey et al. (2006).

The above sub-models should be forced with timesabtained at their boundaries (e.qg. river
or sea boundaries) for the simulated water colummables. It is also important to have time
series of meteorological data on: solar radiatiam, temperature, wind speed, and relative
humidity. For very large areas, it may be necessanest more detailed models within the grid

of larger scale models, with the latter providirayibdary conditions for the former.

Having a model to estimate production and ecolod@i€ait is then necessary to simulate several
aguaculture scenarios regarding density of orgasistneir geographical distribution and

different rearing techniques, for example. The ysialof obtained results concerning predicted
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production and water quality variables may thenubed to evaluate the different scenarios.
Typically, an increase in production leads to clesnm water quality variables and deciding
whether these are acceptable or not, depends ocavtibility of some criteria. For example,
Duarte et al. (2007) simulated water and sedimaatity as a function of bivalve density in Ria
Formosa (Portugal) and compared scenarios on #ig babivalve production and water quality

using the IFREMER water and sediment classificasicimeme (e.g. Austoni et al. 2004).

Ideally, a Decision Support System (DSS) shouldiged, integrating also economic and social
descriptors (for an example see Pereira et al. 200i8 important to involve local stakeholders
in the decision process. At this point, economid aacial CC may be revised by stakeholders,
since obtained results may change their initiaspectives (Figure 2.3). It may also be necessary

to try other scenarios and iteratively reach a geadtion.

4 Aquaculture and environmental management towards sstainable development

In the next paragraphs, some possible mitigatioasmes and methodological approaches are
suggested to reduce and anticipate, respectivgbaaulture impacts. Management aspects that
may help reducing the direct ecological impactagfiaculture leases are discussed in section
4.1. The advantages of Ecological Aquaculture seudsed in section 4.2. Remaining sections
present methodological approaches do help staketsolthd decision makers defining potential

problems of aquaculture developments and decidingternative scenarios.
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GIS Market studies, queries, worshops with stakeholdes
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Figure 2.3— Diagram showing the interactions and feedbaoksng different carrying capacity
categories towards an accepted aquaculture sceaaddahe tools used for physical, production
and ecologic CC and for the scenario selection.tiGoous lines show direct influences of CC
over the accepted scenario or other CC categorysiédl CC limits production CC. Dashed
lines showing feedbacks from production and eccllgCC to economic and social CC (see

text).

4.1 Mitigation measures

The sustainable development of the aquaculturesingulepends largely on the preservation of
natural resources and on ecosystem CC (Read €0@l). The adoption of an ecosystem
approach to aquaculture (EEA) is probably the wayvercome the problems related to its

increasing growth and intensification, in particullhose associated with the use and allocation
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of common resources. The implementation of an EAduires a partnership among aquaculture
organizations (e.g. producers associations), govental agencies (e.g. fisheries administration,
rural, urban and industrial development organizetj@and the public sector (e.g. NGO'’s), for the
development of appropriate regulatory frameworks efificient enforcement mechanisms. As an
alternative to legal frameworks, the aquaculturelustry has developed self-regulation
instruments, such as Codes of Conduct (e.g. the Ea@e of Conduct for Aquaculture Practices
and the International Aquatic Animal Health Code)d aCodes of Practice, to ensure the
sustainable development of the activity. Compliatacthe norms and principles defined in these
codes may also contribute for the minimisationle# hegative impacts of aquaculture. At the
farm and at the ecosystem leveals, efficient use of Environmental Impact AssessniEm) or
other decision-making tools (e.g. Decision Supp®ystems during the planning phase of
aquaculture operations together with the implentemta of mitigation measures (e.qg.
environmental monitoring) for activities that aldgaexist, may also contribute to a more
environmentally-friendly activity. Some of the impent decisions that can be made are mainly
related to site selection, species selection (exatisusnative), definition of stocking densities
and proper farming systems or technologies andh@socio-economic relevance of aquaculture
projects (Read and Fernandes 2003). During theatipeal phase of aquaculture units, specific
proactive measures may also be adopted to safegjobarecosystems integrity. Some of these

mitigation measures are presented in the follovpaggraphs.

4.1.1 Interference in biogeochemical processes

Given that the impacts on bottom sediments arentbst obvious form of pollution resulting
from aquaculture activities, the reduction of tineoaint of wastes and effluents released into the
environment is crucial for avoiding that the ecadad) CC is exceeded (Giles et al. 2006). The

effects of organic and inorganic waste discharges e significantly reduced by careful site
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selection. The specific hydrographic conditionsdfimglynamics, water residence time, and tidal
regime), topography, geography and the ecologi€lo€Cthe receiving body (Buschmann et al.
1996; Pearson and Black 2001; Choo 2001; GraslmadBengtsson 2001; Primavera 2006),
strongly influence the behaviour of all type of vemsreleased into the water column. For
instance, the impacts of wastes discharges fromnmarage farming may be minimized by

avoiding regions of restricted water exchange, sagtenclosed bays or fjords (Pearson and
Black 2001). Site rotation allows the seabed tarreto normal conditions. Site selection is also
crucial for managing the environmental impacts lmirsp farming since aquaculture units are
usually established in mangrove areas and tidalan@$, which in addition to their high

ecological value are also characterised by acidits and high organic loadings, that may
contribute to the deterioration of water qualitydan disease outbreaks (Kongkeo 1997; Boyd

and Clay 1998).

Organic sediment enrichment can also cause seveiemental impacts if the scale of the
farm operation is not suitable for the aquacultsite, i.e., if organic and nutrient loadings are
above the ecological CC of the water body. Henlke, limitation of stocking densities may
contribute to a significant reduction in the amowhtwastes released into the environment,
particularly in sensitive habitats, such as mangreystems and salt marshes (Buschmann et al.

1996; Kautsky et al. 200@Graslund and Bengtsson 2001; Paez-Osuna 2001 aa\nien2006).

Improving of feeding husbandry techniques (e.g.Imeang or methods for feed supply) and of
feed formulation may also be an effective stratfgyeducing organic loadings and to prevent
the hypernutrification of aquatic systems (Buschmanal. 1996; P4ez-Osuna et al. 1998; Paez-
Osuna 2001a; Pearson and Black 2001). In marine feams or pens, the installation of feeding

devices with hydrosensors that detect the redudifoish activity or the use of acoustic feed
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detectors to reduce the loss of feed pellets, mayemt overfeeding and excessive waste
production (Pearson and Black 2001). Other mitigatneasures for open systems include for
example, the use of settling devices for collectidrfecal pellets and food wastes under the
cages and the use of pumps for the dispersion laf stements (Gowen and Bradbury 1987;
Buschmann et al. 199@mprovement of feed pellet technology, either byr@asing the stability
of feeds or reducing its sinking rates may alsa &y to maximise the amount of feed ingested,
and thereby to minimize waste production (Choo 20arld Bank 2006). The development of
appropriate feeds (with optimal protein/energy aatifor each species and respective
developmental stages further reduces the orgamdcirmrganic loadings to the environment.
Since energy requirements can generally be satifijelipids and carbohydrates, diets with a
higher content of these compounds, increase progéamtion and improve feed conversion rates
(World Bank 2006). Feeds with high FCRs, like tme® currently used by the Atlantic salmon
industry (FCR = 1:1.1, i.e., 1 kg aquatic produet kg of feed), not only reduce the amount of
nutrients (nitrogen and phosphorus) released imoenvironment as also minimize the costs
with feeds, since protein is mainly used for boggue construction (Black 2001; Choo 2001;
World Bank 2006). The use of formulated artifidieéd instead of “trash fish” (i.e. fish unfit to
human consumption), in shrimp and carnivorous simfculture, is also desirable not only in
terms of its nutritional value and supply but alsdéerms of waste loadings (World Bank 2006).
Furthermore, aquacultures activities dependinghesd resources are particularly vulnerable to
collapse since a reduction in fisheries, will mbisely increase feed prices and consequently

cause a loss of profits (Black 2001; World Bank @00

4.1.2 Interference with the life cycles of wild spres
Water-related best management practices (BMPs) afsay minimize the risks associated with

the introduction and dissemination of viruses antheio pathogens (Kongkeo 1997).
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Recirculation Aquaculture Systems (RAS) systemparticular, not only reduce the possibility
of pathogen introduction in freshwater systems &asy rhe an alternative method for the
production of healthy seed for marine aquacultystesns (Gutierrez-Wing and Malone 2006).
The compliance to other BMPs related to environ@aderdntrol, as for example careful species
selection, limitation of stocking densities and o$@roper feeds to avoid deterioration of water
quality, or to disease prevention and/or controlBMike the use of effective vaccines or other
prophylactic agents (e.g. probiotics), use of appdomedicines and development of disease free
strains by selective breeding (Dunham et al. 260imavera 2006; World Bank 2006), may also
mitigate the negative environmental impacts of agliare. Diseases spread through trade and
transboundary movements can also be managed hynaetecontrol or strict regulations for the
movement of living aquatic organisms (either eggeds, juveniles or adults) and by the use of
certified disease-free organisms (Argue et al. 2@BERACASE 2009). Other measures such as
the implementation of environmental programmes, tbg Hazard Analysis and Critical Control
Point (HACCP) method may also minimize the deletesieffects of disease transmission, and
ensure the safety of aquatic produdtse reduction of disease incidence is a key aspedhtr
environmental sustainability of aquaculture becaxdeonly it reduces the use of chemicals (e.g.
antibiotics) and the requirements for land and wate also improves the efficiency and viability

of the farming activity (Hulata 2001; Argue et 2002).

As intensification progresses and new species @tared, seed-based aquaculture is likely to
expand, and thereby every effort should be madeetiuce the dependence on wild seed.
Control/regulation of wild seed by-catch througle tstablishment of suitable sites, periods,
catch efforts, and the production of commerciathety post-larvae (Pdez-Osuna 2001b; World
Bank 2006), may minimize the interference of seexdtstock harvest in the life cycle of wild

species and potential adverse effects on the eemsgsfood-webs. These measures should be
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accompanied by alternatives to minimize the soetahomic effects of the reduction of wild

seed collection in traditional aquaculture systamd in particular to low livelihood farmers.

4.1.3 Impacts of introduction of new species or getic varieties

Some of the negative environmental impacts assatiatth the introduction of new species and
new genetic varieties, including the loss of ectaysintegrity and genetic diversity, may be
avoided or substantially mitigated through the @ffee implementation of the existing Codes of
Practice and guidelines on this issue. Risk ass#samd the application of preventive measures
to species introductions (World Bank 2006), namglyarantine systems and cooperation
between neighbouring countries before introduciran-native species into transboundary
aguatic ecosystems, may also contribute to a resiplenuse of these species for aquaculture
purposes (World Bank 2006). These limitations magilg be overcome by the use of RAS
because farmed species are physically containdtese systems, eliminating the risk of escapes

(Black 2001; Gutierrez-Wing and Malone 2006).

4.1.4 Degradation of genetic diversity

Another option to minimize the potential loss ofngec diversity due to the interaction of
farmed and wild species is to ensure that escapma®t breed. This is done successfully with
rainbow trout by sterilising the females througle ihduction of a chromosomal abnormality
called triploidy (SECRU 2002). Additional prevergivneasures proposed for cage aqguaculture
include the improvement of cage design, anchomaj, management, regulation of near-farm
operations, deployment of fish cages at a safeamtist from wild populations and the
development of contingency plans in case of escapehkiding for example the capture of
escapees identified by genetic markers or tagg¢$Beand Black 2001; SECRU 2002). Current

methods to reduce Atlantic salmon escapes from tages also include the reduction of net
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damage from predators by using acoustic deter(&HEERU 2002), however these method may
negatively affect and even exclude marine specids lwgh sensitivity to underwater acoustic
noise, such as whales and dolphins (SECRU 2002)estocking programmes to rebuild
endangered species or depleted stocks, the uthsaif juveniles with minimal genetic
divergence from their wild counterparts may minienithe loss of the species genetic pool
(World Bank 2006). This can be achieved for exanipylausing of a large number of breeders

and genetic markers (World Bank 2006).

4.1.5 Modification and/or destruction of habitats

The problem of the destruction and/or modificatidrecosystem structure, function and services
by aquaculture activities may be generally solvgdelfective EIA. In the case of existing
aquacultures, specific mitigation measures inclgdine creation of buffer zones may also
prevent or minimize the impacts of aquaculture apens on natural habitats (Choo 2001; Paez-
Osuna 2001b). For shrimp aquaculture it has besm sliggested that the use of abandoned
ponds to restore mangrove systems and halophype arahe conversion of shrimp ponds into
salt ponds or for cultivation of other species (esbellfish and crabs) (Paez-Osuna 2001b;

Primavera 2006), may not only turn into an ecolabbenefit but also into an economic benefit.

4.2 Ecoaquaculture

Integrated aquaculture systems, either polycultarg. fish and mussels, fish and seaweeds) or
integrated aquaculture-agriculture systems (ecg.~+ifish farming), has also been considered an
efficient and environmentally sound strategy faryaing aquaculture wastes (Buschmann et al.
1996; Pearson and Black 2001; Choo 2001; GrasladdBzngtsson 2001; Pdez-Osuna 2001a,;
Primavera 2006). Examples of the efficiency of ¢heystems can be found worldwide. For

instance, filter-feeders (e.g. oysters, mussels) anonomically important seaweeds (e.qg.
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Gracilaria, kelp) cultured in the immediacy of finfish cagesre proven to remove a significant
part of the suspended organic matter and dissolnedents generated by cage aquaculture,
alleviating waste loadings at the same time thatdtease the farm productivity (Pearson and
Black 2001). Polyculture with shellfish is partiadly viable in eutrophic systems because these
organisms can significantly reduce algal densiied nutrients loadings (Pearson and Black
2001), in a way that minimize the risks of eutraaltion (cf. — Section 2.2). Coupling shrimp
culture with bivalve molluscs and fish has alsorbeensidered (Sandifer and Hopkins 1996) a
promising methodology to reduce the negative emwrental effects resulting from the
intensification of shrimp farming (Graslund and B&sson 2001; Paez-Osuna 2001a; Biao et al.
2004; Primavera 2006). Another example of polyaeltis the combined culture of the Chinese
and Indian major carps in China, which has the dddsdue that aquaculture wastes can be
converted into agricultural wastes (World Bank 2006itegrated aquaculture-agriculture
practices are considered as an ecotechnologycplarly for inland aquaculture. For example, in
Vietnam, the use of effluents from hybrid catfigfuaculture on rice farming was able to reduce
32% of total nitrogen and 24% of total P loadinigs @nd Yi 2003). Low-salinity effluents from
inland shrimp farming were also used to irrigatedanecrops in Brazil, and proved to be an
efficient method for minimising the impacts of effht discharges (Miranda et al. 2008).
Integrated aquaculture-agriculture may also be use@move nutrients from pond sediments
(Lin and Yi 2003). According to these authors tise wf rooted aquatic plants, such as lotus
(Nelumbo mucifergin semi-intensive cultures of tilapi&life tilapia) may remove up to 300 kg
N and 43 kg P/halyear. Besides its widely provditiehcy in removing aquaculture wastes,
integrated aquaculture systems, may also reducestte of chemical contamination (Gifford et
al. 2004; Primavera 2006). For instance, as aqtaeuleffluents naturally improve the
fertilization of agriculture fields they reduce thise of environmentally damaging agriculture

chemicals (e.g. pesticides, fertilizers), helpimgniers to improve protein production and to
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ensure the economic viability of the activity (Land Yi 2003). Polyculture done with bivalves,
that filter large volumes of water, may signifidgnower the quantity of toxic contaminants
released into the environment, acting as bioremediaf stressed coastal environments (Gifford
et al. 2004). However, if human-consumed bivalvesiavolved carefully should be taken to

avoid chemical and bacterial contamination (Giffetal. 2004).

Another alternative to limit the impacts of efflusrfrom pond aquaculture is the improvement
of pond design. For example, ponds that are todloshanight be invaded by macrophytes,
whereas in deeper ponds, the water may stratifysing severe water quality problems, such as
oxygen depletion (Boyd 1995a). The creation of éuffonds (e.g. constructed wetlands) has
also been proposed as a remediation measure fonpsHarming since it promotes the
sedimentation of organic matter and the removadtbér pollutants associated with suspended
solids before the water is released into the sadimg environment (Boyd and Clay 1998;
Kautsky et al. 2000; Paez-Osuna 2001a; Primavef®)20An example from the Red Sea,
considered as the third-generation of shrimp farom)sists of circular ponds with central
drainage, in which more than 50% of the water s@rf@ncluding upstream buffer ponds and
wastewater treatment ponds) is dedicated to watelity control (Paez-Osuna 2001b).
Reduction or elimination of water exchange ratesvben shrimp ponds and the adjacent water
bodies has also been proposed to minimize the seladfects of effluents discharge (Kongkeo
1997; Boyd and Clay 1998; Paez-Osuna 2001a; Priraa2@06). Restricted water exchange
rates will not only lower the risk for sudden chasgn water quality parameters, as may
minimize the risks of water contamination by sat®vantrusion because it reduces the needs for
groundwater. Other measures to reduce or even atiwater intrusion include the utilisation
of pond liners and of pond effluents to grow tetmiak halophytes in conjunction with natural

filters such as mangroves (Paez-Osuna 2001a; Pera2006).
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Recirculating Aquaculture Systems (RAS) may alsedmgsidered as an ecotechnology. The use
of these systems has proven to reduce the amoweftloénts by a factor of 500-1000 (Chen et
al. 1997; Timmons et al. 2001), mainly because ntloa@ 90% of the water is recycled within
the system (Black 2001). Even though the use of RIA8s not always result in the overall
reduction of discharges but rather on a relocationastes (Piedrahita 2003), these systems may
facilitate effluent treatment, and thereby minimizmtential negative impacts on the
environment. Besides requiring fewer water resaréAS allow a better control over waste
discharges and diseases and may prevent the lgenefic biodiversity (Black 2001; Piedrahita
2003; Gutierrez-Wing and Malone 2006). Becauseethemo possibility of interactions with
wild stocks, this technology also allows the divfezation and domestication of farmed species
(Black 2001; SECRU 2002; Gutierrez-Wing and Mald2@06) and the intensification of
aquaculture operations without seriously damaghgenvironment, and may contribute to an
increase in the productivity and profitability dfet aquaculture industry (Black 2001). On the
other hand, the use of this technology may haveifsignt economic drawbacks mainly related
to the high capital expenditure and running costg.(energy and maintenance) that it involves
and due to the increased risk of failure if thetesys are not adapted (in terms of biological and

engineering concepts) to the species requiremBiask 2001).

As aquaculture grows, it extends its demands olir@mwental resources, making it urgent to
develop new regulations that ensure the transitbrthe sector to more responsible and
environmentally friendly practices. Sound policiesgulatory frameworks, codes of practice and
BMPs, including ElAs, physical planning, and ecomomstruments (World Bank 2006), are

among the tools that can be used to reduce thegical footprint of aguaculture operations and

to ensure the sustainability of this activity. Sing substantial component in this footprint is
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related to wastes production and to the use ofrfishl/oils for the production of pelleted diets,
the improvement of diet formulations is fundamerftal the minimisation of the aquaculture
environmental impacts. The development of ecofeelyslargely on a vast understanding of the
nutritional physiology and biochemistry of the difént cultivated species (World Bank 2006),
from which results a selection of very digestibigredients that facilitate nutrient assimilation
and promote the increase of FCRs. High FCRs haga beown to maximise protein retention
and minimize the amount of solid wastes and nutrieadings resulting from undigested, un-
utilized and uneaten feeds (Black 2001; World B&t06). One of the current lines of
investigations on ecofeeds consists for examplahén substitution of fishmeal protein from
“trash fish” by a vegetable protein source (e.g¢a$pin order to reduce the pressure on natural
fisheries resources (Kaushik et al. 2004). Howevepgetable substitutes often lack essential
amino acids and fatty acids, which may constitutenapediment for the economic viability of
aguaculture systems. Another constraint is theeasing consumer pressure so that these
vegetable ingredients are GMO-free, i.e., not pcedufrom genetically modified organisms

(SEACASE 20009).

Given the necessity to ensure the safety of aqtuaeuproducts and the increasing consumers
demand on food safety and welfare, the adoptiorthef environmentally friendly practices
mentioned above becomes fundamental. The develdpofewertification and ecolabeling
schemes, attesting the character of the produptiocesses and the quality of the products, may
be an easy and efficient way to achieve the conspereeption and a mean to fulfil the market

requirements and of adding value to aquaculturdymts (WorldBank 2006; SEACASE 2009).
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4.3 Drivers, pressures, states, impacts and resp@ss(DPSIR)

DPSIR is a causal framework for integrated envirental assessment, describing the
interactions between society and the environmehNHR/RIVM 1994, RIVM 1995). According
to this framework, there is a chain of causal linkth the following components: Driving forces,
Pressures, States, Impacts and Responses. A Drigncg results from a need, leading to
activities that cause Pressures, affecting thee sthtthe environment, causing Impacts that

demand Responses from the society.

Table 2.3is a possible example of an application of DPSIRagoaculture development. It is

important to have indicators to quantify each & tive DPSIR components, whenever possible.
These indicators may be spatially resolved andymted in a GIS. Suggested indicators for the
example given in Table 2.3 could be: Driver - ambacated for fish farms; Pressure — Fluxes of
nutrients, organic matter and xenobiotics, andedsffices in drag related to the presence of
aquaculture leases; State — Concentrations in thterwand in the organisms (regarding

xenobiotics); Impact — changes in described raResponse — seaweed production, area of
sediments where pumping takes place, proportioteates reallocated and changes in fish

density within the farms, respectively.

Implementing the DPSIR framework may be usefulytatisesize those indicators that should be
included in a GIS for physical CC assessment, dsasghose aspects that should be accounted
for in CC models, including scenarios to be analyi#. — Section 3.3). This framework may be

used in more complex situations, when there areerdovers besides aquaculture.
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Table 2.3 - Drivers, Pressures, States, Impacts and Respdos@a hypothetical aquaculture

development.

Driver Pressure State Impact Response
Increased nutrientncreased Seaweeds
Increased nutrieniand organic phytoplankton | production to
fluxes matter biomass/ remove excess

concentrations | eutrophication | nutrients

Decreased Higher mortality | Bottom aeration

Increased organigoxygen levels | of benthic

matter fluxes and organisms/
oxygen Accumulation of | decreased benthjc
Fish farming organic matter in| diversity

the sediments

Increased drag | Reduced flow- |Increased Reallocation to
forces through and sediment areas of more
increased deposition intense
residence time hydrodynamics
Release of Bioconcentration| Increased Less intensive
xenobiotics mortality of non- | farming to reduce

target species | disease

propagation

4.4 Decision support systems

A DSS is an information system that may bring tbgetlatabases, models and other information
sources to help the decision-making process. Censgl the multiple interactions between
aguaculture systems and other uses of natural n@sguan important point about any DSS is to
define for whom it is intended. Different actorsdastakeholders are important in the decision
process. This is well in line with the Integratecdtér Resource Management (IWRM) concept,
where a balance is to be found between economiceandonmental objectives, and where

public participation is a key issue (Agnetis et24l06).
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A DSS should allow stakeholders and decision matceamalyse different aquaculture scenarios
using geographic and socio-economic data, and maseilts. These data should reflect best
knowledge about several aspects of CC, discusskedebgf. — Section 3.1). The DSS should
include a methodology to evaluate those scenariossmme quantitative way towards an

informed final decision (Agnetis et al. 2006; Peaest al. 2007).

For example, let's assume that several scenarios pugposed regarding increasing the number
of fish cages in a particular ecosystem. After catithg a DPSIR analysis - Drivers, pressures,
states, impacts and responses (DPSIR) with stattetsyl decision-makers and scientists,
potential shortcomings could be identified and usedefine the responses needed from scenario
analysis. Afterwards, an ecological model of thetey under study could predict that increasing
fish cages would increase fish production by aaseramount and decrease water quality (for
example, though increases in ammonia concentratmas decreases in oxygen levels). An
economic assessment of yields could reveal thaadgiiaculture income was not linearly related
to fish production if market prices were not elasfTherefore, at the end of the simulation
process, several results regarding water qualgk, production and economic gains would have
to be somehow weighted and compared. This coulddme using the Analytic Hierarchical
Process (AHP) methodology (Saaty 1980) as suggé@stadnetis et al. (2006) and obtaining a
score for each scenario. This methodology allowsdémne subjectivity to be incorporated in the
decision process, as a result of different sersés/of stakeholders to environmental, economic
and social aspects. For some examples see Agnedis @006), where this general approach
was applied to several management scenarios (inguzbuaculture) for five coastal lagoons

across southern Europe.
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5 Concluding Remarks

Considering all the aspects discussed in the pusvigections, some conclusions may be

synthesized as follows:
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(i)

(ii)

(iii)

(iv)

(v)

Aquaculture management should be participated leyaat stakeholders and viewed
within the context of management plans, includitigeo activities with which it may
have positive and negative synergies;

Ideally, an ecosystemic approach in line with Egalal Engineering should be
developed towards an “ecological aquaculture” tevpnt going through the same
mistakes as industrial agriculture and husbandry;

Low trophic level species should be preferred ftwigher energy efficiency and low
ecological footprint;

The Carrying Capacity concept is central to aquacal sustainability in all its
environmental, economic and social dimensions;

There are several tools that may and should be insaquaculture management and
that have already widely been tested, such as @&i8, DPSIR framework,

mathematical models and DSS.
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Abstract

The knowledge of geochemical processes in fishp@iaisportant in defining farming strategies
and the carrying capacity of these systems, anceftve essential for the management and
sustainability of semi-intensive aquaculture intleggonds. The main purpose of the present
work, developed in the Aquaculture Research Stdtoated in Ria Formosa, was to study the
geochemical changes in semi-intensive earth pohaite seabrear®iplodus sargud.. during

a production cycle, and relate it to farming coiodis (fish biomass and feeding rate). Settled
material and sediment samples were collected imsta groduction pond and in a non-fish
production pond during two years. Results obtaistesived that particle-settling rates (S, § m
d) increased linearly with time (t, days): S = 0734, in the fishpond. Increasing deposition of
particulate material increased the organic mattetent of bottom sediments, particularly during
the second production year. Organic matter mireatain, during periods of high temperatures,
led to high nutrient concentrations in porewateH{N- 965 pM; NQ - 40 pM; HPQ® - 39
KM) and subsequently to an increase in benthic gynproduction in the fishpond. The
geochemical similarities between fishpond sedimamid shallow coastal system’s sediments,
along with the high fish survival rate (94%), susfgethat for the assayed farming conditions
there were no environmental constraints within ploed. However, some impact on bottom
sediments namely, increase of settled materiagrocgmatter deposition, nutrients in porewater
and microphytobenthos production, was evident alzofigh biomass of 500 gfrand a feeding
rate of 150 kg month indicating that pond environmental conditions wtobe carefully

monitored from this point on.
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1 Introduction

In Portugal and all around southern Europe, mdistefarming is traditionally semi-intensive
and carried out in earth ponds. Due to the incngagdemand of consumers on food safety and
welfare of cultivated species, semi-intensive aeltproducts are coming back in the front scene.
Nevertheless, the production costs of this typaadaiaculture are often too high to maintain a
sustainable economic activity due to the low praodity of these systems, which rely largely on
traditional practices and are often managed onnantive basis (Giovannini and Piedrahita
1994). A better understanding of the earth pondirenment is necessary to develop
management practices that optimise the use of i@qeaburces (Piedrahita 1988; Culberson and

Piedrahita 1996).

Aquaculture ponds are complex systems. Survivalgaodith of fishes in ponds are determined
by the physical and chemical characteristics oewgRiedrahita 1988). Water quality, in turn, is
affected by external inputs, by the organisms prieaed by biogeochemical processes occurring
in ponds. Studies on ponds geochemistry are engergs an important area for fishpond
management as sediments play an important role betha source of various dissolved

compounds and a sink for particulate material (hefe et al. 2001).

Organic sediment enrichment caused mainly by se#teé of plankton, uneaten food and fish
waste products, induces changes on the biologmhthemical environment of fishponds (Krom
et al. 1985a; Hargreaves 1998; Jamu and Piedrdétitd; Boyd et al. 2002). From a
management perspective, accumulation of organitemigtundesirable, as it may accumulate to

levels that can affect water quality and consedueigh yields, due to the release of toxic
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substances such as hydrogen sulphides, free amm@uahiaitrites, which are toxic to fish even at
low concentrations (Meade 1985). High organic erateposition may also cause a high oxygen

demand and lead to oxygen depletion (Boyd 1995bigiwin turn affects fish production.

Since geochemical processes in earth ponds, dapestly on fish biomass, food and feeding
strategies, water temperature variations, wateulation and water depth, studies on this subject
should be planned with a view toward the develogmoépractical management procedures that
enhance fish growth and production (Hargreaves J199& purpose of the present work was to
study the geochemical changes in semi-intensivéh gawnds of white seabreamDiplodus
sargus L.) during a production cycle, in orderétate the environmental changes in fishponds
bottom with farming conditions (fish biomass anddmg rate). This information may be useful
for defining farming strategies and protocols tgiove management of semi-intensive white
seabream earth ponds, which are often managedivetyj and consequently to optimise the
production of this species that has been considargubtential candidate for Mediterranean
aguaculture in terms of market preferences, economiue and flesh quality (Ozorio et al.

2006).

2 Material and Methods

2.1 Experimental system

The present study was developed in the AquacuResearch Station (ARS), located in the Ria
Formosa Natural Park, Southeast of Portugal (Fi§utel). The experiment was carried out in
two rectangular earth ponds, with an average seiré@ea of 475 fnand a volume of 700 n

Experimental ponds were supplied with seawater mahipm a reservoir that fills up according

to the lagoon tidal cycle. In May 2003, one of gonds (Pf) was stocked with 3000 juveniles of
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white seabream while the other was left without {iBnf). The water flow rate varied from 25 to
100 n? ht in Pf; whereas in Pnf, water flow rates were logeto 10 ni h%). The fishpond was
equipped with aerators (FORCE-7; 1.5 hp) to contlisisolved oxygen levels that varied
between 6.3 and 9.6 mg'L Fish were fed a commercial food pellet (DOURAS®JA
manufactured by Sorgal) containing 51% of totalt@ig 29% fat and 1.2% total P, by a
combination of automatic and manual feeding. Monthtion varied throughout the experiment

(Figure 3.1.2), according to fish biomass and fegdesponse.
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Figure 3.1.1— Location of the Aquaculture Research Station$AR

2.2 Field sampling

Sampling was carried out in Pf and Pnf in Juney,JAligust and November 2003; March, June

and October 2004 and March 2005.

71



Chapter 3.1

400 A
350 -
A300-
gzso-
5200-
< 150 -
™ 100 -
50 1
0 - =l
M M ®m v v ¥ g I < W0
@ o Q@ 9 2 Q@ @ Q@ <@ 9
5 2 08 ¢ & 3 20 &8 ¢
months

Figure 3.1.2— Monthly ration (kg) supplied to white seabreamniinly the production cycle.

2.2.1 Sediment-traps settled particles

A sediment-trap with 6 PVC tubes (5 cm diameter adam length) was placed in both ponds.
The tubes containing particulate suspended matesiahined two weeks under water at each
sampling period. The traps were allowed to setilk @ripped out slowly, and then transported to

the laboratory with minimal disturbance. Each tulaes placed to dry in a stove at 70°C.

2.2.2 Sediment cores

In each sampling, nine sediment cores were randeoilgcted by a diver in Pf and Pnf. Cores
(15 cm length and 5 cm diameter) were collectedyéntly pushing the open-ended PVC tube
into the sediment, to preserve sediment layers.pemwere transported to the laboratory under

refrigerated conditions, to be sliced in 2 cm Iayfer porewater and solid fraction analysis.

2.3 Analytical methodology
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2.3.1 Porewater samples

Sediment samples were centrifuged for 10 minut&9@0 r.p.m. (160Q@) to separate porewater
from the solid fraction and filtered with 0.45 pmabherey-Nagel filters. Porewater samples
were analysed for ammonium (B} nitrate (NQ), nitrite (NOQ,), silicon (Si(OH)) and
phosphate (HP£3) using a “Skalar” autoanalyser according to théofsing methodology:
NH," was determined by indophenol’s blue colour at 680 (detection limit - 0.2uM); NOs
was reduced to NQ by passing the sample through a cadmium colunth adterwards by
detection of the coloured complex formed with tkileykenediamine at 550 nm (detection limit -
0.1 pM). Silicon was determinedsing ascorbic acid as the reducer (detection KBt uM),
and HPQ” with a blue antimony complex (detection limit - 8.@M). Dissolved organic
nitrogen (DON) and dissolved organic phosphorus RPQvere oxidized by potassium
peroxodisulphate (¥5,0g) in autoclave (1.5 bar; 120° C) as described ias€hoff (1983) and
determined in the autoanalyser (detection limit.1 uM and 0.08 uM, respectively).
Chlorophylla and phaeopigments (Phaeop) were extracted witlorae€90 %) and determined

by fluorimetry according to Parsons et al. (1984).

2.3.2 Solid fraction

Particles collected in the sediment-trap and umaeliment layer (0-2 cm) were dried at 80°C
until a constant weight and ground to a fine powiderdetermining total organic carbon (TOC)
and nitrogen (TON). Total and inorganic carbon aitdogen were determined using a CNH
analyser “NC 2500 CE instruments” with acetaniladereference material (Byers et al. 1978),
and organic carbon and nitrogen determined by reiffee between total and inorganic fractions.

Total phosphorus was determined by digestion ofsgidiment samples with HCI (1 N) during
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20 minutes at 200°C according to Andersen (197&)sphorus sorbed to litogenic particles was
sequentially extracted: phosphorus weakly bound-RWwbl hour stirring with NECI (1 N);
phosphorus bound to calcium (Ca-bound P), 1 hauingt with HCI (0.5 N) and phosphorus
bound to iron (Fe-bound P), 17 hours stirring viigOH (0.1 N) according to the methodologies
of Chang and Jackson (1957) and, Hosomi and Su@82]1 Organic phosphorus was
determined by difference between the total andgawic fraction. Chlorophyla (Chl a) and
phaeopigments (Phaeop) were extracted with ac€ffi¥é) from the upper sediment layer and

determined by fluorimetry according to Parsond.gtl884).

2.4 Fish sampling

To evaluate white seabream condition, in each sampapproximately 200 specimens were
caught with a beach seine net to be measured aigthtee under light anaesthesia (0.15 il L

de 2-phenoxyethanol).

2.5 Data analysis

The variability of Pf and Pnf porewater samples wasluated through a multivariate
Correspondence Analysis (CA) using BRODGAR “Softevdor Univariate & Multivariate
Analysis and Multivariate Time Series, Version 274.Non-parametric Wilcoxon-Mann and
Whitney tests were performed to the data in ordeddtermine significant differences between

Pf and Pnf (Zar 1999).
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3 Results
3.1 Particulate material

Particles-settling rates were clearly higher irttfn in Pnf, increasing from 2613 g n* din
the first two weeks to 392 14 g n¥* d* at the end of the production cycle (Figure 3.1/8).
significant linear relationship was found betweeantiple-settling rates (S, gfro™®) and time (t,

days): S = 0.7t — 34¢ = 0.88; n = 46P<0.01), whereas in Pnf, settling rates remainectzon

over time.
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Figure 3.1.3— Particle-settling rates (g md™) in Pf (¢) and Pnf ¢), during the sampling

period.

Based on the amount of particles deposited in semfitmaps was estimated that about 90 kg d
of particulate matter is settled in the entire pbgdhe end of the first production year, doubling
at the end of the production cycle, when the oVéisti biomass reached 1 kghand feeding

rate 275 kg month
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Particle settling rates and organic content allowexlcalculation of particulate organic carbon
(POC), nitrogen (PON) and phosphorus (POP) deposttates in Pf and Pnf (Table 3.1.1).
Organic compounds settling rates were significahther in the fishpond (Wilcoxon Mann-
Whitney testP<0.01), increasing one order of magnitude afterfiisé production year and two
orders of magnitude at the end of the second yedf, POC deposition rates ranged from 500
to 10500 mg it d* during the production cycle, whereas PON and P@fed respectively
between 40 to 2300 mg ot and 5 to 205 mg thd*’, corresponding to C: N and N: P ratios

close to the Redfield ratio.

Table 3.1.1- Deposition rates of particulate organic carbB®C), particulate organic nitrogen
(PON) and particulate organic phosphorus (POP)erfish production pond (Pf) and in the non-

fish production pond (Pnf), during the experiment.

POC (mg rifd) PON (mg nfd?) POP (mg ritd’)

Days
Pf Pnf Pf Pnf Pf Pnf

19 608 350 39 17 6.2 0.19
48 601 232 56 29 5.2 0.12
89 525 226 56 6.0 0.06 0.62
101 729 295 62 9.6 0.11 0.37
177 961 84 74 7.3 1.9 0.80
241 1519 128 148 94 19 0.26
276 2413 192 189 16 39 1.3
368 8421 273 861 42 99 1.5
486 9368 230 1646 20 185 24
639 10500 256 2320 35 205 4.2
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3.2 Sediment

Figure 3.1.4 illustrates the TOC, TOP, Fe-bounahé @hla contents in superficial sediments of
Pf and Pnf, during the experiment. Total organidboa was clearly higher in the production
pond throughout the experiment, whereas for TOP Feydound P differences between ponds
became more evident one year after the beginnindpefexperiment, reaching values 2 to 4
times higher than in Pnf. During the production leycsediments organic nitrogen content
remained below the detection limit. Chlorophgliconcentrations were similar in both ponds
during the first year. However after this periodcraphytobenthos production increased 2 to 9
times in Pf, being highly correlated to sedimergamic carbon contenR{ = 0.62; n = 27;

P<0.05).

A Correspondence Analysis applied to physical (Tempemical (NH', NOs, NO,, HPQ?,
Si(OH), DON, DOP) and biological (Chkh and Phaeop) data from porewater and superficial
sediments of Pf and Pnf is represented in a twcedsional space, defined by two ordination
axis (Axis 1, Axis 2). Axis inertia was about 84%dicating that almost all data variability is
explained by the analysis (Figure 3.1.5). Pf samplee well represented in the positive and
negative Axis 1. The cluster close to the negatixes 1 corresponds to parameters with strong
affinity to higher temperatures (NH NOs, HPQ?, Chl a and Phaeop) conversely, DON and
DOP were well represented in the positive Axis dveng higher affinity to the months of lower
temperatures. Pnf points (in positive Axis 2), skdvhigh similarity and weak affinity for the
analysed parameters whose concentrations were2lotalers of magnitude lower than in Pf.
Besides the evident contrast between Pf and Paf plaints, the analysis also revealed a well-

defined seasonal variability for Pf samples.
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Figure 3.1.4— Total organic carbon (TOC), total organic phaspk (TOP), phosphorus bound-
Fe (P-Fe) and chlorophydl (Chl @) concentrations in superficial sediments (0-2 ciPf (¢ )

and Pnf ¢), during the sampling period.

3.3 Fish data

White seabream grew from 6£91.2 to 24.9 1.7 cm during the production cycle (Table 3.1.2).
To this increase in length {l. corresponded an increase in body weight (W) r@ieg to the

following equation: W = 0.031*¢%. The fish condition factor (k), determined accaoglio the

Ozorio et al. (2006) equation:

k = W*100/L3
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where W is the fish body weight (g) andi& the total fish length (cm), registered highues all
over the production cycle>(1.9) indicating the well being of cultivated fisheDuring the

experiment, white seabream mortality was less @%an

Si(Q'H)ZW‘

Axis2 —19%

NC "_:’ DON™., Axis 1 — 65 %
NH," [27 - 965] DON [244 - 2537]
NOj [0.13 - 43] DOP [6.1 - 104]
NO, [0.08—8.6]  Chla[0.18 - 31]
Si(OH), [5.8 - 69] Phaeop[0.80 - 66]
HPO,Z [0.05-39]  Temp[15 — 27]

Figure 3.1.5— Correspondence analysis ordination plot of platiTemp — temperature, in °C),
chemical (NH* - ammonium; N@ - nitrates; N@ - nitrites; Si(OH) — silicates; HPG -
phosphates; DON - dissolved organic nitrogen; DOdissolved organic phosphorus, in uM)
and biological (Chla — chlorophyll a; Phaeop — phaeopigments, in pg) gparameters in
porewater and superficial sediments of ®f) (and Pnf Q) during the sampling period.

Parameters annual range in Pf.
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Table 3.1.2— Total length (cm), body weight (g) and conditi@ator (k) of white seabream

throughout the production cycle.

Total length Body weight Condition factor

Days
(cm) (9) (k)
1 6.9+1.2 76+13 23+0.1
121 116+21 60.0+6.1 3.8+0.2

211 165+1.0 1123+16.2 24+0.2

451 215+15 1796+260 19+0.1

651 249+17 2634510 1.7x02

4 Discussion

In aquaculture systems where temperature favosts growth throughout the year, organic
matter loading is continuous (Steeby et al. 200d¢reasing fish size and feed input might
explain increasing particle settling rates in fishgs (Hargreaves 1998; Avimelech 1999), as
observed by the exponential relation of particldtlisg rates with fish biomass (S =
18*exp 00 biomass R2 = 0 94; P<0.01), and feeding rate (S = 17*eXp™d R? = 0.74;
P<0.05), particularly above 500 g Trof fish biomass and 150 kg mofitiof food. The settled
material contributed largely to the organic enriemnof Pf sediments during the experiment,
especially in biogenic material, since the C:N &hB ratios of settled particles were close to the

Redfield ratio.

In aquatic systems, organic matter in sedimenthesdifference between the rate iof situ

production plus allochtonous material that readiesbottom and the rate of organic matter
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mineralization in the sediment (Haas et al. 200&)édez-Montealegre et al. 2002b). The
increasing organic loading mainly in the form o$hfiwastes, uneaten feed and senescent
phytoplankton (Hargreaves 1998) determined chanigesorganic carbon, nitrogen and
phosphorus content of bottom sediments. While fingticles were incorporated in the upper
sediment layers during the production cycle, orgararbon increased exponentially (TOC =
0.23 exp’*¥ 9 R?= 0.85; n = 27P < 0.05) whereas organic nitrogen bound in forrproteins
and other compounds in plants and animal bodies wastically irrelevant in Pf, probably
because these materials are degraded faster thaoncand phosphorus (Ryther and Dunstan
1971; Nixon and Pilson 1983; Dale and Prego 200B¢. extremely low values of total organic
phosphorus observed during the first experimengalr ynay be explained by the release of P
from organic material and its retention in sedindun to an early diagenetic “sink-switching” to
lithogenic forms (Slomp 1997), mainly Fe-bound fPtHe second year, the exponential increase
of organic phosphorus in the white seabream porgllikaly related to deposition rates greater
than losses from decomposition (Steeby et al. 2004ganically richer sediment may favour
benthic remineralization and consequently enhaniceophytobenthos production in top-layer
sediment (Brotas 1990; Gutiérrez et al. 2000), whexplains the significant relationship
between organic carbon and chloroptg/lin Pf (TOC = -0.98 Chk? + 60 Chla + 284; R =
0.83; n = 27P < 0.05). The disparity between high concentratioinsiH,*, NOs, NO,, HPQ?*

and Si(OH) and low concentrations of organic compounds in &ewater during periods of
high temperature, suggests seasonality in minataiz processes probably due to an increase in
microbial metabolism which contributes for intemagrient production to porewater (Nowicki

and Nixon 1985; van Raaphorst et al. 1992; Krisart993; Asmus et al. 2000).

81



Chapter 3.1

The geochemical similarities between fishpond sedis and Ria Formosa intertidal sediments
(Falcdo and Vale 1998; Falcéo et al. 2006), aststiwith high fish survival and high fish
condition factor values, suggests that for theggeamental farming conditions there were no
environmental constraints within the pond. Howewdren fish biomass and feeding rate
exceeded 500 g thand 150 kg month respectively, impacts on bottom sediments became
evident, as settled material, organic matter deéposi nutrients in porewater and
microphytobenthos production increased substaptib#nce bottom sediments and fish quality
should be watchfully monitored from this point drhis study, which quantifies geochemical
changes in white seabream ponds and relatesarnairfg conditions, may be a starting point to
define acceptable ranges for bottom sediment pasasand, to optimise feeding rates and pond
carrying capacity for a species whose productioaguaculture may be important due to its high

commercial value (Ozorio et al. 2006).
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Abstract

Water quality is critical for pond management nofyobecause it strongly influences fish
welfare and growth, but also because it definesqtieity of effluent waters discharged back
into the environment. In semi-intensive productsystems, water quality is often dependent on
the state of the sediments as well on the qualitgoairce water. The main objective of the
present study was to assess the contribution dhlzemineralization and inflowing water to the
nutrient availability in a white seabreamiplodus sargusproduction pond. Experiments were
carried out in a fishpond and in a control pondtiait fish), from June 2003 to March 2005.
Benthic fluxes (diffusive and biologically-mediatéidxes) of inorganic and organic nitrogen
and phosphorus compounds were estimated. Diffdkixes were calculated according to Fick’s
1% Law, using concentration gradients between porewad overlying water measured in the
field, whereas biologically-mediated fluxes were tedmined in laboratory incubation
experiments. Estimates of inflowing water’s nitrogend phosphorus inputs to the system were
based on the concentration of nutrients in thec®water and on water exchange rates. Results
showed that the input of labile organic matter.(ésh feces and feed wastes) over the 2-year
production cycle led to maximum ammonium and phasghffusivefluxes (respectively, 150 +
60 and 1.4 + 0.5 nmol cmd?) at the end of the trial. Benthic fauna considramhanced
solute transport, since biologically-mediated flsix@ere one order of magnitude higher than
diffusive fluxes. Using data on benthic fluxes,lomfiing water composition and other nutrient
sources and sinks, a nutrient budget was constrdotethe fishpond. The budget revealed that
inflowing water was the major source of nutrientsthe pond, accounting for 52% of the
nitrogen supplied and 70% of the available phosphomwhile sediments accounted for

respectively, 46% and 29% of the daily nitrogen @hdsphorus inputs. This study provided
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clear evidence that an efficient pond managemeahgty rely on sediment treatment between

production cycles and on the optimization of waberhange rates.

1 Introduction

The rain of organic particles, resulting from umeafeed, plankton sedimentation and fish
metabolic wastes influence early diagenesis irhgaohds (Krom et al. 1995; Hargreaves 1998;
Holmer et al. 2002). Settled organic matter is mafiged, generating nutrients (Hall et al. 1992;
Mesnage et al. 2007) that are mobilized to the maikimn or downward to the deeper sediment

layers (Lerat et al. 1990; Falcao and Vale 199& &a Jahnke 2004; Serpa et al. 2007a).

The dominating transport mechanisms contributingdtute exchange between sediment and
water column are diffusion and bioturbation (Berbh®80; Helder and Andersen 1987; Rao and
Jahnke 2004Nizzoli et al. 2007; Holmer and Heilskov 2008). iDdive fluxes depend mainly
on concentration gradients between porewater aedyovg water, sediment characteristics and
microbial activity (Berner 1980; Anschutz et al.0B) Graca et al. 20067/aldemarsen et al.
2009), whereas biologically-mediated fluxes aratesl to distinct and specific activity patterns
of benthic organisms (Sandnes et al. 2000; Holmelr leilskov 2008). As a consequence of
sediment reworking by benthic fauna an intense ralimation of dissolved and particulate
compounds is usually found (Aller and Aller 1992z20li et al. 2007) with enhanced benthic
nutrient fluxes (Aller and Aller 1992; Sandnes kt2900; Falcdo and Vale 2003; Holmer and

Heilskov 2008).

Aside from sediment quality, water column nutrieeincentrations in land-based aquaculture

systems are substantially influenced by the charstics of source water (Krom et al. 1985a,;
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Neori et al. 1989; Krom et al. 1995; Brambilla &t2007). In semi-intensive earth ponds, the
water quality status is maintained by frequent watechange, which varies as a function of
stocking densities and water temperature. Thukwiiig water plays a major role on the quality
of fishpond water (Hopkins et al. 1993). Moreoyawnd water is often discharged back into the
source environment with little or no treatment, ihgvnegative consequences for the adjacent

aquatic systems (Hopkins et al. 1993; Brambillale2007).

Quantifying the contribution of the major sourcesl ginks of nutrients to the water composition
of semi-intensive systems is extremely important gond management, because it helps to
define strategies that ensure optimal water qualiihin the production ponds and reduce
environmental impacts (Alongi et al. 2000; Papaligyp et al. 2005; Casillas-Herndndez et al.
2006). The purpose of the present work was to estinthe contribution of benthic nutrient
mineralization and inflowing water to dissolvedragen and phosphorus availability in a white
seabream[iplodus sargusproduction pond. Being a new species in Meditexean aquaculture
(Golomazou et al. 2006; Pérez et al. 2007; Sa. 10417, 2008; Serpa et al. 2007b), additional
research is needed for the optimization of whitgbseam production in semi-intensive ponds,
namely on nutrient management. In order to achewegoal, field and laboratory experiments
were performed to estimate benthic fluxes (diffes@and biologically-mediated fluxes) and
source water nutrient inputs. Diffusive fluxes westimated according to the Fick'§ Law
(Anschutz 2000; Graca et al. 2006), from porewatet overlying water nutrient data collected
during the 2-year production cycle of white seabrediologically-mediated fluxes were
determined in laboratory incubation experiments} spurce water inputs were calculated based
on the chemical composition of inflowing water ama water exchange rates. Additionally, a
nutrient budget was built up for assessing thetivglacontribution of benthic mineralization,

source water and other nutrient sources and siokfie N and P availability in fishpond water.
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2 Material and Methods

2.1 Description of the system

The present study was developed at the IPIMAR’s akgiture Research Center, located in a
coastal lagoon (Ria Formosa), at Southeast Por{&galre 3.2.1). Experiments were carried out
in two rectangular earth ponds, with an averagéaserarea of 475 frand a volume of 700

In May 2003, one of the ponds (Pf) was stocked ®ithjuveniles of white seabream at 6.7 fish
per nf, while the other (Pnf) was left without fish. Sed@r was supplied to the fishpond (Pf) at
rates varying from 25 to 100%™, which corresponds to a 90 to 300% daily water emgha
whereas in the control pond (Pnf) water exchantgsraere lower, varying from 4 to 10°mi.
The fishpond was equipped with aerators (FORCE:%;hb) in order to maintain dissolved
oxygen above critical levels for fish survival (gen 6.3 to 9.6 mg ). Fish were fed daily with

a commercial feed pellet containing 51% of totaitpin, 29% fat and 1.2% total P, at 1.2% body
wet weight per day in the first production yeardd@h8% in the second year. Monthly ration
varied throughout the experiment, between 25 afidk@5month, according to fish biomass and
feeding response (Serpa et al. 2007b). The inpatloththonous organic matter promoted the
establishment of significantly different macrobeathssemblages in the two ponds (Carvalho et
al. 2007; Carvalho et al. 2009). Polychaetes, angaiticular the specieSapitella spp.and
Pseudopolydora paucibranchigtaccounted for more than 90% of benthic organismmdance

in Pf, whereas insects (Chironomidae) and biva{@=astoderma sppwere visibly dominant

in Pnf (Carvalho et al. 2009).

2.2 Field sampling
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Sampling was performed in Pf and Pnf during thee@ryperiod of white seabream production.
In the first trimester of the experiment, samplimgs intensified (June, July and August 2003)
due to the recent pond construction (May 2003),ftmurh then on, was carried out seasonally, in
November 2003; March, June, October 2004 and M&@bb. In each sampling period, 9
sediment cores (PVC tubes of 15 cm height and Sliameter) and overlying water samples
were collected in each pond to measure the corateir gradients between porewater and
overlying water, and further determine diffusivaixds under field conditions. Sediment
sampling was carried out by carefully pushing tipereended PVC tube into the sediment to
minimize disturbance of sediment layers, and oweglywater was collected 2 cm above the
sediment surface with pre-cleaned syringes. Intentdio earth pond sampling, inflowing water
samples were collected to determine nutrient canggons. Immediately after collection,

samples were refrigerated and transported to tharddory.
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Figure 3.2.1— Location of the Aquaculture Research Center.
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2.3 Laboratory experiments

In June and November 2004dditional sediment samples were collected in Rf Bnf, and
immediately brought to the laboratory to perforntubation experiments, for evaluating
biologically-mediated fluxes. The 3 cm upper sedim&ayer was sectioned and carefully
transferred to 6 glass cubic (15 eml5 cmx 15 cm) incubation chambers (3 replicates per
pond), to minimize disturbance of physical and citamgradients as well as biological
communities. Experiments were carried outimtsitu temperatures (June-04: 21° C and
November-04: 15°C) to test the influence of biatadjiactivity on solute transport. In each
experiment, sediments were submerged in pond wgtéo ~10 cm height. All chambers were
kept at constant temperature and aerated contityutugaintainin situ oxygen levels (> 6 mg
L), because these variables strongly influence semtiwater fluxes (Berner 1980; van der
Loeff et al. 1984; Helder and Andersen 1987). A&testabilization period (4 h), overlying water
samples were collected with a pre-cleaned syringegular time intervals (30 minutes during
day time and 1 hour at night), for a 24 hour-peri@dncomitantly, porewater samples were

collected in the upper 2 cm sediment layer by ¢esy®of taps on the chambers.

2.4 Analytical procedures

Sediment samples collected during the productiodecyvere sliced into 2-cm layers and

centrifuged for 10 minutes at 3000 r.p.m. (16f)0 to separate porewater. Prior to analysis,
porewater and overlying water samples from botll faad laboratory experiments were filtered

with 0.45 pm polycarbonate filters. Samples weraysed for ammonium (NH), nitrate (NQ)

, nitrite (NG and phosphate (HR®) using a “Skalar” autoanalyser according to tH®fang

methodology: NH" was determined by indophenol’s blue colour at B80(detection limit - 0.2
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1M); NO3 was reduced to NQ by passing the sample through a cadmium colurdrdatection
of the coloured complex formed with ethylenediaman®&50 nm (detection limit - 0yIM); and
phosphate was determined with a blue antimony cexnfaletection limit - 0.08tM). Dissolved
organic nitrogen (DON) and dissolved organic phosps (DOP) were oxidized by potassium
peroxodisulphate (¥5,0g) in autoclave (1.5 bar; 120° C) as described ias&hmoff (1983) and
determined in the autoanalyser. Porosity was caledlfrom sediment weight loss after drying it

at 105° C (Holmer et al. 2002).

2.5 Calculations

2.5.1 Diffusive fluxes

Earth pond sediments were mainly characterizedigpyiyr permeable sands (94%). As a result
of easy water percolation, oxygen penetrated deeperthe sediments, allowing the use of a
thicker depth resolution (2 cm) for the calculatioh diffusive fluxes, in opposition to the
narrower resolutions (mm) commonly used in fineirggd-muddy sediments (Aller and Aller
1992; Falcédo and Vale 1998; Serpa et al. 2007a.ditusive fluxes Js) of each solute were
calculated by applying the Fick’s'Law of diffusion adapted to sediment conditioner(ier
1980; Burdige et al. 1992):

J, =-pxD,x(C, -C,)/Bx (1)
where @ is sediment porosity (dimensionlessf;Cp) is the concentration gradient (uM)
between overlying wateiCf) and porewater(), Ax is the distance across the interface where
concentrations were measured (2 cm), Roid the whole sediment diffusion coefficient feasch

solute (cnf s%) corrected for tortuosity (eq. 2):
D, =D, /{L-In¢?) 2
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in which D, is the solute diffusion coefficient in seawatero(@reau 1997)D, values of
inorganic compounds at different temperatures wetgacted from Schulz (2000), whereas
those of organic compounds (DON and DOP) were Gked from an empirical relation
between molecular weight and, given by Burdige et al. (1992) and adjusted tositu
temperatures using the Stokes-Einstein equatioraid Gregory 1974). According to eq. 1,
positive diffusive fluxes indicate that nutriente dransferred from sediments to the overlying

water while negative fluxes mean that nutrientfudé into the sediments.

2.5.2 Biologically-mediated fluxes
Total nutrient fluxes to overlying wateF.) were determined according to the following

equation:

F

total

=AC,,/Atxh (3)

wheredC,,, is the variation of overlying water nutrient contations (LM) over the time of the
experiment t, in minutes), and is the height of the water column in the incubatdhambers
(10 cm). This flux reflects both the contributiod diffusion and bioturbation processes.
Biologically-mediated fluxesHyi,) were calculated from the difference betwdggf, and the
diffusive fluxes {9 determined in the same chamber, using the melbggdescribed above:
Foio = Fiota = Js 4)
2.5.3 Nutrient inflow rates

Daily inputs of dissolved nitrogemNd,", NO,, NO; and DON)and phosphorusHf0,> and DOP)

compounds via inflowing wateN(t_inflow pM d*) were calculated as follows:

V

Nut_inflow= xWater_in (5)

91



Chapter 3.2

whereNut corresponds to a specific dissolved compound{NNO,, NOs;, DON, HPQ?* and
DOP), [Nut]in to the concentrations of dissolved compounds filowing water (LM),V is the

pond volume () andWater_in isthe water inflow rate (fhd™).

2.6 Data analysis

Correlation analyses were performed to evaluatatiogiships between porewater nutrient
concentrations and temperature (Zar 1999). Sirtigaribetween experimental ponds were

evaluated by non-parametric Wilcoxon tests (Zar9)99

3 Results
3.1 Field experiments

3.1.1 Overlying and inflowing water

Overlying water NH* (1.2 — 13 pM) and N©(0.05 — 3.6 uM) concentrations were significantly
higher in the fishpond (Wilcoxon test, n=8<0.05), unlike N@ (0.05 — 0.7 uM) and DON
concentrations (0.6 — 16 uM) that showed no sigaifi differences between ponds (Wilcoxon
test, n=8,P>0.4). Similar HPG" (<0.5 uM) and DOP (<1.6 pM) levels were found fre t
overlying waters of Pf and Pnf (Figure 3.2.2). Bmth overlying and inflowing water, no
seasonal variation was observed. Neverthelessganar nutrient concentrations in inflowing

water followed a similar variation pattern tharPhand Pnf (Figure 3.2.2).

3.1.2 Porewater
The low nutrient levels found in the water colunfrPé and Pnf, contrasted with concentrations

measured in porewater, which were up to three sraemagnitude higher (Table 3.2.1).
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Differences between ponds were evident for,N&hd DON (Wilcoxon test, n=8<0.05) but
less significant for the other compounds (Wilcoxtest, n=8, 0.07R<0.5). During the
production cycle, no clear seasonal variation pateeas found for most porewater compounds
in Pf, with the exception of NOand NQ’ that presented a significantly negative relatigmsh
with temperaturer(= -0.57; n=8P<0.05). Porewater Nf and HPQ”* concentrations increased
sharply & 60% to 80%) in Pf during the second year of theeexnent, while DON and DOP

decreased, 12% and 23%, respectively.

Table 3.2.1— Porewater ammonium (NH, nitrate (NQ), nitrite (NO,), phosphate (HP§),
dissolved organic nitrogen (DON) and dissolved nrggphosphorus (DOP) concentrations
(meant standard deviationin the upper sediment layers (2 cm) of the fisigp@f) and control

pond (Pnf), during the experiment.

Year NH," NOs NO; HPQO” DON DOP
Temp  porosity ! © g o
(°C) UM
Pf
Jun 21 0.35 128+52 0.05+0.01 0.63+£0.19 5.2+2.3 398t 1 10+5
03 Jul 26 0.50 161+ 61 3.2+0.1 0.10£0.02 0.05+0.01 420+153 32+ 10

Aug 27 0.40 88+ 27 7.7+£2.7 1.6+0.1 0.08+£0.01 1767753 63+31
Nov 16 0.42 124+ 24 375 49%+15 1.2+0.4 1528+440 89%17

Mar 19 0.42 48+22 0.05+0.01 2.7+0.6 0.19+0.01 1189+576 46%18
04 Jun 27 0.54 775+93 1.7£0.3 2.0+0.2 17+ 4 1311+ 330 23+7
Oct 20 0.49 318+ 28 241 8.1+1.3 2611 480+ 52 61+24

05 Mar 15 0.57 18659 15+4 4.7+1.4 19+ 4 624+ 275 20+ 38

Pnf

Jun 20 0.37 152+22 0.05+£0.01 0.53+0.24 2.7+0.6 150+ 1 4.6+1.6
Jul 26 0.40 80+ 30 3.7+£1.7 0.23x0.05 0.05+0.01 163+x71 38+ 6
Aug 26 0.36 61+12 7.3+3.5 2.0£0.3 0.08+£0.02 355+147 38+ 4
Nov 16 0.39 73+ 31 4.1+0.8 44x0.8 4221 786%258 88+ 28

03

Mar 19 0.40 75+0.1 0.05£0.01 4.0+£0.8 0.17£0.02 752208 43+ 4
04 Jun 26 0.40 1157 3.9+0.9 3.3£0.7 7.1+£1.0 750%220 32+ 14
Oct 20 0.44 76+ 34 205 12+2 13+3 964+ 271 39+ 14

05 Mar 15 0.48 67+24 6.1+1.2 53+1.6 13+ 2 365+138 8.5+2.1
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3.1.3 Diffusive fluxes

Throughout the production cycle, IyH fluxes were particularly higher in the fishpond
(Wilcoxon test, n=8P<0.05) during the second year of the experimerguif@ 3.2.3), reaching a
maximum in June-04 (150 nmol &d™). For oxidized nitrogen forms, diffusion was ditgc
related to temperature, as would be expected fromewater concentrations (Table 3.2.1).
Diffusive fluxes of NQ were lower and even negative (-33 nmol crd™®) during
spring/summer, increasing to maximum values dusimymn/winter periods (5.1 nmol &al™).
On the other hand, DON fluxes were highest in warmenths (29 nmol cihd?) and always
directed out of the sediments (Figure 3.2.4). Thaedport of HPG to the water column was
almost negligible in the first year of the experifyébut then increased sharply, up to 2 orders of
magnitude, after June 2004 (Figures 3.2.3 and }3.Rlhor variations of DOP fluxes were

found during the 2 years of the experiment (0.548R0.7 nmol crif d?).

3.2 Laboratory experiments

3.2.1 Biologically-mediated fluxes

Biologically-mediated fluxes seemed closely couplaith temperature, since the sediment-water
transport of most compounds was enhanced, up td3 dt higher temperatures (Table 3.2.2).
Nevertheless, the effect of bioturbation was marnelent in the fishpond. Ammonium (4908
nmol cm? d*) and DON fluxes (1570 nmol ¢frd™) were one order of magnitude higher in Pf
than in the control pond (Wilcoxon test, n = PZ0.05). For HP@?, differences between ponds
were only found at higher temperatures. In bothdgobiologically-mediated transport was one
to two orders of magnitude higher than the diffedivixes evaluated in the incubation chambers

(Table 3.2.2).
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Figure 3.2.3 — Ammonium (NH"), nitrate (NQ), nitrite (NOy) and phosphate (HRO)
molecular diffusive fluxes (meah standard deviationnmol cnm¥ d%) in the control pond (Pnf,

a) and in the fishpond (PB), throughout the trial.
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Figure 3.2.4 — Dissolved organic nitrogen (DON) and dissolvedanic phosphorus (DOP)

molecular diffusive fluxes (meah standard deviationnmol cm? d*) in the control pond (Pnf,

a) and fishpond (Pt), throughout the trial.

Table 3.2.2— Ammonium (NH"), nitrate (NQ), nitrite (NOQ), phosphate (HP§), dissolved

organic nitrogen (DON) and dissolved organic phosps (DOP) biologically-mediated fluxes

(Fpio) and diffusive fluxes (Js) for the fishpond (PRdacontrol pond (Pnf) sediments (me&n

standard deviationin incubation chambers at two different tempeegy(T).

Foio Js .
nmol cm? d* nmol cm? d* Porosity
T=15°C T=21°C T=15°C T=21°C ¢
NH," 1993+ 855 4908+ 908 145+ 45 233+ 17
NOs -68+ 29 23+7 -0.11+0.01 0.25+ 0.09
NO, 15+5 31+13 -0.15+0.04 0.28+0.09
Pf ~ 0.59+ 0.03
HPO, 11+4 64+ 22 5.2+25 1.0+0.5
DON 600+ 255 1570+ 623 8.6+ 3.9 13+ 2
DOP 35+7 102+ 23 1.7+0.1 3.5+0.1
NH,  495+187  478+198 14+ 4 44+ 20
NOs -31+4 14+5 -0.07+0.03 0.29+0.04
NO, 5.0+1.3 157 -0.11+0.01 0.24+ 0.07
Pnf - 0.45+ 0.04
HPO, 11+2 6.6+ 2.0 2.6+0.9 0.56+ 0.24
DON 245+ 66 308+ 96 1.9+0.8 7.4+1.3
DOP 6.2+2.3 70+ 20 1.0+0.1 2.3+0.1
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4 Discussion

The increasing organic loading throughout the pectida cycle due to increasing fish biomass
and feed inputs, contributed largely to bottom et enrichment, particularly in the second
year of the experiment when fish biomass reach@dgsi® and the feeding rate was about 150
kg per month (Serpa et al. 2007b). The additiotabile organic material (e.g. fish feces and
feed wastes), intensified organic matter breakd@warat et al. 1990; Holmer and Kristensen
1996; Mesnage et al. 2007; Valdemarsen et al. 206ayling to higher porewater nutrient
concentrations in Pf. The decomposition of nitrogeh labile substrates in fishpond sediments
(Holmer and Kristensen 1996; Holmer et al. 2003)pted with the low nitrification rates
resulting from lower oxygen availability in orgaally richer sediments (Holmer et al. 2003)
were most likely the causes for higher porewatey Nddncentrations in the second year of the
experiment. Reducing sediment conditions resultiomm organic matter accumulation (Serpa et
al. 2007b) promoted phosphorus desorption, leattng sharp increase (80%) in porewater
concentrations over the second production year Reaphorst and Kloosterhuis 1994; Slomp et
al. 1998). The reverse process, phosphorus reterdazurred during the first year presumably
due to the generation of fresh iron oxides undadipgd sediment conditions (Slomp 1997;
Falcdo et al. 2006; Serpa et al. 2007a). Followthg increase of NH and HPQ*
concentrations in porewater, the decrease of DOMN ROP during the second year of the

experiment suggests the decomposition of moreateina organic matter (Belias et al. 2007).

Concentration gradients between sediments and yavgrwater drive to a great extent the
exchanges across the interface (Hall et al. 19@®mir et al. 2002Wilson and Brennan 2004;

Belias et al. 2007; Mesnage et al. 2007). In thesgnt study, the increase in NHind HPQ*
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porewater concentrations observed in the secortlption year (Table 3.2.1) was coupled to an
increase in the diffusive fluxes of these compou(flgure 3.2.3). Likewise, NOand NQ
fluxes (Figure 3.2.3) were inversely related witdmperature, as would be expected from
porewater concentrations (Table 3.2.1). The high€3f and NQ' fluxes were observed during
colder periods (N@: 1.2 nmol crif d*; NOs: 5.1 nmol crif d*) probably because nitrification
processes are driven by high oxygen availabilitgl(ldt al. 1996; Hargreaves 1998; Asmus et al.
2000). Conversely, higher temperatures promotearocgmatter mineralization, leading to
higher DON fluxes$30 nmol cnif d%) in warmer periods (Burdige and Zheng 1998; Wilaad
Brennan 2004). For both inorganic and organic camgs, the estimated diffusive fluxes in the
white seabream pond were lower than the ones neghsuintensive fishponds and marine cage
farms but similar to those reported for coastalsgstems (Table 3.2.3). Lower stocking
densities £1.5 kg m® at the end of the production cycle) and feed isg26 to 350 kg month

in this semi-intensive fishpond system probablycaoted for these results, confirming the

environmental sustainability of farming conditiaiserpa et al. 2007b).

The presence of benthic fauna in fishpond sedimsintsgly induces the transport of solutes
from porewater to overlying water (van der Loefbet1984; Aller and Aller 1992; Nizzoli et al.
2007; Holmer and Heilskov 2008). As a result, bhjyidally-mediated fluxes were up to one
order of magnitude higher than diffusive fluxes §lea3.2.2). Biological activities, such as
burrowing, particle-reworking, ventilation and gation, promote solute transfer across the
sediment-water interface (Nizzoli et al. 2007; Hetnand Heilskov 2008), either by increasing
sediment diffusion coefficients (Berner 1980) amérging sediment porosity or, by porewater
flushing through animal burrows (Nizzoli et al. 200The magnitude of these effects depends
mostly on faunal abundance and functional traits, life habits, mobility, feeding type (Aller

and Aller 1992), which is consistent with the résypresented herein since biogeochemical
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dissimilarities (higher porewater concentrationsd abenthic fluxes) were found among
experimental ponds with significantly different lmigical assemblages (Carvalho et al. 2007;
Carvalho et al. 2009). In fact, the highly abundaoltychaetes in fishpond sediments have been
reported to enhance upward NHand DON fluxes (Burdige and Zheng 1998; Nizzoliakt
2007), by stimulating aerobic reactions such asamigg matter oxidation and other early
diagenetic reactions like nitrification/denitriftoan (Aller and Aller 1992; Nizzoli et al. 2007;
Holmer and Heilskov 2008)0n the other hand, the higher HBGluxes in Pf during summer
months were most likely related to adsorption/detson processes rather than to differences in
macrofauna assemblages. Low oxygen availabilitynguperiods of higher temperatures has
been referred to promote P release from organicalher sediments in the Ria Formosa lagoon
(Falcéo et al. 2006; Serpa et al. 2007a). In botidp, the effect of bioturbation was magnified
at higher temperatures as a result of increasedahractivity (van der Loeff et al. 1984; Aller

and Aller 1992), which promoted nutrient fluxesvoe¢n sediments and overlying water.
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Table 3.2.3— Brief review of diffusive fluxes (nmol ¢fid™) in different types of ecosystems.

Nutrient Ecosystem Value Reference
Marine fishpond 63 -84 Blackburn et al. (1988)
Bay of Cadiz (Spain) 3660 Forja et al. (1994)
Skagerrak Sea (N-E North Sea) -6.1- 45 Hall et al. (1996)
Intensive fishpond (France) 523 — 7650 Lefebvre et al. (2001)
+ -
NH, Gazi Bay (Kenya) -648 — 355 Mwashote and Jumba (2002)
Mussel farm (New Zealand) 192 — 765 Giles et al(2006)
Baltic Sea 60 -120 Graca et al. (2006)
Thau lagoon (France) 20 - 1000 Mesnage et al. (2007)
Ria Formosa lagoon (Portugal) 10 -104 Serpa et al. (2007a)
NO. Skagerrak Sea (N-E North Sea) -2.1-0.47 Hall et al. (1996)
2
Gazi Bay (Kenya) -140 - 144 Mwashote and Jumba (2002)
Fourleague Bay (USA) 1680 (mean) Teague et al. (1988)
NO- Skagerrak Sea (N-E North Sea) -14 - 30 Hall et al. (1996)
3
Gazi Bay (Kenya) -190 - 100 Mwashote and Jumba (2002)
Mussel farm (New Zealand) 7.4-52 Giles et al. (2006)
Fourleague Bay (USA) 708 (mean) Teague et al. (1988)
Marine cage farm(Sweden) 16 - 675 Holby and Hall (1991)
Skagerrak Sea (N-E North Sea) -1.5-10 Hall et al. (1996)
HPOZ Intensive fishpond (France) 24 — 1392 Lefebvre et al. (2001)
Gazi Bay (Kenya) -190 - 180 Mwashote and Jumba (2002)
Baltic Sea 7-14 Graca et al. (2006)
Thau lagoon (France) 2-96 Mesnage et al. (2007)
Ria Formosa lagoon (Portugal) 0.2-8 Serpa et al. (2007a)
DON Chesapeake Bay (USA) 4—42 Burdige and Zheng (1998)

4.1 Nutrient budgets

Besides benthic fluxes, the other main sourcesssiotied N and P to semi-intensive fishpond
systems include, source water, fish excretion assbtution of uneaten feed (Krom et al. 1985b;
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Neori et al. 1989; Krom 1995; Hargreaves 1998; Bidlmet al. 2007). Conversely, nutrients
are rapidly consumed by phytoplankton and micropbghthos (Jordan et al. 1991; Hargreaves
1998) and a substantial fraction is lost from th&tesm by outflowing water, especially in ponds

with continuous water exchange (Lefebvre et al.1200

Nutrient budgets are helpful tools for understagdihe relative contribution of the former
nutrient sources and sinks to the water composdfdish production ponds (Krom et al. 1985b;
Holby and Hall 1991; Hall et al. 1992). Since thmpact of fish biomass on the pond
environment, particularly on bottom sediments, wase relevant in the second production year,
the daily contributions of the different nutrierdusces and sinks were calculated on a yearly
basis, in order to understand how sources and simt&sact with each other (Table 3.2.4 and
Figure 3.2.5 top). Benthic fluxes represented, on average, 46%efiaily N inputs in the first
and second production years (i.e. 16.14 and 24M@ i respectively), which is indicative that
sediments play a significant role in pond nutridghamics, and are thereby crucial for the
quality of pond water (Helder and Andersen 198&cBburn et al. 1988; Sandnes et al. 2000;
Nizzoli et al. 2007). The contribution of sedimetds availability was very similar between the
two production years (respectively, 0.56 and 0.80d1"), most likely due to the high retention
of this element in pond sediments (Slomp 1997; $lagh al. 1998). The major source of
dissolved nutrients to the system was inflowingexatvhich supplied on average 52% (19 to 27
UM d') of dissolved N in pond water and most (65% irstfiyear and 76% in the second
production year) of the available P. The highertgbation of inflowing water in the second
production year was probably related to higher wakehange rates as a consequence of higher
fish biomass and feed inputs in this period (Setpa. 2007b). Fish excretion and dissolution of
uneaten feedepresented a small fraction (respectively 1.6% Jet) of total N and P inputs to

the system most likely as a result of the low siogldensities in the fishpond (ca. 1.5 k¢ at
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the end of the production cycle). Nitrogen (75-8%§l phosphorus (82-93%) losses occurred
principally via outflowing water, however 2.74 to7§uM d* (7-18%) of dissolved N and 0.11 to
0.27 uM d' (11-22%) of dissolved P, was consumed by primaogpcers. When comparing the
results of the fishpond budget with the one comstdi for the pond without fish (Table 3.2.4 and
Figure 3.2.930tton), it becomes evident that the contribution of tikerent nutrient sources
and sinks was higher in the fishpond, as wouldXpeeted from the higher water exchange rates

and higher amount of organic matter resulting ffah activity (Serpa et al. 2007b).

As the water quality of semi-intensive fishpondteyss seems dependent on the sediment redox
status and on water exchange rates, pond manageimaumtd consider these aspects to avoid
poor water quality that may compromise commerdgt production. The treatment of bottom
sediments (e.g. drying) between production cyckegarticularly important to promote the
decomposition of organic matter accumulated asuatref fish activity, helping to prevent water
qguality problems in the next cycle. The fact thiaé twater composition profile within the
production pond was similar to that of the confohd and of inflowing water, confirms the
inexistence of limiting fish growth conditions aferred by Serpa et al. (2007b), suggesting that
the presentarming conditions (i.e. water exchange rates, ifegdates, stocking density) may be
used as guidelines for the optimization of whitalseam production in semi-intensive systems.
As these systems are often managed intuitivelys thformation may be important to the

aquaculture sector in order to ensure the sustiéitgadf semi-intensive fish farms.
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Table 3.2.4— Description of the main sources and sinks a$alieed N and P in the fishpond: source data (anavatages) and brief

explanation of the calculations. Values for thetoarmpond are given between brackets.

N P
Sources Description Unit
Year1 Year2 Yearl Year2

Reference data

Estimated from daily diffusive fluxes calculated the field

experiment, and extrapolated for the entire pondabguming 21 93 1.0 23

Diffusive fluxes constant fluxes in space. nmol cm? d* Present study
9.9 (21) (05) (1.2
Estimated from nutrient fluxes measured in the datmy 3093 4536 117 113

Biologically-mediated fluxes ~ experiments and extrapolated for the entire poee.ar nmol cm?® d* Present study
(356) (1202)  (9) (20)
Estimated by multiplying the daily average wateflow rates 19 27 1.0 2.1

Inflowing water (dm® d*) by the nutrients concentrations (M) in sourcéewa UM d? Present study

(1.2) (1.6)  (0.08) (0.13)

Microcosm experiments were carried out in orderestimate

white sea bream excretion and feed dissolutiors ratean hourly

basis. The results of these experiments were tkigapplated for 0.4 0.8 0.01 0.02 puMdfish™
the entire system by taking into account the numitfedaily

meals (3) and stocking density in the productiondpo

Fish excretion (urinary + gill)
and dissolution of uneaten feed

PROMAR (2006)
— EU Project

Sinks

Data obtained fronmin situ productivity incubation experiments 1.8 70 0.05
using the oxygen method. Hourly oxygen productiates were
converted to N and P uptake rates by the Redfiat,rand
extrapolated for one day by assuming a photoperid@® hours.

0.17
Phytoplankton uptake M d?

(0.57) (1.4) (0.02) (0.06)

PROMAR (2006)
— EU Project

Data obtained fronin situ productivity incubation experiments

(oxygen method) in the Ria Formosa lagoon. Sindercphyll a

concentrations were similar to those found in PH aanf 3.0 5.4 0.19 0.32
Microphytobenthos uptake sediments (6-15 pg Cllg?), similar uptake rates were assumed uM m? bt

and extrapolated for one day (by assuming an aeeradl.4) (29) (0.09) (0.16)

photoperiod of 8 hours™ and for the entire pond surface.

OARRE (2001) -
EU Project

Outflowing water Estimated by multiplying the daiywverage water outflow rates 23 26 13
(m® d*) by the nutrients concentrations (uM) in Pf andl vater '
outflow rates were assumed equal to inflow ratesabse pond
water level changes slightly.

1.5
uM d?
(1.4) (1.5) (0.09) (0.08)

Present study
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Figure 3.2.5— Average daily contributions (uM™%lof different nutrient sources (benthic fluxes,
inflowing water, fish excretion and dissolution oheaten food) and sinks (phytoplankton
uptake, microphytobenthos uptake and outflowing ewatfor dissolved nitrogen (N) and
phosphorus (P) availability in pond water, #ip) and Pnf pottor), during the first//second year

of the trial.
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5 Conclusions

This study clearly provided evidence of the impoct of bottom sediments and water exchange
rates to the water quality of semi-intensive fistoduction systems. Therefore, monitoring
sediment quality and optimizing water exchangesraie possible approaches toward efficient
pond management. The budget is a starting pointhiidevelopment of a mathematical model
to predict water and sediment quality in fishpondsler different farming conditions. Such an
ecological model may be a useful tool for definprgctical management strategies to maintain a

healthy pond environment and minimize the enviromt@empacts of inshore aquaculture.
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Abstract

The biogeochemistry of fish earth ponds is a compigbject due to the interactions between
several water column and sediment compounds, phatig nutrient species. Models can
improve our ability to understand such complexitiiis paper combines existing knowledge on
biogeochemical processes in earth ponds into a Imbdecalculates the concentrations of the
compounds that are more likely to negatively affésh production and cause undesirable
environmental impacts, such as nitrogen, phosphandg oxygenAside from inorganic nutrient
forms, organic compounds were included in the malle to their relevance for the nutrient
cycles in aquatic systems. The model couples thagigeand benthic compartments, due to the
importance of sediment-water interactions in shallearth ponds. In this first approach in
modelling the fishpond environment, the feedbackdiwben -cultivated species and the
environment were not accounted for in the modekettuce its complexity and easily identify
the interactions between water column and sedimanables and processes. The model was
calibrated for an earth pond without fish, usingadsets collected during a 2-year trial. The
variability of water column compounds was generallgll predicted (<0.01), however the
model could not fully reproduce ammonium and digsdlorganic phosphorus concentrations. In
sediments, organic phosphorus was accurately sietllfg<0.05) while nitrogen and carbon
pools were occasionally over or under-estimateddd@llémitations regarding sediment variables
are most likely related to the effects of benthicnary producers and macrofauna activity in
earth ponds biogeochemistry. Future applicationgshef model developed herein include its
coupling to a fish Dynamic Energy Budget (DEB) miotte be used as a predictive tool for

fishpond management.
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1 Introduction

The biogeochemical processes occurring in earttdpa@re essentially the same as in other
aquatic systems (Chapelle 1995; Wang et al. 2008foBl and Lorenzen 2004; Kittiwanich et

al. 2007; Serpa et al. 2007a, b). However, in shaltarth ponds, the interactions between
pelagic and benthic systems are more intense becaost autochthonous particulate organic
matter is rapidly settled, being mineralized in the sediment layer (Hargreaves 1998; Serpa et
al. 2007b). Organic matter decomposition generate®ol of organic and inorganic nutrients

(Kittiwanich et al. 2007; Worsfold et al. 2008), wh are intensely transported to the water

column, becoming available for the biota (Kittiwelmiet al. 2007; Worsfold et al. 2008).

Although several studies on earth pond biogeocheysve been produced (Hargreaves 1998;
Alongi et al. 1999; Montoya et al. 2000; Lefebvteak 2001; Burford et al. 2003; Burford and
Lorenzen 2004; Boyd et al. 2006; Muendo 2006; Xangl and Boyd 2006; Mukherjee et al.
2008), linkage between early diagenetic processddlee interactions between compounds are
complex and poorly understood. Furthermore, biogeotcal processes are affected by abiotic
(e.g. dissolved oxygen, temperature, pH and ligtansity) and biotic parameters (e.g. structure
of microbial and benthic macrofauna communitiest timteract in a complex way (Moriarty
1997; Hargreaves 1998; Peng et al. 2007), makimtifficult to predict the variability of the

different compounds.

Mathematical models can improve our ability to ustknd the complexity of such systems by
integrating physical, chemical and biological ps®s occurring in earth ponds. Models are also
powerful tools to predict the effects of managemstrategies on pond biogeochemistry
(Montoya et al. 2000; Li and Yakupitiyage 2003; #ud and Lorenzen 2004; Piedcausa et al.
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2010), providing useful information on how to impeowater quality and to reduce the
environmental impacts of fish farms. Several mathwgral models have been developed for
aquaculture ponds (Piedrahita et al., 1984; Koddthal. 1994; Culberson and Piedrahita 1996;
Montoya et al. 2000; Lefebvre et al. 2001; Li anak¥pitiyage 2003; Jiménez-Montealegre et
al. 2002a; Burford and Lorenzen 2004; MukherjeealeR008). Some of these models were
specifically used for analysing nitrogen (Kochba adt 1994; Hargreaves 1997; Jiménez-
Montealegre et al. 2002a; Burford and Lorenzen 2@0d phosphorus dynamics (Montoya et al.
2000), while less effort has been made to develapentomprehensive predictive models

(Piedrahita et al., 1984; Lefebvre et al. 2001ahd Yakupitiyage 2003; Mukherjee et al. 2008).

The general objective of this work was to developmathematical model for the main

biogeochemical processes in fish earth ponds, nafoelthe elements that are more likely to
negatively affect fish production and cause undésr environmental impacts due to their
excess, such as nitrogen (N) and phosphorus (Rjefteit, such as oxygen (DO) (Serpa and
Duarte 2008). Given the importance of sedimentadioa diffusion processes in shallow aquatic
systems, the model developed herein couples tlagipehnd benthic compartments to simulate
the interactions between them. However, feedbaeksden fish and the environment were not
considered in this work because this would substinincrease model complexity, making it

difficult to calibrate the model and evaluate iexfprmance regarding the simulation of other

biogeochemical processes. The specific objectivésiostudy were to:

(1) evaluate model sensitivity to changes in indlinl processes;
(2) identify the main sources and sinks of nutgentthe system;

(3) identify those processes needing further study,
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The model described herein is the first step towamdcomplete fish pond model after its

coupling with a Dynamic Energy Budget (DEB) model.

2 Methodology

2.1 Description of the system

Data for model calibration was collected during-gear white seabream growth trial (Chapter
3), carried out in the earth ponds of the IPIMARuAqulture Research Center (ARC), located in
the Ria Formosa lagoon (Southeast Portugal). éttlal, a rectangular earth pond with a surface
area of 495 m(33 mx 15 m) and 1.5 m depth (height of the water columa} used as a
control pond (without fish). The model developedee was calibrated against water column
and sediment data from this pond. The water flote ta the pond varied from 1 to 3 [};s

depending on the lagoon tidal cycles and water &atpre.

2.2 Model description

Given the small dimensions and the absence ofifataéibn in the pond, a zero dimensional
(OD) model was developed, assuming water columnsadiments as two homogeneous boxes.
The biogeochemical model consists of a pelagic arfgenthic module describing the main

processes occurring in the water column and sedswdrearth ponds.

2.2.1 Pelagic module

In the pelagic system there were five state vaemlibr particulate matter: Total Particulate
Matter (TPM), Particulate Organic Matter (POM) aitgl carbon, nitrogen and phosphorus
components (POC, PON and POP, respectively); thae@bles for dissolved organic forms:

Dissolved Organic Carbon, Nitrogen and Phosphdo@®d, DON and DOP, respectively); and
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four variables for inorganic nutrients: AmmoniumHN), Oxidized Nitrogen forms (N,

Phosphate (HP§) and Dissolved Oxygen (DO).

The main source of particulate matter for the systeas inflowing water. A fraction of the total

particulate matter (TPM) entering the system, gaarc. Although in shallow systems, most part
of particulate organic matter (POM) is settled he tbottom (Hargreaves 1998), the model
considers that a fraction of POC, PON and POP neagither mineralized or dissolved in the

water column.

A conceptual model for the main N and P forms arot@sses in the water column is shown in
Figure 4.1. Unlike in other studies, DON was in@ddn the present model because it represents
a large fraction (60—-69%) of total dissolved N igquatic systems (Kittiwanich et al. 2007;
Worsfold et al. 2008), particularly on fishpondsgdo the addition of formulated feeds (Burford
and Lorenzen 2004). Part of DON is mineralized bytewlitic, heterotrophic bacteria to YH
(Hargreaves 1998), which undergoes a series offoanations. In well oxygenated pond
waters, nitrification is dominant over denitrificat, whereas the latter process becomes more
significant under anoxic conditions (Chapelle 199¢cause only 40% of oxidized nitrogen
forms (NQ) has been reported to be reduced to,NBhapelle 1995), the model also considers

denitrification into gaseous forms such as, digémo (N) and nitrous oxide gas (N).

In what concerns P compounds, besides POP and lptesHP @), which is usually the most
abundant form of dissolved P in aquatic systemsréfdtd et al. 2008), DOP was also included
in the pelagic module not only because this P-foan be at least as abundant as inorganic P
(Worsfold et al. 2008), but also because it cafubiaer mineralized into HP$ (Kittiwanich et

al. 2007).
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Since most of the biogeochemical processes ocgumitthe water column (e.g. organic matter
mineralization, nitrification and denitrificatiorre not only temperature-dependent but also
oxygen-dependent (Chapelle et al. 1995), the madsd simulates the concentrations of

dissolved oxygen (DO) in the water column.

[Pads|  |wpo.2| DoP |2 POP : [noc|  [nwer|-{poN poul
t | : 1 ¥ ]
- 1
Pads| |HPO2{#:DOP|..22.| POP i NOy |NH4+ < |pON PON
R Minerafisotion 3| : 3 Mineralisation :3
el L TE . it
———Phosphorus (P) — Nitrogen (N)

Figure 4.1— Conceptual model for nitrogen (N) and phosph@®)gransformations in the water
column and sediments of fish earth ponds. POPicpéate organic phosphorus; DOP: dissolved
organic phosphorus; HR® phosphate; Pads: inorganic phosphorus adsorbestdiments;
PON: particulate organic nitrogen; DON: dissolvedamic nitrogen; NE: ammonium; NQ

oxidized nitrogen forms. Adapted from Worsfold et(2008).

2.2.2 Benthic module
Most of the variables and processes describedhierpelagic module were common to the

benthic system (Figure 4.1). However, there areesspecificities in this module. For instance,
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the fraction of POC, PON and POP that is not mimed or dissolved is now buried into the
sediments. Moreover, as P reacts with a wide wagkEtompounds, being taken up and released
from biogenic and abiogenic particles (van Raapghansl Kloosterhuis 1994), there is a new
state variable for P in this module to accounttfee fraction of inorganic phosphorus that is
sorbed onto sediment particles (Pads) (Chapelle5,18®rpa et al. 2007a). Phosphorus
sorption/desorption processes are not only coetiolly temperature and oxygen availability
(Chapelle 1995, Slomp et al. 1998; Falcéo et &062&erpa et al. 2007a), but also by sediment
composition, particularly in what concerns to iroontents (Slomp et al. 1998; Falcéo et al.

2006; Serpa et al. 2007a, b).

Depending on the concentration gradients betweemd pgediments and overlying water,
dissolved compounds are subjected to diffusion ggses according to the Fick’s First Law,

being transferred to the water column or into théirments (Lefebvre et al. 2001).

Hereafter, chemical species include the subscwgtdr “s” with respect to water column and

sediments (including porewater), respectively.

2.3 Model equations

Appendixes A and B show the symbols, units ancedfiitial equations for every state variable
in the pelagic and benthic modules, respectiveteRrquations and parameters used to describe

biogeochemical processes in the model are presentggpendixes C and D, respectively.

2.4 Model implementation
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The 0D model developed in this work was implementéd EcoDynamo (Pereira et al. 2006), a
software that uses object-oriented programming (D@®Rch object simulates several state
variables (Table 4.1) and processes, and intevathisthe other objects by means of a shell or
server (Pereira et al. 2006). The shell interfdlmava the user to define the model setups — time
steps, output formats (file, graphic and tableb)ects to be used and variables to be visualized
(Pereira et al. 2006). As input data, the modelireg complete data sets on average daily water
temperature and wind speed (Figure 4.2), wateownfind outflow rates (assumed constant over
time = 0.001 ms*), and particulate matter and nutrient concentnatim inflowing water (cf.
Chapters 3.1 and 3.2). Whenever there were incamplata sets for forcing functions,
interpolations were carried out using the availabfermation. After definition of initial and
boundary conditions and input of model parametsiae variables were simulated over time
(time step = 6 minutes) using the Euler integratitethod. Simulations were run for a period of

651 days, which corresponds to the trial’'s duraf@nSection 2.1).

2.5 Model calibration

The present model was calibrated with water coland sediment data collected in an earth
pond without fish (cf. — Section 2.1). Environmdmqtarameters measured during the former trial
were used as forcing functions for the present m@fie— Section 2.4) and state variables values
at the beginning of the experiment were used amlinialues for the simulations. Calibration
was based on parameter values determined expesghyemt taken from the literature (Appendix

D), adjusted until achieving the best fit betwernwated and observed data.

2.6 Sensitivity analysis

In order to evaluate which model parameters artghirtonditions are more likely to affect each
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variable, a sensitivity analysis was performedhi® model. This analysis consisted in changing

one parameter at a time by + 20%, comparing theltees/ith a standard simulation using the

calibrated parameters set (Appendix D) and exprgstie difference in percentage variation

with respect to the standard simulation.

Table 4.1- EcoDynamo objects implemented for earth ponds asplerctive state variables.

Object type Object name Object outputs
Forcing Wind object Wind speed
functions

Water temperature

object

Water temperature

State variables Suspended matter

object

Total particulate matter (TPM, particulate
organic matter (POly), particulate organic
carbon (POG), particulate organic nitrogen
(PON,) and particulate organic phosphorus

(POR))

Dissolved substances

Dissolved inorganic (N, NO,.,) and organic

object nitrogen (DON,), phosphate (HP£,), organic
phosphorus (DOR and oxygen (D)
Sediment Porewater dissolved inorganic (M NO)

biogeochemistry object and organic

nitrogen (DQN phosphate
(HPQOZy), organic phosphorus (DQP and
oxygen (DQ)

Sediment organic carbon (PQC nitrogen

(PON) and phosphorus (PQP and inorganic

phosphorus adsorbed to sediments (Pads)
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Figure 4.2 — Average daily water temperature (°C) and windesp(m %) in an earth pond

without fish, from June 2003 to March 2005.

2.7 Statistical analysis

Model performance was evaluated by model Il regoessbetween predicted and observed
values of state variables, as described by LawsAacdldie (1981). According to these authors, a
good model fit <0.05), implies that the slope of the regressiensat different from one and

the y-intercept is not different from zero. A slofmat significantly differs from one indicates a
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difference between observed and simulated valueshwh proportional to the observed values.
If the slope is not significantly different from erbut the y-intercept significantly differs from

zero there is a systematic difference between whgens and simulations.

3 Results

3.1 Model calibration

3.1.1 Water column variables

The comparison between model simulations and obsens for water column variables is
presented in Figures 4.3 and 4.4. Model Il regoessbetween predicted and measured values
(Table 4.2) suggest that the model was able toratay predict <0.01) the variability of
POM, and HPG%, in pond water. Nevertheless, a systematic ovenasibn was found for
these variables (Figures 4.3 and 4.4), since tbgesbf the regressions was not significantly
different from one but the y-intercept significandliffers from zero. A significantp&0.01) part

of TPM,, NO., DON,, and DQ variability was also explained by the model (Tabl2), even
though it could under or over estimate the conegioims of these compounds (Figure 4.3 and
4.4). Water column NI and DOP were poorly simulateg>0.05), despite the model could

reproduce the majority (5 out of 8) of data pofifigure 4.4).
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Figure 4.3 — Predicted (line) and observed (diamonds) vatddstal particulate matter (TPM,

mg LY) and particulate organic matter (POM, mg)Lin the water column of an earth pond

without fish.

3.1.2 Porewater variables

Figures 4.5 and 4.6 compare predicted and measatads of porewater N and P compounds.
According to the regression analysis, the modesgrteed reduced accuragqy>0.05) for most
porewater variables (Table 4.3). Nevertheless ai$ able to explain most of NHand HPGQ*

variability (p<0.05). This exercise was not carried out for p@texwoxygen because this variable

was not measured in field experiments.

3.1.3 Sediment variables
The results of the regression analysis for sedimanibles are presented in Table 4.4. The
model explained a significant part of sediment arggphosphorus (PQPvariability (p<0.05),

but could not fully predict >0.05) sediment organic nitrogen (PQNnd carbon (POL

concentrations (Figure 4.7).
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Figure 4.4 — Predicted (blue line) and observed (red diamaab line) ammonium (NF),
oxidized nitrogen forms (Ng), dissolved organic nitrogen (DQN phosphate (HPS,),
dissolved organic phosphorus (DQRnd dissolved oxygen (Dfp concentrations in the water

column of an earth pond without fish.
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Table 4.2- Results of model Il regressions for water columnaldes.

TPM, POM, NH; NOyw HPO DON, DOR, DO,
mgL* mglL? UM HM UM UM UM mg [*

Value 0.76 1.00 0.97 0.20 1.10 0.47 2.86 0.44
slope Upper 95% limit 0.98 1.22 -0.56 0.33 3.79 0.70 00.2 0.49
Lower 95% limit 0.59 0.83 -1.92 0.07 0.37 0.27 0.5 0.39

Value 5.19 0.22 0.56 0.43 0.11 3.19 -0.90 4.17
y-intercept  Upper 95% limit 12.28 0.81 8.56 0.57 0.25 5.49 1.04 4.54
Lower 95% limit -3.35 -0.48 4.81 0.29 -0.41 0.49 86). 3.79

p Value <0.01 <0.01 0.29 0.01 0.04 <0.01 0.48 <0.01
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Figure 4.5— Predicted (line) and observedstandard deviation (diamonds) ammonium ¢NH
oxidized nitrogen forms (Ng&) and dissolved organic nitrogen (DgNdorewater concentrations

in an earth pond without fish.

122



Chapter 4

18 140
16 1 120 -
14 I
S 12 [ 13100'
< 101 l S 80
‘{'<r8 o’ i
s 1 g % 3
a |
I4 t 40! £o3 i
) 20 -
oo o 1 d
0 OorO—T—TT T T O T T OO T T T T T T T T O — T T T T T T T T T T T T T T T T T T T°T
Q <t (s <
AEEEEEEERE EEEEEE RN
S 2048 ¢ &3 202480¢ S 2048 ¢% &3 20 480¢8

— Model ¢ Observed

Figure 4.6— Predicted (line) and observedstandard deviation (diamonds) phosphate (RO

and dissolved organic phosphorus (RQPOPorewater concentrations in an earth pond without

fish.

Table 4.3— Results of model Il regressions for porewater \Aes.

NH,4's NOxs HPO, DON; DOP,

uM uM uM uM uM

Value 0.64 -0.05 0.72 0.60 0.34

slope Upper 95% limit 1.26 0.24 1.26 1.62 1.93
Lower 95% limit 0.02 -0.35 0.37 0.06 -0.47

Value 21.76 4.47 3.86 281.04 24.62
y-intercept  Upper 95% limit 76.74 7.33 5.56 588.43 54.08
Lower 95% limit -33.22 1.69 1.16 -26.35 -33.27

p Value 0.04 0.67 <0.01 0.06 0.33
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Table 4.4— Results of model Il regressions for sediment vdemb

POG PON, POR

ugg'dw pggidw pgg'dw

Value 0.09 0.05 0.75

slope Upper 95% limit 0.22 0.12 1.10
Lower 95% limit -0.04 -0.03 0.39

Value 3320.27 31.25 0.13

y-intercept Upper 95% limit  3727.93 36.29 38.0
Lower 95% limit  2903.14 26.18 -37.8

p Value 0.15 0.20 <0.01

3.2 Sensitivity analysis

A summary of the sensitivity analysis performedhe model for water column, porewater and
sediment variables is presented in Tables 4.5add64.7, respectively. Model parameters, initial
conditions and forcing functions producing a vaoiatlower than 4% were omitted. This
analysis has one particularity in what concernswiatflow (Water_ir) and outflow Water_ou}
rates. Instead of individually testing the sensgiivof model variables to these rates, their
combined effect was evaluated (iWater exchangebecause as the water level in the earth

ponds is constant over time, if the water infloweracreases so does the outflow rate.
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Figure 4.7 — Predicted (line) and observedstandard deviation (diamonds) organic carbon
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without fish.

3.2.1 Water column variables

A 20% variation (increment and decrement) in mquilameters had practically no effect on
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TPM,, concentrations, but POMwas positively affected by water exchange raféater

exchangeand negatively affected by its sinking velociy)( which produced on average a 5%
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variation on this variable. Water column MNHconcentrations were negatively influenced by
pond volume V) and water exchange rate. A 20% increase in pahgme resulted in a 10%
decrease in NK, levels (Table 4.5), while a similar variation ihet water exchange rate
resulted in a 9% variation in the concentrationshig solute. Oxidized nitrogen forms, on the
other hand, were mainly affected by parameterde@lto nitrification-denitrification processes,
such asknit,, kdenit, and kdenitQ,, (Appendix D). A 20% increase in denitrification-atsd
parametersk@denit, and kdenitQ,,) led to a 5 to 6.4% decrease in N@vels, wherea&nit,
produced the inverse effect (Table 4.5). Other mad&umn variables were only slightly affected

by model parameters.

Table 4.5— Sensitivity analysis for water column state &bleés. Results are expressed as the %

of variation relative to the average value in ttemdard simulation.

Parameter NH,"w  NOy,

+20% -9.7 -3.0

-20% 11 4.8

+20% -9.2 2.8
Water exchange

-20% 14 -1.9

+20% -1.7 4.6
knit,

-20% 1.8 -4.8

+20% 1.9 -6.4
kdenit,

-20% 2.2 7.4

+20% 1.5 -5.0
kdenitQ,,

-20% -1.8 6.0

3.2.2 Porewater variables
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Table 4.6 summarizes the sensitivity of each potewaariable to selected model parameters.
Porewater organic N and P compounds were subdtgmtifected by POM sinking velocity®)
anddissolution @diss). A 20% increase in the latter parameter, led figldo 19% increase on
porewater DON and DOP, while inorganic N and P fomvere practically insensitive to this
parameter (< 1% variation). POM sinking velocity)( on the other hand, affected almost all
porewater compounds, with the exception of ;NHaind HPG?s. Sediment characteristics, in
particular sediment densit$séd_densijyand sediment-water rati®édWaterRatijohad a strong
effect on porewater variables, except for f4Hthat was mainly affected by porosity)(
Porewater N was also sensitive to diffusion processes, sin28% increase on the oxygen
diffusion coefficient PsDO) increased Nifs concentrations by 16%, while a 20% decrease in
the ammonium diffusion coefficienDENH,") increased its concentrations by 5%. Porewater
oxidised nitrogen forms (NG were strongly affected by nitrification-denitaéition related-
parameterskfits, kdenit and kdenitQg), but temperature can be equally determinant liese
compounds since a 20% variation on water tempergitsduced a 23 to 33% change in,NO
porewater concentrations. Temperature also hadgaifisant impact on dissolved oxygen
availability (DQy) in porewater (maximum variation of 36%). In fatiese two variables seemed
closely related since they were generally affedtgdhe same model parameters. For instance,
the sediment oxygen diffusion coefficienDSDO) affected both N@Q and DO porewater
concentrations; however, the impact of this parametis higher on NQlevels (average 34%
variation) than on DO(20% variation). Both variables were also subs#iytinfluenced by
DON mineralization-related parameters, suciMasiNd andkminQd. A 20% increase iMinNd

led to a 15% decrease on averageNDd DQ levels, whereaBminQd produced the reverse
effect. With regards to HP®s, concentrations were mostly affected by adsorpdiesorption
processes, since a 20% variationky(adsorption rate in anoxic conditiong) (desorption rate)
and Pmax(maximum P adsorption capacity) and on the ind@icentrations of Pads produced,

on average, a 20% variation on this variable.
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Table 4.6— Sensitivity analysis for porewater state vagabResults are expressed as the % of

variation relative to the average value in the géad simulation.

Parameter NH,'s NOys DON; HPO,”s DOP, DO,

+20% -1.0 -17 7.4 -2.6 2.4 -16
Pond_depth

-20% 1.0 26 -9.9 3.8 -3.6 25

+20% -0.4 7.0 -4.4 -0.1 -5.9 7.3
Vv

-20% 0.4 -6.4 4.4 0.1 5.9 -6.6

+20% -1.0 15 -15 -1.0 -12 13
Sed_density

-20% 1.0 -16 23 1.0 18 -14

+20% 1.0 -5.4 5.0 0 51 -5.5
Water exchange

-20% -1.0 7.9 -6.6 0 -6.9 8.2

+20% 10 18 12 0.4 8.9 9.6
2

-20% -11 -21 -9.0 -0.4 -6.3 -13

+20% -1.0 -16 21 20 22 -16
SedWaterRatio

-20% 1.1 25 -21 -20 -22 24

+20% 0.1 -4.0 2.7 0 3.4 -4.0
kr

-20% -0.1 4.1 -2.5 0 -3.3 4.2

+20% 0 0 0 -17 0 0
K'a

-20% 0 0 0 25 0 0

+20% 0 0 0 -17 0 0
Pmax

-20% 0 0 0 26 0 0

+20% 0 0 0 20 0 0
kg

-20% 0 0 0 -20 0 0

+20% -4.5 -3.3 0 0 0 0
DsNH,"

-20% 4.8 3.6 0 0 0 0

+20% 16 37 -1.7 0.3 0 21
DsDO

-20% -16 -30 1.7 -0.3 0 -20
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Table 4.6— (continued)

Parameter NH."s NOys DONs HPO, s DOP, DO

+20% -0.1 19 0 0 0 -0.3
knitg

-20% 0.1 -19 0 0 0 0.3

+20% 0 -16 0 0 0 0
kdenit,

-20% 0 25 0 0 0 0

+20% 0.1 23 0 0 0 0.2
knitO,

-20% -0.2 -16 0 0 0 -0.3

+20% 0.1 -15 0 0 0 -15
minNd

-20% -0.2 23 0 0 0 22

+20% -0.1 18 0 0.3 0 17
kminQGd

-20% 0.2 -18 0 -0.3 0 -17

+20% 0.1 -11 15 0 12 -9.5
V

-20% -0.2 16 -16 0 -13 13

+20% 0 -1 14 0 19 -1
adis,

-20% 0 1 -14 0 -19 1

Initial conditions

+20% 4.1 5.7 0 0 0 -0.2
NH,'s

-20% -4.1 5.7 0 0 0 0.2

+20% 0 0 0 21 0 0
Pads

-20% 0 0 0 -20 0 0

+20% 0 -4.0 0 0 0 -5.4
PON,

-20% 0 4.5 0 0 0 6.5
Forcing functions

+20% -1.1 -23 -1.2 0 -1.2 -24
Water temperature

-20% 1.0 33 1.0 0 1.0 36
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3.2.3 Sediment variables

The organic C, N and P contents in earth pond sauisnwvere mostly sensitive to POM sinking
velocity and water temperature (Table 4.7). A 20%rease in/ increased POLC PON, and
PORin 5 to 16%, whereas a similar variation on waenperature negatively affected sediment
variables, on average by 24%. Sediment charagtsrishfluenced organic C, N and P
concentrations in different ways. For instance,082increase in sediment density tends to
decrease the organic C, N and P content of ponchsats, while porosity¢) positively affected
these variables. Other model parameters also mfka POl POR and POG but at a lower

extent (< 8%) than the parameters referred above.

Table 4.7 — Sensitivity analysis for sediment state variabRssults are expressed as the % of

variation relative to the average value in the géad simulation.

Parameter POC PON POP;
+20% 2.1 -6.7 5.7
V
-20% 2.1 7.1 5.8
+20% 5.1 -16 -14
Sed_density
-20% 7.6 23 21

+20% 1.8 5.9 4.8
Water exchange

-20% 2.4 =17 -6.5

+20% 4.6 14 13
@

-20% -3.5 -11 -9.8

+20% 51 16 14
Vl

-20% 5.4 -17 -15
Forcing functions

+20% -25 -23 -23
Water temperature

-20% 36 30 31
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4 Discussion

Like other mathematical models that have succdgsfuedicted water quality in earth ponds
(Piedrahita et al. 1984; Hargreaves 1997; Jiménemtdhlegre et al. 2002a; Burford and
Lorenzen 2004), the model developed herein wastahieproduce the variability of most water
column variables, with the exception of Ni@and DOR, (Figure 4.4 and Table 4.2). As the
variation pattern predicted by the model was ppalty determined by the concentrations of
these compounds in inflowing water (cf. Chapter),3tRe results suggest that the influence of
biogeochemical processes on Ni and DOR, concentrations, may superimpose the

contribution of inflowing water, to water quality.

The intensification of upward Nffluxes (up to 50%) as a result of increased bicklgactivity

at the pond bottom during warmer periods (Riise &wbs 1997; Hargreaves 1998), might
explain the model inability to predict the N summer peaks since diffusion-related
parameters ¢ and DsNH;") were constant over time. To test this hypothélis previous
parameters were increased to values reported iliteéhature (Aller 1992; Chapelle 1995), but no
substantial improvement (< 3% increase) was obdeore model results. Besides increasing
solute exchange, sediment reworking by benthic dawalso promotes organic matter
mineralization at the sediment-water interface,choften induce an increase of water column
NH,;" concentrations, during summer months (Hargrea968)1 However, this process does not
seem to explain the model inability to reproduce ;NHat warmer periods because after
increasing benthic N mineralization ratégif{Ns and MinNds), no substantial increase (< 2%)
was observed in NH,. Likewise, neither water column mineralization any other
biogeochemical process considered in the pelagiduheq(i.e. nitrification and denitrification),
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could have been responsible for the lower,NHpredictions in summer months, because when
increasingMinRateandkdenit, or decreasingnit,, the model remained unable to predict/4H
concentrations. Thus, the alternative explanatmmtifiese findings is sediment resuspension.
Wind-driven water turbulence in shallow earth pomadsbenthic fauna activity may increase
NH," concentrations in the water column by promotingdigsorption from sediment particles
(Riise and Roos 1997; Hargreaves 1998). Althougtihénpresent study, sediment resuspension
was not calculated due to the lack of data on bottarrents, this process can be easily included
in future studies because it is already implemeinethe EcoDynamo software (Duarte et al.
2007). One hypothesis for the model overestimatioNH,",, concentrations in November 2003
and March 2004 (Figure 4.4) would be primary pratacconsumption, however the low
chlorophyll a concentrations in pond water (<3.3 pg)L(Serpa,unpublished resuljs exclude
phytoplankton uptake. Green macroalggatéromorphaspp.), on the other hand, could have
been responsible for Nfj, uptake because their biomass increases in the ®iadsa lagoon
during the autumn and spring seasons (Anibal 1989®yeover, macroalgal photosynthetic
activity might explain the discrepancy between meas and predicted Dfconcentrations in
March 2004. The higher oxygen availability in fieldonditions presumably promoted
nitrification processes (Hargreaves 1997, 1998fd@drand Lorezen 2004), leading to a fO
peak that was underestimated by the model. In M&2@b4, the model also inadequately
predicted a maximum in DQ@QPconcentrations, reducing the accuracy of the satians. This
high value traduces a peak in inflowing water D@Raentrations (cf. Chapter 3.2), which was
probably consumed by the biota since DOP can be asea source of P via enzymatic

hydrolysis and/or bacterial decomposition (Safiudatiémy 2006).

Particulate organic matter (PQMwas simulated with high accuraqy(.01; Table 4.2), which
is extremely pertinent because settled organic maaie the most important source of porewater
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nutrients in earth ponds (Hargreaves 1998). Thes idas also supported by the results of the
sensitivity analysis since most porewater variablese strongly affected by POM sinking
velocity (V). Dissolved organic compounds (DQ&nd DOR) were particularly sensitive to
POM dissolution (Table 4.6), in agreement with whas been described by Hargreaves (1998)
and Worsfold et al. (2008). According to these atghthe hydrolysis of POM, including settled
phytoplankton cells, is the main source of porewdissolved organic N and P compounds in
aquatic systems. Although this process was accddatehe model, the variability of DQNwnd
DOP; concentrations was not well reproduced (Figurbsaad 4.6), increasing as organic N and
P accumulated in sediments (Figure 4.7). A pos®Rkf#anation for these results is the absence
of bioturbation effects in the model, because ittevity of benthic organisms may promote the
decrease in DONand DOR concentrations through the intensification of matization and
diffusion processes (Burdige and Zheng 1998), baasource of these compounds as a result of

animal excretion (Burdige and Zheng 1998).

In opposition, the variability of NiHs concentrations was predicted with reasonable acgur

except in March and June 2004 (Figure 4.5) whesethalues were, respectively, over and
underestimated by the model. Ammonium adsorptiondgatively charged sediment colloids
(Berner 1980; Hargreaves 1998) and bottom seeaoyd(1990) have been referred as sinks
for porewater NH', and might explain the extreme low value measuredarch 2004.

However, as seepage is reduced over time (Boyd)18®€ last hypothesis might be set aside
because as ponds had been recently constructed PUAY), its effects should have been
particularly noticeable at the beginning of the ement. On the other hand, the higher ;NH

concentrations measured in June 2004 could havereésed to increased benthic fauna activity
in warmer periods (cf. Chapter 3.2), since biottidmais known to stimulate organic matter

mineralization (Aller and Aller 1992; Nizzoli et.&007; Holmer and Heilskov 2008). However,
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as porewater NI was weakly affected by parameters related to miizeteon (Table 4.6), the
model could not reproduce the effects of biotudraton this process. What seems to dictate
NH,"sconcentrations the model is sediment-water oxygen diffusiont{f€a4.6). An increase in
the sediment oxygen diffusion coefficiel@94D0O), increases DOconcentrations (Table 4.6),
which in turn promotes mineralization processesp@mlix A), leading to an increase in Nk

As DO diffusion across the sediment-water interfstcengly depends on benthic fauna activities
such as ventilation and irrigation (Aller and AllE992; Nizzoli et al. 2007), the constant value
assumed foDsDO presumably prevented the model to simulate thg" Ni¢ak in June 2004. In
earth ponds, maximum N concentrations during periods of higher temperatame usually
related to low porewater oxygen solubility sincea@mbic conditions promote denitrification
processes (Hargreaves 1997, 1998). From the dmation equation used in the model
(Appendix C, eq. 43-44) it would be expected tlmat DO, concentrations (Figure 4.8) would
lead to increased Nft concentrations at higher temperatures. HoweverlaWw porewater NQ
concentrations predicted by the model must havddrdenitrification. Low oxygen predictions
(<0.1 mg L%, Figure 4.8) after June 2004 prevented the mamlelcturately reproduce NO
concentrations, since oxygen availability also rretst nitrification rates (Appendix C, eq. 45-
46). The inexistence of an extra source of oxygethe model, either from benthic fauna (cf.
Chapter 3.2) or microphytobenthos photosynthetivig (Serpa et al. 2007b), is an hypothesis
for low oxygen predictions (Figure 4.8). The redaship between porewater N@nd DO
concentrations is supported by the results of #resifivity analysis, since several parameters
related to oxygen-dependent processes (e.g. cdtidin, DO diffusion and DON mineralization)

substantially affected both variables (Table 4.6).
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Figure 4.8 — Predicted dissolved oxygen porewater {DConcentrations in an earth pond

without fish.

According to the model results, oxygen availabili}so influenced porewater HFO
concentrations. In the sensitivity analysis (TahB), HPQ?s was deeply affected by parameters
related to adsorption/desorption processes (€.,gPmaxandky). The fact that the adsorption
coefficient for anoxic conditionsk{) produced a more pronounced effect on HRO
concentrations than the one for oxic conditiokg, (suggests that DQroncentrations (Figure
4.8) were below the oxygen threshold value for Bogation under anoxic conditions (< 0.1 mg
LY, after June 2004. The overestimation of HRQ@oncentrations during the first year of the
experiment, suggests that the adsorption ratesieid tonditions were higher than those
calculated by the model, probably because highggex availability in bottom sediments
promotes the formation of iron oxides, trapping moi sediments (van Raaphorst and

Kloosterhuis 1994; Slomp et al. 1998; Serpa e2@0.7b).

A better model fit was found for organic P in bottsediments than for carbon and nitrogen

(Figure 4.7; Table 4.4). The continuous accumutatibPOG and PON (Figure 4.7) suggests a
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positive balance between their sources (organi¢cemdeposition) and sinks (mineralization and
dissolution). Conversely, in field conditions, PONWas extremely low during most of the
experiment, pointing to a faster degradation kasethan in the model (Dale and Prego 2002).
Another possible explanation is that sediment amgaitrogen might have incorporated in the
biota (Jiménez-Montealegre et al. 2002a). In M&6B5, the sedimentation of N compounds
exceeded decomposition processes, presumably asu#t of lower microbial efficiency in
poorly oxygenated organically richer sediments (lslidy 1977; Avnimelech et al. 1992,
Avnimelech 1999), which led to a PQNeak that was not predicted by the model. The
discrepancy between predicted and measuredsPAy be associated to microphytobenthos
activity. This hypothesis is in line with the fimdjs of other authors that found a close link
between the organic C content of aquatic sedimamdsbenthic primary production (Gutiérrez et
al. 2000; Serpa et al. 2007b). Bioturbation may afgroduce POGCvariations since benthic
fauna play an important role in the supply as wasllin the mineralization of organic matter in
bottom sediments (Heilskov and Holmer 2001; Holraed Heilskov 2008). Considering the
potential effects of benthic primary producers abénthic fauna activity on pond
biogeochemistry further combined experimental aralelling studies on these processes are

required to improve model performance.

Using the average daily predicted N and P fluxe$He 2-year simulation period, a model-based
nutrient-budget approach was followed to identifg thain sources and sinks of nutrients in the
system (Figure 4.9 and 4.10). Most (>50%) dissolMedompounds available in pond water

were supplied by inflowing water, unlike what wa\pously estimated in a nutrient budget

constructed for the same pond (cf. Chapter 3.2phith sediment-water transport was the main
source of dissolved N to the system. The differertmetween the results of the two approaches
may be related to an overestimation of biologicafigdiated fluxes in the previous study since
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these fluxes were extrapolated from a laboratorpegment carried out at two different

temperatures, or to the fact that no chemical foanstions were considered in the former

budget. For dissolved P compounds (Figure 4.1@)nthdel predicted that the major source of P
to the system was inflowing water, similarly to wheas estimated in the budget presented in
Chapter 3.2, but the relative contributions difteteetween studies. In both approaches, the
major pathway of N and P removal from the systera affluent water, even though other sinks,
namely phytoplankton and microphytobenthos nutrigstke, were considered in the budget

presented in Chapter 3.2.
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Figure 4.9 — Average daily nitrogen fluxesi! N d%), for the 2-year simulation period, in an

earth pond without fish.
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Figure 4.10— Average daily phosphorus fluxgsM P d%), for the 2-year simulation period, in

an earth pond without fish.

One of the advantages of using model-based nutpigegets is that it is possible to investigate
the dynamics of the different N and P compoundsabge chemical transformations are taking
into account. For instance, water column /UK produced within the system mostly through
particulate organic matter mineralization, unlike other N forms that seemed to be consumed
since inputs from inflowing water exceeded the atgpvia outflowing water (Figure 4.9). In the
benthic system, inorganic nutrients were mostlyenegated by mineralization of particulate
organic matter (PONand POBF settled to the pond bottom (Hargreaves 1998; gilat al.
1999; Burford and Lorenzen 2004), whereas the ralization of dissolved organic N and P
forms (DON and DOP), had a minor contribution togveater NH's and HPG?sconcentrations
(respectively, 12 and 3%). Although nitrificationdadenitrification fluxes (respectively, 1.016

and 1.017 pM N d) were relatively tighter, the balance between tthe processes favours
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NH,'s production, unlike what was reported for other digusystems (Chapelle 1995;
Kittiwanich et al. 2007). The low oxygen availatylpredicted by the model might account for
these differences (Figure 4.8), since it promotesitdfication over nitrification (Appendix C,
eq. 43-46). Adsorption/desorption processes wasataway of inorganic P removal, since
average daily adsorption fluxes (472.2 pMB dere higher than desorption fluxes (471.8 pM

P d%), as described by Chapelle (1995) in a Meditemareastal lagoon.

Besides biogeochemical processes, the water amthesgidquality in earth ponds, might also be
affected by the pond structural features (e.g. Htedd the water column and volume) and by
operational parameters such as, water exchangdHatgreaves 1998; Burford and Lorenzen
2004). The effects of these parameters on watersaddnent variables were tested with the
sensitivity analysis (Tables 4.5, 4.6 and 4.7)rdasing pond volume and water exchange rates
by 20% promoted the reduction of fij, on average by 10%, mainly due to a dilution dffec
whereas pond depth had little influence on watdurna variables. In what concerns the
sediments, a 20% increase in pond depth was foondepatively affect NQ and DQ
concentrations by 25%, whereas pond volume andrvetehange rates affected mainly the
organic C, N and P contents of bottom sedimentepagh in a divergent way. While, a 20%
increase in pond volume reduced the organic C, diNRacontents of bottom sediments by 2%,
7% and 6%, respectively, an identical variationwiater exchange rate led to an increase in
sedimentary compounds because increasing the \flaterpromotes the increase of organic
suspended matter that is “trapped” by depositiothiwithe pond. Information on pond design
and management is particularly relevant for Envimental Impact Assessment (EIA) studies for
the implementation of new aquaculture units, tauemshe maximization of fish production and

minimization of environmental impacts.
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In summary, the approach followed in this work tesiin a better understanding of earth pond
dynamics, and was crucial for identifying some loé fprocesses (e.g. primary productivity,
sediment resuspension and bioturbation) that shio@lturther investigated to overcome model

limitations and to ensure its future applicatiorotber systems.

5 Conclusions

The model developed herein simulated fairly we# thiater and sediment quality in an earth
pond without fish, constituting a basis for undansting the biogeochemistry of fish earth ponds.
During calibration it became clear that, in genedianges in model parameters would not
substantially improve model performance, which ssgg that further studies are needed on the
effects of unaccounted processes such as sedimantpension as well as primary producers
and benthic fauna activity, on nutrient dynamicsitufe applications of the present model
include its linkage to a fish Dynamic Energy Bud@@EB) model, for which this work will be
particularly helpful, since the results of the sewvisy analysis will facilitate model calibration.
The similarities between an earth pond without festd a wastewater treatment pond (Peng
2007) also make this model eligible to be usedhia type of systems, to help increasing the

removal efficiencies of particulate matter and aligsd N and P compounds.
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Appendix A — General differential equations for the state vdesbn the pelagic module. The

subscriptw stands for water column variables and processes.

Total particulate matter — TPM,, (mg L)

dTPM . .
TW =TPMin-TPMdep- POM,, min—-TPMout 1)
TPMin Total particulate matter inflow rate o
) N mg L~ time
TPMdep Total particulate matter deposition rate
POM, min Water column particulate organic matter mineraiarat
TPMout Total particulate matter outflow rate
Particulate organic matter — POM,, (mg L")
dPOM,, : . :
T = POMin- POMdep- POMdis, - POM,, min— POMout 2
POMin Particulate organic matter inflow rate
POMdep Particulate organic matter deposition rate
POM,dis Water column particulate organic matter dissolution mg L™ time*
POM,min Water column particulate organic matter mineraiorat
POMout Particulate organic matter outflow rate
Water column particulate organic carbon — POC,, (mg LY
dPO . . :
dtQN = POCin- POCdep- POC,dis - POC, min— POCout 3)
POCin Particulate organic carbon inflow rate
POCdep Particulate organic carbon deposition rate
POCdis Water column particulate organic carbon dissolution mg L™ time*
POGC,min Water column particulate organic carbon mineralrat
POCout Particulate organic carbon outflow rate
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Appendix A — (continued)

Water column dissolved organic carbon — DO (UM)

dD(iCW = DOCin+ %ﬂs + DOCSedWatif — DOC, min— DOCout (4)
DOCin Dissolved organic carbon inflow rate UM time®
POCdis Water column particulate organic carbon dissolution UM time*
Cmass Carbon molar mass g mol*
DOCSedWaterDif Dissolved organic carbon sediment-water diffusion UM time®
DOC,min Water column dissolved organic carbon mineralizatio uM time*
DOCout Dissolved organic carbon outflow rate UM time®

Water column particulate organic nitrogen — PON,, (mg L)
dpé)tNW = PONin- PONdep- PON,dis - PON, min— PONout (5)
PONin Particulate organic nitrogen inflow rate
PONdep Particulate organic nitrogen deposition rate
PON,dis Water column particulate organic nitrogen dissoluiti mg L™ time*
PON,min Water column particulate organic nitrogen minegtlan
PONout Particulate organic nitrogen outflow rate

Water column dissolved organic nitrogen — DON (UM)

dD% = DONin+%I\IV;’iVS + DONSedWat®if — DON,, min— DONout (6)
DONin Dissolved organic nitrogen inflow rate UM time®
PONdis Water column particulate organic nitrogen dissoluiti UM time®
Nmass Nitrogen molar mass g mol*
DONSedWaterDif Dissolved organic nitrogen sediment-water diffusion UM time!
DON,min Water column dissolved organic nitrogen mineraiorat UM time*
DONout Dissolved organic nitrogen outflow rate UM time*
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Appendix A — (continued)

Water column ammonium— NH,4",, (ULM)

dNZ'—t“W = NH,"in +% + DON,, min+ Denit, + NH," SedWaterDfi - Nitrif , — NH,"out  (7)
NH,"in Ammonium inflow rate UM time?
PON,min Water column particulate organic nitrogen mineeglon UM time*
Nmass Nitrogen molar mass g mol*
DON,min Water column dissolved organic nitrogen mineraiat UM time*
Denit, Water column denitrification UM time*
NH,"SedWaterDif Ammonium sediment-water diffusion UM time!
Nitrif,, Water column nitrification UM time!
NH, out Ammonium outflow rate UM time!
Water column nitrogen oxidized forms— NO,,, (LM)

dNO . . .
wa = NO,in + Nitrif , + NO,SedWaterDi — Denit, — Nred,, — NO,out
8
NQin Oxidized nitrogen forms inflow rate
Nitrif, Water column nitrification
NO,SedWaterDif Oxidized nitrogen forms sediment-water diffusion UM time*
Denit, Water column nitrate reduction to ammonium
Nred, Water column nitrate reduction to gaseous forms
NO, out Oxidized nitrogen forms outflow rate

Water column particulate organic phosphorus — POR (mg L™
de(t)PW = POPin— POPdep- POR, dis — POR, min— POPout 9)
POPIn Particulate organic phosphorus inflow rate
POPdep Particulate organic phosphorus deposition rate
POPR,dis Water column particulate organic phosphorus disgoiu mg L™ time*
POR,min Water column particulate organic phosphorus mimnesabn
POPout Particulate organic phosphorus outflow rate
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Appendix A — (continued)

Water column dissolved organic phosphorus- DOP,, (UM)

dDOF, = DOPin+£WOIiS + DOPSedWatdif — DOR, min— DOPout (10)
dt Pmas
DOPin Dissolved organic phosphorus inflow rate UM time®
POPR,dis Water column particulate organic phosphorus disgoiu UM time®
Pmass Phosphorus molar mass g mol*
DOPSedWaterDif Dissolved organic phosphorus sediment-water diffusi UM time*
DOPR,min Water column dissolved organic phosphorus minextidin UM time®
DOPout Dissolved organic phosphorus outflow rate UM time®
Water column phosphate- HPO,*,, (LM)
dHPO, ™ _ HPO,” in + POR, min DOP, min+ HPO,*> SedWaterDf — HPO,” out (11)
dt Pmas
HPO,%in Phosphate inflow rate
POPR,min Water column particulate organic phosphorus miieatbn
DOPR,min Water column dissolved organic phosphorus minextidin UM time®
HPO,> SedWaterDif Phosphate sediment-water diffusion
HPO,%out Phosphate outflow rate
Water column dissolved oxyger- DO,, (mg L)
dDQ, _ . . . . . _
s DOin+ DOAirWateDif + DOSedWatdif — Min, Cons— Nitrif ,Cons— DOout (12)
DOin Dissolved oxygen inflow rate
DOAirWaterDif Dissolved oxygen air-water diffusion
DOSedWaterDif Dissolved oxygen sediment-water diffusion mg L™ time*
Min,Cons Water column oxygen consumption in mineralizatioocpsses
Nitrif,,Cons Water columroxygen consumption in nitrification processes
DOout Dissolved oxygen outflow rate
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Appendix B — General differential equations for the state vdeisbn the benthic module. The

subscripts stands for sediment variables and processes.

Organic carbon in sediment— POC; (g g* dw)

Pond_depth

dPOC, _ POCdepx : - POC, min—- POCdis (13)
t Sed_densityx Sed_depth
POCdep Particulate organic carbon deposition rate mg L™ time*
Pond_depth Height of the water column dm
Sed_density Sediment density g dmi®
Sed_depth Sediment layer depth dm
POCmIn Sediment organic carbon mineralization ug gttime*
POCdis Sediment organic carbon dissolution ug gtime*
Porewater dissolved organic carbor- DOCs (LM)
dDOG; _ boc dis Sed(\;vr:;esmw + DOCSedWat®if ~ DOC, min (14)
POCdis Sediment organic carbon dissolution Hg g* time*
SedWaterRatio Ratio between sediment mass and porewater volume gL*
Cmass Carbon molar mass g mol*
DOCSedWaterDif Dissolved organic carbon sediment-water diffusion UM time!
DOCymin Sediment dissolved organic carbon mineralization UM time!
Organic nitrogen in sediments— PON; (1g g' dw)
dPON, _ bondep Pond_depth b min- PON.dis (15)
Sed_densityx Sed_depth
PONdep Particulate organic nitrogen deposition rate mg L™ time*
Pond_depth Height of the water column dm
Sed_density Sediment density g dm?
Sed_depth Sediment layer depth dm
PONmIn Sediment organic nitrogen mineralization Hg g'time*
PONdis Sediment organic nitrogen dissolution Hg g'time*
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Appendix B — (continued)

Porewater dissolved organic nitroger— DON; (UM)

ADON, _ 5o digx SCAWAETRID | 1y S eqwWatdif — DON, min (16)
Nmas
PONdis Sediment organic nitrogen dissolution ng g* time*
SedWaterRatio Ratio between sediment mass and porewater volume glL?
Nmass Nitrogen molar mass g mol*
DONSedWaterDif Dissolved organic nitrogen sediment-water diffusion UM time*
DONymin Sediment dissolved organic nitrogen mineralization UM time®
Porewater ammonium— NH,'s (LM)
dN:t4+S = PON, minxw + DON_ min+ Denit, + NH," SedWaterDf — Nitrif (17)
PONmIn Sediment organic nitrogen mineralization Hg g* time*
SedWaterRatio Ratio between sediment mass and porewater volume glL?
Nmass Nitrogen molar mass g mol*
DONymin Sediment dissolved organic nitrogen mineralization UM time®
Denit, Sediment denitrification UM time?
NH,"SedWaterDif Ammonium sediment-water diffusion UM time?
Nitrif Sediment nitrification UM time?
Porewater oxidized nitrogen forms— NOy s (UM)
dNQ . . .
sz = Nitrif ; + NO,SedWaterDi — Denit, — Nred, (18)
Nitrif Sediment nitrification
NO,SedWaterDif Oxidized nitrogen forms sediment-water diffusion UM time®
Denit Sediment nitrate reduction to ammonium
Nred, Sediment nitrate reduction to gaseous forms
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Appendix B — (continued)

Organic phosphorus in sediment— POP; (ug g dw)

9POE _ popdepx—rond_depth ____ p5p in- popdis (19)
Sed_densityx Sed_depth
POPdep Particulate organic phosphorus deposition rate mg L™ time™
Pond_depth Height of the water column dm
Sed_density Sediment density g dm?®
Sed_depth Sediment layer depth dm
POP/mIn Sediment organic phosphorus mineralization ug g'time*
POPRdis Sediment organic phosphorus dissolution ug g'time*
Porewater dissolved organic phosphoru— DOPs (UM)
dDOE, _ b0 gisx SCAWAETR®D | 1y o s qwatif — DOP min (20)
dt Pmas
POPRdis Sediment organic phosphorus dissolution ng g* time*
SedWaterRatio Ratio between sediment mass and porewater volume glL?
Pmass Phosphorus molar mass g mol*
DOPSedWaterDif Dissolved organic phosphorus sediment-water disfusi UM time*
DOP4mMiIn Sediment dissolved organic phosphorus mineraliaatio UM time!
Porewater phosphate- HPO,* (M)
dHPO,”, _ POP, minx SedwaterRéio DOP, min+ Pdesorp+ HPO,* SedWaterDf — Padsorp(21)
dt Pmas
POP/mIn Sediment organic phosphorus mineralization ug g* time*
SedWaterRatio Ratio between sediment mass and porewater volume gL?
Pmass Phosphorus molar mass g mol*
DOP4mMin Sediment dissolved organic phosphorus mineraliaatio UM time*
Pdesorp Phosphate desorption UM time*
HPO,”SedWaterDif ~ Phosphate sediment-water diffusion UM time*
Padsorp Phosphate adsorption UM time*
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Appendix B — (continued)

Phosphate adsorbed to sediment particle- Pads (g g* dw)

dPads_ PadsorprSS_ - Pdesorp (22)
SedWaterktio
Padsorp Phosphate adsorption HM time*
Pdesorp Phosphate desorption Hg g* time*
Pmass Phosphorus molar mass g mol*
SedWaterRatio Ratio between sediment mass and porewater volume gL?
Porewater dissolved oxyge— DO (mg L)
dDOQ, . . _
I = +DOSedWatdif —Min . Cons— Nitrif Cons (23)
DOSedWaterDif Dissolved oxygen sediment-water diffusion
MinsCons Sediment oxygen consumption in mineralization psses mg L time*
Nitrif Cons Sediment oxygen consumption in nitrification prcee=s
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Appendix C — Equations for rate processes in the model.

Particulate matter and dissolved compounds inflow ates

(Solutgin = (S()lli/ﬁ xWater_in (24)
(Solute) TPM, POM, POC, DOC, PON, DON, YH NGOy, POP, DOP,
HPO,” andDO
(Solute) _in Particulate matter (mg1) and dissolved compounds concentrations
(LM) in inflowing water
\Y; Pond volume ()
Water _in Water inflow rate (ms?)
TPM deposition rate (TPMdep
v
TPMdep= —xTPM,, (25)
Pond_ depth
Y Particulate matter sinking velocity (rifd
Pond_depth Height of the water column (m)
POM mineralization (POM,min)
POM,, min = MinRatexe“*" x POM,, x f (0,),, (26)
MinRate Particulate organic matter mineralization raté) (d
Krw Temperature increasing rate in the water colur@)(®
T Water temperature (°C)
DO
f(O,), = o 27
(G2 DO, +kmin0O,,, 7)
kminG, Half-saturation coefficient for Qimitation of mineralization in the

water column (mg L)

Adapted from Kittiwanich et al. (2007)
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Appendix C —(continued)

Particulate matter and dissolved compounds outflowates

(Solute _out

(Solutgout = Vv xWater_out (28)

(Solute) TPM, POM, POC, DOC, PON, DON, WHNO,, POP, DOP,
HPO,> andDO

(Solute) _out Particulate matter (mg1) and dissolved compounds concentrations

(LM) in outflowing water

POM deposition rate(POMdep

POMdep=— " xPOM, (29)
Pond_depth
V' Particulate organic matter sinking velocity (i) d
POM dissolution (POM,dis)
POMdis= adis, x €™ x POM,, (30)
adis, Fraction of particulate organic matter that diseslin the water
column (d
From Kittiwanich et al. (2007)
POC deposition rate(POCdep
VI
POCdep= —x PO 31
P Pond_ depth G (1)

From Chapelle (1995)

150



Chapter 4

Appendix C — (continued)

POC dissolution(POCdig
POG,dis = adis, , x€™"" x POG,, (32)
adis, s Fraction of particulate organic matter that is diigsd in the water column,Y and
in sedimengs (
K s Temperature increasing rate in the water colughauid in sediments)((°C")

POC mineralization (POQOmin)

POC,,,min = MinC,, xe"™" x POC,,; x f(0,) (33)
MinC,, s Water columr(,) and benthicg mineralization rate of organic C at
o°C (dh
DO
f(O = o
(O DO, +kmino,__ (34)
kminGy, Half-saturation coefficient for Qlimitation of mineralization in the

water column {) and in sediments)((mg L)

Adapted from Chapelle (1995)

Dissolved compounds sediment-water diffusion

Ds(Solut§ x[((Solut, - (Solutg,, )] x @

(Solutg SedWaterlh = 135
Sed_depthx Ax
(Solute) DOC, DON, NH*, NO,, DOP, HPQ@*, DO
Ds(Solute) Dissolved compounds diffusion coefficients in seets (crid™)
(Solute) Dissolved compounds concentration in porewater)(UM
(Solute), Dissolved compounds concentration in the wateuroal (LM)
[0) Porosity
Sed_depth Sediment layer depth (cm)
Ax = Pondzdepth+ Sed_zdepth(cm) (36)

Adapted from Berner (1980)
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Appendix C — (continued)

DOC mineralization (DOCmin)

DOC,,.min = MinCd,,. xe“ »*"" x DOC, . X g(0,) ..« (37)
MinCd, s Water column ) and benthicd mineralization rate of DOC ()
(0) s = o 8)
I ws DO, +kminO,d,,
kminQd,, Half-saturation coefficient for Qimitation of dissolved

compounds mineralization in the water columpngnd in

sedimentsg (mg L")

From Kittiwanich et al. (2007)
PON deposition rate(PONdep

PONdep= — % PON,, (39)
Pond_ depth
From Chapelle (1995)
PON dissolution(PONdig
PON, dis = adis, , €™ x PON, (40)
PON mineralization (PONmin)
PON,,, min = MinN,,. x€™" x PON, . x f (O,),,. x FractionMineralizedoNH, " ws (41)

Water columr(,) and benthicgf mineralization rate of organic N at
0°C (dY
Fraction of PON mineralized to NHn the water () and in

MinN,, s

FractionMineralizedtoNH', s _
sedimentsg

Adapted from Chapelle (1995)
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Appendix C — (continued)

DON mineralization (DONmin)
DON,,. min = MinNd,,. e »**" x DON,,. X §(O,)... (42)

MinNd, s Water column ) and benthicgf mineralization rate of DON {4

From Kittiwanich et al. (2007)

Nitrate reduction to ammonium (Denit)

Denit,,, = kdenit,, x NO,,, . xe*"" xh(0,), (43)
kdenit, Water column ) and benthicd denitrification rate at 0°C {0
DO,
h(G,), =1 : (44)

" DO,,, +kdenitq, .

kdenitQ,, s Half-saturation coefficient for Qimitation of denitrification in the

water column ) and in sedimentg)((mg L™

From Chapelle (1995)

Nitrification (Nitrif)

Nitrif . = knit,,, X NH, ws x€™* "7 x j(O,) s (45)
knit,, s Water column ) and benthicg nitrification rate at 0°C (8
DO
Vo) _ ws
1ODus =55 knito,,,_ (46)
knitO,,, Half-saturation coefficient for Olimitation of nitrification in the

water column ) and in sediments)((mg L™)

From Chapelle (1995)
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Appendix C — (continued)

Nitrate reduction to gaseous formgNred)

Nred, , = Denit, x adenit, (47)

adenity s % of N denitrified to N in the water column,j and in

sedimentsg

From Chapelle (1995)

POP deposition rate(POPdep

POPdep= —  x POP, 48
P> Pond_ depth " (48)
POP dissolution(POPdig
POPR, dis = adis, , x€™" x POP, 149
Adapted from Kittiwanich et al. (2007)
POP mineralization (POPmin)
POPR, , min = MinP, x @™ x POPR, . x f (0O,),, x FractionMineralizedoHPO,” s (50)
Minp Water column () and benthicgl mineralization rate of
inPy, )
° organic P at 0°C {§
FractionMineralizedtoHP(;)z'W,S Fraction of POP mineralized to HFOn the water column

(w) and in sediments)(

Adapted from Chapelle (1995)
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Appendix C — (continued)

DOP mineralization (DOPmin

DOP,.min = MinPd, ;X €™*" x DOP, X 9(0,) s (51)

MinPd, s Water column ) and benthicd mineralization rate of DOP ()l

From Kittiwanich et al. (2007)

DO air-water diffusion (DOAirWaterDif

DOAirWateDif =k, x(SatbO-DQ,) (52)

SatDO Saturation deficit (mg 1)

From Burns (2000)

Oxygen consumption in mineralization processe(MinCong

PON, min

MinWCons:[
Nmass

+ DON,, min)xoztoN min (53)

SedWaterRi@o
Nmass

Min ,Cons= (PONS minx + DONq minj xO,toN min (54)

O,toNmin Ratio of Q consumed per N mineralised (mg fg&r pmol N)

Adapted from Chapelle (1995)

Oxygen consumption in nitrification processe!(NitrifCons)
Nitrif , . Cons= Nitrif , ; x O,toNnitrif (55)

OstoNnitrif Ratio of Q consumed per N nitrified (mg.@er pmol N)

From Chapelle (1995)
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Appendix C —(continued)

Phosphate desorptior(Pdesorp

Pdesorp= k, x Pads (56)
P max
kg Desorption rate (ug'gd™)
From Chapelle (1995)
Phosphate adsorptior(Padsorp)
If DO > Osthr then
Padsorp=k, X(l— Padsj x HPO,” s (57)
P max
If DOs < Osthr then
Padsorp= ka'X(l— Padsj x HPO,” s (58)
P max
Osthr Oxygen threshold value for anoxic conditions (Mg L
Ka Adsorption rate in oxic conditior(s'™")
Pmax Maximum P adsorption capacity for sediments (jigley)
ks Adsorption rate in anoxic conditiofig™)

From Chapelle (1995)
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Appendix D —Model parameters and conversion factors.

Calibrated Literature

Parameter Definition Units Reference
Value Value
Pond_depth Height of the water column m 15
Sed_density Sediment density g cin 2.3 Field measurements
Sed_depth Sediment layer depth cm 2
SedWaterRatio Ratio between sediment mass and porewater volumé.™ g 1700 Field measurements
\Y; Pond volume m’ 742
Water _in Water inflow rate ms* 0.001 Field measurements
% Particulate matter sinking velocity M d 0.02 Field measurements
MinRate POM mineralization rate o 0.001 0.05 Jargensen et al. (1991)
Krw Temperature increasing rate in the water column “toC 0.07 0.07 Ruardji and van Raaphorst (1995)
kminG,, Half-saturation coefficient for Qimitation of mg L* 0.5 0.5 Henriksen and Kemp (1988)
mineralization in the water column
Water_out Water outflow rate st 0.001 Field measurements
V' Particulate organic matter sinking velocity m d* 0.06 Field measurements
adis, Fraction of POM that is dissolved in the water oatu d* 0 0.02 Kawamiya et al. (1995)
Krs Temperature increasing rate in sediments “toC 0.01 0.07 Ruardji and van Raaphorst (1995)
MinC, Water column mineralization of organic C at 0°C 1 d 0.001
MinCs Benthic mineralization of organic C at 0°C 1d 0.001
kminGs Half-saturation coefficient for Qimitation of mg L* 0.5 0.5 Henriksen and Kemp (1988)

mineralization in sediments
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Appendix D — (continued)

Parameter Definition Units Calibrated  Literature Reference
Value Value
DsDON Diffusion coefficient for dissolved organic ~ cm” d* 0.00864 0.00864 Burdige et al. (1992)
nitrogen in sediments 0.8 Kittiwanich et al. (2007)
DsNH," Diffusion coefficient for ammonium in cmi® d* 5.788 5.788 Laboratory experiments
sediments 0.847 Kittiwanich et al. (2007)
DsNQ, Diffusion coefficient for nitrate in sediments érd! 0.432 4.32 Chapelle (1995)
1.642 Jiménez-Montealegre et al.
(2002a)
0.845 Kittiwanich et al. (2007)
DsDOP Diffusion coefficient for dissolved organic ~ cm®d* 0.00864  0.00864 Burdige et al. (1992)
phosphorus in sediments 0.7 Kittiwanich et al. (2007)
DsHPQ?* Diffusion coefficient for phosphate in cm?d? 0.1728 4.32 Chapelle (1995)
sediments 0.5 Kittiwanich et al. (2007)
DsDO Diffusion coefficient for oxygen in sediments  ¢mi* 17.28 21.6 Chapelle (1995)
0.2 Kittiwanich et al. (2007)
7 Porosity 0.4 Field measurements
MinCd, Water column mineralization rate of DOC 1d 0 Calibrated
MinCd, Benthic () mineralization rate of DOC R 0.005 Calibrated
kminGd,, Half-saturation coefficient for Qimitation of mg L™ 0.5 0.5 Chapelle et al. (2000)

dissolved compounds mineralization in the

water column
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Appendix D — (continued)

Parameter Definition Units Calibrated Literature Reference
Value Value
kminGds Half-saturation coefficient for Qimitation of mg L™ 0.5 0.5 Chapelle et al. (2000)
dissolved compounds mineralization in
sediments
MinN,, Water column mineralization of organic N at d* 0.005 0.01 Kawamiya et al. (1995)
0°C
MinNs Benthic mineralization of organic N at0°C ™ d 0.001 0.005 Billen and Lancelot (1988)
0.003-0.05 Jamu and Piedrahita (2002)
FractionMineralizedtoNH',,  Fraction of PON mineralized to NHn the 1
water column
FractionMineralizedtoNH . Fraction of PON mineralized to NHn 0.6
sediments
adisg Fraction of POM that is dissolved in sediments' d 0.0001 0.07 Kittiwanich et al. (2007)
MinNd, Water column mineralization rate of DON 1d 0 0.01 Kawamiya et al. (1995)
MinNd, Benthic mineralization rate of DON d 0.005 0.9 Kittiwanich et al. (2007)
kdenit, Water column denitrification rate at 0°C 1d 0.2 0.08 Kittiwanich et al. (2007)
kdenit Benthic denitrification rate at 0°C d 0.2 0.3 Billen and Lancelot (1988)
0.05-10 Jamu and Piedrahita (2002)
9.0 Kittiwanich et al. (2007)
kdenitQ,, Water column half-saturation coefficient for mg L™ 2 2 Kittiwanich et al. (2007)

O, limitation of denitrification
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Appendix D — (continued)

Parameter Definition Units Calibrated Literature  Reference
Value Value
kdenitQs Sediment half-saturation coefficient fos O mg L™ 2 2 Chapelle (1995)
limitation of denitrification
knit,, Water column nitrification rate at 0°C d 0.01 0.01 Jiménez-Montealegre et al. (2002a)
0.08 Kittiwanich et al. (2007)
knits Benthic nitrification rate at 0°C d* 0.5 0.2 Henriksen and Kemp (1988)
0.05-0.1 Jamu and Piedrahita (2002)
0.24 Jiménez-Montealegre et al. (2002a)
7 Kittiwanich et al. (2007)
knitO,y, Half-saturation coefficient for dimitation of mg Lt 4 2 Kittiwanich et al. (2007)
nitrification in the water column
knitO,g Half-saturation coefficient for Qimitation of mg L™ 4 4 Chapelle (1995)
nitrification in sediments
adenit, % of N denitrified into Min the water column 0 0.01 Kittiwanich et al. (2007)
adenit % of N denitrified into Nin sediments 0.4 0.6 Billen and Lancelot (1988)
MinP,, Water column mineralization of organic P ad™ 0 0.02 Kawamiya et al. (1995)
0°C
MinPs Benthic mineralization of organic P at 0°C ™ d 0.001 0.005 van der Molen (1991)
FractionMineralizedtoHPG,, Fraction of PON mineralized to HROn the 1

water column
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Appendix D — (continued)

Parameter Definition Units Calibrated Literature Reference
Value Value
FractionMineralizedtoHP@ s Fraction of PON mineralized to HROnN 1
sediments
MinPd, Water column mineralization rate of DOP 1d 0 0.02 Kawamiya et al. (1995)
MinPd; Benthic mineralization rate of DOP d 0.005 0.7 Kawamiya et al. (1995)
Kar Raeration coefficient d! 0
SatDO Saturation deficit mgt
O,toNmin Ratio of Q consumed per N mineralised mg @2r pmol N 0.212 0.212 Chapelle (1995)
O.toNnitrif Ratio of Q consumed per N nitrified mg.@er pmol N 0.064 0.064 Chapelle (1995)
Ky Desorption rate nggdw d* 80 80 Furumai et al. (1989)
O.thr Oxygen threshold value for anoxic conditions ~ my L 0.08 0.2 Chapelle (1995)
Ka Adsorption rate in oxic conditions d 100 200 Furumai et al. (1989)
Pmax Maximum P adsorption capacity for sediments  fidw 300 685 Furumai et al. (1989)
500 Serpa et al. (2007a)
ks Adsorption rate in anoxic conditions 1d 40 40 van Raaphorst et al. (1992)
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Chapter 5

Abstract

Fish growth models may help understanding the émite of environmental, physiological and
husbandry factors on fish production, providingatatinformation to maximize the growth rates
of cultivated species. The main objectives of thek were to: i) develop and implement an
Individual Based Model using a Dynamic Energy Budd@M-DEB) approach to simulate the
growth of two commercially important Sparidae spedn semi-intensive earth ponds, the white
seabream Qiplodus sargup which is considered as a potential candidate Mediterranean
aguaculture and the gilthead seabre&paus auratpthat has been cultivated since the early
80’s; ii) evaluate which model parameters are niiledy to affect fish performance, and iii)
investigate which parameters might account for giewth differences between the two
Sparidae. The model may be run in two modes: ttee'syariable” mode, in which an average
fish is simulated with a particular parameter st the “Individual Based Model” (IBM) mode
that simulates a population offishes, each with its specific parameter set assigandomly.
The IBM mode has the advantage of allowing a quicklel calibration and an evaluation of the
parameter sets that produce the best fit betweedigbed and observed fish growth.
Observations on the variation of white seabreamgtitead seabream length and weight during
a production cycle were obtained from growth trizdsried out in earth ponds. Results revealed
that the model reproduces reasonably well the drafthe two species. Fish performance was
mainly affected by parameters related to reservdization and feed ingestion/absorption,
suggesting that special attention should be takerthe estimation of these parameters,
particularly when applying this model to other spsc Comparing the DEB parameters for the
two seabreams, it seems that the white seabreangidowth rates are a reflection of higher
maintenance costs and a lower feed absorptioneitig. Hence, the development of new feed
formulations may determine the success of whitdresan production in semi-intensive earth
ponds.
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1 Introduction

During the last decade, Mediterranean semi-inten§ish farming has been struggling with
economic difficulties as a consequence of the awelyction and saturation of the market with
traditionally cultivated fish species, like thetggdad seabrean$parus auratpand the seabass
(Dicentrarchus labrax (SEACASE 2009; Barazi-Yeroulanos 2010). Thisaitan has led to a
sharp decrease in market prices for these spdoiespoint that revenues hardly compensate for
the production costs (Barazi-Yeroulanos 2010). Sofhe solutions that have been proposed
by researchers and commercial groups to overcoesetproblems include the optimisation of
production for traditionally cultivated speciesgeby investing in higher market sizes) and

product diversification (SEACASE 2009; Barazi-Yelanos 2010).

By predicting the effects of environmental (e.gnperature), physiological (e.g. assimilation

and excretion rates) and husbandry factors (esfirig rates) on fish performance, growth
models may be of considerable help for the aquaihdustry, to maximize the growth rates
and efficiencies of cultivated fish (Alunno-Brus@tal. 2009; van der Veer et al. 2009). Several
bioenergetic models have been developed to simfiiktiegrowth. Most of these models (Yi

1998; Hernandez et al. 2003; Zhou et al. 2005;dl#to and Solidoro 2008; Moss et al. 2009)
are Static Energy Budgets (SEB) consisting of ao$etllometric functions that describe the

relationships between the physiological rates (fagd consumption, growth) and size of a
particular species as a function of abiotic fac{erg. temperature, salinity) (van der Veer et al.
2009). Despite being widely applied in the aquareltcontext, SEB models lack generality as

they are not based on physiological principles @@nVeer et al., 2009).
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Dynamic Energy Budget (DEB) models, on the otherdhare mechanistic models that rely on
simple physiological principles common to all spsc{Alunno-Bruscia et al. 2009), so that they
are able to predict the development, growth andodkpction of an organism in a dynamic
environment (Pecquerie et al. 2011). Another acagmtof DEB models is that the diversity
between species can be captured in differences amall number of parameters (Kooijman
2000). Given its non-species specificity and medianrules, the DEB theory has been widely
applied and successfully tested for a large nundbeiish species and for various research
purposes. Some of the applications of this apprdaclude the simulation of growth and
reproduction for flatfish (van der Veer et al. 20@B09) and anchovy (Pecquerie et al. 2009)
within variable environmental conditions, the fasting of the metabolic effects of radionuclids
(uranium) on individual zebrafish and the consegasrat the population level (Augustine et al.
2011), the description of biological factors inflweng persistent organic pollutants (PCBSs)
bioaccumulation in European hake (Bodiguel et 809 and common sole (Eichinger et al.
2010) through fish ontogeny and, the descriptionthad full lifecycle of ecologically and
economically important migratory fish species sashthe Pacific salmon (Pecquerie et al. 2011)

and the Pacific bluefin tuna (Jusup et al. 2011).

To build a DEB model it is necessary to define paaters related to physiological processes
such as feeding, assimilation, storage, maintenandegrowth (Kooijman 2000, 2010), which

can be inferred from experimental as well as litteeadata (van der Veer et al. 2001; Bodiguel et
al. 2009; Eichinger et al. 2010). However, for sospecies there is a lack of information to
estimate all parameters. To surpass this problenayt® et al. (2010) proposed the use of an
Individual Based Model (IBM) as a practical calitioa procedure, mostly because when an
IBM is run for a large number of individuals, eastth its own parameter set, it is possible to
select the parameter sets that produce the bebetiiteen predicted and observed fish data.
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Besides facilitating model calibration, when theper parameter set is selected, the IBM may
be run for a single individual that will represé¢hée average fish in a population, making them

suitable to be used in a more complex ecosystenehibdarte et al. 2010).

In the present work, an IBM using the DEB framewaks implemented to simulate the growth
of two commercially important Sparidae: the whigalsream Diplodus sargusand the gilthead
seabream. While the latter species is the most rirapb fish in Mediterranean aquaculture
(Barazi-Yeroulanos 2010; FAO 2011b), with a wellveleped production technology and
maximized growth rates, the white seabream is atdhndidate species since only small scale
production has been achieved so far (Sa et al.;ZB6®mazou et al. 2006). When cultivating a
new species, the lack of knowledge on its optimhlsgal conditions and nutritional
requirements often compromises its growth in capgti{Cejas et al. 2004; Golomazou et al.
2006). Nevertheless, the white seabream is stid abcaptivate fish farmer’s interest due to its
high market value and highly appreciated flesh #€agt al. 2004; S& et al. 2006). The main
purpose in building the present model was to pmviformation on how to optimize fish
production in semi-intensive systems, by usingftitlg validated model to: i) evaluate which of
the DEB parameters are more likely to affect figrfgrmance and to ii) investigate which

parameters might account for the growth differermsveen the two Sparidae species.

2 Species information

The white seabream and the gilthead seabream armembers of the Sparidae family that may
be found along the Mediterranean Sea and the aa&tintic Ocean (FishBase 2010). These
sparids are demersal fishes living in a varietyco$tal habitats, from rocky shores to sandy
bottoms (Bargelloni et al. 2005). Feeding strategléfer between the two species; while the
white seabream is an omnivorous species, feedingpenmthic invertebrates (mainly small
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crustaceans, molluscs and sea urchins) and on @gaeeiredo et al. 2005; Leitdo et al. 2007),

the gilthead seabream is mainly carnivorous feedimgnolluscs, crustaceans and fish (Aksnes
et al. 1997). In its natural environment, the gt seabream may reach a maximum total length
and weight of respectively, 70 cm and 17.2 kg (Bade 2010), whereas the white seabream is
more of a slow grower since the maximum total leragtd weight ever recorded for this species

in the wild was 49 cm and 1.87 kg (FishBase 2010).

3 Methodology

The fish growth model consists of an Individual @h$odel (IBM) based on the standard DEB
theory (Kooijman 2000; 2010). The model may be mrwo modes: i) the IBM mode that
simulates a population offishes, each with its specific parameter set assigandomly and ii)
the “state variable” mode, in which an average fsskimulated with a particular parameter set
(Duarte et al. 2010). The strategy in this work w@sise the IBM mode for model calibration,
and then to select the parameter sets that prodheeblest fit between predicted and observed

fish growth to calibrate the “state variable” madel

3.1 The DEB theory

The DEB theory (Kooijman 2000, 2010) describes iths at which organisms utilize and
assimilate energy from food for maintenance, growitvelopment and reproduction (Figure
5.1). These rates depend on the state of the @maisize, sex and maturity status) and vary as a
function of food availability and temperature (Kpoean 2000). In a standard DEB model, food
ingestion depends on food availability and is prtipoal to the organisms’ structural area. Part
of the energy in the ingested food is lost throtegdes while the remainder is assimilated and
stored in the reserves compartment. A fixed frackoof mobilised reserves is allocated for
growth and somatic maintenance, with a priorityrf@intenance. The remaining energy fraction
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(1—«) is spent on maturity maintenance plus maturationembryos and juveniles or,
reproduction (gamete production and spawning)duta. The flux of reserves that is allocated
to maturation and reproduction is temporally storeé buffer (reproductive tissue), which is
emptied during spawning. In the DEB theory, the grog correspond to the life stage in which
individuals neither feed nor reproduce; the juvesileed but do not reproduce and adults, both
feed and reproduce. At each life stage, it is assuthat an individual can be characterized by
two main body fractions: structural biovolume (sdimdissue) and reserves. The chemical
composition of each fraction is assumed to remaimstant according to the “strong
homeostasis” concept (Kooijman 2010). In the DEBotly, the chemical composition of the
individual, as a whole, is also maintained const@astlong as substrate availability in the
environment remains constant, a concept that isvknas “weak homeostasis” (Kooijman

2010).

Feed 1 » Gut 2 » Faeces

3 1 Ingestion
2 Defecation
3 Assimilation
4 Reserve utilisation
5 Somatic maintenance

Somatic 6 Growth

Maturity

maintenance
7 Maturity maintenance

. 8 Maturation and reproduction
. Reproduction
Biovolume P
buffer

Figure 5.1— Energy flow through an organism in a standar@D&odel. Arrows indicate rates

and squares are state variables.

3.2 Model development
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The model developed herein simulates fish growtlinduits grow-out phase in semi-intensive
earth ponds. In this phase, fishponds are stock#d juveniles €7 g) of white seabream and

gilthead seabream, which are fattened until thechethe commercial size (350 - 400g). As
sexual maturity, for both species, is attainechateénd of the production cycle (FishBase 2010),

reproduction was not included in the model.

3.2.1 Model equations
The notation and symbols presented in the nextiosectfollow that of Kooijman (2000).
Variables are expressed per unit of structural meluwith square brackets [ ], or per unit of

surface area with braces { }. All rates have dotdicating the dimension per time.

3.2.1.1 Ingestion

The ingestion rater (J db), is proportional to the surface area of the stmat body volume
(\/2/3, in cnf) and depends upon food density in the environraadton temperature Kooijman
2000):

Be ={Bn}x T ¥V xK(T) N

where {P,_} is the maximum surface area-specific ingestiore @ cnit d%); f is the scaled

functional response (dimensionless) that variesvéeth O (starvation) and 1 (optimal feeding
conditions) andk(T) is the Arrhenius temperature limitation as desdilbelow (cf. - Section

3.2.1.5).

In the standard DEB theory, the scaled functioeaponsef] is defined by a Holling-type II

equation:
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'f1 = (2)

where X represents food density ad is the half-saturation constant, i.e. the foodsitgnat
which ingestion rate is half its maximum value. Hwer, in fishponds, the amount of food
supplied does not necessarily represent the orteighavailable for fish because of pellets
sedimentation and decay. Unless cultivated specaes feed at the bottom, pellets become
unavailable for fish as they reach the sedimeriss iE particularly relevant for rations with high
sinking rates (0.03% 0.030 m &) and for low-depth ponds (1.5 m), as is the cdshepresent
study, because feeding is restricted to short peréds. Due to the difficulty to determine food
density, the scaled functional respongemMas estimated using two different approaches. @ne
these approaches consisted in assuming a constahidensity and then changiXg until the
average scaled functional respong that best described the growth of the two specias
found (Cardoso et al. 2006; Freitas et al. 200&yrder et al. 2011). In the second approach, it
was assumed that pellets concentration decreasedaug to a first order process as a function

of food sedimentation rate. Therefofewas calculated as follows:

f _ Xo eXFS—FoodSedR—at)
2 —-FoodSedRat)
X, exp + X,

3)

The time integratet} is:

— 1 =y XO eXFS—FoodSedRm)
2 7L —FoodSedRat)
A2 X exp X,

dt (4)

With the following solution:

c . |n|_X0 exp(—FoodSedRaiXto)_'_ XKJ_ |nlxo exp(—FoodSedRaixrl)_'_ XK]
? FoodSedRiex At

(5)

where Xo is the food density (mg 1) at the beginning of each time step, (seconds),
FoodSedRatés the pellets sedimentation rate (0.035 M), ¥« is the food density at which

ingestion rate is half its maximum (Tables 5.1 &), t; is the time corresponding to the end of
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each time step (seconds), afiidis the time step in the simulations (1 hour). #os approach,
the model requires hourly time series of food cot@ions, in which a value exists for the

specific hours that food is supplied.
Model simulations usin§y andf;, will be referred ahead as Simulations1 and 2,aesgely.

3.2.1.2 Assimilation
The assimilation ratep, (J d%), i.e. the rate at which food is converted intserses, depends on

food availability and on the organisms’ structigalface area, being calculated as follows:

D ={ Pand X F XV 72 xk(T) ) (6
where {p,.} is the maximum surface area-specific assimilatiaie (J crif d'). Since the ratio

{ Pant{ Py} gives the absorption efficiencyg), the assimilation rate may be expressed as:

Da= iy X { B }x F XV 73 x k(T) 7)

3.2.1.3 Reserves utilization
Assimilated energy is integrated in a reserve pggolyhose dynamics is given by the equation:

de . ;
ot = Pa~ Bc (8)

where p. (J d%) denotes the energy mobilisation rate. The rateyhéch energy is mobilized

from the reserves and is allocated to somatic raaarice and growthk (fraction) and to
development or reproduction (&) may be calculated according to the following aton

(Kooijman 2000):

[E] [{ pAm}[EG]V% + [pM ]\/}k(T) (9)

CEIAE E]
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Where[E] stands for reserve densit[,Ed= E/NV, J cm?d), [EG] is the volume-specific costs for
structural growth (J cii), « is the fraction of energy spent on soma (i.e. sanmaintenance
plus growth),[Em] is the maximum energy density in the reserve cotmant (J criv), [ Pulis

the volume-specific costs for maintenance (J%th?) andV is the structural body volume

(cmd).

3.2.1.4 Growth

Growth is the conversion of reserves into strucfii@oijman 2000, 2010). This process ceases
whenever maintenance costs cannot be covered bgvesssince maintenance has priority over
growth. From the DEB energy allocation rulergle), the growth of structural biovolume is

given by:

av_ dpllENS _ [pulv o)
dt ~ [E,J(E]+AlE]) [E]+A[E]

For an organism that does not change in shape glgmowth, i.e. an isomorphic organism
(Kooijman 2010), total length (L, cm) may be retht structural volume using the shape
coefficient ¢m, dimensionless):

v
V2

m

L (11)

In a standard DEB model, it is assumed thais species-specific and is constant for isomorphs,
however the DEB theory also allows for changesapse (Kooijman 2010).

Fish wet weightW (g), was obtained by summing the 2 compartmehtsreéserved: (J), and
structural volumey (cn), after conversion into mass:

W =Vp, + [O’E pzj (12)

E
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wherep, is the specific density (1 g ¢i) of the somatic tissue (van der Veer et al. 20p4)s
the density assumed for the reserves tissue (10 e@mdae is the reserves energetic value per

unit of volume, which was assumed to be equaledEg] value.

3.2.1.5 Temperature limitation
Since temperature influences all physiological gatde Arrhenius limitation was used to

simulate the temperature effect (van der Veer.€2G01):

K Ta_Ta
K(T) = kl(T)exp{ Ty } (13)

where kl is a physiological rate (i.e ingestion, assimilatand maintenance rate3)js ambient

temperature (K)J; is a chosen reference temperature (K) B a species-specific coefficient,

the so-called Arrhenius temperature (K).

3.2.2 Parameter estimation
In order to run the model on the IBM mode, it wasessary to define ranges for each of the
DEB parameters (Tables 5.1 and 5.2). In the preserk, these ranges were defined primarily

from experimental data as described in the follgngactions, but literature data was also used.

3.2.2.1 Maximum surface area-specific ingestion ra({ P, })

The maximum surface area-specific ingestion mtewhite seabream was estimated from

microcosm experiments, using daily food intake dagaa function of the volumetric length

(V2/3) of white seabreams feall libitumat constant temperatures, from 17°C to 25°C. Alaim

approach was used for gilthead seabream, usinggtiaeof Lupatsch et al. (2003).
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Table 5.1- DEB parameters for white seabream.

Parameter Description Value or Range Units Source
. _ o , 930 — 1504 , Experimental data
{ P} Maximum surface-area specific ingestion rate Jemtd _
1200 - 1608 Calibrated
_ o 0.5-7.%9 . _
Xk Half-saturation coefficient mg L Calibrated
0.1-0.6
Ky Absorption efficiency 0.70-0.80 Experimentatal
{ Pam} Maximum surface-area specific assimilation rate 63703 J crid? Experimental data
_ Bodiguel et al. (2009)
K Fraction of reserves allocated to soma 0.58 - 0.85
van der Veer et al. (2001, 2009)
» 5 Bodiguel et al. (2009)
[EG] Volume-specific costs for growth 5600 — 7563 J’cm
van der Veer et al. (2009)
, , Bodiguel et al. (2009)
[Em] Maximum energy storage density 1505 — 2903 Jcm o
Eichinger et al. (2010)
[ Pul Volume-specific costs for maintenance 52 -60 3 dih Experimental data
Om Shape coefficient 0.255-0.264 Dimensionless Flatd
Ta Arrhenius temperature 7674 — 10914 K Experimeratd d
T, Reference temperature 293.15 K Fixed

Range used in Simulation$IRange used in Simulations2
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Table 5.2— DEB parameters for gilthead seabream.

Parameter Description Value or Range Units Source
. , o _ 892 — 10686 ) Lupatsch (2003)
{ Py} Maximum surface-area specific ingestion rate Jemtd _
1000 — 1500 Calibrated
_ - 05-1% ] _
Xk Half-saturation coefficient mg L Calibrated
0.6-0.9
Kx Absorption efficiency 0.80-0.84 Experimentalalat
{ Pam} Maximum surface-area specific assimilation rate /885 Jcrit d? Experimental data
_ Bodiguel et al. (2009)
K Fraction of reserve allocated for soma 0.58 - 0.85
van der Veer et al. (2001, 2009)
- s Bodiguel et al. (2009)
[EG] Volume-specific costs for growth 5600 - 7563 Jtm
van der Veer et al. (2009)
_ _ Bodiguel et al. (2009)
[Em] Maximum energy storage density 1505 - 2903 Jem o
Eichinger et al. (2010)
[ Pu] Volume-specific costs for maintenance 33-37 F dh Guinea and Fernandez (1997)
Om Shape coefficient 0.242 — 0.255 Dimensionless Field data
Ta Arrhenius temperature 7032 - 8206 K Experimentsd da
T, Reference temperature 293.15 K Fixed

Range used in Simulations$IRange used in Simulations2
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Conversion from feed weight (g) into energy (J) waade according to the manufacturer’s

information on the ration energy content, usingue of 23800 J §dry weight of feed (Sorgal
2011). The {P,,.} values of both species at the reference temperatere obtained by a linear

2
regression between the ingestion rate tJahd volumetric length\( 3), calculated from body

volume data (Figure 5.2). The estimate®l {} value for white seabream, 1450 J €mi* (n = 6;
R? = 0.99) was higher than the value found for githeseabream, 965 J énd™* (n = 6; R =
1.00). For both species, maximum and minimui {} values in Figure 5.2, were used to

define the ranges used in the IBM (Tables 5.1 a@jl 5

Diplodus sargus Sparus aurata
80000 70000
~ 70000+ ~ 60000 -
S 60000 . S Ingestion = 965*¥/3
2 Ingestion = 1450*¥/3 2 50000+ )
© 50000 R2= 0.9875 s R2=0.9997
= : % 40000
T 40000+ R
C [ .
S 30000 S 30000
O 20000 ¢ 20000+
o (@)
£ 100001 £ 10000 -
o T T T T O T T T
0 10 20 30 40 5 0 20 40 60 80
V23(cm?) V23(cnp)

Figure 5.2 — Ingestion rate (JY - volumetric length (cf) relationships for white seabream
(Diplodus sargusand gilthead seabrearBarus auratpat the reference temperature (20°C =
293.15 K). The slope of the linear regression betwéhese two variables corresponds to

maximum surface area-specific ingestion raig {} for these species.

3.2.2.2 Absorption efficiency(ky)
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In the present studyx was calculated ab= FishFaeceblass , however this is a rough
MassOfFeebhgested

estimate because such an approach only providepper limit forthis parameter (Kooijman

2010). The averagey value ¢ standard deviation) for white seabream, estimatdtie same
laboratory experiments used to determirig {} (cf. Section 3.2.2.1), was 0.75 * 0.05 whereas
for gilthead seabream, the absorption efficiency wkghtly higher, 0.82 £ 0.02 (Dias et al.

2009). For both species, theP{ } values range used in the IBM (Tables 5.1 and Sva}

calculated from, and {P,} ranges, according to eq. 7.

3.2.2.3 Fraction of reserves allocated for soma)( volume-specific costs for growth [(EG])
and maximum energy storage density[Em])

The ranges for some DEB parameters that are netttlirmeasurable such a;s,[Em] anc{EG]

were defined according to literature values foreotish species (Tables 5.1 and 5.2).

3.2.2.4 Volume-specific costs for maintenandgp,,1)

In the present study,fl, ] values were estimated based on the oxygen cortfammates of non

feeding, immaturewhite seabream individuals at constant temperatiresealed aguariums
(Table 5.3), as described by Eichinger et al. (20EOr gilthead seabream, the resting oxygen
consumption rates measured by Guinea and Ferndh88Z) were used (Table 5.4), since it is
commonly agreed that it reflects the energy spentnmintenance activities (Guinea and
Fernandez 1997; Eichinger et al. 2010). For bo#tigs, oxygen consumption rates (mggd
d™) were converted into energy values (Jth?) using a conversion factor of 13.84 mg D

(Brafield and Llewellyn 1982) and a fish densitylofj cn?. At the reference temperature (20 °C
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= 293.15 K), the averagestandard deviationf,, ] value for white seabream was higher (56 + 4

J cnt® oY) than the value found for gilthead seabream (39€&i° d*).

Table 5.3 - White seabream oxygen consumption ratesg @ g* d-1, mean * sd) at different

temperatures (17 to 25 °C) and corresponding volspeeific costs for maintenancefy]], J

cm® d?).

Temperature Oxygen consumption rate [ Py ]

(°C) (mg Qg'd) (3 e d”)
17 2.39 #0.48 33.0 6.8
18 3.77 #0.60 52.0 +8.1
19 4.44 30.37 61.4 5.1
20 4.14 30.37 55.9 +3.5
21 7.27 #0.15 100 +2

22 8.97 #0.63 124 +9

25 5.93 0.63 82.1+8.9

Table 5.4— Resting oxygen consumption ratesy(Q, g* d*, mean + sd) for gilthead seabream

(Guinea and Fernandéz 1997) and corresponding espacific costs for maintenance)([], J

cm® d?).

Temperature Oxygen consumption rate [pM]

(°C) (mg Qg d?) (3 e d”)
16 0.070 40.002 24.0 1.2
21 0.110 #0.005 34.9+2.3

23.5 0.115 #.002 37.7 0.7
26 0.125 40.030 34.1+10.6
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3.2.2.5 Shape coefficientd,,)

The shape of an individual determines how a spefigth measure relates to structural body
mass. The shape coefficient of juvenile and aduhitevseabream as well as gilthead seabream
were obtained by fitting a volume-length relatioipsto the available biometric data for these

species (Figure 5.3). The slope of the linear iegjom between these two variables corresponds

to the shape coefficientd(,) at the different life stages. The estimatégvalue forjuvenile

white seabream (0.255) was lower than for adult26d). Likewise, slight differences were
found between juveniled, = 0.242) and adult gilthead seabrealm £ 0.255). Thed, values at

the different life stages define the range of valioe each species (Tables 5.1 and 5.2).

Diplodus sargus Sparus aurata
10 12
V3= 0.264%L s .
8 A R2=0.83 10 ~ V15=0.255*L
R2=0.97
8 - °
£°] 5
< [} ) 4
© 5 °
— -
> 4 > 4]
V1/3=0.255%
2 1 R2=0.98 2 - /Vl’3:0.242*L
R2=0.96
0 T T T T T T 0 T T T T T T T
0O 5 10 15 20 25 30 ¢ 0 5 10 15 20 25 30 35 40
Total lenght (cm) Total length (cm)

Figure 5.3— Structural volume\(%, cm) — total length (L, cm) relationships for juve (green
dots) and adult (red dots) white seabredplpdus sargup and gilthead seabreanSfarus

aurata) individuals. The slope of the linear regressiet®zen these two variables corresponds

to the shape coefficient,) at the different life stages.

3.2.2.6 Arrhenius temperature {a)
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The slope of the linear regression between theriinga (In) of fish oxygen consumption rate
(k;) and T* (T = absolute temperature) (Figure 5.4) givesAhdenius temperature Fa (van
der Veer et al. 2006). For the white seabream, phimmeter was estimated from the data
presented in Table 5.3, whereas for gilthead sealmre¢heT, range was estimated from the
oxygen consumption data in Requena et al. (19979. &stimated =+ standard error values for
white seabream, 92941620 °K (n = 30; R= 0.54) and gilthead seabream, 7&1887 °K (n =

10; R = 0.95) defined the ranges used in the IBM.

Diplodus sargus Sparus aurata
-3.0 4.4
)
-3.5 1 In (k1) = -9294*T1+ 27 4.2
'i R?=0540 In (ke) = -7619*T1+ 30
- -4.0 A @ ~ 4.0 R2=0.949
x =
£ 451 = 381
® [ ]
-5.0 A 3.6 1 o
(©)
-55 T T T T T 34 T T T T T
0.00334 0.00336 0.00338 0.00340 0.00342 0.00344 0.0034§.00330 0.00332 0.00334 0.00336 0.00338 0.00340 0.00342

T1(K) THKD
Figure 5.4 — Arrhenius plot (In raterersusT?) for the oxygen consumption data of white

seabream Qiplodus sargups and gilthead seabreansgarus aurata The slope of the linear

regression corresponds to the Arrhenius temperéiuye

3.2.3Model forcing and calibration

The main environmental factors taken into accoyrthle DEB theory are, temperature and food
availability, which act as forcing variables foetimodel (van der Veer et al. 2006). The IBM-
DEB model was run using daily data sets of waterperature and food inputs (Figures 5.5)

registered over the production cycles of white seain (18 June 2003 to 31March 2005) and
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gilthead seabream 12May 2005 to 2% March 2007) at the IPIMAR’s Aquaculture Research
Center (Figure 5.6), in the Southeast of Portually food input varied as a function of water
temperature and fish biomass, being supplied 3timés a day, from 7 a.m. to 8 p.m. During the
trials, seabream growth was also monitored by iddiad biometric measurements of total length

(L, cm) and wet weight (W, g) at regular intervdissh data was later used for model calibration.
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Figure 5.5— Daily time series of food input (kg'¥land water temperature (°C) registered during
the white seabream (top graph) production cyclenfd8” June 2006 to 31March 2005) and

the gilthead seabream (bottom graph) productiofeq®? May 2005 to 22 March 2007).
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Figure 5.6— Aquaculture Research Center.

3.2.4 Model implementation

The IBM-DEB model developed in this work was impted with EcoDynamo (Pereira et al.
2006), which uses object-oriented programming (O®ftten in C*. In the EcoDynamo, each
object simulates several state variables and psesesand interacts with the other objects by
means of a shell or server (Pereira et al. 2006¢. Shell interface allows the user to define the
model setups — time steps, output formats (filapgic and tables), objects to be used and
variables to be visualized (Pereira et al. 200&)erAdefinition of initial and boundary conditions
and input of model parameters, variables were coedpover time (time step = 1 hour) using the

Euler integration method.

3.2.5 Sensitivity Analysis

3.2.5.1IBM model
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Based on the outputs of the IBM model, which ineladfile with fish parameter sets and growth
variables, a Principal Component Analysis (PCA) wadormed using the final total length and
wet weight of the 10000 fish as variables, and viddials as observations. Since to each
individual corresponds a specific parameter sét, dhalysis may be used to assess the relative
contribution of each parameter to growth differenaenong the fish population and to evaluate
the relative contribution of each parameter to fisbwth performance. By including the mean
square deviation (MSD) between observed and pestligtowth data in the analysis, it was also

possible to evaluate which data sets produceddabeadnd worst fits.

3.2.5.2 “State variable” model

A simple sensitivity analysis was carried out witle “state variable” model in order to test

which of the DEB parameters were more likely teeeffffish performance (total length and wet

weight). The analysis consisted in changing onarpater at a time by £ 25% and comparing the

results with a standard simulation using the patansets calibrated with the IBM model.

4 Results

Figures 5.7 and 5.8 shothe results of Simulationsl for a virtual populatiof 10000 white
seabream and gilthead seabream, each with itsfispparameter set. Besides the predicted
values (blue diamonds) of total length and wet Wweigr the 10000 individuals, these figures
present the measured values (red dots) and thegevetl standard deviations of predicted
values (green line and whiskers). The fish growdhability predicted by the IBM model was
clearly higher than the observed variability, sugiopg that some parameter combinations were
biologically unrealistic. Despite this high growtariability, the average predicted values of total
length and wet weight for white seabream were imega very close to measured values (Figure
5.7), suggesting that the DEB parameter rangesetéin Table 5.1 lead to a good estimation of

white seabream growth. On the other hand, for ggithseabream there was a slight deviation
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between the average predict values and observed(Bejure 5.8), indicating that parameter

ranges depicted in Table 5.2 lead to some underattin of its growth.

Results from Simulations2 (Figures 5.9 and 5.1Qevemilar to those from Simulations1 in the
sense that fish growth ranges were much wider thainexpected from observed data. However,
in these simulations, the predicted ranges for ligsigth and wet weight for both species were
much narrower than those obtained with Simulatiori&len though measured values were
between the average and standard deviation of qteedivalues for both species, in this
approach, the parameter ranges depicted in Taldeand 5.2 seem to underestimate fish growth

in certain stages of the production cycle and terestimate it in other stages.

In order to understand which DEB parameters migptagn the growth differences amongst the
virtual fish population, a Principal Component Ays$ (PCA) was performed with the IBM
results of Simulationsl1 (Figure 5.11) and Simulag (Figure 5.12). The white seabream’s PCA
from Simulations1 (Figure 5.11 — top graph), showet fish length and weight along with the
MSD between predicted and observed fish growthe gag largest contributions for the negative

part of factor 1, the factor explaining most p@2 (o 29%) of the analysis. The DEB parameters

contributing mostly to the negative part of thistta werex, { p,,} and xyx, which indicates

that fish reaching larger sizes were the ones aillog a higher fraction of reserves to soma,
assimilating higher amounts of food per unit offasce area and that are able to absorb food
more efficiently. The gilthead seabream’s PCA fr8mulations1 (Figure 5.11 — bottom graph)
was very similar to that of white seabream exceptiliie fact that the MSD between predicted

and observed fish growth appeared on the posiéwa-axis of factor 1.
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values * sd.

186



Chapter 5

o=
S S me—
e
D ————]
€ IO I I ——
@ P I M-

70
60
50

o
<

(wd) yibus| [er10 L

o
™

20

160/€0/20
160/20/20
160/T0/C0
180/¢1/20
180/TT/C0
180/0T/20
180/60/20
180/80/20
180/20/20
180/90/20
180/50/20
180/70/20
180/€0/20
180/20/20
180/T0/C0
120/¢1/20
120/TT/20
12,0/0T/20
120/60/20
120/80/20
120/20/20
120/90/20
120/50/20

3500

. B O —————— »60/£0/20
DR R D B ®»160/20/20
CH SOI D M s ®»160/10/20
> w o iﬂisﬂ'. 80/2T/20
440 ®O MBI s s 80/TT/20
04+ mrenummmm———= - 80/0T/20
vor s mmmmim 80/60/20
00 AN s | O()/3()/20
+00 soummmmmunii®-l=- ==p| 30// 0/20
* o wonsemmm—===w{ 30/90/20
+0 oommmmenn== == 80/50/20
o otz =n 30/70/20
wommm—"= = 80/€0/20
ovmmmm—= = 30/20/20
eommmmeni:= =% 80/T0/20
oA
ooz =% / 0/2T/20
wwmemen= =3 ) 0/TT/20
=y / 0/0T/20
w4 ) 0/60/20
w4 /0/80/20
&1 20120120
4.0/90/20
_ . €.0/50/20
(6) ybram 190\

Figure 5.8 — Predicted (blue diamonds) total length and weigit values for 10000 gilthead

seabreams Sparus auratp from Simulationsl. The green line and whiskerpresent the

average predicted values = 1 sd while red dotsveimdkers correspond to average measured
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Figure 5.11 — Principal Component Analysis (PCA) showing thentdbution of DEB

parameters to white seabream (top graph) and gdtteeabream (bottom graph) growth in

Simulations1.
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Figure 5.12 — Principal Component Analysis (PCA) showing thentdbution of DEB

parameters to white seabream (top graph) and gdtteeabream (bottom graph) growth in

Simulations?2.

191



Chapter 5

Similarly to the white seabream’s PCA for Simulagt, the PCA results for Simulations2
(Figure 5.12) showed that growth variables (totalgth and wet weight) and the MSD between
predicted and observed fish growth contributed ipdst the negative part of factor 1. Once

again, the parameter giving the largest contrilbutio the negative part of this factor was
indicating that bigger fishes had highewalues. Some other parameters suchRg I and ky
might have also contributed to extreme fish sizes t their contributions to the same semi-
axis. Conversely, natural occurring fish sizes séerhe explained by higher values dj[],

[EG]and [Em] since these parameters were on the opposite sesnohgrowth variables and

MSD.

Using the parameter sets that produced the bestofibbserved data (Tables 5.5 and 5.6), the
growth of white seabream and gilthead seabreamsivaslated by running the model on the
“state variable” mode. Figure 5.13 represents theeored and predicted total length and wet
weight values for respectively, a white seabreaih argilthead seabream from Simulationsl.
Both observed and predicted data show that thieegitt seabream gained twice as much weight
(A = 620g, in 689 days) as the white seabream in dlthe same period of tim& & 260g, in
651 days). A linear regression between predictedodiserved data revealed a good model fit for
both species. Nevertheless, white seabream welht=(0.96, n=8) was simulated more
accurately than length (R 0.92; n=8), whereas for gilthead seabream, le(Rt 0.98; n=7)
was more accurately predicted than weight£®.94; n=7). Results from Simulations2 (Figure
5.14) were very similar to those from Simulationslterms of predicted growth ranges.
However, model fits appeared to be slightly betth the second approach, for both white

seabream (0.94<R0.96; n=7) and gilthead seabream (0.95<®98; n=7).
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Figure 5.13— Average = sd measured (diamonds) and predickey (lines) of wet weight (g)
and total length (cm) for white seabream (top gyagid gilthead seabream (bottom graph) in

Simulations1.
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Figure 5.14— Average = sd measured (diamonds) and predickas (lines) of wet weight (g)
and total length (cm) for white seabream (top gjagtd gilthead seabream (bottom graph) in

Simulations?2.

A sensitivity analysis carried out with the caliteé model parameters from Simulationsl (Table

5.5) revealed that fish wet weight is more likedybe affected by parameters suctka$ p ..}

and xy, in agreement to the results of the PCA analysigufe 5.11). A +25% change in the

former parameters resulted in an increase of cé& B2mean wet weight. To a lesser extent the

model also seemed to be sensitive[E@]and [Py ] since a 25% variation in these parameters
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caused a variation of respectively, 24 % and 43%n@an wet weight. In what concerns fish
length it seems that this variable was mostly af@dy the shape coefficiend() as a 25%
decrease in this parameter resulted in a 33% isereamean total length. Nevertheless, other
parameters likek, { P,,} and kxy may also strongly influence fish length, as obsdrin the
PCA analysis (Figure 5.11), since a 25% increaskase parameters yielded a ca. 17% increase

in this variable. Regarding Simulations 2, the ltssaf the sensitivity analysis performed with

the calibrated model parameters (Table 5.6) weng sienilar to those from Simulations1, except

for the fact that the maximum-specific ingestioterg{ P, }) was much more relevant to fish

growth than the assimilation rate §,,}), in agreement to the PCA results (Figure 5.5art
from that the relative contribution of the other BPparameters was very similar in the two

approaches.

Table 5.5 — Calibrated DEB parameters for white seabre@ipl¢dus sargup and gilthead
seabream3parus auratpin Simulationsl. Sensitivity analysis results¥a®f variation in white

seabream mean total length and wet weight aftergihg each parameter by +25%.

Parameter Diplodus Sparus Total length Wet weight
sargus aurata -25% +25% -25% +25%
{ |:'>Xm} 1073 998 0 0 0 0
X 0.0002 0.0004 +1 -2 +3 -6
Kx 0.75 0.83 -18 +17 -48 +62
{ Pam} 808 870 -18 +17 -48 +62
K 0.60 0.68 -18 +17 -48 +62
[EG] 7203 6098 +8 -7 +24 -18
[Em] 2251 1547 +2 -1 +4 -3
[ Pul 54 33 +11 -9 +43 -28
., 0.257 0.252 +33 -20 0 0
Ta 7807 7425 -2 +3 -6 +7
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Table 5.6 — Calibrated DEB parameters for white seabre@ipl¢dus sargup and gilthead
seabream3parus auratfin Simulations2. Sensitivity analysis resultYa®f variation in white

seabream mean total length and wet weight aftergihg each parameter by +25%.

Parameter Diplodus Sparus Total length Wet weight
sargus aurata -25% +25% -25% +25%
{ |:')Xm} 1300 1336 -19 +19 -50 +75
Xk 0.13 0.66 +3 -2 +8 -7
Kx 0.71 0.83 -19 +19 -50 +75
{ Pan} 922 809 -1 +1 -4 +2
K 0.72 0.61 -20 +21 -50 +75
[EG] 7296 5613 +9 -7 +27 -19
[Em] 1815 1506 +1 -1 +3 -3
[ Pyl 59 34 +13 -11 +53 -32
., 0.258 0.254 +33 -20 0 0
Ta 7925 7637 -3 +3 -6 +8

5 Discussion

The simple mechanistic principles and generalityp&B models (Kooijman 2010) make them
ideal to forecast fish growth in aquaculture systdracause the same model can be applied to
different species and different production cycld® implement these models a suitable
parameter set must be selected for the cultivgpediss. In the present study, despite a lot of
effort was invested in parameter estimation, paladity for white seabream which is a poorly
studied species from the physiological point ofwyighere were still uncertainties regarding
some of the DEB parameters. One of the main corcesas related with food density)(
because even though there were registers of thergmbfood supplied to the system there was

no easy way to convert this into the amount of faodiilable for fish, due to pellets
sedimentation. Immeasurable DEB parameters suxzh[E;sn]and[EG], that were taken from the

literature, were also a matter of concern. Theeeforstead of developing a simple DEB model,
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an IBM based approach was used to allow a fassasent of the parameter sets producing the
best fit between predicted and observed fish grofitharte et al. 2010). As a result of the
stochastically assignments of DEB parameters td @adividual in the IBM, not every
parameter combination gave completely reliable ipteshs and, as a result, fish growth fell
outside the ranges observed in nature for both [&ilons (Figures 5.7, 5.8, 5.9 and 5.10).
Nevertheless, this simple methodology has proveheteffective, as in Duarte et al. (2010),
since it was possible to select several parametisr for each approach that predicted white

seabream and gilthead seabream growth with realsoaaturacy (Figures 5.13 and 5.14).

The similar results obtained with the twdormulations (cf. Section 3.2.1.1) suggest thahbot
may be used to simulate seabream’s growth. Ondeofatlvantages of the approach used in
Simulationsl is that it enables the evaluationaufdf conditions over a fish production cycle,
which is a crucial information for semi-intensivgstems since they are often managed
intuitively (Giovannini and Piedrahita 1994; SEACRAS009). The average describing the
growth of white seabream was 0.85, which is indveathat food conditions were not maximal
(Kooijman 2000). Nevertheless, lowérvalues were reported for hake (0.72) in its natural
environment (Bodiguel et al. 2009) and for juversitde (0.68) reared in tanks (Eichinger et al.
2010). Since at some stages of the production cya@eht predictions were below (November
2004 to April 2004) and above (September 2004 tocebder 2004) observations (Figure 5.13),
this indicates that values might be respectively, below and aboveaterage value in these
periods. Moreover, the lack of agreement in therdgancies between predicted and observed
weight and total length values for white seabreanggests that food conditions were not
responsible for the length mismatches observedeabéginning of the production cycle. Instead,
these results may be explained by the higher sbageficient value (0.260) used in the model

(Table 5.5) comparatively to the estimatgdvalue (0.255) for juvenile white seabream (Figure
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5.3). In fact, Loy et al. (2001) have referred tbating their juvenile life, specimens of white
seabream undergo important shape changes, whidoasestent with habitat transitioRor the
gilthead seabream, the averdgsstimated by the model, 0.70, was similar to thlees reported
for other fish species (Bodiguel et al. 2009; Eigar et al. 2010), but lower than the value
estimated for white seabream. As described folldtier species, at a certain point (December
2005 to July 2006), the gilthead seabream’s weagiat length predictions were also below the
observed growth data (Figure 5.14), suggesting ftinais below the estimated average value.
The fact thatf values were on average lower than 1 for both sgechay be indicative of
inefficient feeding strategies (e.g. meal timingldrequency or feed supply methods) (Black
2001) or/and of substantial amounts of wasted f&®d result of pellets decay (Choo 2001,
World Bank 2006). This last hypothesis is partiatigrroborated by more accurate growth
predictions in Simulations 2 (cf. — Section 3.2)Xtan in Simulations 1. The other advantage of
usingf; is that, if the model would be coupled to a biodemnical model it would be possible to
directly estimate the contribution of uneaten fe@the organic matter enrichment of earth pond

sediments (Serpa et al. 2007b).

Regardless the approach, the IBM-DEB model may d&# uo investigate the reasons behind
growth variability among fish. The PCAs from eadmdation revealed that a relatively small

number of parameters explained a large fractiohis variability. These were basically the

parameters governing reserves allocatig) food ingestion (P,,,}) and assimilation ({0}

and ky). An interesting result was that the contributidntltese parameters depended on the

approach used to estimate the scaled functionpbrse. In the PCAs from Simulations 1, the

main parameters explaining growth variability werg,order of importance, { P, } and kx

whereas in Simulations2 thep{,,,} was replaced by P, 1}, probably because as food pellets

settle very rapidly, the amount of food that anividal is able to ingest in a small amount of
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time becomes crucial for its success. In fact, eting to Kooijman (2009), the mechanism
behind size differences among fish in supply systeis1the way of feeding since the whole
brood is usually fed few times a day. As a consege®f restricted food availability, the social
interactions during feeding are intensified anc sifferences which initially are very small are
amplified over time, as was the case for the ptesardy (Figures 5.13 and 5.14), because
largest animals take priority over smaller onesdignan 2009). The consistency between the
PCA (Figures 5.11 and 5.12) and the sensitivitylyamaresults (Tables 5.5 and 5.6), suggests

that as potentially important parameters for fishwgh, there should be an investment in the

estimation ok, { P, }.{ P.n,}andxy when applying the present model to other fish sseci

Even though fish performance is more likely to feded by DEB parameters governing food

consumption and energy partioning, as found by rothéhors (van der Veer et al. 2003;
Bodiguel et al. 2009), fish weight was also sewsitb parameters likefl, ] and[EG], and fish
length was patrticularly affected @y, (Tables 5.5 and 5.6). According to Bodiguel et(2009),
the reason for having volume-depending parametpys] [and [EG] affecting fish weight in a
negative way is related to the fact that highergete costs for maintenance and growth imply a

slower increase of body volume. Fish length, onatfer hand, was mostly affected by the shape

coefficient, as expected from eq. 11.

Taking into account the results of Simulationsyliler accuracy in growth simulations), the
values of DEB parameters substantially affectingteveeabream and gilthead seabream growth
were compared (Table 5.6), to assess which of tpasameters would explain more of the
interspecies growth variability. From the differesdetween the DEB parameter values of these

two Sparidae and the results of the sensitivitylyens it appears that the parameter explaining

the white seabream low growth rates %,[]. Since the [P, ] value for white seabream was 42%
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higher than that of the gilthead seabream, if thiees of the latter species was used in the white
seabream model, its final weight would more thaplidate, as shown in the sensitivity analysis
(Table 5.6). Unlike in other studies in which irgjgeecies variability was reflected in energy
partioning (van der Veer et al. 2001), in the pn¢seork the fraction of reserves allocated for
growth (¥) could not account for the growth differences kasw the two species because this

value was higher for the white seabream. A posslglanation for these results is that the
impact of [p,,] in white seabream growth was much larger thanviméation ink, so that the
extra energy invested in soma could not comperisatbe higher maintenance costs. Regarding
the ingestion rates @, }), as the difference between the values of the species was of only

3%, this parameter could not be have been resgerfsibinterspecific variability, as found for
flatfish species (van der Veer et al. 2001). Coselyr the food absorption efficiencyy) was
able to explain part=33%) of the growth differences between these tvabiams, since a 12%

variation in this parameter yielded a 1179 increadmal fish weight.

This last finding might be important for the aquiite sector because it suggests that if feed
absorption efficiency is increased, it would be giole for white seabream to attain its
commercial size (350-400g) in less than 2 yearsndga newly cultivated species, the white
seabream has been fed with rations that were cgehfor gilthead seabream (Cejas et al. 2004,
Sa et al. 2006), so the development of new feedhdtations is crucial for white seabream
production. Even though the physiological charasties of the former species seem to prevent
it from reaching the growth rates of gilthead seabn, if the white seabream would attain the
market size in a shorter time period this mightsbéficient to ensure the economic viability of
its production in semi-intensive systems becausesiecies reaches market prices substantially
higher (5-6 €/kg, for 350 g size fish) (FAO 2011ilcan the fast growing gilthead seabream (3-4

€/kg, for 350 g size fish) (Barazi-Yeroulanos 2010)
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6 Conclusions

In the present work, an IBM-DEB model was developed implemented to simulate the growth
of two seabream species, the white seabream andilthead seabream, during a production
cycle in semi-intensive fishponds. The model uses different approaches to estimate the
scaled functional responsg, (in trying to account for uncertainties in fooeadability. Running
the IBM model with a large number of individualach with its own parameter set was found to
be a practical and easy way to calibrate the maated, to find the parameter sets that best
described the growth of the two species. Model &tmans globally matched the total length and
wet weight observations of white seabream and egplthseabream over a production cycle.
However, more data sets are needed to test itscappity in different farming conditions.
Comparing the DEB parameter values for these tvenidg, it seems that the most likely reason
for white seabream’s low growth is a higher enatggnand for maintenance. However, a lower
feed absorption efficiency might also explain paftthe growth differences between these
species. As the white seabream is currently beedy with rations optimised for gilthead
seabream, an improvement in white seabream feeglst mot only increase its production but
also minimize the aquaculture environmental impagtseducing the amount of waste. Future
applications of the IBM-DEB model include its coumgl to a biogeochemical model to

reproduce the pond environment, and thereby cesagdficient tool for pond management.
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Abstract

The sustainability of semi-intensive aquaculturdiese on management practices that
simultaneously improve production efficiency anchimize the environmental impacts of this
activity. The purpose of the present work was teettgpp a mathematical model that reproduced
the dynamics of a fish earth pond, to simulateedéiit management scenarios for optimizing
fish production in semi-intensive systems. The nilodge approach consisted of coupling a
biogeochemical model that simulated the dynamiaghefelements that are more likely to affect
fish production and cause undesirable environmemtphcts (namely nitrogen, phosphorus and
oxygen), to a fish growth model based on the Dycamnergy Budget approach. The
biogeochemical sub-model successfully simulatedtmwaser column and sediment variables. A
good model fit was also found between predicted abserved white seabrear®iflodus
sargug growth data over a production cycle. Model ousputere used to construct nutrient
budgets for evaluating the efficiency of food atiiion and quantifying daily nutrient discharges
for standard farming conditions. Budgets reveahed &lmost 50% of food supplied is not eaten
by fish. The fraction of nutrients that is effeey retained by fish represented only 24.5% and
27.3% of ingested N and P, which suggests low femd/ersion efficiency for the cultivated
species. In terms of effluent discharges, a 43.1qfMf N and 2.9 pM dof P were estimated to
be discharged into the Ria Formosa lagoon. In otdeoptimize fish production, different
management scenarios were analysed with the maalel (ncrease stocking densities,
decreasel/increase water exchange rates, decreasas@ feeding rates, decrease phosphorus
content in fish feeds, increase feed absorptidoieffcy and decrease pellets sinking velocity) to
test their effects on the pond environment as wasllon fish yields and effluent nutrient
discharges. Scenarios were quantitatively evaluaied compared using the Analytical

Hierarchical Process (AHP) methodology, which netua score for each scenario. The best
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management options for maximizing production whmaintaining a good pond environment
and minimizing the impacts on the adjacent coasgatem were to double standard stocking

densities and improve feed absorption efficiency.

1 Introduction

To turn aquaculture into a more productive actiwitigh improved profit margins, fish farmers
worldwide have been intensifying production (WoBdnk 2006). Intensification implies that
fish are cultivated at high densities and usingnidated feeds, which increases the ecological
footprint of this activity (Folke et al. 1998). Thewer environmental risks of semi-intensive
aquaculture (Kautsky et al. 2000; Banas et al. p0@gether with the increasing demand of
consumers on food safety and on cultivated spesieare, have brought semi-intensive
aquaculture products back into the front scene (GE3E 2009). Nevertheless, this industry has
been struggling with economic difficulties as autef high production costs (e.g. labour,
energy and land costs) and low productivity. A lpvofitability together with the increasing
market competition with low-price intensive aqudaocted products (SEACASE 2009), may

seriously compromise the economic viability of tacivity.

Among the solutions that have been proposed tease the competitiveness of semi-intensive
aquaculture is the optimisation of fish product{®@:ACASE 2009). The latter proposal implies
that not only production is maximized but also tlsmund environmental conditions are

maintained within fishponds and in the receivingstal waters. But how can this be achieved?

One of the possible approaches would be to optirfisfe stocking densities. For instance,

Ferreira et al. (2010) reported that doubling thendard stocking density of semi-intensive
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gilthead seabreamSparus auratp farms, from 1.5 kg M to 3 kg m®, had no major
environmental impacts in the adjacent coastal waterhich suggests the feasibility for
productivity enhancement under sound environmeiwtahditions. Nevertheless, optimum
stocking densities strongly depend on several facguch as the spatial and behavioural needs
of fish species (Ashley 2007), pond water qual®hih and Wu 2003) and the assimilative
capacity of the surrounding aquatic environmentdS#®07), which are known for limiting the

carrying capacity of production systems.

Water management is also an important issue fosuk&inability of semi-intensive aquaculture

because water quality in these systems, whichusiarfor fish welfare, is often determined by

water exchange rates (Hopkins et al. 1993; Bramlatl al. 2007). While some authors have
suggested the reduction of water exchange ratasnag to lower the risk for sudden changes in
water quality parameters and to minimize the aaveftects of effluents discharge (Paez-Osuna
2001a, b; Primavera 2006), others recommendedtitedase of water exchange as an effective
strategy for reducing the concentrations of po#dligtitoxic compounds, suggesting that such

action may also allow substantially higher stockilegsities (Burford and Lorenzen 2004).

Aquaculture feeds are determinant for the succefistoculture since they play a major role in
fish growth and in the environmental impacts ofnfaeffluents (Tacon and Forster 2003;
Nwanna 2003; Bascinar et al. 2007; Booth et al8208s feeding requirements by fish depend
on a number of factors such as size, health statdghe quality of the holding environment, the
definition of optimal feeding rates (i.e. the amboh daily feed supplied as a function of fish
biomass) is essential to avoid situations of owerunderfeeding (Wing-Keong et al. 2000;

Nwanna 2003), which might not only compromise fisbduction, but in the case of overfeeding
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affect the environmental sustainability of thisiaty. The development of food formulations
based on the nutritional requirements and bioetiesyef cultivated species, may also be an
effective strategy for improving food assimilatiefficiency and consequently food conversion
rates (FCRs) as well as to minimize the amountotil svastes and nutrient loadings resulting
from undigested, un-utilized and uneaten feedsc{B2001; Islam 2005; World Bank 2006;
SEACASE 2009). Other authors (Kaushik et al. 20BBACASE 2009; Ferreira et al. 2010)
have suggested the replacement of fishmeal pratainfat sources of commercial fish feeds by
others of vegetable origin (e.g. soya), as a wgyreduce more “environmentally friendly” feeds
(i.e. ecofeeds). Such diet formulations will notyoreduce the dependence of aquaculture on
fisheries products (Kaushik et al. 2004) but alsaimize nutrients concentration in effluent
waters due to the elimination of additional protginvided by fish oils (Kaushik et al. 2004) and
lower content of soluble nutrients, like phospho(6&ACASE 2009; Ferreira et al. 2010),
thereby contributing for the reduction of semi-imt&ve aquaculture’s ecological footprint. Other
key issue in food management is the improvemefdaf pellet technology, either by increasing
the stability of pellets or reducing its sinkinges (Vassalo et al. 2006; Piedecausa et al. 2009),
since it may simultaneously maximise the amountfadd ingested and minimize waste

production (Choo 2001; Nwanna 2003; World Bank 3006

Testing the effects of these management optionsrufidld conditions is extremely time
consuming and often unfeasible from the logistiegnpaf view. Ecological models are a
powerful tool to assist in this task because they able to reproduce fishpond dynamics.
Furthermore, models may be used to accurately rdeterorganic matter and nutrient wastes
resulting from fish activity, an information that crucial for dimensioning Integrated Multi-
Trophic Aquaculture (IMTA) systems, which have be&adely referred as a sustainable option

for reducing the environmental impacts of fish fargwhile increasing its economic efficiency
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(Whitmarsh et al. 2006; Bunting and Shpigel 2008ziGet al. 2009; Troell et al. 2009; Nobre et

al. 2010).

The purpose of this work was to develop a matheralathodel that was capable of reproducing
fishpond dynamics in order to simulate differentnagement scenarios: i) increase of stocking
densities; ii) decrease/increase of water exchaatgs; iii) decrease/increase of fish feeding
rates, iv) decrease of phosphorus content in &sibns; v) increase of food absorption efficiency
and vi) decrease of food pellets sinking velocithe final goal of this study was to evaluate
which scenarios would lead to maximum fish productwith minimum impacts for the

environment.

2 Methodology

2.1 Description of the system

Data for model calibration was collected during-gear white seabream growth trial, carried out
in the earth ponds of the IPIMAR Aquaculture ReskaCenter (ARC), located in the Ria
Formosa lagoon (Southeast Portugal). A rectangdath pond with a surface area of 450 m
and an approximate volume of 65C° mas stocked with 3000 juveniles of white seabream
(Diplodus sargus Seawater was supplied to the fishpond at raaegng from 25 to 100 fhh™.
The pond was equipped with aerators (FORCE-7; ft)Srhorder to maintain dissolved oxygen
above critical levels for fish survival. Fish wefed daily with a commercial food pellet
containing 51% of total protein, 29% fat and 1.2%akP at 1.2% body wet weight per day in the
first production year, and 0.8% in the second y&donthly ration varied throughout the
experiment, between 0.83 and 11.7 Kg according to fish biomass and feeding responsmés

et al. 2007b).
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2.2 Model development

The first step for the development of the modekpnéed herein was to build a biogeochemical
model (cf. Chapter 4) that reproduced the cycleghef elements that are more likely to

negatively affect fish production and cause undésr environmental impacts due to their

excess (e.g. nitrogen and phosphorus), or defaog. (0xygen). The second step was to build a
Dynamic Energy Budget (DEB model) to simulate wiseabream growth as a function of the

amount of food supplied and water temperature Qtfapter 5). The final step for creating a

suitable tool to simulate the fishpond system wasduple the two models to account for the

interactions between fish and the environment. s liiogeochemical and DEB models were
extensively described in the previous chaptersGbfpters 4 and 5), the next paragraphs will be

devoted to clarify models coupling.

Coupling consists in using the outputs of the DEBdei as inputs for the biogeochemical
model, and vice-versa (Figure 6.1). In the biolabimodel, not all the food supplied was
available to fish due to pellets sedimentation @achy (cf. Chapter 5). Uneaten food is assumed
to be an extra source of particulate organic matg®®M) to pond sediments, settling at
velocities of 0.03% 0.030 m &. When reaching the bottom, uneaten food is diyentegrated

in the benthic organic carbon (PQitrogen (PO and phosphorus (P@Rpools according

to the C:N:P ratio in fish feeds (Table 6.1), whigfovides the substrate for the diagenetic

processes simulated by the benthic module of thgeoichemical model (cf. Chapter 4).
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Figure 6.1 — Coupling of the biogeochemical and DEB modelOMg, — Particulate Organic
Matter in the water column; PQMNd POP- Particulate Organic Nitrogen and Phosphorus in
sediments; DONand DOR- Dissolved Organic Nitrogen and Phosphorus inpater; DIN,
and DIR — Dissolved Inorganic Nitrogen and Phosphorus imewater; DQ, and DQ —
Dissolved Oxygen in the water column and in porewaiDN, and TDR, — Total Dissolved

Nitrogen and Phosphorus in the water column.

Fish activity also influences the environment tlglouespiration and excretion (urinary and
fecal) processes. According to the DEB theory (oan 2000, 2010), oxygen consumption is
proportional to the energy mobilization ratg)[]). In the model, jp.] values (J cit d™) are
converted to DO values (mg) using a conversionofacf 13.84 J mg O, (Brafield and
Llewellyn 1982), so that the oxygen consumption dosingle individual Resp mg & d* per

fish) could be estimated as:
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[pc] o

Resp= :
Conversiod_mgQ

(1)

where ConversionJ_mg@ is the conversion factor from Joules to oxygentsurand V
corresponds to the fish structural body volume¥cindividual results are then extrapolated for
the whole pond in order to determine the feedbackish respiration on water column dissolved
oxygen (DQ,) concentrations. Global fish respiratifo(alRespin mg DO L* d?) is calculated
as follows:

Respx Fish_nr

TotalResp
PondVolum x 100(

@)

whereFish_nris the number of fish in the pond (3000) @wondVolumethe volume of the
fishpond (650 ). During the respiration process, carbon dioxid6) is released to the water
column. The amount of carbon released during ragpir can be estimated using the respiration
guotient (RQ), i.e. the ratio between carbon diexidoduction and oxygen consumption. In the
DEB theory, the RQ depends on the organism’s composn terms of proteins, lipids and
polysaccharides (Kooijman 2000). Due to the lacthdd information, in the present study it was
assumed that the composition of organic matter lnoditged by an organism is similar to fish
food (Table 6.1), to guarantee that the organiset@chiometry is not changed by food
absorption. Therefore, the RQ value used in thean(@i82) is a weighted average of the RQs
of food proteins, lipids and polysaccharides (Kioajp 2000):

_ ProtRQ* ProtContent+ LipidRQ* LipidContent + PolysacchaRQ* PolysacchaContent
Pr otContent+ LipidContent + PolysacchaContent

RQ
3)

whereProteinsRQis the respiration quotient for proteins (0.8B)pteinsContents the protein
content in feeds (51%l,pidsRQis the respiration quotient for lipids (0.6Z)pidsContenis the
lipids content in feeds (29%p,olysaccharidesR@® the respiration quotient for polysaccharides

(1) andPolysaccharidesContens the polysaccharides content in feeds (20%)e ddrbon loss
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by respiration for a single individuaCgsp in mgC d" per fish) is calculated according to the
following equation:

_ Respx RQx CarbonAtontWeight

C =
resp OxygenMoleularWeigh

(4)

whereRespis the oxygen consumption for a single individual &1@, the respiration quotient
(0.82). Extrapolation for the whole pond was dogertultiplying Cresp by the number of fish in

the pond (3000).

Table 6.1- Diet composition, relatively to food dry weight.

Food

(Sorgal® Balanceb)

Organic compositioKb)

Proteins 51
Lipids 29
Polysaccharides 20

Elemental compositio(?o)

Carbon 41.3+x1.2
Nitrogen 6.6+ 0.6
Phosphorus 1.2+0.3

Source: www.sorgal.pt

The contribution of urinary excretion to the nitesg(N) and phosphorus (P) pools in pond water
is calculated according to the weak homeostasisemirdefined in the DEB theory (Kooijman
2000, 2010). In agreement with this concept, carbod nutrients loss must be directly

proportional to feed C, N and P inputs to ensuet the organism’s C:N:P ratio is maintained
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(Table 6.2). Therefore, nitrogehd, in mg N d" per fish)and phosphorus excretioRe(c, in

mg P d per fish) is calculated as follows:

C
Now = 703" (5)
[ N j food
C
P - resp (6)

excr ( E J
P food

where (Ej and (EJ correspond to the C:N and C:P ratios in fish f¢bdble 6.1). The
food food
calculatedNexcrand Peyr Values for a single individual were multiplied the number of fish in

the pond (3000), for extrapolations to the wholago

Table 6.2 —Juvenile and adult white seabrearDiplodus sargus elemental composition,

relatively to fish dry weight.

Elemental composition (%) Juvenile Adult
Carbon 41.1+2.3 43.9+ 3.0
Nitrogen 7.11+ 0.64 7.03 0.56
Phosphorus 1.13£ 0.05 1.2G+ 0.08

Fecal excretion (or egestion) is assumed to beiesmf particulate organic matter to the water,
being integrated in PQE PON, and POR pools. Since in the DEB model, the egestion rate
(Egestion_ratg is calculated by the difference between ingestaond assimilation rates
(Kooijman 2000, 2010), thEgestion_ratéhad to be converted into mass units to be an ifguut
the biogeochemical model. In the coupled modelsege Egestion mg L* d*) is calculated

according to eq. 7:
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Egestion_rate

Egestion=
FoodEnergy¥ontentx PondVolumex 1000

(7)

where FoodEnergyContenis the energy content of fish feeds (23.8 J'ned dry food) and
PondVolumethe volume of the fishpond (650°mThe C, N and P inputs (in mg*ld™) from
fish feces (respectivelyCegest Negest Peges) 10 the suspended particulate organic C, N and P

pools, were calculated as follows:

Ciyest = EgeStionk C o (8)
NEgest = EgeStion( N food (9)
Pegest = EgEStionX Py (20)

whereCiooa, Niood, Proog, @re respectively the C, N and P contents in figkldgTable 6.1).

2.3 Model forcing and calibration

As input data the model requires complete data setaverage daily water temperature (cf.
Chapter 4), wind speed (cf. Chapter 4), water mfend outflow rates (varying from 0.007 to
0.027 ni s, particulate matter and nutrient concentrationmflowing water (cf. Chapter 3.2)
and food input (cf. Chapter 5). Since both the bamhemical and DEB models have been
previously calibrated (cf. Chapters 4 and 5), caliew parameters were adjusted after models
coupling to achieve the best fit between simulaaaed measured water and sediment quality
data. Model parameters needing adjustment weréedelm water column processes such as,
denitrification kdenit,= 0.1 d*) and particulate matter sedimentation=(0.1 m &; v’ = 0.24 m
d?), and to benthic processes like nitrificatidmi; = 0.7 d*) and diffusion PsDO = 250 ci o

1 DsNH," = 15 cnf d%). For the pelagic compartment, the need for pararmeadjustment is
explained by fish activity, since the biogeocherioadel had been previously calibrated for a

pond without fish (cf. Chapter 4). Fish respiratiaffiects dissolved oxygen availability in the
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water column, which in turn influences denitrificat processes (Hargreaves 1998; Burford and
Lorenzen 2004), thereby justifying the need foadjustment irkdenit,. On the other hand, the
higher amount of particulate matter in the fishpoasla result of uneaten food and fish feces as
well as higher water exchange rates, justifiesiiceease in total and particulate matter settling
velocities (cf. Chapter 4). Bottom sediment enriemtnmplies a decrease in oxygen availability,
which restricted nitrification processes (Serpalef007b). Therefore, to ensure a good model
fit between predicted and observed porewatey dfdicentrations a changeknits was required.
The increase in DO and NHdiffusion coefficients was mostly necessary to actdor the
effects of bioturbation, either from benthic fauaetivity (cf. Chapter 3.2) or the foraging

activity of fish (Riise and Roos 1997; HargreaveSa).

2.4 Model implementation
The coupled biogeochemical — fish DEB model waslemgnted with EcoDynamo (Pereira et
al. 2006), and state variables were computed awer wising the Euler integration method with a

time step of 10 minutes.

2.5 Model performance

Model performance was evaluated by model Il regoessbetween predicted and observed
values of state variables, as described by LawsAackie (1981). According to these authors, a
good model fit p<0.05) implies that the slope of the regressiomoisdifferent from one and the
y-intercept is not different from zero. A slope ttlggnificantly differs from one indicates a
difference between observed and simulated valueshwh proportional to the observed values.
If the slope is not significantly different from erbut the y-intercept significantly differs from

zero there is a systematic difference between whgens and simulations.
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2.6 Scenario analysis

After calibration of the fishpond model, several nragement scenarios (Table 6.3) were
simulated with the purpose of optimizing white sealm production in semi-intensive earth
ponds. These scenarios were defined based on thagement options proposed by several
authors (cf. Section 1) for maximizing fish prodanot while minimizing aquaculture
environmental impacts. The effects of each scemamigond water and sediment quality were
evaluated by comparing scenario simulations witle ®tandard simulation (after model
calibration). These comparisons were made on tises lzd average values for several model
variables, integrated over the second year of tbhdyztion cycle. The evaluation of pond water
and sediment quality for the different scenarioss viiased on the IFREMER classification
schemes (Austoni et al. 2004). However, for wateality, this scheme had to be modified
because model outputs did not include turbiditytdad, total particulate matter (TPM) were
used as a water quality parameter, using as referealues for this variable, the Ria Formosa
lagoon values measured in areas under differeptdenf anthropogenic pressure (Falcao 1997).
Besides the quality of pond environment, each soemas evaluated for its effects on final fish
biomass and for impacts on the adjacent water dodyomply with the objectives of the present
study. Environmental impacts were evaluated byl tbtaand P discharges during a white
seabream production cycle, which were obtained bitiplying total dissolved nitrogen (TN)

and phosphorus (TP) concentrations in pond watelaldy water outflow rates.
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Table 6.3 — Scenarios and management options for semi-intmnd aquaculture. Current
rearing conditions (standard simulation): Stockitemsity = 1.2 kg fi; Water exchange rate =
25 to 100 M h; Feeding rate = 0.8 to 1.2% of fish body weightpgphorus content in feeds =

1.2%:; Food absorption efficiency = 72%; Pelletkisig velocity = 0.035 m&§

Scenario Management options
Change stocking density Increase stocking densi8yKg ni’ (Scenario?)
Change water exchange rate Decrease water exchatedey 25% $cenario?)

Increase water exchange rate by 258denario3

Change feeding rate Decrease feeding rate to @4% of fish body weight per
day Scenario)
Increase feeding rate to 1.6 to 2.4% of fish badight per

day Scenario§

Change diet formulations Decrease phosphorus cointéeeds to 1.0%S3cenariof)

Change food absorption efficiency  Increase fooaadt®n efficiency to 83%Scenario’)

Change pellets sinking velocity Decrease pelletkisg velocity to 0.018 m§Scenario)

2.6.1 Scenario classification

The selection of best and worst scenarios was basethe Analytical Hierarchical Process
(Saaty 1980), a mathematical technique for mutéaa decision making. In the present work,
the decision elements or objectives, were: i) dqualf the pond environment, ii) environmental
impacts and iii) fish production. The quality ofetlpond environment was evaluated based on
water column and sediment variables (cf. Secti@), Zombined into a single indicator by
applying an AHP, in which each variable is a detistlement with equal relevance for the pond
environment. A similar procedure was followed floe second decision element, but in this case,

total N and P discharges during a white seabreasdugtion cycle were the only variables
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defining the indicator. Fish production was excheyy evaluated based on the final fish biomass
predicted by the model.
The Analytical Hierarchical Process (AHP) was cartdd in several steps:

1. Performance of pairwise comparisors comparison of the relative importance (i.e.
weight) of each decision element according to tiwWwing scale: 1 — equally important; 2 —
moderately more important and 3 — strongly moreartgnt. In one situation it was assumed that
the 3 decision elements were equally importand;(&hereas in the other, the most important
decision element was considered to be fish prodadi,) for economic reasons. The different
pairwised combinations for each situation formea teifferent reciprocal matrices (8 3),

respectively A and A (see below), to ensure the consistency of thdtsesu

Pond Environ.Fish Pond Environ. Fish
qual. impact prod. qual. impact prod.
1 1 1 Pond qual. 1 1/2 1/3 Pond qual.

Al =11 1 1 E.nviron.impact AZ =9 1 ]_/2 Environ. impact
1 1 1 Fish prod. 3 2 1 Fish prod.

2. Matrix normalization— matrices Aand A were normalized with eq. 13:

ajk

ajk =:§ﬁZ:5?E

(13)

wherem s the number of lines in the matrix.

3. Computation of the relative weights the “average” weight for each decision

element/indicator was calculated by eq. 14:

w; = &=t (14)

J n
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4. Standardization -the matrix containing the values of the differemtlicators for each
scenario ) was standardized to allow the comparison betweditators. Standardization was

done according to the equations of Agnetis et28l06), as follows:

* When the indicator value was directly proportiotalquality andl;; > 1, eq. 15 was

used:

. Iii—1, .
bl =8——M 41 (15)

Ij,max_lj,min

If lij <= lnj thenb, = 1/h,

* When the indicator was inversely proportional talgy andl;; < I;, eq. 16 was applied:

. Ihi—1,.:
bl =8——Y 41 (16)

Ij,max_lj,min

If Ii,j >= | h,j,then b =1/b,i
The outcome of the standardization exercise was@im(9 x 9) for each indicator. Each of
these matrices was further normalized using eq.g&Berating 3 vectors that constitutedSan
matrix (9x 3), in which columns correspond to indicators lnels to scenarios.
5. Calculation of global scoresthe score (v) of each scenario was obtained byiphyiig
the Smatrix by thew matrix (3% 1), as follows:

v=S.W (17)

3 Results
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The first part of this section (Model performan@nthesizes some comparisons between
observed and simulated data (from the standardlaiion). The second part deals with scenario
analysis, where results obtained with the diffessr@narios (Table 6.3) are compared to those of

the standard one.

3.1 Model performance
Comparisons between predicted and observed vatndebd water column, porewater, sediment

and fish variables are shown in Figures 6.2 — 6.8.

3.1.1Water column variables

The results of model Il regressions between predié@gnd measured values of water column
variables (Table 6.4), show that the model coult faly predict >0.05) the variability of
particulate matter (TPyland POM,) concentrations over the white seabream productyate
(Figure 6.2). A poor model fi(p0.05) was found for ammonium (NK) in pond water (Table
6.4), even though the model was able to predicibgority (5 out of 8) of data points (Figure
6.3). In opposition, a significant pap<(0.04) of oxidized nitrogen forms (N§&) and phosphate
(HPQO,?,) variability was explained by the model (Table )6.despite some discrepancies
between model predictions and observations (Fi§8e Differences between dissolved organic
compounds (DOl and DOR) predicted and measured values (Figure 6.3), ptedehe model
from accurately simulating these variables(Q.05). A significant part of D variability was
explained by the modep€0.01 - Table 6.4), despite some underestimatidd®@fvalues during

spring and summer months (Figure 6.3).
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Table 6.4 Results of model Il regressions for water columnaldes.

TPM, POM, NH, NOyw HPOZ,, DON,, DOPR, DO,
mgL* mglL* ny ny UM UM UM mg L*
Value 0.53 0.72 0.02 0.56 1.38 1.71 0.30 0.38
slope Upper 95% limit 3.04 -8.95 0.64 0.79 4.94 0.30 1.35 0.43
Lower 95% limit -0.29 -0.47 -0.60 0.37 0.57 -4.42 054 0.34
Value 19.49 2.07 4.20 0.18 0.04 -4.36 0.51 4.30
y-intercept  Upper 95% limit 50.62 39.70 7.70 0.42 0.21 41.30.1 1.06 4.64
Lower 95% limit  -76.28 6.69 0.63 -0.10 -0.69 6.15 051 3.95
p Value 0.20 0.23 0.94 <0.01 0.03 0.17 0.98 <0.01
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Figure 6.2— Predicted (line) and observed (diamonds) vatdie¢stal particulate matter (TPM

mg L) and particulate organic matter (P@Mng L) in the water column of a white seabream

production pond.

3.1.2 Porewater variables

In general, the model could not fully predipt0.05) the variation pattern of porewater variables
(Figures 6.4 — 6.5; Table 6.5), however for somgatbdes like DON and NQs, predicted values
were very close to measured data (Figure 6.4)adh for the latter variable, small discrepancies
were found between model predictions and obsematiexcept in October 2004, when the
model was unable to simulate a peak in,Nfoncentrations. On the other hand, the model was

able to explain a significant pap<0.01) of porewater HPS; variability (Table 6.5), despite

some over- or underestimation of its concentrat{ingure 6.5).
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Figure 6.3 — Predicted (blue line) and observed (red diamards line) ammonium (NF),
oxidized nitrogen forms (Ng), dissolved organic nitrogen (DQN phosphate (HP,),
dissolved organic phosphorus (Df)Rnd dissolved oxygen (Q concentrations in the water

column of a white seabream production pond.
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oxidized nitrogen forms (Ng&) and dissolved organic nitrogen (DgNorewater concentrations

in a white seabream production pond.
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Figure 6.5— Predicted (line) and observedstandard deviation (diamonds) phosphate (RO

and dissolved organic phosphorus (RQOPorewater concentrations in a white seabream

production pond.

Table 6.5 —Results of model Il regressions for porewater \Aes.

NH,"s NOxs HPO, DON; DOP

1M UM uM uM UM
slope Value 0.09 0.30 0.56 -1.03 -9.33
Upper 95% limit 0.49 -2.28 0.79 3.54 2.46
Lower 95% limit -0.29 -5.97 0.37 0.25 -1.46
y-intercept Value 249.54 8.59 4.62 1753.53 448.04
Upper 95% limit ~ 333.07 96.72 6.29 518.21 109.91
Lower 95% limit 159.98 44.80 2.64 -2658.80 -57.80
p Value 0.57 0.52 <0.01 0.36 0.60

3.1.3 Sediment variables
Figure 6.6 presents the comparison between prediated observed values of sediment

variables, PO¢ PON, and POR From this figure it becomes evident that theres itile
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discrepancy between model simulations and measlatd which is indicative of a good model

fit (p<0.01) as confirmed by the results of the regresammalysis (Table 6.6).
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Figure 6.6 — Predicted (line) and observedstandard deviation (diamonds) organic carbon

(POG), nitrogen (PON and phosphorus (PQFRcontent in the sediments of a white seabream

production pond.
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Table 6.6 —Results of model Il regressions for sediment véemb

POG PON, POR

ugg'dw  pggtdw pgg'dw

slope Value 0.97 0.85 0.85
Upper 95% limit 1.97 1.21 1.04
Lower 95% limit 0.47 0.58 0.70
y-intercept Value 549.91 203.02 -0.94
Upper 95% limit 4038.73 316.42 21.98
Lower 95% limit -6426.57 49.13 -28.04
p Value <0.01 <0.01 <0.01

3.1.4Biological variables

Model Il regressions between predicted and meastakes of fish wet weight and total length
(Table 6.7), revealed that the model was able fa@x a significant partp<0.01) of growth
data variability. Nevertheless, a systematic ouwaregion of fish weight was found (Table 6.7),

whereas for total length the model could over-odarastimate (Figure 6.7) this variable

depending on its value.
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Table 6.7 —Results of model Il regressions for fish growthiables.

Fish weight Total length

g cm

slope Value 1.02 0.77
Upper 95% limit 1.20 0.87

Lower 95% limit 0.86 0.69

y-intercept Value -20.99 3.14
Upper 95% limit -1.25 4.53

Lower 95% limit -44 .41 1.61

p Value <0.01 <0.01

350 i 30

Predicted weight
=== Observed weight
------ Predicted length

——@— Observed length

Wet weight (g)
Total length (cm)

)
<
"
<

18-06-2003
18-08-200
18-10-20034
18-12-2003:
18-02-2004
18-04-20041
18-06-2004
18-08-2004:
18-10-2004:
18-12-2004:
18-02-200%

Figure 6.7— Average + standard deviation measured and pesthi@lues of white seabream wet
weight (respectively, diamonds and solid line) &otdl length (respectively, circles and dashed

line) over a production cycle.

3.2 Scenario analysis
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3.2.1 Water quality

In the standard simulation and in each of the stemnanalysed in the present work, most water
quality variables fell into the category “High” ari@Good”, except for TPM that was in the
“Moderate” category in all situations (Table 6.8espite the fact that there were no water
quality constraints regarding the scenarios simedlatith the present model, the results suggest
that some management options such as, increasistofstocking densities (Scenariol) and
decrease of water exchange rates (Scenario2),inelgadffect pond water quality. In Scenariol,
NH."wand HPQ?,, concentrations increased 32 and 20%, respectigetypared to the standard
simulation, whereas in Scenario2 these compound®ased 18 and 25%, respectively. The
management option that is more likely to improveaenaguality is the decrease of feeding rates
(Scenario4), since Nfi, and HPQ?,, concentrations decreased 16% and 9%; respectively,
whereas the opposite scenario, i.e. the increasksloffeeding rates (Scenario5), not only
increased the availability of Nff,and HPQ*,, by 11 and 14%, respectively, as also produced a
4% decrease in D For the remaining scenarios, water column vaesbere very similar to

the standard simulation.
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Table 6.8 —Water quality assessment for the standard simuladod for each of the
management scenarios considered in the present @oeity status: BLUE — High; GREEN —

Good; YELLOW — Moderate; ORANGE - Poor; and RED adBAdapted from: Austoni et al.

(2004).

Variables Units -
TPM mg L™ 40 40.61 60 ﬂ
DO % 70 60
NH," M 10 20

Standard

_ ‘ NO,+ NO; | uM 11 25

Simulation
HPO” puM 1 1.5 n
TN UM 75 100 120
TP HM 2 5 n
TPM mg L™ 40 40.97 60 ﬂ
DO % 70 60
NH," M 10 20

Scenariol | NO;+ NGs | uM 11 25
HPO” M 1 1.5 n
TN HM 75 100 120
TP Y 2 5 n
TPM mg L? 40 40.73 60 ﬂ
DO % 70 60
NH," Y 10 20

Scenario2 | NO;+ NO; | uM 11 25
HPO,” UM 1 1.5
TN UM 15.55 75 100 120
P UM 0.84 2 5 n
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Table 6.8 -(continued)

Variables Units
TPM mg L'
DO %
NH," HM
Scenario3 | NO;+ NO; | uM
HPO,” Y
TN HM
TP HM
TPM mg L*
DO %
NH," UM
Scenario4 | NO;+ NGy UM
HPO,” Y
TN UM
TP HM
TPM mg L*
DO %
NH," uM
Scenario5 | NO,+ NO; | uM
HPO,” Y
TN HM
TP HM
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231



Chapter 6

Table 6.8 -continued)

Variables Units
TPM mg L'
DO %
NH," M
Scenario6 | NO;+ NGy | uM
HPO” Y
TN MY
TP HM
TPM mg L*
DO %
NH," M
Scenario7 | NO;+ NOj uM
HPO,” Y
TN M
TP HM
TPM mg L*
DO %
NH," M
Scenario8 | NO;+ NO; | puM
HPO” UM
TN MY
TP UM
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3.2.2 Sediment quality

Regarding sediment quality, model outputs suggesti@rade in the case of Scenario4 (i.e.
decrease of feeding rates), with all variablesifgllinto the categories “High” (Table 6.9).
Quantitatively, this improvement was the resulaafecrease, of respectively 15, 23 and 13%, in
the organic matter (OM), total nitrogen (TN) andatophosphorus (TP) sediment contents
relatively to the standard simulation. Conversagdiment quality appears to worsen under
Scenario5 (i.e. increase of feeding rates) sincéellihto the category “Poor” instead of “High”
as in the standard simulation (Table 6.9). Besldading to a 30% increase in TP, doubling
feeding rates produced a substantial increaseeioffyanic matter and total nitrogen contents of
pond sediments, which increased 34 and 55%, ragplgtcompared to the standard simulation.
Similarly to Scenario4, increasing the floatabilitiyfood pellets (Scenario8) upgraded TN to the
category “High”. These results reflect a substamtexrease, respectively of 12, 20 and 10% in
organic matter, total nitrogen and total phospha@argents in bottom sediments. In all the other

scenarios, OM, TN and TP varied slightly comparethe standard simulation (Table 6.9).
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Table 6.9 —Sediment quality assessment (Austoni et al. 200d)hie standard simulation and for each of the mament scenarios considered in

the present work. Quality status: BLUE — High; GREEGood; YELLOW — Moderate; ORANGE — Poor; and REBad.

Variables Units

oM %
Standard

TN g kg’ dw
Simulation

TP mg kg' dw

oM %
Scenariol TN g kg" dw

TP mg kg' dw

oM %
Scenario2 TN g kg’ dw

TP mg kg' dw

oM %
Scenario3 TN g kg" dw

TP mg kg' dw
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Table 6.9 continued)

Variables Units
OM % 0 5.0 7.5
Scenario4 TN g kg’ dw 0 2.0 3.0
TP mgkg'dw | O 500 600
OM % 0 5.0 7.5
Scenario5 TN g kg’ dw 0 2.0 3.0
TP mgkg'dw | O 500 600
OM % 0 5.0 7.5
Scenario6 TN g kg’ dw 0 2.0 3.0
TP mgkg'dw | O 500 600
oM % 0 5.0 7.5
Scenario? TN g kg’ dw 0 2.0 3.0
TP mgkg'dw | O 500 600
OM % 0 5.0 7.5
Scenario8 TN g kg’ dw 0 2.0 3.0
TP mgkg'dw | O 500 600
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3.2.3 Fish biomass

Figure 6.8 presents the results of final fish biesnéor the standard simulation and for each
scenario analysed with the model. Comparing testhrdard simulation, final fish biomass more
than doubled in Scenariol, whereas in Scenario2 thvas a small increase, ca. 10%, in fish
production. On the contrary, increasing water ergearates by 25% (Scenario3) had a negative
impact on final fish production, since this varmldecreased 8% relatively to the standard
simulation. A similar result was observed when piag feeding rates (Scenario4) since fish
production decreased 45%, whereas the oppositeasoe{Scenario5) yielded a considerable
increase= 66%) in the amount of fish produced. A substantiatement £ 234 kg) in final fish
biomass was also observed when increasing foodratiso efficiency (Scenario7), while for
Scenario8, fish production increased slightly,2%, when compared to the standard simulation.
The only scenario that did not affect fish biomassjther positively or negatively was

Scenariob, i.e. the decrease of P content in f@¢édare 6.8).

Standard simulation
Scenariol
Scenario2
Scenario3
Scenario4
Scenario5
Scenario6
Scenario?

Scenario8

0 250 500 750 1000 1250 1500 1750 2000

Final fish biomass (kg)

Figure 6.8 — Final fish biomass (kg) in a white seabream potidn pond, for the standard

simulation and for each of the management scenanalysed in the present work.
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3.2.4 Environmental impacts

The total amount of N and P discharged over a wdetbream production cycle (651 days), for
the different scenarios evaluated in this studypressented in Table 6.10. The highest nutrient
discharges (ca. 249 kg of N and 37 kg of P) wecerded for Scenariol (i.e. increase stocking
density). Opposite scenarios, such as Scenari@ ¢ecrease water exchange rate) and
Scenario3 (i.e. increase water exchange rate),opadsite effects on nutrient discharges. For
instance, while Scenario2 yielded a 3% increasBl iand P discharges in comparison to the
standard simulation, Scenario3 produced a 2% andé®&gase respectively, in the amount of N
and P released into the environment (Table 6.1&inMar situation was observed for Scenario4
and Scenario5. Decreasing feeding rates resulteddiecrease of N and P discharges relatively
to the standard simulation, respectively of 6 arkd) bf N and P, whereas increasing the amount
of food supplied (Scenario5) increased nutrienti$o@ the environment. As would be expected,
Scenariob6 (i.e. decrease of P content in feeds)tegesin the lowest P discharges, however this
represented only a 4% decrease in comparison hattstandard simulation. On the other hand,
increasing the absorption efficiency of fish foedl lto the lowest values for N discharges (ca.
224 kg). As regards Scenario8, results were simdlahe standard simulation - ca. 237 and 35
kg of respectively, N and P, discharged from theteveeabream pond during the production

cycle.

3.2.5Scenatrio classification

The results of the Analytical Hierarchical Procés$iP) used to identify the management
options that maximize fish production while impnogithe quality of the pond environment and
minimizing the environmental impacts of semi-inigasaquaculture, are presented in Table
6.11. The outcome of the AHP strongly depended tan driteria used (Aor Ay). When
assuming that the three decision elements are lggmaportant for fish farming, the best
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management option is the decrease of feeding (&tEnario4), even though final fish biomass
decreased 45% compared to the standard simulaBguré 6.8). Scenariol (i.e. increase
stocking density) and Scenario3 (i.e. increase weakehange rate) ranked respectively, in
second and third place according to criteriga @n the other hand, if Ais applied, i.e. if fish

production is the most important indicator, the heigt score is that of Scenariol, since it
substantially increased (by 906 kg) final fish protion (Figure 6.8). Ranking on second and
third place, in this case, were respectively, Saedaand Scenario7 (i.e. increase food
absorption efficiency). Independently from the enisa used, the worst management option was

the decrease of water exchange rates (Scenario2).

Table 6.10 —Total nitrogen (TN) and phosphorus (TP) dischalgg$ during a white seabream

production cycle. Values in bold correspond tolibst scenarios.

TN TP
kg kg
Standard Simulation 236.2 34.7
Scenariol 249.2 37.1
Scenario2 243.2 35.9
Scenario3 232.2 34.0
Scenario4 229.9 33.6
Scenario5 245.9 36.5
Scenario6 236.2 33.4
Scenario7 224.2 34.2
Scenario8 236.5 34.8
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Table 6.11 —Analytical Hierarchical Approach for each scenaalysed in the present work,
considering equal weights (Aand different weights (A— higher weight for the production

indicator) for the indicators. Values in bold capend to the best scenarios.

Az Az

Standard simulation 0.061 0.057

Scenariol 0.143 0.217

Scenario2 0.043 0.051
Scenario3 0.123 0.096
Scenario4 0.233 0.165

Scenario5 0.084 0.122
Scenario6 0.115 0.102
Scenario? 0.120 0.125
Scenario8 0.077 0.066

4 Discussion

4.1 Model performance

The coupling between the biogeochemical model haduvhite seabream DEB model developed
in the previous chapters recreated reasonably thelldynamics of fishponds. Nevertheless,
some water column variables were occasionally owar-underestimated. For example,
particulate matter (TPlyland POM,) was typically overestimated during autumn peri@elgure
6.2). One possible explanation for these resulthas, conversely to the model that assumed
constant settling velocities for these compoundgjeu field conditions, TPiYland POM,
sedimentation rates probably changed over time, r@asult of specific gravities for the different
types of biogenic material (e.g. fish waste or seart algae) in the pond (Avnimelech and

Kochba 1999; Jiménez-Montealegre et al. 2002b; Meigal. 2006).
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The model also underestimated the JA4summer peaks (Figure 6.3) as described for the pond
without fish (cf. Chapter 4). These findings aregumably related to sediment resuspension,
which was not calculated by the model. Besides wdiriden water turbulence and benthic fauna
activity, the disturbance of bottom sediments dufish foraging activity or mechanical aeration,
has been reported to promote Nidesorption from sediment particles, subsequenéggitey to

an increase in water column NHconcentrations (Riise and Roos 1997; Hargreaves;199
Chakrabarty and Das 2007). This process may bepiary relevant during summer months as
a result of intense biological activity and theweent use of aeration to overcome low oxygen
availability in fishponds (Riise and Roos 1997; ¢taaves 1998; Chakrabarty and Das 2007).
Another hypothesis for lower Nf, predictions during summer months is the declinprvhary
producers (Hargreaves 1998; Hargreaves 2006). Asraalgae were not common in the
production pond, as opposed to the control pondpgenpublished resul)s the crash of
phytoplankton communities as a result of photoiitinib during periods of higher temperatures,
could explain the increase of Iy availability in the water column (Krom and NeorigB9
Hargreaves 1998; Hargreaves 2006). However, agagtigll a concentrations registered the
highest values (3.5 to 6.4g L) during summer months (Serpanpublished resuljsthis

hypothesis may be disregarded.

Discrepancies between predicted and measured, 2081 DOR, values were observed over the
production cycle, but the majority of data pointsrevwell reproduced by the model (Figure 6.3).
Some unaccounted sources or sinks might explaiseth@esults. When developing the
biogeochemical model (cf. Chapter 4) it was assuthatl supply water and POM hydrolysis

were the main sources of dissolved organic N armbrBpoundgo the system whereas most
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losses occurred via mineralization processes atftbaing water. However, in aquatic systems,
DON,, and DOR, may be released from phytoplankton, algae andgts¢Berman and Bronk
2003; Safudo-Whilhemy 2006) and exploited by thetahi either directly via enzymatic
hydrolysis or after bacterial degradation (Bermad &ronk 2003; Safiudo-Whilhemy 2006).
The omission of biotic interactions with DQNnd DOR, pools is likely to have compromised
the model ability to simulate the dynamics of diged organic N and P compounds in the

fishpond.

The underestimation of dissolved oxygen (PQralues during spring and summer months
(Figure 6.3), suggests the existence of an additieaurce of DO in fishponds. According to
different authors (Culberson and Piedrahita 199&rgkeaves 1998; Mwegoha et al. 2010), a
combination of natural processes like, phytoplankfohotosynthetic activity and water
reaeration due to turbulent atmospheric conditioas, well as artificial processes like,
mechanical aeration and oxygenation, might expl2@, fluctuations over time. As organic
matter biodegradation is one of the most importanks of DQ, in fishponds (Holmer et al.
2002; Mwegoha et al. 2010), one might conjectued thineralization rates in field conditions
were lower than those predicted by the model. Hawneas in the sensitivity analysis performed
to the biogeochemical model (cf. Chapter 4), watdumn DO concentrations were practically
unaffected by parameters related to mineralizaporcesses, it is unlikely that this process

might have accounted for model R@nderestimation during spring and summer months.

As regards sediment variables, model performancefardy good for the solid fraction (Figures
6.6; Table 6.6), however, porewater variables wetso well simulated (Figures 6.4 — 6.5;
Table 6.5). When comparing model results for theteveeabream and the control pond (cf.

Chapter 3, it becomes evident that there are common linoiteti regarding porewater
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compounds, which may indicate that relevant biogeoucal processes were not included in the
model or were not well reproduced. Unlike in thentcol pond (cf. Chapter 4), the model
consistently overestimated porewater ammonium 4NHn the fishpond, except in June 2004
(Figure 6.4), when this variable was underestimatedooth ponds (cf. Chapter 4). The
overestimation of Nifs concentrations could be related to benthic oxydjéfasion because in
the present model the DO diffusion coefficie@sDO), which substantially increases Nk
production (cf. Chapter 4), was increased to acctamthe effects of bioturbation in fishpond
sediments (cf. Section 2.2). Despite these rediéscalibrated value was the one that ensured
the best model fit to observed hfKand NQsconcentrations, since both variables are strongly
affected byDsDO as a result of coupled nitrification-denitrificati process (cf. Chapter 4).
Therefore, further research on modelling biotudragprocesses is highly desirable to improve

model performance.

Inconsistencies between modelled and measured diidcentrations after June 2004 (Figure
6.4) were found in the white seabream pond asageith the pond without fish (cf. Chapter 4). A
hypothesized in Chapter 4, the low oxygen predistit<0.1 mg [*; Figure 6.9), resulting from
macrofauna exclusion from benthic DO dynamics, mitgwve restricted nitrification processes
(cf. Chapter 4). Other possibility, proposed bytidianich et al. (2007), is that nitrification could
have occurred in anoxic conditions, using oxidizaggents such as manganese and iron oxides

by heterotrophic bacteria.

The predicted variation pattern of porewater phagpin the white seabream pond (Figure 6.5)
was also comparable to the pond without fish (¢fater 4), which suggests a common cause in

the overestimation of HPAs concentrations during the first year of the experit. Similar to
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what has been reported for the Ria Formosa lagbBaitdo et al. 2006; Serpa et al. 2007a),
oxidized sediment conditions under low fish bionessgSerpa et al. 2007b) most likely
promoted P retention onto iron oxides (van Raaylaord Kloosterhuis 1994; Slomp et al. 1998;
Falcéo et al. 2006; Serpa et al. 2007a, b), wheheasiodel underestimated adsorption rates as a

result of low oxygen availability (Figure 6.9).
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Figure 6.9 — Predicted dissolved oxygen (B(orewater concentrations in a white seabream

production pond.

Model limitations regarding porewater D@&hd DOR concentrations (Figures 6.4 and 6.5), are
indicative that further combined experimental anddelling studies are needed to guarantee
accurate predictions in fishponds. Mineralizatisagesses, in particular, should be investigated
at shorter time scales to clearly identify the eleof abiotic (e.g. temperature and DO
availability) and biotic (e.g. benthic activity) d@rs on DON and DOR dynamics. Studies
focusing on bioturbation processes would also leemely relevant, since benthic fauna activity
has been reported to affect DOahd DOR pools, either by interfering in mineralization and

diffusion processes (Burdige and Zheng 1998) ortduanimal excretion (Burdige and Zheng

1998).
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4.2 Nutrient budgets

Based on model outputs, nutrient budgets (Figurg® &nd 6.11) were constructed in order to i)
evaluate the efficiency of food utilization, ii) filee practical ways to improve pond water and
sediment quality and, iii) quantify nutrient lossthe environment. This information can enhance
the understanding and awareness of fish farmeesdag nutrient management (Papatryphon et
al. 2005), and may improve farmers skills to effedy reduce the environmental impacts of

farming activity (Briggs and Funge-Smith 1994; Gres al. 2000).

Feed N
35.6

WATER

Mineralization
PON PON,,,
g 0.20 T a8
23.8 .
TDN
—TDN,,., Ingestion R
37.3 15.6 43.1
TDN,,

Excretion

Nitrif, (0.11)
——> NH,, <———= NO
|:> ) 4 % Denit.(0.09)

£ a SEDIMENT

§ Mineralization _

@ | 10.7 J
Nitrif. (7.37)

PON;, oS- NOx,
Denit. (7.35)

| Dissolution
1.47

Figure 6.10— Average nitrogen fluxes (uM%lin a semi-intensive white seabream production
pond. Abbreviattions: PO - particulate organic nitrogen in inflowing wat&bpDN,, - total
dissolved nitrogen in inflowing water; PQN- particulate organic nitrogen in outflowing water;
TDN,yw - total dissolved nitrogen in outflowing water; Minmineralization; Nitrif. — nitrification

and Denit. - denitrification.
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Figure 6.11 — Average phosphorus fluxes (uMY)dfor a semi-intensive white seabream
production pond. Abbreviattions: PP particulate organic phosphorus in inflowing wate
TDP,, - total dissolved phosphorus in inflowing water; B particulate organic phosphorus in
outflowing water; TDR, - total dissolved phosphorus in outflowing water;inM -

mineralization; Ads. - adsorption and Desorp. -odeson.

According to the budgets, most of the N (61.1 uMN= 63.2%) and P (8.9 uM P& 75.2%)
entering the production pond was supplied by inffmwvater, possibly as a result of the high
water exchange rates in the system (0.007 to \25"). Even though information on nutrient
budgets for semi-intensive ponds is scarce, estsnan the amount of N and P supplied by inlet
water (Figures 6.10 and 6.11) were considerablyhdrighan those reported for other semi-
intensive fish (Krom et al. 1985b) and shrimp po(@asillas-Hernandez et al. 2006) with lower
(1.5 to 13 times) water exchange rates. Accordiogthe aforementioned authors, feeds

constituted the major input of N (72 to 92%) an(bB to 91%) to production ponds, unlike in
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the present study in which it represented only 5(85.6 pM N &) and 24.8% (2.93 uM PX

of respectively, N and P external inputs. In féegds contribution to pond nutrient availability
seems closely linked to the type of production@yssince in extensive shrimp ponds (i.e. with
no food addition), water exchange was the majdnway for N inputs to the system (Alongi et
al. 2000), whereas in intensive systems, food N Rndputs superimpose nutrient inputs via
inlet water (Krom and Neori 1989; Briggs and Fur8meikh 1994; Funge-Smith and Briggs

1998; Jackson et al. 2003; Thakur and Lin 2003).

Of the total amount of food supplied, only 43.79%6.6L.uM N & and 1.28 uM P 8 was
effectively ingested by white seabream (Figure® @Ghd 6.11), whereas the remaining was
integrated in water column P@QNwind POR pools. From the fraction of food eaten, 28.8% (4.48
UM N d*and 0.37 uM P d) ended up as feces and 45.4% (7.28 pM™Nd 0.56 pM P )
was voided as soluble N and P compounds. As atrelskhigh metabolic wastes, only 24.5% and
27.3% of ingested N and P, respectively, was rethly fish, similarly to what was referred by
other authors (Krom et al. 1985b; Krom and Neo®3;9slam 2005) for aquaculture systems
cultivating another Sparidae - the gilthead seabrdaow food assimilation rates together with
high food wastes most likely accounted for the eaxily high food conversion rate (i.e. the
amount in kg, of fish biomass produced per kg aldfeupplied value) in the production pond
(3.73), limiting the productivity of semi-intensiywnds. Enhanced food formulas are therefore
highly desirable in order to ensure the economabiity of white seabream production in these

systems.

Particulate organic matter resulting from fish atyi (i.e. fish feces and uneaten food) or

entering the system via inlet water, played a $icgmt role in nutrient budgets (Figures 6.10 and
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6.11), has pointed out by several authors (Harged®98; Holmer et al. 2002; Islam 2005).
Particulate organic nitrogen (PQNand phosphorus (P@Paccumulated in pond bottom were
recycled (12.2 pM N'd and 1.54 pM P9 as a result of physical, chemical and biological
processes occurring in the benthic compartmentgtdares 1998; Thakur and Lin 2003). From
regenerated N compounds, 0.15 pM Nwaas transported to the water column by diffusion,
whereas the remaining was mostly retained as dtrekuwoupled nitrification/denitrification
processes (on average, 7.36 uM N.drhe contribution of benthic fluxes for water @win P
was extremely low (0.001 pM P suggesting that most P was retained in sedimfemts
example because of coupled adsorption/desorptiosepses in organically-richer sediments
(Falcéo et al. 2006; Serpa et al. 2007a, b). thelies have also reported sediments as a major
sink of nutrients in pond systems (Briggs and Fu8geth 1994; Funge-Smith and Briggs 1998;
Thakur and Lin 2003; Casillas-Hernandez et al. 20@8ich reinforces the importance of proper

sediment treatment between production cycles.

As a result of the low sediment contribution fotatadissolved nitrogen (TDJN and phosphorus
(TDP,) concentrations most dissolved N (37.3 uM N dnd P (2.44 pM PY compounds in
fishpond water were supplied by inflowing watergiiie 6.10 and 6.11), in agreement with what
was estimated in a previous study (cf. Chapter. Bthilarly, the major output of TDNand
TDP,, (43.1 uM N d and 2.85 uM P8 occurred via outflowing water (Figures 6.10 anti1.

If in semi-open systems with high water exchandestaoutlet water is the most important sink
for water column nutrients (Krom et al. 1985b; Adoret al. 2000; Thakur and Lin 2003;
d’Orbcastel et al. 2008), in culture systems withwv Iwater exchange, losses through the
sediment are more important than by pond effludntsto the fast organic matter accumulation
in bottom sediments (Briggs and Funge-Smith 1994jerefore, the optimization of water

exchange rates seems crucial for reducing the mmwiental impacts of this activity while
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maintaining a good pond environment. Taking intocamt that fish excretion has an important
impact on TDN, and TDR, concentrations, since it accounts for 16% (7.28 NM") and 19%
(0.56 uM P ) of respectively, TDIN and TDR, inputs to the pond (Figures 6.10 and 6.11),
water exchange rates should be defined as a funofifish biomass. In fact, the effects of fish
excretion on pond water quality seems to superimplosse of of water column processes (e.g.
organic matter mineralization) on nutrient dynansgcge the contribution of these processes for
TDN,, and TDR, availabilityin pond water was practically irrelevant (< 1%),emdms in a pond
without fish (cf. Chapter 4), organic matter mirdeation represented 27% and 6% of

respectively, N and P inputs to the system.

4.3 Scenario analysis

Finding management options that maximize fish petidn without deteriorating the pond
environment is a complex task because higher fisméisses usually aggravate water column
and sediment conditions, as a result of the highaunts of uneaten food and fish wastes in the
production ponds (Lin and Yi 2003; Viadero Jr. 2D0Bltimately, this will increase the
environmental impacts on the surrounding envirotmé@ergheim and Brinker 2003),

compromising the sustainability of aquaculture apiens.

Even though the water quality parameters for tifier@int scenarios (Table 6.8) were within the
range of standard values reported for coastal adjuae systems worldwide (Boyd 2003;
Hussenot 2003; Sumagaysay-Chavoso et al. 2004;ekGadr. 2005; Ferreira et al. 2010;
Lefrancois et al. 2010), global nutrient discharfesble 6.10) were considerably higher than the
values referred for other fish farms, particulanywhat concerns TN and TP loadings per tonne

of fish produced (Tovar et al. 2000a; Bergheim Bnidker 2003; Boyd et al. 2007; d’Orbcastel
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et al. 2008). These results are most likely relatethe longer duration of the white seabream

production cycle (651 days) and the higher wateharge rates in the ponds.

Different priority criteria (Saaty 1980) were defth to identify best and worst scenarios for
white seabream production in semi-intensive systérhsSection 2.6.1). From the economic
point of view, i.e. from the fish farmer’s perspgeet the priority goal is usually to maximize fish
production (A) in order to maximize profits. In this situatiaine best option seems to be the
increase of standard stocking densities (Table)6lddcause the increase in N and P loadings
was small when compared to the increase in fishilyi€lable 6.10 and Figure 6.8). Proving the
environmental viability of this management optientihe fact that when attributing the same
“weight” to the three decision criteria in the AlPBproach (cf. Section 2.6.1 1)Athis scenario
ranked in second place (Table 6.11). On the otlaadhhigher stocking densities imply an
increase in food inputs, which will lead to a calesable increase in production costs (Rana et
al. 2009) because feeds represent 25 to 45% afvibi@ll costs of semi-intensive Mediterranean

aquaculture (Stirling Institute of Aquaculture 2004

Another option for optimizing white seabream pratut would be the decrease of feeding rates
(Table 6.11), since there was an improvement in gbelogical status of pond water and
sediment (Tables 6.8 and 6.9) and a reductiontaf &% and P discharges (Table 6.10). Being
one of the best scenarios from the ecological vamtpclearly influenced the score of this
scenario in the AHP approach, since it rankedrst ind second places in respectively, the A
and A criteria (Table 6.11). Nevertheless, decreasimglifeg rates presents some drawbacks
because total fish biomass decreased 45% compatee standard simulation (Figure 6.8). On
the other hand, other authors have suggested dinetren of feeding rates as a best management

practice, due to the faster growth and better fomalversion ratios of cultivated species as well
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as the improvement in pond water quality and lessumt of wastes produced (Boyd 2003;

Yokoyama et al. 2009).

Among the potential solutions for an effective pananagement, one that seems highly viable is
the improvement of food absorption efficiency (Sa#wi/). As a newly cultivated species, the
white seabream is usually fed with rations optimig® gilthead seabream (Cejas et al. 2004; Sa
et al. 2006), which compromises its growth and eghbently, final fish production. Besides
increasing white seabream production by 234 kgively to the standard simulation (Figure
6.8), the improvement of food absorption efficiemrnsured sound environmental conditions in
the fishpond (Tables 6.8 and 6.9), while contribgitto a 5% decrease in total N discharges
(Table 6.10). According to Gross et al. (2000), ioved food digestibility also increases the
proportion of nutrient recovered in fish and redudesses through excretion, fulfilling the
objectives of this work. On the other hand, higlalgqy feeds may imply an increase in prices
(Sorgal 2011), which would most certainly be congagted by the improvement in the FCRs

(Gross et al. 2000; Boyd 2003; Islam 2005).

The other scenarios evaluated in the present v&c&nario3, 5, 6 and 8, all ranked above the
standard simulation (Table 6.11), suggesting thes¢ management options might also improve
semi-intensive fish farming, whether from an ecommman environmental perspective or both. In
the case of an increase in water exchange raten#803), there was a positive effect on the
guality of the pond environment (Tables 6.8 and &rftl on effluent discharges (Table 6.10), but
a negative impact on fish production (Figure 6¥@hjch translates into a reduction in profits.
Similar results were reported by Avnimelech et(&B94) in ponds operated with high water

exchange rate, because a large fraction of the doddbther particulate organic matter is drained
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out of the system. Other authors have also recordatkthe increase of water exchange as an
effective strategy for reducing the concentratiohgotentially toxic compounds like ammonia
and nitrites in the production ponds (Burford anordnzen 2004) and for maximizing fish
production since it will allow higher stocking déres in the production ponds (Burford and
Lorenzen 2004). However, the increase in costde@léo water pumping, i.e. electricity and
maintenance costs, which represent 15 to 20% ofativyeroduction costs (SEACASE 2009),
might compromise this alternative. The reverseasittm occurred when feeding rates were
doubled (Scenario5). Despite producing a substamt@ease (66%) in final fish biomass
(Figure 6.8), this was the worst scenario for parader and sediment quality (Tables 6.8 and
6.9) and also for effluent quality (Table 6.10),igthsuggests that this is not be a good option for
white seabream production. In fact, in other stsididnas been pointed out that feeds should be
applied conservatively to avoid overfeeding ancensure that as much food is consumed as
possible (Boyd 2003). The decrease of P conterfeanls (Scenario6) did not substantially
lowered P discharges into the environment (Takl€)6.as described by other authors (Ferreira
et al. 2010) and had no effect on fish biomassuifeig.8), which lead us to conclude that this
option does not substantially improve productioacgices. Likewise, the results of increasing
food pellets floatability (Scenario8) were very ganto the standard simulation from both the
ecological and the economic point of view. Nevddbkg, a slight improvement in the pond
environmental status was observed (Tables 6.8 &)dfFeom the management options analysed
in the present work, the only one that was worse the standard simulation was the decrease of
water exchange rates, probably because the incnedish yields did not compensated for the
impoverishment of pond water and sediment qualitg the increase in nutrient discharges.
These results contradict the suggestion of oth#roas that water exchange reduction may be a
best management practice because it minimizeseetfldischarges (Boyd 2003; Boyd et al.

2007).
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As production costs (e.g. food, labour, maintenacwss, etc.) were not included in the AHP,
according to the decision criteria used in thisdgiuthe best options for optimizing white
seabream production in semi-intensive systemstarduplicate the standard stocking density
(from 1.2 kg n to 2.5 kg nit, of final fish biomass) and to develop specifieds for this
species, in order to guarantee a higher absorgtificiency & 80%) than the current rations,
which were optimized for gilthead seabream. Therimftion provided herein may provide
some guidelines to the aquaculture sector, for Idpieg an Environmentally-Friendly-

Allowing-Maximum Production protocol for semi-intgme systems.

5 Conclusions

The ecological model developed in this work repastlifishpond dynamics reasonably well.
Nevertheless, model performance would benefit fiomprovements on the biogeochemical
model, namely As regards the simulation of bentienary producers and of macrofauna
bioturbation effects on nutrient dynamics, as vesifrom the linkage of the fish model with
Fry’s classification of limiting and lethal envinmental factors (van der Veer et al. 2009). A
model-based nutrient budget revealed that mostemi$r available in pond water were supplied
by inflowing water whereas major losses occurrea eutlet water, which suggests that an
efficient pond management relies on optimized watghange rates. As almost half of the food
supplied was not eaten by fish, low food conversaias were observed for white seabream. The
scenarios analysed by the model and classifiedrdicgpto the Analytical Hierarchical Process
(a decision support methodology), pointed out thdtite seabream production may be

significantly improved by doubling standard stogkiskensities and increasing food assimilation
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efficiency.With slight modifications, the model ddoped herein can be applied to other semi-
intensive monoculture systems as well as to polyoall and Integrated Multi-Trophic
Aquaculture (IMTA) systems, constituting a valuabd®l for the sustainable management of

pond aquaculture.
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1 General Conclusions

The future of aguaculture seems to rely on balands social and economic benefits with its
environmental impacts (Grigorakis and Rigos 20EtQm the review work presented in Chapter
2, it became evident that an ecosystemic approbohld be developed towards sustainable
aquaculture. This requires that the relevant swlkens (e.g. decision makers, ecosystem
managers and farmers) have sufficient quantitatnfermation to take informed decisions
(Nobre et al. 2010). Likewise, at the farm levegmagement requires a wide range of skills and
knowledge, particularly in what concerns the cwdtuenvironment itself (Culberson and
Piedrahita 1996). This knowledge may be obtaine@dryyadaptative as well as by a modelling
approach (Crawford 2003). In the present work, dbmbination of both approaches provided
crucial information for managing the productionvdfite seabreamD(plodus sargus— a new

species in Mediterranean aquaculture — in semngive earth ponds.

The study of the physical, chemical and biologicadcesses in white seabream ponds over a
production cycle (cf. Chapter 3), revealed thapdeghe strong correlation between fish activity
and bottom sediment enrichment, impacts on thehbergnvironment (e.g. higher nutrient
availability in porewater and intense microphytaibes production) were only noticeable when
fish biomass was above 0.5 kg’rand the feeding rate was higher than 5 kgal. Chapter 3.1).
These results indicate that environmental parametkould be carefully monitored from this
point on to avoid deterioration of the pond quasitstus. This experimental work also provided
some guidelines for the optimization of white sealpn production in semi-intensive systems.
Given that the quality of fishpond sediments wamgarable to that of the adjacent coastal
lagoon and fish survival rate was high (94%), onagyneconclude that the assayed farming
conditions caused no environmental constraints iwighroduction ponds (cf. Chapter 3.1).

Another proof of the sustainability of assayed fawgnconditions is the composition profile of
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pond water, which was similar to inflowing waterdaio the water from a pond without fish (cf.
Chapter 3.2). According to the results of this giutle optimization of water exchange rates is
crucial to ensure good water quality within the qarction ponds, since inflowing and effluent
waters were respectively, the main source and @lirdissolved nitrogen and phosphorus in the
water column (cf. Chapter 3.2). Sediments alsogidagn important role on pond water quality.
As organic matter accumulated in bottom sediméhespenthic fluxes, particularly biologically-
mediated fluxes, became a major source of nutri¢otgshe water (Chapter 3.2), which
emphasizes the importance of sediment treatmentelet production cycles, to avoid the

deterioration of fishpond environment (Hargreavesg).

Further insight into fishpond dynamics was gaingdibing an ecological model that integrates
the physical, chemical and biological processegshiese systems. The modelling strategy
followed in this work, which consisted in separgptetieveloping and calibrating a
biogeochemical and a biological model before ituuptimg, was particularly helpful to
investigate the dynamics of pond variables and ge®es as well as their interactions (cf.
Chapter 4). For example, in the sensitivity analysrried out to the biogeochemical model, it
was possible to identify the effects of oxygen-dwmnt processes on porewater inorganic
nutrient variables, and clearly understand how exygvailability determines inorganic nutrient
concentrations in pond sediments (cf. Chapter His &nalysis also revealed how pond structural
features (e.g. pond depth and volume) and opesdtiparameters (e.g. water exchange rates)
affect the water and sediment quality of semi-isbe® production systems, which is key
information for dimensioning new aquaculture urgisd managing the existing ones. The
biogeochemical model developed herein was calibrade an earth pond without fish, and can
be applied to other aquatic systems, such as d¢dagteons and wastewater treatment ponds (cf.

Chapter 4).
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The validation of the fish Dynamic Energy BudgetE@ model for white seabream and
gilthead seabreamSparus auratp — a traditionally cultivated species in Mediterean
aguaculture — demonstrates its suitability for datng finfish growth in a dynamic environment
(cf. Chapter 5). One of the advantages of the giold model developed in this study is that it
can be used even when there is lack of informdtomestimating all model parameters. Running
the model on its “Individual Based Model” (IBM) medin which a population afi fishes is
simulated each with its specific parameter setgassi randomly, allows a quick model
calibration and the selection of the best parameter describing fish growth. On the other hand,
the “state variable” mode is more suitable in a plax ecosystem model, since an average fish
is simulated with a particular parameter set, reduthe computational overhead. As the DEB
theory is based on physiological principles (Ko@jm2000), this modelling tool can be used to
investigate how biological processes (e.g. foo@dstign and absorption) affect fish performance
and to explain growth differences between specigBich is valuable information for
maximizing the growth of cultivated fish and theyehe performance of production systems. In
this study, a comparison of species-specific mgughmeters for the two Sparidae species,
revealed that the white seabream lower growth ratespresumably linked to a higher energy
demand for body maintenance. The lower food absormfficiency might also explain part of
the interspecies growth variability. Taking intocaant that these seabreams, with different
feeding strategies, are currently being fed with slame diet, these findings point out that an

improvement in white seabream food formulationgguired to increase its production.

The coupled model developed in this study was &blsuccessfully simulate the majority of
water column and sediment variables in the fishdpas well as white seabream growth over a

production cycle, which makes it a suitable toal pwnd management (cf. Chapter 6). The
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model-based nutrient budget constructed in thidystsas particularly useful for improving the
knowledge on the culture environment, since it mtegt valuable information on nutrient
dynamics (Papatryphon et al. 2005). Noteworthyhésfact that almost half of the food supplied
is not eaten by fish, which justifies the low fooahversion rates (3.7) for this species. Possible
management options to increase the efficiency od fatilization include the reduction of water
exchange rates or the improvement of pellets stpbsince food is mainly loss through
outflowing water or as a result of pellets sedim&oh. By providing information on the
dynamics of particulate and dissolved nutrient ®rm fishponds, this type of budgets may be
also used to define practical ways to improve peater and sediment quality. For instance, the
quantification of nutrient fluxes through inflowingnd effluent waters may be used for
optimizing water exchange rates. As the biogeock&miof earth ponds is substantially
influenced by fish activity when compared to a pavithout fish (cf. Chapter 4), estimates on
fish contribution to dissolved (through excreti@nd particulate (through egestion and uneaten
food) nutrient availability, may help defining omptim stocking densities for semi-intensive

production systems.

Aside from insights on pond nutrient dynamics, toeipled biogeochemical-biological model
presented herein is a valuable tool for optimiZish production, since it can be used to test the
effects of different management scenarios on ttaitguof the pond environment as well as on
fish yields and effluent discharges (cf. Chapter ®)e combination of a modelling approach
with a decision support system (Analytical HieracahProcess) is an efficient methodology for
identifying the best management options for ser@nsive fish farming. Based on the indicators
used in this study, the best solutions for maxingziwhite seabream production while
maintaining a good pond environment and minimizthg impacts on the adjacent coastal

system are to double standard stocking densitiesmaprove food absorption efficiency. Despite
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its longer production cycle, if there is an investrnin the development of white seabream feeds,
the cultivation of this species in semi-intensiystems seems not only viable but also promising
due to its high market value and highly apprecidtedh (Cejas et al. 2004; S& et al. 2006,

2007).

2 Future Perspectives

In spite of the general good model fit to obsersath, further experimental and modelling work
is needed to improve model performance. Future wanklude model coupling to a
hydrodynamic model, to simulate the effects of swnhit resuspension (Peterson et al. 2000),
caused by bottom currents, aerators or bioturbatinorpond biogeochemistry. Further studies on
the interactions between the biota, namely benghmimary producers and macrofauna, and
organic matter and nutrient cycles, could also ouprmodel performance. Likewise, the linkage
of the fish model with Fry’s classification of litimg and lethal environmental factors (van der
Veer et al. 2009), would help predict critical sitions for fish survival, turning the model into a
more powerful tool for pond management. It wouldoabe interesting to apply the coupled
model to production systems with different funcir@) such as polyculture systems or other
monoculture systems with different farming condisoand fish species, to test for its

applicability.

By being able to estimate the composition and atyaot fish farm wastes, the model developed
in this work may be used for defining waste reduttmeasures or treatment methods for pond
aquaculture (Bergheim and Brinker 2003; d’Orbcastehl. 2008). As an example, the model
may be used for dimensioning Integrated Multi-TrigpAquaculture (IMTA) systems, a

biological method for recycling farm wastes withine system itself that has been widely

referred as a sustainable option for the developnan pond aquaculture, due to its
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environmental and socio-economic benefits (Neoal.e2004;Buschmann et al., 2009yoell et

al., 2009). Future possible model applications nmjude its combination with a Decision
Support System (DSS) that includes economic ddscsipelated to production costs, e.g. food,
labour and maintenance costs, or costs relatecattendischarges and water use, to effectively
assess the costs and benefits of different managesoenarios on aquaculture production (Ernst

et al. 200QPereira et al. 2006).

Aside from the model potential, this work also pd®s valuable information for defining

guidelines on environmental standards (e.g. Avefdgeommended Values) for coastal and
brackish waters used for fish farming, similarlywhat is already defined in the Portuguese
legislation for shellfish waters and for freshwatesed for Salmonidae culture (Decreto-Lei n°
236/98). As the quality of fishpond water determsitige quality of farm effluents, this may be an
indirect way of regulating this activity within thgecope of the Water Framework Directive
(Bergheim and Brinker 2003; d’Orbcastel et al. 20@8ran and Dann 2008), since regulations
on effluent standards are unlikely to be applieddmi-intensive fish farm units as is done for
intensive farms in many European countries (Berghand Brinker 2003; d’Orbcastel et al.

2008).

261






Chapter 8

Chapter 8

References



Chapter 8

Abreu M. H., Varela D. A., Henriquez L., Villarrod\., Yarish C., Sousa-Pinto I., Buschmann
A. H. (2009). Traditional vs. Integrated Multi-Troje Aquaculture ofGracilaria chilensis In:
Bird C. J., McLachlan J., Oliveira E. C. (eds.) drotivity and physiological performance.

Aquaculture 293 (3-4), pp. 211-220.

Agnetis A., Basosi R., Caballero K., Casini M., €hé&., Ciaschetti G., Detti P., Federici M.,
Focardi S., Franchi E., Garulli A., Mocenni C. (BpODevelopment of a Decision Support
System for the management of Southern Europearmtesgd/P8 Final Report (DITTY Project)

EVK3-CT-2002-00084. Available at, http://www.dittygect.org/(accessed on November 2008).

Aksnes A., Izquierdo M. S., Robaina L., VergaravlJ, Montero D. (1997). Influence of fish
meal quality and feed pellet on growth, feed e#inmy and muscle composition in gilthead

seabreamSparus aurata)Aquaculture 153, 251-261.

Aller R. C., Aller J. Y. (1992). Meiofauna and st@uransport in marine muds. Limnology and

Oceanography 37 (5), 1018-1033.

Allsopp M., Johnston P., Santillo D. (2008). Chatjang the aquaculture industry on

sustainability. Greenpeace International, The Né&ihds, 24 pp.

Alongi D. M., Johnston D. J., Xuan T. T. (2000).r@an and nitrogen budgets in shrimp ponds

of extensive mixed shrimp-mangrove forestry farmghe Mekong delta, Vietnam. Aquaculture

Research 31, 387-399.

264



Chapter 8

Alongi D. M., Tirendi F., Trott L. A. (1999). Ratemnd pathways of benthic mineralization in

extensive shrimp ponds of the Mekong delta, VietnAquaculture 175, 269-292.

Alunno-Bruscia M., van der Veer H., Kooijman S. A. M. (2009). The AquaDEB project
(phase I): Analysing the physiological flexibiliof aquatic species and connecting physiological
diversity to ecological and evolutionary procedsgsising Dynamic Energy Budgets. Journal of

Sea Research 62 (2-3), 43-48.

Andersen J. M. (1976). An ignition method for deteration of total phosphorus in lake

sediments. Water Resources 10, 329-331.

Anderson M. R., Cranford P., McKindsey C. W., Sir&., Hargrave B. T., Li W. K. W,,
Harrison W. G. (2006). Cumulative and far-fieldhfisabitat effects. Canadian Science Advisory

Secretariat, Research Document 2006/037, 30 pp.

Anibal J. (1998). Impacte da macroepifauna sobraasoalgas Ulvales (Chlorophyta) na Ria

Formosa. Tese de Mestrado, Universidade de CoiiBrap.

Anschutz P., Sundby B., Lefrancois L., Luther IlI'W., Mucci A. (2000). Interactions between
metal oxides and species of nitrogen and iodinaaturbated marine sediments. Geochimica et

Cosmochimica Acta 64, 2751-2763.

Argue B. J., Arce S. M., Lotz J. M., Moss S. M. @2). Selective breeding of Pacific White
Shrimp (itopenaeus vannameifor growth and resistance to Taura Syndrome Virus

Aquaculture204 (3), 447-60.
265



Chapter 8

Ashley P. J. (2007). Fish welfare: Current issuesduaculture. Applied Animal Behaviour

Science 104, 199-235.

Asmus R. M., Sprung M., Asmus H. (2000). Nutridokés in intertidal communities of a south
European lagoon (Ria Formosa) — similarities arfféi@dinces with a northern Wadden Sea bay

(Syl-ROm0O bay). Hydrobiologia 436, 217-235.

Augustine S. L., Gagnaire B., Adam-Guillermin Cgodjman S.A.L.M. (2011). Consequences
of exposure to depleted uranium on developmentalgetic of zebrafishDanio rerio. In:
Abstracts Book of the " International Symposium on Dynamic Energy Budgéiedty,

Portugal, 13-15 April 2011, 32 pp.

Austoni M., Viaroli P., Giordani G., Zaldivar J. NR004). Intercomparison among the test sites
of the DITTY Project using the IFREMER classifieatischeme for coastal lagoons. Institute for
Environment and Sustainability, Island and Watersit.UInstitute for Environment and

Sustainability, Inland and Marine Waters Unit, ERR286 EN, Ispra, Italy, 52 pp.

Avnimelech Y. (1999). Carbon/nitrogen ratio as antom element in aquaculture systems.

Aquaculture 176, 227-235.

Avnimelech Y., Kochba M. (1999). Sedimentation &Reésuspension in Earthen Fish Ponds.

Journal of the World Aquaculture Society 30 (4)14809.

266



Chapter 8

Avnimelech Y., Kochba M., Diab S. (1994). Developmhef controlled intensive aquaculture
systems with a limited water exchange and adjustedon to nitrogen ratio. Israeli Journal of

Aquaculture-Bamidgeh 46 (3), 119-131.

Avnimelech Y., Mazes N., Weber B. (1992). Effectsaeration and mixing on nitrogen and

organic matter transformations in simulated fishgs Aquacultural Engineering 11, 157-169.

Bacher C., Duarte P., Ferreira J. G., Héral M.|I&di O. (1998). Assessment and comparison of
the Marennes-Oléron Bay (France) and Carlingfordidto (Ireland) Carrying Capacity with

ecosystem models. Aquatic Ecology 31, 379-394.

Banas D., Masson G., Leglize L., Usseglio-PolateraBoyd C. E. (2008). Assessment of
sediment concentration and nutrient loads in effisedrained from extensively managed

fishponds in France. Environmental Pollution 1529-6685.

Barazi-Yeroulanos L. (2010)Regional synthesis of the Mediterranean marine istinf
aquaculture sector and development of a strategméoketing and promotion of Mediterranean

aquaculture. GFCM Studies and Reviews No. 88, HR@ne, Italy, 218 pp.

Barbato F., 1zzo G., Meloni F., Savarino R. (199)eliminary results on the estimation of
effluents from seabream [&rus auratd rearing in floating cages in a Sardinian lagoon.

Cogresso della Societa Italiana di Biologia Mari@eiacca (ltaly), 22-27 May 1995.

Bargelloni L., Alarcon J.A., Alvarez M.C., Penzo, BMagoulas A., Palma J., Patarnello T.

(2005). The Atlantic—-Mediterranean transition: istant genetic patterns in two seabream

267



Chapter 8

species,Diplodus puntazzqCetti) and Diplodus sargus (L.). Molecular Phylogenetics and

Evolution 36, 523-535.

Bascinar N., Cakmak E., Cavdar Y., Aksungur N. (200#f)e Effect of Feeding Frequency on
Growth Performance and Feed Conversion Rate okB@a Trout $almo trutta labraxPallas,

1811). Turkish Journal of Fisheries and Aquatiec8ces 7, 13-17.

Bayne B. L. (1993). Feeding physiology of bivalvéisae-dependence and compensation for
changes in food availability. In: Dame R. F. (eBliyalve filter-feeders in estuarine and coastal

ecosystems. NATO ASI Series vol. G33, Springer-&grBerlin, Germany, pp. 1-24.

Belias C., Dessanakis M., Scoullos M. (2007). StatiiN, P and Si fluxes between fish farm

sediment and seawater. Results of simulation exygeris employing a benthic chamber under

various redox conditions. Marine Chemistry 103,-2565.

Bergheim A., Brinker A. (2003). Effluent treatmeifar flow through systems and European

Environmental Regulations. Aquacultural Engineeiig61—77.

Berman T., Bronk D. A. (2003). Dissolved organitragen: a dynamic participant in aquatic

ecosystems. Aquatic Microbial Ecology 31, 279-305.

Berner R. A. (1980). Early diagenesis - A theoriaproach. Series in Geochemistry. Princeton

University Press, New Jersey, United States of AcagP56 pp.

268



Chapter 8

Beveridge M. C. M., Phillips M. J., Clarke R. (199A quantitative and qualitative assessment
of wastes from aquatic animal production. In: BrdheE., Tomasso J. R. (eds.) Advances in
World Aquaculture (Vol Ill), World Aquaculture Saty, Baton Rouge, Los Angeles, United

States of America, pp. 506-533.

Biao X., Kaijin Y. (2007). Shrimp farming in Chin®@perating characteristics, environmental

impact and perspectives. Ocean & Coastal Manageh@em38-550.

Biao X., Zhuhong D., Xiaorong W. (2004). Impacttbé intensive shrimp farming on the water
quality of the adjacent coastal creeks from Eas@ma. Marine Pollution Bulletin 48, 543—

553.

Billen G., Lancelot C. (1988). Modelling benthictmogen cycling in temperate coastal
ecosystems. In: Blackburn T. H., Sorensen J. (Ebstjogen cycling in coastal marine

environments. John Wiley & Sons, New York, Unitéat&s of America, pp. 341-378.

Black K. D. (2001). Sustainability of aquacultuhe: Black K. D. (ed.) Environmental Impacts

of Aquaculture, Sheffield Academic Press, Sheffieldited Kingdom, pp. 199-212.

Blackburn T. H., Lund B. A., Krom M. D. (1988). @& N mineralization in the sediments of

earthen marine fish pond. Marine Ecology ProgresgS 44, 221-227.

Boaventura R., Pedro A. M., Coimbra S., Lencastre (997). Trout farm effluents:

characterization and impact on the receiving steedmvironmental Pollution 95 (3), 379-387.

269



Chapter 8

Bodiguel X., Maury O., Mellon-Duval C., Roupsard Ee Guellec A. M., LoizeauV. (2009). A
dynamic and mechanistic model of PCB bioaccumufatio the European hakeMérluccius

merlucciu$. Journal of Sea Research 62, 124-134.

Booth M. A., Tucker B. J., Allan G. L., Fielder B. (2008). Effect of feeding regime and fish
size on weight gain, feed intake and gastric eviamuan juvenile Australian snappé&tagrus

auratus Aquaculture 282, 104-110.

Bosma R. H., Verdegem M. C. J. (2011). Sustainableaculture in ponds: Principles, practices

and limits. Livestock Science 139, 58-68.

Boudreau B. P. (1997). Diagenetic models and timeplementation: modelling transport and

reactions in aquatic sediments. Springer-Verlagy Nerk, United states of America, 414 pp.

Boyd C. E. (1990). Water Quality in Ponds for Aquiaure. Alabama Agricultural Experiment

Station, Auburn University, AL, United States of Arca.

Boyd C. E. (1995a). Chemistry and efficacy of anmadts used to treat water and soil quality
imbalance in shrimp ponds. In: Browdy C. L., Hopgkih S. (ed.) Swimming through troubled
water, Proceedings of the special session on shriayming, Aquaculture’95, World

Aquaculture Society, Baton Rouge, Louisiana, Uni¢ates of America, pp. 183-199.

Boyd C. E. (1995b). Bottom soils, Sediment and PAgdaculture. Chapman and Hall, New

York, United States of America, 348 pp.

270



Chapter 8

Boyd C. E. (2003). Guidelines for aquaculture efflu management at the farm-level.

Aquaculture 226, 101-112.

Boyd C. E., Clay W. (1998). Shrimp Aquaculture ahd Environment. Science Ameriés,

59-65.

Boyd C., Corpron K., Bernard E., Pengsang P. (20B8)imates of Bottom Soil and Effluent
Load of Phosphorus at a Semi-intensive Marine Stifiarm. Journal of the World Aquaculture

Society 37 (1), 41-47.

Boyd C. E., Massaut L. (1999). Risks associateti e use of chemicals in pond aquaculture.

Aquacultural Engineering 20, 113-132.

Boyd C. E., Tucker C. S. (1998). Pond aquacultuew quality management. Kluwer

Academic Publishers, Dordrecht, The Netherland8,pf2

Boyd C. E., Tucker C., Mcnevin A., Bostick K., Cldy (2007). Indicators of Resource Use
Efficiency and Environmental Performance in Fistd @&rustacean Aquacultur&eviews in

Fisheries Science 15, 27-360.

Boyd C. E., Woods C. W., Thunjai T. (2002). Aquact¢ Pond Bottom Soil Quality

Management. Pond Dynamics/Aquaculture CollaboraResearch Support Program. Oregon

State University, Corvallis, United States of Ansari4l pp.

271



Chapter 8

Brafield A. E., Llewellyn M. J. (1982). Animal erga&tics. Blackie, Glasgow, United Kingdom,

168 pp.

Brambilla F., Lalumera G., Terova G., Crosa G.,0§&a M. (2007). Inflow and outflow water

guality control in aquaculture systems: a caseystdduaculture Research 38, 1654—-1663.

Briggs M. R. P., Funge-Smith S. J. (1994). A nuiribudget of some intensive marine shrimp

ponds in ThailandAquaculture and Fisheries Management 25, 789-811.

Brotas V., Ferreira A. A., Vale C., Catarino F. 909. Oxygen profiles in intertidal sediments of

Ria Formosa (S. Portugal). Hydrobiologia 207, 123-1

Brummet R. E. (1999)ntegrated aquaculture in sub-saharan Africa. Emvirent, Development

and Sustainability 1, 315-321.

Bunting S. W., Shpigel M. (2009). Evaluating th@mamic potential of horizontally integrated

land-based marine aquaculture. Aquaculture 294 ,(432-53.

Burdige D. J. (2006). Geochemistry of Marine SediteePrinceton University Press, Princeton,

United States of America, 609 pp.

Burdige D. J., Alperin M. J., Homstead J, MartensSC(1992). The role of benthic fluxes of
dissolved organic carbon in oceanic and sedimentarpon cycling. Geophysical Research

Letters 19, 1851-1854.

272



Chapter 8

Burdige D. J., Zheng S. (1998). The biogeochenugaling of dissolved organic nitrogen in

estuarine sediments. Limnology and Oceanograph($)3796—1813.

Burford M. A., Costanzo S. D., Dennison W. C., 3k C. J., Jones A. B., McKinnon A. D.,
Preston N. P., Trott L. A. (2003). A synthesis @imdnant ecological processes in intensive
shrimp ponds and adjacent coastal environmentsEANstralia. Marine Pollution Bulletin 46,

1456-1469.

Burford M. A., Lorenzen K. (2004). Modeling nitragelynamics in intensive shrimp ponds: the

role of sediment remineralization. Aquaculture 2P29—145.

Burns L. A. (2000). Exposure analysis modellingtsys (EXAMS): User manual and system

documentation. U.S. Environmental Protection Agehyited States of America, 197 pp.

Buschmann A. H., Cabello F., Young K., CarvajaMarela D. A., Henriquez L. (2009). Salmon
aquaculture and coastal ecosystem health in Clifalysis of regulations, environmental

impacts and bioremediation systems. Ocean & Colkiahgement 52 (5), 243-249.

Buschmann A. H., Lopez D. A., Medina A. (1996). Aview of the Environmental Effects and
Alternative Production Strategies of Marine Aquéard in Chile. Aquacultural Engineeriridp

(6), 397—421.

Byers S. C., Mills E. L., Stewart L. (1978). A coangon of methods for determining organic

carbon in marine sediments, with suggestions &iaadard method. Hydrobiologia 58, 43-47.

273



Chapter 8

Cancemi G., De Falco G., Pergent G. (2003). Effettsrganic matter input from a fish farming

facility on aPosidonia oceanicaneadow. Estuarine, Coastal and Shelf Science@6,958.

Cardoso J., Witte J., van der Veer H. W. (2006jaiand interspecies comparison of energy
flow in bivalve species in Dutch coastal watersntgans of the Dynamic Energy Budget (DEB)

theory. Journal of Sea Research 56, 182-197.

Carvalho S., Barata M., Pereira F., Gaspar M. Bindela da Fonseda, Pousédo-Ferreira P.
(2007). Distribution patterns of macrobenthic spedn relation to organic enrichment within

aquaculture earthen ponds. Marine Pollution Bullé&, 1573—-1584.

Carvalho S., Falcdo M., Cdrdia J., Moura A., SddpaGaspar M., Dinis M. T., Pouséo-Ferreira
P., Cancela da Fonseca L. (2009). Benthic dynamiitkin a land-based semi-intensive
aquaculture fish farm: the importance of settlemmonids. Aquaculture International 17, 571—

587.

Carver C. E. A., Mallet A. L. (1990). Estimatingrigang capacity of a coastal inlet for mussel

culture. Aquaculture 88, 39-53.

Casillas-Hernandez R., Magallén-Barajas F., Portllarck G., Paez-Osuna F. (2006). Nutrient
mass balances in semi-intensive shrimp ponds fr@no&, Mexico using two feeding

strategies: trays and mechanical dispersal. Aquaeu?58, 289—298.

Casillas-Hernandez R., Nolasco-Soria H., Garcia@alT., Carrillo-Farnes O., Paéz-Osuna F.

(2007). Water quality, chemical fluxes and productin semi-intensive Pacific white shrimp

274



Chapter 8

(Litopenaeus vannamjeculture ponds utilizing two different feeding atgies. Aquaculture

Engineering 36, 105-114.

Cejas J. R., Almansa E., Jéreza S., Bolafios A.p8aM., Lorenzo A. (2004). Lipid and fatty
acid composition of muscle and liver from wild azcaptive mature female broodstocks of white

seabreamDiplodussargus Comparative Biochemistry and Physiology Part B,18—-102.

Chakrabarty D., Das S. K. (2007). Bioturbation-ioed phosphorous release from an insoluble

phosphate source. BioSystems 90, 309-313.

Chang S. C., Jackson M. L. (1957). Fractionatiosaif phosphorus. Soil Science 84, 133-144.

Chapelle A. (1995). A preliminary model of nutrientcling in sediments of a Mediterranean

lagoon. Ecological Modelling0, 131-147.

Chapelle A., Ménesguen A., Deslous-Paoli J., SouehuMazouni N., Vaquer A., Millet B.
(2000). Modelling nitrogen, primary production aoxlygen in a Mediterranean lagoon. Impact

of oysters farming and inputs from the watershexbl&gical Modelling 127, 161-181.

Chavez-Crooker P., Obreque-Contreras J. (2010)eBiediation of aquaculture wastes. Current

opinion in Biotechnology 21 (3), 313-317.

Chen S., Coffin D. E., Malone R. F. (1997). Sluggeduction and management for recirculating

aquacultural systems. Journal of the World AquacealSociety 28, 303-315.

275



Chapter 8

Choo P.-S. (2001). Environmental effects of warmewaulture in ponds/lagoons. In: Black K.
D. (ed.) Environmental Impacts of Aquaculture, $ib&f Academic Press, Sheffield, United

Kingdom, pp. 76-98.

Costello M. J., Grant A., Davies |. M., Cecchinj Bapoutsoglou S., Quigley D., Saroglia M.
(2001). The control of chemicals used in aguaceltarEurope. Journal of Applied Ichthyology

17 (4), 173-180.

Crawford C. (2003). Environmental management ofingaaquaculture in Tasmania, Australia.

Aquaculture 226, 129-138.

Crawford C. M., Macleod C. K. A., Mitchell I. M. ®3). Effects of shellfish farming on the

benthic environment. Aquaculture 224, 117-140.

Cromey C. J., Nickell T. D., Black K. D. (2002). BEMOD - modelling the deposition and

biological effects of waste solids from marine céaens. Aquaculture 214, 211-239.

Cuenco M., Stickney R., Grant W. (1985a). Fish b&ygetics and growth in aquaculture ponds:

I- Individual fish model development. Ecological Mlling 27 (3-4), 169-190.

Cuenco M., Stickney R., Grant W. (1985b). Fish hargetics and growth in aquaculture ponds:

lI- Effects of interactions among size, temperatutissolved oxygen, unionized ammonia and

food on growth of individual fish. Ecological Modieg 27 (3-4), 191-206.

276



Chapter 8

Cuenco M., Stickney R., Grant W. (1985c). Fish hargetics and growth in aquaculture ponds:
[ll- Effects of intraspecific competition, stockingte, stocking size and feeding rate on fish

productivity. Ecological Modelling 28 (1-2), 73-95.

Culberson S., Piedrahita R. (1996). Aquaculture dp@cosystem model: temperature and

dissolved oxygen prediction — mechanism and appdicaEcological Modelling 89, 231-258.

Dale A. W., Prego R. (2002). Physico-biogeochemaraltrols on benthic-pelagic coupling of
nutrient fluxes and recycling in a coastal upwejlsystem. Marine Ecology Progress Series 235,

8-15.

Dalsgaard T., Krause-Jensen D. (2006). Monitoringrient release from fish farms with

macroalgal and phytoplankton bioassays. Aquacutbe 302-310.

Dalvi R. S., Pal A. K., Tiwari L. R., Das T., Batu&. (2009). Thermal tolerance and oxygen
consumption rates of the catfigtiorabagrus brachysoma(Guinther) acclimated to different

temperatures. Aquaculture 295 (1-2), 116-119.

Dame R. F., Prins T. C. (1998). Bivalve carryingpaaty in coastal ecosystems. Aquatic

Ecology 31, 409-421.

Das T., Pal A. K., Chakraborty S. K., Manush S.Mahua N. P., Mukherjee S. C. (2005).
Thermal tolerance, growth and oxygen consumptior_afeo rohitafry (Hamilton, 1822)

acclimated to four temperatures. Journal of Themnalogy 30, 378—383.

277



Chapter 8

Deb A. (1998). Fake blue revolution: environmerdald socio-economic impacts of shrimp

culture in the coastal areas of Bangladesh. Oce@o&stal Management 41, 63—88.

Decreto-Lei n.° 236/98. Diario da Republica, | 86%iN° 176, de 1 de Agosto de 1998.

Del Toro-Silva F. M., Miller J. M., Taylor J. C.JlIE T. A. (2008). Influence of oxygen and
temperature on growth and metabolic performance Béralichthys lethostigma
(Pleuronectiformes: Paralichthyidae). Journal op&imental Marine Biology and Ecology 358,

113-123.

Dias J., Conceicdo L. E. C., Ribeiro A. R., Bordgees Valente L. M. P., Dinis M. T. (2009).
Practical diet with low fish-derived protein is akto sustain growth performance in gilthead

seabreamSparus aurataduring the grow-out phase. Aquaculture 293, 2522

d'Orbcastel E. R., Blancheton J.-P., Boujard T bhiAW., Moutounet Y., Przybyla C., Belaud A.
(2008). Comparison of two methods for evaluatingstaof a flow through trout farm

Aquaculture 274, 72-79.

Drakeford B., Pascoe S. (2008). Substitutabilityisthimeal and fish oil in diets for salmon and

trout: a meta-analysis. Aquaculture Economics & Bgement 12, 155-175.

Duarte P. (2003). A review of current methods ie @stimation of environmental carrying
capacity for bivalve culture in Europe. In: Yu HBermas N. (ed.) Determining environmental
carrying capacity of coastal and marine areas:rpssy constraints and future options, PEMSEA

Workshop Proceedings No. 11, pp. 37-51.
278



Chapter 8

Duarte P., Azevedo B., Ribeiro C., Pereira A., &altl., Serpa D., Bandeira R., Reia J. (2007).
Management oriented mathematical modelling of Reanfesa (South Portugal). Transitional

Waters Monographs 1, 13-51.

Duarte P., Fernandez-Reiriz M. J., Filgueira Rhdréa U. (2010). Modelling mussel growth in

ecosystems with low suspended matter loads. Joafi&da Research 64 (3), 273—-286.

Duarte P., Hawkins A. J. S., Pereira A. (2005). Himes estimation of environmental carrying
capacity for bivalve culture depend upon spatia samporal scales? In: Dame R., Olenin S.
(ed.) The comparative role of suspension feederagumatic systems, NATO ARW in Nida,

Lithuania, 3-9 October 2003, Kluwer Scientific Fshers, Dordrecht, The Netherlands, pp.

121-135.

Duarte P. Meneses R., Hawkins A. J. S., Zhu M., Fang J.,nGda (2003). Mathematical
modelling to assess the carrying capacity for msggcies culture within coastal waters.

Ecological Modelling 168, 109-143.

Dunham R. A., Majumdar K., Hallerman E., Bartley Blair G., Hulata G., Liu Z., Pongthana
N., Bakos J., Penman D., Gupta M., RothlisbergHegrstgen-Schwark G. (2001). Review of
the Status of Aquaculture Genetics. In: SubasingheBueno P., Phillips M. J., Hough C.,
McGladdery S. E., Arthur J. R. (eds.) Aquaculturehe Third Millennium, Bangkok: NACA;

and Rome: FAO.

279



Chapter 8

Edgar G. J., Macleod C. K., Mawbey R. B., Shields(ZD05). Broad-scale effects of marine
salmonid aquaculture on macrobenthos and the satiengironment in southeastern Tasmania.

Journal of Experimental Marine Biology and Ecol@&#7, 70-90.

Eichinger M., Loizeau V., Roupsard F., Le GuellecM\, Bacher C. (2010). Modelling growth
and bioaccumulation of Polychlorinated biphenyleammon soleolea solep Journal of Sea

Research 64 (3), 373-385.

Enell M., Ackerfors H. (1991). Nutrient dischargb®em aquaculture operations in Nordic

countries into adjacent sea areas. ICES reportX991/F: 56, 17 pp.

Ernst D. H., Bolte J. P., Nath S. S. (2000). Aquafasimulation and decision support for

aquaculture facility design and management planmwagacultural Engineering 23, 121-179.

Falcdo M. (1997). Dinamica de Nutrientes na Riantawma: efeitos da interac¢ao da laguna com
as suas interfaces na reciclagem do azoto, fésfeitica. Tese de Doutoramento, Universidade

do Algarve, Portugal, 223 pp.

Falcdo M., Caetano M., Serpa D., Gaspar M., Valé2Q06). Effects of infauna harvesting on
tidal flats of a coastal lagoon (Ria Formosa, Rgatu Implications on phosphorus dynamics.

Marine Environmental Research 61, 136-148.

Falcdo M., Vale C. (1998). Sediment-water exchammgesnmonium and phosphate in intertidal
and subtidal areas of a mesotidal coastal lagoam FBrmosa). Hydrobiologia 373/374, 193—

201.
280



Chapter 8

Falcdo M., Vale C. (2003). Nutrient dynamics incastal lagoon (Ria Formosa, Portugal): The
importance of lagoon-sea water exchanges on bidbgiroductivity. Ciencias Marinas 29 (4),

425-433.

FAO, Food and Agriculture Organization of the Uditlations (2007). The State of World

Fisheries and Aquaculture 2006. FAO, Rome, Itab2 fp.

FAO, Food and Agriculture Organization of the UditdNations (2008). Available at,

http://www.fao.org/fishery/statistics/global-prodiar/ (accessed on November 2008).

FAO, Food and Agricultural Organization of the @witNations(2010). The state of fisheries

and aquaculture. Fisheries and Aquaculture Depattiri®me, Electronic Publishing Policy and

Support Branch Communication Division, 197 pp.

FAO, Food and Agricultural Organization of the Uit nations (201l1a). Available at,

http://www.fao.org/fishery/statistics/en (accessadSeptember 2011).

FAO, Food and Agriculture Organization of the Uditd&ations (2011b). Available at:

http://www.fao.org/fishery/culturedspecies/Sparusata/en (accessed on March 2011).

FAO, Food and Agriculture Organization of the Udité&Nations (2011c). Available at:

http://www.fao.org/fishery/species/2370/en (accdsse March 2011).

281



Chapter 8

Felsing M., Glencrossa B., Telferb T. (2005). Pnghary study on the effects of exclusion of

wild fauna from aquaculture cages in a shallow nmednvironment. Aquaculture 243, 159-174.

Ferreira H., Ribeiro A., Dias J., Yufera M., Ariés, Falcao M., Serpa D., Aires A., Pouséao-
Ferreira P., Cunha M. E., Valente L., Dinis M. Toncei¢cdo L. (2010). Sustainable semi-

intensive polyculture of seabream and sole in eargfonds. Aquaculture Europe 35 (3), 17-21.

Ferreira J. G., Duarte P., Ball B. (1998). Troptapacity of Carlingford Lough for aquaculture -

analysis by ecological modelling. Aquatic Ecolody 361-379.

Ferreira J. G., Hawkins A. J. S., Monteiro P., Moét., Service M., Pascoe P. L., Ramos L.,
Sequeira A. (2007). Integrated assessment of efspsyscale carrying capacity in shellfish

growing areas. Aquaculture 275, 138-151.

Figueiredo M.Morato T, Barreiros J. P., Afonso P., Santos R. S. (200%difg ecology of the
white seabreamDiplodus sargus and the ballan wrasséabrus bergylta in the Azores.

Fisheries Research 75, 107-119.

Fishbase (2010). Available at, http://www.fishbasg (accessed on December 2010).

Folke C., Kautsky N., Berg H., Jansson A., Troell(¥998). The Ecological Footprint Concept

for Sustainable Seafood Production - A Review. &giglal Applications8 (1), 63-71.

Forja J. M., Blasco J., Gomez-Parra A. (1994). i@pahd seasonal variation of in situ benthic

fluxes in the Bay of Cadiz (South-west Spain). Behe Coastal and Shelf Science 39, 127-141.
282



Chapter 8

Freitas V., Cardoso J. F. M. F., Santos S., Candpddrent J., Saraiva S., Witte J., Kooijman S.
A. L. M., van der Veer H. W. (2009). Reconstructminfood conditions for Northeast Atlantic

bivalve species based on Dynamic Energy Budgetsndbof Sea Research 62, 75-82.

Funge-Smith S. J., Briggs M. R. P. (1998). Nutriéntdgets in intensive shrimp ponds:

implications for sustainability. Aquaculture 164,7+133.

Funge-Smith S., Phillips M. J. (2001). Aquacultsgstems and species. In: Subasinghe R. P.,
Bueno P., Phillips M. J., Hough C., McGladdery S. &thur J. R. (eds.) Aquaculture in the
Third Millennium, Technical Proceedings of the Gsneince on Aquaculture in the Third

Millennium, Bangkok, Thailand, 20-25 February 2000, 129-135.

Furumai H., Kondo T., Ohgaki S. (1989). Phosphoershange kinetics and exchangeable

phosphorus form in sediments. Water Research 6,6885

Gatlin D. M., Barrows F. T., Brown P., Dabrowski, K3aylord G. T., Hardy R. W., Herman E.,
Hu G., Krogdahl A., Nelson R., Overturf K., Rust,Msealey W., Skonberg D., Souza E. J.,
Stone D., Wilson R., Wurtele E. (2007). Expanding utilization of sustainable plant products

in aquafeeds: a review. Aquaculture Research 3B;55.

Gazi N. H., Khan S. R., Chakrabad@. G. (2009). Integration of mussel in fish farm:

Mathematical model and analysis. Nonlinear Analydigbrid Systems 3 (1), 74-86.

283



Chapter 8

GESAMP, IMO/FAO/UNESCO-IOC/WMO/WHO/IAEA/UNEP JoirGroup of Experts on the
Scientific Aspects of Marine Environmental Protenti(2001). Planning and management for
sustainable coastal aquaculture development. Repod Studies, GESAMP, Rome, ltaly, 68,

90 pp.

GESAMP, IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP alnt Group of Experts
on Scientific Aspects of Marine Environmental Pobien (2008). Assessment and
communication of environmental risks in coastal aaguture. Reports and Studies, GESAMP,

Rome, Italy, 76, 198 pp.

Gibbs M. T. (2007). Sustainability performance galors for suspended bivalve aquaculture

activities. Ecological Indicators 7, 94-107.

Gibbs M. T. (2009). Implementation barriers to bkthing a sustainable coastal aquaculture

sector. Marine Policy 33, 83-89.

Gifford S., Dunstan R. H., O’'Connor W., Roberts Tgia R. (2004). Pearl aquaculture-

profitable environmental remediation. Science T&taironment 319, 27-37.

Giles H., Pilditch C. A., Bell D. G. (2006). Sedintation from musselRerna canaliculus
culture in the Firth of Thames, New Zealand: Impamt sediment oxygen and nutrient fluxes.

Aquaculture 261, 125-140.

Giovannini P., Piedrahita R. (1994). Modeling plsytathetic production optimization for

aguaculture ponds. Agquacultural Engineering 13,188~

284



Chapter 8

Golomazou E., Athanassopoulou F., Vagianou S., t8kba O., Tsantilas H., Rigos G.,
Kokkokiris L. (2006). Diseases of White Sea Breamliplodus sargusL.) Reared in
Experimental and Commercial Conditions in GreeagkiBh Journal of Veterinary and Animal

Sciences 30, 389-396.

Gowen R. J., Bradbury N. B. (1987). The ecologiogpact of salmonids farming in coastal

waters: a review. Oceanography Marine Biology AniiReview 25, 563-575.

Graca B., Witek Z., Burska D., Bialkowska I., Luksla-Matuszewska K., Bolalek J. (2006).
Pore water phosphate and ammonia below the permaattline in the south-eastern Baltic

Sea and their benthic fluxes under anoxic condstidournal of Marine Systems 63, 141-154.

Grant J., Curran K. J., Guyondet T. L., Tita G.cBer C., Koutitonski V., Dowd M. (2007). A
box-model of carrying capacity for suspended mussglaculture in Lagune de la Grande-

Entrée, lles-de-la-Madeleine, Québec. Ecologicatidiing 200, 193-206.

Grant J., Bacher C. (2001). A numerical model ofwflmodification induced by suspended

agquaculture in a Chinese Bay. Canadian Jourrf@ilsbiries and Aquatic Science, 1-9.

Graslund S., Bengtsson B.-E. (2001). Chemicals l@otbgical products used in south-east

Asian shrimp farming, and their potential impacttba environment - a review. The Science of

the Total Environmer280, 93-131.

285



Chapter 8

Grasshoff K. (1983). Methods of seawater analyeslag Chemie, New York, United States of

America, 317 pp.

Grigorakis K., Rigos G. (2011). Aquaculture effeatsenvironmental and public welfare — The

case of Mediterranean mariculture. Chemospher&8899-919.

Gross A., Boyd C. E., Wood C. W. (2000). Nitrogeansformations and balance in channel

catfish ponds. Aquacultural Engineering 24, 1-14.

Guinea J., Femandez F. (1997). Effect of feedieguency, feeding level and temperature on

energy metabolism iSparus aurataAquaculture 148, 125-142.

Gutiérrez D., Gallardo V. A., Mayor S., Neira C.a8quez C., Sellanes J., Rivas M., Soto A,
Carrasco F., Baltasar M. (2000). Effects of dissdloxygen and fresh organic matter on the
bioturvation potencial of macrofauna in sublittosaldiments of central Chile during 1997/1998

El Nifio. Marine Ecology Progress Series 202, 81-99.

Gutierrez-Wing M. T., Malone R. F. (2006). Biologicfilters in aquaculture: Trends and
research directions for freshwater and marine aeggtins. Aquaculture Engineering 34 (3), 163—

171.

Gyllenhammar A., Hakanson L. (2005). Environmertahsequence analyses of fish farm
emissions related to different scales and exeregdlifiy data from the Baltic — a review. Marine

Environmental Research 60, 211-243.

286



Chapter 8

Haas H., Van Weering T., Stigter H. (2002). Orgaceecbon in shelf seas: sinks or sources,

processes and products. Continental Shelf Res@ar®01-717.

Hagaret H., Wikfords G. H., Shumway S. E. (2007yebse feeding responses of five species of
bivalve molluscs when exposed to three speciesarfnm algae. Journal of Shellfish Research

24, 549-559.

Hall P. O. J., Holby O., Kollberg S., Samuelsson ®1. (1992). Chemical fluxes and mass

balances in a marine fish cage farm: IV. Nitrogdarine Ecology Progress Series 89, 81-91.

Hall P., Hulth S., Hulthe G., Landén A., Tengberg (4996). Benthic Nutrient Fluxes on a
Basin-wide Scale in the Skagerrak (North-EastertiNSea). Journal of Sea Research 35 (1-3),

123-137.

Halpern B. S.,Walbridge S., Selkoe K. A., Kappel\C. Micheli F., D'Agrosa C., Bruno J. F.,
Casey K. S., Ebert C., Fox H. E., Fujita R., HeinamD., Lenihan H. S., Madin E. M. P., Perry
M. T., Selig E. R., Spalding M., Steneck R., Watsan(2008). A global map of human impact

on marine ecosystems. Science 319, 948-952.

Hargreaves J. A. (1997). A simulation model of amraalynamics in commercial catfish ponds

in the southeastern United States. Aquaculturalriesging 16, 27-43.

Hargreaves J. (1998). Nitrogen biogeochemistryqfagulture ponds. Aquaculture 166, 181—

212.

287



Chapter 8

Hargreaves J. A. (2006). Photosynthetic suspendaatly systems in aquaculture. Aquacultural

Engineering 34, 344-363.

Hargreaves J. A., Tucker C. S. (2003). Definingdlog limits of static ponds for catfish

aquaculture. Aquacultural Engineering 28, 47—63.

Hawkins A. J. S., Bayne B. L., Bougrier S., Héral, Mlesias J. I. P., Navarro E., Smith R. F.
M., Urrutia M. B. (1998). Some general relationship comparing the feeding physiology of
suspension-feeding bivalve molluscs. Journal ofdfxpental Marine Biology and Ecology 219,

87-103.

Heilskov A. C., Holmer M. (2001). Effects of bertifauna on organic matter mineralization in
fish-farm sediments: importance of size and abuoelaifCES Journal of Marine Science 58,

427-434.

Helder W., Andersen F. (1987). An experimental apph to quantify biologically mediated
dissolved silicate transport at the sediment-watirface. Marine Ecology Progress Series 39,

305-311.

Henriksen K., Kemp W. M. (1988). Nitrification irstlarine and coastal marine sediments. In:
Blackburn T. H., Sorensen J. (eds.) Nitrogen cgcimcoastal marine environments, John Wiley

& Sons, New York, Unites States of America, pp.-2240.

Hernandez J. M., Gasca-Levya E., Léon C. J., VargaM. (2003). A growth model for gilthead

seabreamSparus auratp Ecological Modelling 165, 265-283.
288



Chapter 8

Holby O., Hall P. O. J. (1991). Chemical flux andsa balances in a marine fish cage farm. Il.

Phosphorus. Marine Ecology Progress Sefie263-272.

Holmer M., Duarte C. M., Heilskov A., Olesen B., riaos J. (2003). Biogeochemical
conditions in sediments enriched by organic mdttan net-pen fish farms in the Bolinao area,

Philippines. Marine Pollution Bulletin 46, 1470-B47

Holmer M., Frederiksen M. S. (2007). Stimulationspfifate reduction rates in Mediterranean

fish farm sediments inhabited by the seagrass Bosidceanica. Biogeochemistry 85, 169-184.

Holmer M., Heilskov A. C. (2008). Distribution armloturbation effects of the tropical alpheid
shrimp Alpheus macellariusn sediments impacted by milkfish farming. EstoariCoastal and

Shelf Science 76, 657—-667.

Holmer M., Kristensen E. (1996). Seasonality offatel reduction and pore water solutes in a
marine fish farm sediment: the importance of terapge and sedimentary organic matter.

Biogeochemistry 32 (1), 15-39.

Holmer M., Marba N., Diaz-Almela E., Duarte C. M.sapakis M., Danovaro R. (2007).
Sedimentation of organic matter from fish farm®ligotrophic Mediterranean assessed through

bulk and stable isotopéX3C and15N) analyses. Aquaculture 262 (2—-4), 268—280.

289



Chapter 8

Holmer M., Marba N., Terrados J., Duarte C. M.,tEserM. D. (2002). Impacts of milkfish
(Chanos changsaquaculture on carbon and nutrient fluxes in Boéinao area, Philippines.

Marine Pollution Bulletin 44 (7), 685—-696.

Holmer M., Wildish D., Hargrave B. (2005). Organegnrichment from marine finfish
aquaculture and effects on sediment biogeochenpicadesses. Handbook of Environmental

Chemistry 5, 181-206.

Hopkins J., Hamilton 1l D., Sandier P., Browdy Gtpkes A. (1993). Effect of water exchange
rate on production, water quality, effluent chagastics and nitrogen budgets of intensive

shrimp ponds. Journal of the World Aquaculture 8tyck4 (3), 304—320.

Hosomi M., Sudo R. (1982). Release of phosphoroos flake sediments. Environment

International 7, 93—98.

Hulata G. (2001). Genetic Manipulations in Aquactdt A Review of Stock Improvement by

Classical and Modern Technologies. Genetica 113),(1565-73.

Hussenot J. M. E. (2003). Emerging effluent managgemstrategies in marine fish-culture farms

located in European coastal wetlands. Aquacult@fe 213—-128.

Inglis G. J., Hayden B. J., Ross A. H. (2000). Arewiew of factors affecting the carrying
capacity of coastal embayments for mussel cultiN®eNA, Christchurch, Client Report

CHCO00/69, 31 pp.

290



Chapter 8

Ingram B. A. (2009). Culture of juvenile Murray codrout cod and Macquarie perch

(Percichthyidae) in fertilised earthen ponds. Agliace 287, 98—-106.

Islam M. S. (2005). Nitrogen and phosphorus budgebastal and marine cage aquaculture and
impacts of effluent loading on ecosystem: reviewl @malysis towards model development.

Marine Pollution Bulletin 50, 48-61.

Islam M. S., Sarker J., Yamamoto T., Wahab A., karid. (2004). Water and sediment quality,
partial mass budget and effluent N loading in caldstackish water shrimp farms in Bangladesh.

Marine Pollution Bulletin 48, 471-485.

Jackson C., Preston N., Thompson P. J., Burford(2003). Nitrogen budget and effluent

nitrogen components at an intensive shrimp farnuakglture 218, 397-411.

Jambrina M. C., Jimeno R., Silva L., Cafiavate J1995). Estimacion del Vertido de Sélidos en
Suspension y Materia Organica Particulada en ldgeBfes de un Cultivo semiintensivo de
Dorada S. aurata L. (1758) en Estanques de Tierta Bahia de Cadiz. In: Castell6 F., Calderer
A. (eds.) V Spanish Congress on Agquaculture, Pabtiimes Universidad de Barcelona,

Barcelona, Spain, pp. 935-940.

Jamu D. M., Piedrahita R. H. (2001). Ten-year satiahs of organic matter concentrations in

tropical aquaculture ponds using the multiple paobleling approach. Aquacultural Engineering

25, 187-201.

201



Chapter 8

Jamu D. M., Piedrahita R. H. (2002). An organic teradnd nitrogen dynamics model for the
ecological analysis of integrated aquaculture/agice systems: 1. model development and

calibration. Environmental Modelling & Software 1571-582.

Jegatheesan V., Zeng C., Shu L., Manicom C., S#efck (2007). Technological advances in
aquaculture farms for minimal effluent dischargeot®ans. Journal of Cleaner Production 15,

1535-1544.

Jiang W., Gibbs M. T. (2005). Predicting the cargycapacity of bivalve shellfish culture using

a steady, linear food web model. Aquaculi24d, 171-185.

Jiménez-Montealegre R., Verdegem M. C. J., van Dam Verreth J. A. J. (2002a).
Conceptualization and validation of a dynamic modef the simulation of nitrogen

transformations and fluxes in fishponds. EcologMabelling 147, 123-152.

Jiménez-Montealegre R., Verdegem M., Zamora J.,rétter J. (2002b). Organic matter
sedimentation and ressuspension in tila@aepchromis niloticus ponds during a production

cycle. Aquacultural Engineering 26, 1-12.

Jones A. B., O’'Donohubkl. J., UdyJ., Dennison W. C. (2001). Assessing Ecologicaldotp of
Shrimp and Sewage Effluent: Biological IndicatorghwStandard Water Quality Analyses.

Estuarine, Coastal and Shelf ScieB2e91-109.

Jordan T. E., Correl D. L., Miklas J., Weller D. @991). Nutrients and chlorophyll at the

interface of a watershed and an estuary. Limnokgy Oceanography 36, 251-267.
292



Chapter 8

Jargensen S. E., Nielsen S., Jgrgensen L. (199ndibdok of Ecological Parameters and

Ecotoxicology. Elsevier, Amsterdam, The Netherladd63 pp.

Joyni M. J., Kurup B. M., Avnimelech Y. (2011). Biuwbation as a possible means for
increasing production and improving pond soil chamastics in shrimp-fish brackish water

ponds. Aquaculture 318, 464—470.

Jusup M., Klanjcek, T., Matsuda, H., Kooijman, S.LAM. (2011). A full lifecycle bioenergetic

model for bluefin tuna. PLoS One 6 (7), €21903:Htdpr.doi.org/10.1371/journal.pone.0021903.

Kaiser M. J. (2001). Ecological effects of shelficultivation. In: Black K. D. (ed.)
Environmental Impacts of Aquaculture, Sheffield Aemic Press, Sheffield, United Kingdom,

pp. 51-75.

Kalantzi I., Karakassis I. (2006). Benthic impaotsfish farming: meta-analysis of community

and geochemical data. Marine Pollution Bulléi) 484—-493.

Kapuscinski A. R., Brister D. J. (2001). Genetigpants of aquaculture. In: Black K. D. (ed.)
Environmental Impacts of Aquaculture, Sheffield Aemic Press, Sheffield, United Kingdom,

pp. 128-153.

Karakassis I., Tsapakis M., Hatziyanni E. (1998gasbnal variability in sediment profiles

beneath fish farm cages in the Mediterranean. Médticology Progress Series 162, 243-252.

293



Chapter 8

Karakassis I., Tsapakis M., Hatziyanni E., PapadtpoK.-N., Plaiti W. (2000). Impact of cage
farming of fish on the seabed in three Mediterraneaastal areas. ICES Journal of Marine

Science 57, 1462-1471.

Kaushik S. J., Covés D., Dutto G., Blanc D. (200¥)nost total replacement of fish meal by
plant protein sources in the diet of a marine ®ieihe European seabaBs;entrarchus labrax

Aquaculture 230, 391-404.

Kautsky N., Ronnback P., Tedengren M., Troell MOQ@). Ecosystem perspectives on

management of disease in shrimp pond farming. Agtiae 191, 145-161.

Kawamiya M., Kishi K. J., Yamanaka Y., Suginohara(hD95). An ecological-physical coupled

model applied to Station Papa. Journal of Oceapbyrél, 635—664.

Kelly L. A., Elberizon I. R. (2001). Freshwater fish cage culture. In: Black K. D. (ed.)
Environmental Impacts of Aquaculture, Sheffield Aemic Press, Sheffield, United Kingdom,

pp. 32-50.

Kelly L. A., Stellwagen J., Bergheim A. (1996). Wadoadings from a fresh-water Atlantic

Salmon farm in Scotland. Water Resources Bulle?inl®17-1025.

Kempf M., Merceron M., Cadour G., Jeanneret H., Méa, Miramand P. (2002).
Environmental impact of a salmonid farm on a wklshed marine site: 2. Biosedimentology.

Journal of Applied Ichthyology 18, 51-60.

294



Chapter 8

King S., Pushchak R. (2008). Incorporating cumuaeffects into environmental assessments
of mariculture: Limitations and failures of curresitting methods. Environmental Impact

Assessment Review 28 (8), 572-586.

Kittiwanich J., Yamamoto T., Kawaguchi O., Hashimdt (2007). Analyses of phosphorus and
nitrogen cycling in the estuarine ecosystem of shima Bay by a pelagic and benthic coupled

model. Estuarine, Coastal and Shelf Science 75-2@39

Klaoudatos S. D., Klaoudatos D. S., Smith J., Bogd&., Papageorgiou E. (2006). Assessment

of site specific benthic impact of floating cageniing in the eastern Hios island, Eastern

Aegean Sea, Greece. Journal of Experimental M&iolegy and Ecology 338, 96-111.

Kochba M., Diab S., Avnimelech Y(1994). Modelling of nitrogen transformations in

intensively aerated fishponds. Aquaculture 120)(193—-104.

Kongkeo H. (1997). Comparison of intensive shrimprfing systems in Indonesia, Philippines,

Taiwan and Thailand. Aquaculture Research 28, 78897

Kooijman S. A. L. M. (2000). Dynamic Energy and MaBudgets in Biological Systems,

Cambridge University Press, Cambridge, United Korgd444 pp.

Kooijman S. A. L. M. (2009). Social interactionsncaffect feeding behaviour of fish in tanks.

Journal of Sea Research 62, 175-178.

295



Chapter 8

Kooijman S. A. L. M. (2010). Dynamic Energy Budgdkeory for Metabolic Organization!®3

ed., Cambridge University Press, Cambridge, Uridydom, 532 pp.

Kristensen E. (1993). Seasonal variations in bentt@mmunity metabolism and nitrogen
dynamics in a shallow, organic-poor Danish lagdéstuarine Coastal and Shelf Science 36,

565-586.

Krom M. D., Ellner S., van Rijn J., Neori A. (1999)litrogen and phosphorus cycling and
transformations in a prototype ‘non polluting’ igtated mariculture system. Marine Ecology

Progress Series 118, 25-36.

Krom M. D., Neori A. (1989). A total nutrient budgtr an experimental intensive fishpond

with circularly moving seawater. Aquaculture 834(3-345-358.

Krom M. D., Porter C., Gordin H. (1985a). Descmyptiof the water quality conditions in a semi-

intensively cultured marine fish pond in Eilat,dst. Aquaculture 49, 141-157.

Krom M. D., Porter C., Gordinl. (1985b). Nutrient budget of a marine fish pondilat, Israel.

Aquaculture 51 (1), 65-80.

Lamoureux J., Tiersch T. R., Hall S. G. (2005). ?beat and temperature regulation (PHATR):

Modeling temperature and energy balances in eadbé&ioor aquaculture ponds. Aquacultural

Engineering 34 (2), 103-116.

296



Chapter 8

Laws E. A., Archie J. W. (1981). Appropriate userefression analysis in marine biology.

Marine Biology 65, 99-118.

Lefebvre S., Bacher C., Meuret A., Hussenot J. 120Modelling approach of nitrogen and
phosphorus exchanges at the sediment-water ingerfdc an intensive fishpond system.

Aquaculture 195, 279-297.

Lefrancois P., Puigagut J., Chazarenc F., Comeg2040). Minimizing phosphorus discharge
from aquaculture earth ponds by a novel sedimdentien system. Aquacultural Engineering

43, 94-100.

Leitdo F., Santos M.N., Monteiro C.C. (2007). Cidmttion of artificial reefs to the diet of the
white sea-breamDiplodus sargugLinnaeus, 1758). ICES Journal of Marine Sciende(®),

473-478.

Lerat Y., Lasserre P., Corre P. (1990). Seasoraaigds in porewater concentrations of nutrients
and their diffusive fluxes at the sediment-wateteiface. Journal of Experimental Marine

Biology and Ecology 135, 135-160.

Li Y.-H., Gregory S. (1974). Diffusion of ions inea water and in deep-sea sediments.

Geochimica et Cosmochimica Acta 38, 703—714.

Li L., Yakupitiyage A. (2003). A model for food ment dynamics of semi-intensive pond fish

culture. Aquacultural Engineering 27, 9-38.

297



Chapter 8

Libralato S., Solidoro C. (2008). A bioenergetiogth model for comparingparus aurats

feeding experiments. Ecological modeling 214, 335-3

Lin C. K., Yi Y. (2003). Minimizing environmentatipacts of freshwater aquaculture and reuse

of pond effluents and mud. Aquaculture 226, 57—68.

Lotze H. K., Lenihan H. S., Bourque B. J., BradbBryH., Cooke R. G., Kay M. C., Kidwell S.
M., Kirby M. X., Peterson C. H., Jackson J. B. 20@6). Depletion, degradation, and recovery

potential of estuaries and coastal seas. Scieriz,el806-1809.

Loy A., Bertelletti M., Costa C., Ferlin L., Catalth S. (2001). Shape Changes and Growth
Trajectories in the Early Stages of Three Spedi¢seoGenuDiplodus(Perciformes, Sparidae).

Journal of Morphology 250, 24-33.

Lupatsch 1. (2003). Factorial approach to deterngnenergy and protein requirements of
gilthead seabreanSparus auratafor optimal efficiency of production, Ph.D. ThesUniversity

of Bonn, Germany, 110 pp.

Machias A., Karakassis 1., Labropoulou M., Somasaks., Papadopoulou K. N.,
Papaconstantinou C. (2004). Changes in wild fisgemblages after the establishment of a fish
farming zones in an oligotrophic marine ecosysté&stuarine Coastal and Shelf Science 60,

771-779.

298



Chapter 8

Magill S. H., Thetmeyer H., Cromey C. J. (2006)tti8wg velocity of faecal pellets of gilthead
sea breamSparus aurata..) and sea bas®icentrarchus labraxL.) and sensitivity analysis

using measured data in a deposition model. Aquareuzt51, 295-305.

Maldonado M., Carmona M. C., Echeverria Y., Rie8g@2005). The environmental impact of
Mediterranean cage fish farms at semiexposed wmtstidoes it need a re-assessment?.

Helgoland Marine Research 59, 121-135.

Mazén M. J., Piedecausa M. A., Hernandez M. D.,c@aB. G. (2007). Evaluation of

environmental nitrogen and phosphorus contributiassa result of intensive ongrowing of

common octopusdctopus vulgaris Aquaculture 266, 226—235.

McKindsey C. W., Thetmeyer H., Landry T., Silvert. l2006). Review of recent carrying

capacity models for bivalve culture and recommendat for research and management.

Aquaculture 261, 451-462.

Meade J. W. (1985). Allowable ammonia for fish atdt Progress in Fish Culture 47, 135-145.

Merino G., Barange M., Mullon C., Rodwell L. (2010npacts of global environmental change

and aquaculture expansion on marine ecosystembal@mvironmental Change 20, 586-596.

Mesnage V., Ogier S., Bally G., Disnar J.-R., lettN., Dedieu K., Rabouille C., Copard Y.

(2007). Nutrient dynamics at the sediment—wateerfate in a Mediterranean lagoon (Thau,

299



Chapter 8

France): Influence of biodeposition by shellfishrnfitng activities. Marine Environmental

Research 63, 257-277.

Meyer D. I, Brune D. E. (1982). Computer modellofghe diurnal oxygen levels in a stillwater

aquaculture pond. Aquacultural Engineering 1, 2432

Miranda F. R., Lima R. N., Criséstomo L. A., Sargal. G. S. (2008). Reuse of inland low-

salinity shrimp farm effluent for melon irrigatioAguacultural Engineering 39, 1-5.

Mischke C. C., Zimba P. V. (2004). Plankton comniymesponses in earthen channel catfish

nursery ponds under various fertilization regimfguaculture 233, 219-235.

Mitsch W. J. (1997). Ecological engineering: Thetsoand rationale of a new paradigm. In:
Etnier C., Guterstam B. (eds.) Ecological engimegfior waste water treatment, CRC Press,

Boca Raton, United States of America, pp. 1-20.

Montoya R. A., Lawrence A. L., Grant W. E., Veladgb (2000). Simulation of phosphorus
dynamics in an intensive shrimp culture systemeatff of feed formulations and feeding

strategies. Ecological Modelling 129, 131-142.

Moran D., Dann S. (2008). The economic value ofewase: Implications for implementing the

Water Framework Directive in Scotland. Journal oViEonmental Management 87, 484—-496.

Moriarty D. J. W. (1997). The role of microorgansnm aquaculture ponds. Aquaculture 151,

333-349.
300



Chapter 8

Moss J., Beauchamp D. A., Cross A. D., Farley E.Murphy J. M., Helle J. H., Walker R. V.,
Myers K. W. (2009). Bioenergetic model estimatesirder annual and spatial patterns in
consumption demand and growth potential of juvepil&k salmon Qncorhynchus gorbuscha
in the Gulf of Alaska. Deep Sea Research Part dpidal Studies in Oceanography 56 (24),

2553-2559.

Muendo P. (2006). The role of fish ponds in therieat dynamics of mixed farming systems.

PhD Thesis, Wageningen University, The Netherlah@, pp.

Muir J. (2005). Managing to harvest? Perspectivethe potential of aquaculture. Philosophical

Transactions of the Royal Society 360, 191-218.

Mukherjee B., Mukherjee D., Nivedita M. (2008). Malthg carbon and nutrient cycling in a

simulated pond system at Ranchi. Ecological Modgl213, 437—448.

Mwashote B. M., Jumba I. O. (2002). Quantative atgpef inorganic nutrient fluxes in the Gazi

Bay (Kenya): implications for coastal ecosystemarilk Pollution Bulletin 44, 1194-1205.

Mwegoha W. J. S., Kaseva M. E., Sabai S. M. M. @0Mathematical modeling of dissolved

oxygen in fish ponds. African Journal of Environrtarscience and Technology 4 (9), 625-638.

Nash C. E., Burbridge P. R., Volkman J. K. (20@5yidelines for Ecological Risk Assessment
of Marine Aquaculture. Prepared at the NOAA FiskerService Manchester Research Station

International Workshop, April 11-14, 2005. U.S. Bament of Commerce, National Oceanic
301



Chapter 8

and Atmospheric Agency (NOAA), National Marine Fasies Service, Tech. Memo. NMFS-

NWFSC-71, 90 pp.

Naylor R. L., Goldburg R. J., Primavera J. H., K&ytN., Beveridge M. C. M., Clay J., Folke
C., Lubchenco J., Mooney H., Troell M. (2000). Eff@f aquaculture on world fish supplies.

Nature405, 1017-1024.

Naylor R., Hindar K., Fleming I. A., Goldburg R.,iMlams S., Volpe J., Whoriskey F., Eagle J.,
Kelso D., Mangel M. (2005). Fugitive Salmon: Assegghe Risks of Escaped Fish from Net-

Pen Aquaculture. BioSciené& (5), 427-37.

Neori A., Chopin T., Troell M., Buschmann A. H., éamer G. P., Halling C., Shpigel M.,
Yarish C. (2004). Integrated aquaculture: rationalelution and state of the art emphasizing

seaweed biofiltration in modern mariculture. Aquame 231, 361-391.

Neori A., Krom M. D., Cohen 1., Gordin H. (1989).atér Quality Conditions and Particulate
Chlorophyll a of New Intensive Seawater Fishpondg&ilat, Israel: Daily and Diel Variations.

Aquaculture 80, 63—78.

Neori A., Shpigel M., Ben-Ezra D. (2000). A sustbte integrated system for culture of fish,

seaweed and abalone. Aquaculture 186 (3—4), 279-291

Nhan D. K., Milstein A., Verdegem M. C. J., VerrethA.V. (2006). Food inputs, water quality
and nutrient accumulation in integrated pond systef multivariate approach. Aquaculture

261, 160-173.
302



Chapter 8

Nixon S. W., Pilson, M. E. Q. (1983). Nitrogen ist@arine and coastal marine ecosystems. In:
Carpenter E. J., Capone D. G. (ed.) Nitrogen inNtagine Environment, Plenum Press, New

York, United States of America, pp. 565—-648.

Nizzoli D., Bartoli M., Cooper M., Welsh D. T., Uadvood G. J. C., Viaroli P. (2007).
Implications for oxygen, nutrient fluxes and deifitation rates during the early stage of
sediment colonisation by the polychad&tereis spp. in four estuaries. Estuarine Coastal and

Shelf Science 75, 125-134.

NOAA, National Oceanic and Atmospheric Administoati (2010). Available at,

http://aguaculture.noaa.gov/what/welcome.html| (ssed on December 2010).

Nobre A. M., Robertson-Andersson D., Neori A., SankK. (2010). Ecological-economic
assessment of aquaculture options: Comparison bat@balone monoculture and integrated

multi-trophic aquaculture of abalone and seawe&dsaculture 306, 116-126.
Nordvarg L., Hakanson L. (2002). Predicting the immmental response of fish farming in
coastal areas of the Aland archipelago (Baltic $s&)g management models for coastal water

planning. Aquaculture 206, 217-243.

Nowicki B. L., Nixon S. W. (1985). Benthic nutriememineralization in a coastal lagoon

ecosystem. Estuaries 8, 182—-190.

303



Chapter 8

Nunes J. P., Ferreira J. G., Gazeau F., Lencar&Sil, Zhang X. L., Zhu M. Y., Fang J. G.
(2003). A model for sustainable management of f&lell polyculture in coastal bays.

Aquaculture 219 (1-4), 257-277.

Nwanna L. C. (2003). Risk Management in Aquacultbse Controlled Feeding Regimen

Pakistan Journal of Nutrition 2 (6), 324—-328.

OAERRE, Oceanographic Applications to Eutrophicatio Regions of Restricted Exchange

(2001). Available at, http://www.oarre.napier.ac(akcessed on May 2001).

Ozorio R., Valente L., Pouséao-Ferreira P., Olivée$e\. (2006). Growth performance and body

composition of white seabrearDiplodus sargu}juveniles fed diets with different protein and

lipid levels. Aquaculture Research 37, 255-263.

Paez-Osuna F. (2001a). The Environmental Impa&hoimp Aquaculture: Causes, Effects, and

Mitigating Alternatives. Environmental ManagemeBt(2), 131-140.

P&ez-Osuna F. (2001b). The environmental impashdmp aquaculture: a global perspective.

Environmental Pollutiod12, 229-231.

P&ez-Osuna F., Guerrero-Galvan S. R., Ruiz-FerzaAd€. (1998). The environmental impact

of shrimp aquaculture and the coastal pollutioMeaxico. Marine Pollution Bulletin 36, 65-75.

304



Chapter 8

P&ez-Osuna F., Guerrero-Galvan S. R., Ruiz-Ferza®deC., Espinoza-Angulo R. (1997).
Fluxes and mass balances of nutrients in a semmsnte shrimp farm in North-Western Mexico.

Marine Pollution Bulletin 34, 290-297.

Papatryphon E., Petit J., van der Werf H. M. Gd&avam K. J., Claver K. (2005). Nutrient-
Balance Modeling as a Tool for Environmental Mamaget in Aquaculture: The Case of Trout

Farming in France. Environmental Management 351(@),-174.

Parsons T., Maita C., Lally C. (1984). A Manual @hemical and Biological Methods of

Seawater Analysis. Pergamon Press, Oxford, Unitaddom, 173 pp.

Paspatis M., Boujard T., Maragoudaki D., Kentouri(2000). European sea bass growth and N

and P loss under different feeding practices. Agliaee 184, 77-88.

Pearson T. H., Black K. D. (2001). The environmkitgacts of marine fish cage culture. In:
Black K. D. (ed.) Environmental Impacts of Aquacudt, Sheffield Academic Press, Sheffield,

United Kingdom, pp. 1-31.

Pecquerie L., Petitgas P., Kooijman S. A. L. M.q@0 Modeling fish growth and reproduction
in the context of the Dynamic Energy Budget theiorpredict environmental impact on anchovy

spawning duration. Journal of Sea Research 62,083-1

305



Chapter 8

Pecquerie L., Johnson L. R., Kooijman S. A. L. Misbet R. (2011). Analyzing variations in
life-history traits of Pacific salmon in the conte®ynamic Energy Budget (DEB) theory.

Journal of Sea Research 66 (4), 424-433.

PEMSEA, Partnerships in Environmental Managememtthe Seas of East Asia (2003).
Sustainable Development Strategy for the Seas sf Esia: Regional Implementation of the
World Summit on Sustainable Development Requirem@tthe Coasts and oceans. PEMSEA,

Quezon City, Philippines, 111 pp.

Peng J.-F., Wang B.-Z., Song Y.-H., Yuan P. (2080/deling N transformation and removal in

a duckweed pond: Model development and calibraimological Modelling 206, 147-152.

Pereira A., Duarte P., Norro A. (2006). Differenbakelling tools of aquatic ecosystems: A

proposal for a unified approach. Ecological Infoticel, 407-421.

Pereira A., Duarte P., Reis L. P. (2007). An Intééed Ecological Modelling and Decision
Support Methodology. Proceedings of the®'2Furopean Conference on Modelling and

Simulation — ECMS 2007, Prague, 4-6 Jun 2007, §p-—802.

Pérez M., Garcia T., Invers O., Ruiz J. M. (20@hysiological responses of the seagrass

Posidonia oceanicas indicators of fish farm impact. Marine PollutiBulletin 56, 869-879.

Pérez M., Rodriguez C., Cejas J. R., Martin M.)érez S., Lorenzo A. (2007). Lipid and fatty
acid content in wild white seabrearDilodus sargup broodstock at different stages of the

reproductive cycle. Comparative Biochemistry angidrtiogy Part B 146, 187-196.
306



Chapter 8

Peterson E. L., Harris J. A., Wadhwa L. C. (200D modeling pond dynamic processes.

Aquacultural Engineering 23, 61-93.

Piedecausa M. A., Aguado-Giménez F., Cerezo-Vab/drdHernandez-Llorente M. D., Garcia-
Garcia B. (2010). Simulating the temporal pattefnwaste production in farmed gilthead
seabrean{Sparus auratg European seabasBi¢entrarchus labrax and Atlantic bluefin tuna

(Thunnus thynngsEcological Modelling 221, 634-640.

Piedecausa M. A., Aguado-Giménez F., Garcia-G&ciBallester G., Telfer T. (2009). Settling
velocity and total ammonia nitrogen leaching frommenercial feed and faecal pellets of
gilthead seabreamSparus aurataL. 1758) and seabas®i€entrarchus labraxL. 1758).

Aquaculture Research 40 (15), 1703-1714.

Piedrahita R. H. (1988). Introduction to computesdelling of aquaculture pond ecosystems.

Aquaculture and Fisheries Management 19, 1-12.

Piedrahita R. H. (1991). Simulation of short-ternramagement actions to prevent oxygen

depletion in ponds. Journal of the World Aquacwt8ociety 22 (3), 157-166.

Piedrahita R. H. (2003). Reducing the potentialirammental impact of tank aquaculture

effluents through intensification and recirculatidquaculture 226, 35-44.

307



Chapter 8

Piedrahita R. H., Brune D. E., Tchnobanoglous GloiDG. T. (1984). A general model of the

aquaculture pond system. Journal of the World Midtuce Society 14, 355—-366.

Pillay T. V. R., Kutty M. N. (2005). Aquacultureripciples and practices. Blackwell Publishing,

Oxford, United Kingdom, 624 pp.

Pitta P., Apostolaki E. T., Tsagaraki T., TsapdWis Karakassis I. (2006). Fish farming effects
on chemical and microbial variables of the watelucm: a spatio-temporal study along the

Mediterranean Sea. Hydrobiologia 563, 99-108.

Primavera J. H. (1998). Tropical shrimp farming ated sustainability. In: DeSilva S. (ed.)

Tropical mariculture, Academic Press, Londonjted Kingdom, pp. 257-289.

Primavera J. H. (2006). Overcoming the impactscpfagulture on the coastal zone. Ocean &

Coastal Management 49, 531-545.

PROMAR (2006). Cooperacdo Algarve — Andaluzia parpromoc¢do de recursos aquicolas

marinhos no litoral Atlantico — Sul), EU ProjectTERREG III-A.

Rana K. J., Siriwardena S., Hasan M. R. (2009).aehpf Rising Feed Ingredient Prices on

Aquafeeds and Aquaculture Production. FAO Fishesie$ Aquaculture Technical Paper 541,

Rome, Italy, 63 pp.

308



Chapter 8

Rao A. M. F., Jahnke R. A. (2004). Quantifying peager exchange across the sediment-water
interface in the deep sea with in situ tracer gsidLimnology and Oceanography: Methods 2,

75-90.

Read P., Fernandes T. (2003). Management of emagatal impacts of marine aquaculture in

Europe. Aquaculture 226, 139-163.

Read P. A., Fernandes T. F., Miller K. L. (2001heTderivation of scientific guidelines for best
environmental practice for the monitoring and regoh of marine aquaculture in Europe.

Journal of Applied Ichthyology 17 (4), 146-152.

Rees W. E., Wackernagel M. (1994). Ecological faatp and appropriated carrying capacity:
measuring the natural capital requirements of tn@dn economy. In: Jansson A. M., Hammer
M., Folke C., Costanza R. (eds.) Investing in NatuCapital: the Ecological Economics

Approach to Sustainability, Island Press, Washindd®, United States of America, pp. 362—

390.

Remen M., Imsland A. K., Stefansson S. O., Jonass&h., Foss A. (2008). Interactive effects

of ammonia and oxygen on growth and physiologi¢atus of juvenile Atlantic cod@adus

morhug. Aquaculture 274, 292—-299.

Requena A., Fernandez-Borras J., Planas J. (198@&)effects of a temperature rise on oxygen

consumption and energy budget in gilthead seabrAgomculture International 5, 415-426.

309



Chapter 8

Riise J. C., Roos N. (1997). Benthic metabolism #red effects of bioturbation in a fertilised

polyculture fish pond in northeast Thailand. Aquage 150, 45-62.

RIVM (1995). A General Strategy for Integrated Eowmimental Assessment at the European

Environment Agency. European Environment Agencyp&imagen, Denmark.

Rodriguez-Gallego L., Meerhoff E., Poersch L., Aobt., Fagetti C., Vitancurt J., Conde D.
(2008). Establishing limits to aquaculture in a tpoted coastal lagoon: Impact of
Farfantepenaeus paulengiens on water quality, sediment and benthic bidtpaculture 277,

30-38.

Rowland S. J., Allan G. L., Hollis M., Pontifex T1995). Production of the Australian

freshwater silver perchBidyanus bidyanugMitchell), at two densities in earthen ponds.

Aquaculture 130, 317-328.

Ruardji P., van Raaphorst W. (1995). Benthic natriegeneration in the ERSEM ecosystem

model of the North Sea. Netherlands Journal off&=search 33, 453-483.

Ruiz J. M., Pérez M., Romero J. (2001). Effectdisif farm loadings on seagrass (Posidonia

oceanica) distribution, growth and photosynthddigtine Pollution Bulletin 42, 749—-760.

Ryther J. H., Dunstan W. H. (1971). Nitrogen, ptmsps and eutrophication in the coastal

marine environment. Science 171, 1008-1013.

310



Chapter 8

Sa R., Pousdo-Ferreira P., Oliva-Teles A. (2008EcE of dietary protein and lipid levels on
growth and feed utilization of white sea brealip{odus sargup juveniles. Aquaculture

Nutrition 12, 310-321.

Sa R., Pousao-Ferreira P., Oliva-Teles A. (2007pw@h performance and metabolic utilization
of diets with different protein: carbohydrate ratiby white sea breanDiplodus sargusL.)

juveniles. Aquaculture Research 38, 100-105.

Sa R., Pousédo-Ferreira P., Oliva-Teles A. (2008tdpy protein requirement of white seabream

(Diplodus sarguyjuveniles. Aquaculture Nutrition 14, 309-317.

Saaty T. L. (1980). The Analytic Hierarchy ProcddsGraw-Hill, New York, United States of

America, 287 pp.

Sandifer P. A., Hopkins J. S. (1996). Conceptualigie of a sustainable pond-based shrimp

culture system. Aquaculture Engineering 15, 41-52.

Sandnes J., Forbes T., Hansen R., Sandnes B., Ry@p00). Bioturbation and irrigation in
natural sediments, described by animal-communitampaters. Marine Ecology Progress Series

197, 169-179.

Safnudo-Wilhemy S. A. (2006). A phosphate altermatiNature 439, 25-26.

Sara G. (2007). A meta-analysis on the ecologiffatts of aquaculture on the water column:

Dissolved nutrients. Marine Environmental Rese&8h390-408.

311



Chapter 8

Schwartz M. F., Boyd C. E. (1994). Effluent qualdyring harvest of Channel Catfish from

watershed ponds. Progressive Fish Culturist 56325—

Schulz H. (2000). Quantification of Early DiagersedDissolved Constituents in Marine Pore
Water. In: Schulz H., Zabel M. (eds.) Marine Geaulstry, Springer, New York, United States

of America, pp. 75-124.

SEACASE, Sustainable Extensive And semi-intensigastal Aquaculture in Southern Europe

(2009). Available at, http://www.seacase.org (asedon December 2009).

SECRU, Scottish Executive Central Research Unit0220 Review and synthesis of the
environmental impacts of aquaculture, The Sco®iskociation for Marine Scienand Napier

University, Edinburgh, Scotland, 62 pp.

Serpa D., Duarte P. (2008). Impacts of aquaculimce Mitigation measures. In: Russo R. (eds.)
Dynamic Biochemistry, Process Biotechnology and édaolar Biology 2 (Special issue 1),

Global Science Books, 1-20.

Serpa D., Falcdo M., Duarte P., Cancela da Fontec&ale C. (2007a). Evaluation of

ammonium and phosphate release from intertidal sadidal sediments of a shallow coastal

lagoon (Ria Formosa-Portugal): a modelling approBabgeochemistry 82, 291-304.

312



Chapter 8

Serpa D., Falcdo M., Pouséao-Ferreira P., VicenteQdrvalho S (2007b). Geochemical changes
in white seabreamDplodus sargup earth ponds during a production cycle. Aquaceltur

Research 38, 1619-1626.

Shin P. K. S.,, Wu R. S. S. (2003). Estimating thei®@nmental carrying capacity for sustainable
marine fish culture: a modelling approach. In: Yu, HBermas N. (eds.) Determining
environmental carrying capacity of coastal and nmeamreas: progress, constraints and future

options, PEMSEA Workshop Proceedings 11, pp. 85-94.

Silvert W., Cromey C. (2001). Modelling impacts: Black K. D. (ed.) Environmental Impacts

of Aquaculture, Sheffield Academic Press, Sheffieldited Kingdom, pp. 154-181.

Slomp C. (1997). Early diagenesis of phosphorusoiminental margin sediments. PhD Thesis,

Wageningen Agricultural University, The Netherlantig8 pp.

Slomp C. P., Malschaert J. F., van Raaphorst WOgL9The role of absorption in sediment-
water exchange of phosphate in North Sea contihentgin sediments. Limnology and

Oceanography 43 (5), 832—-846.

Sorgal, Sociedade de Oleos e Racdes (2011). Alaikth http://www.sorgal.pt (accessed on

March 2011).

Spreij M. (2004). Trends in national aquaculturgidiation (part 1). FAO Aquaculture

Newletter 31, 22-27.

313



Chapter 8

Steeby J., Hargreaves J., Tucker C., Kingsburg@®4). Accumulation, organic carbon and dry
matter concentration of sediment in commercial deanatfish ponds. Aquacultural Engineering

30, 115-126.

Stirling Institute of Aquaculture (2004). Study thle market for aquaculture produced lubina y

dorada species. Report to the European Commid3i@rkisheries.

Subasinghe R. P., Phillips M. J. (2002). Aquaticral Health Management: Opportunities and
Challenges for Rural, Small-Scale Aquaculture anddhced Fisheries Development: Workshop
Introductory Remarks. In: Arthur J. R., Phillips M., Subasinghe R. P., Reantaso M. B.,
MacRae I. H. (eds.) Primary Aquatic Animal Healthr€ in Rural, Small- Scale Aquaculture

DevelopmentFAO Fisheries Technical Paper, FAO, Rome, Ita§,4-5.

Sugiura S. H., Marchant D. D., Kelsey K., Wiggins Ferraris R. P. (2006). Effluent profile of

commercially used low-phosphorus fish feeds. Emritental Pollution 140, 95-101.

Sumagaysay-Chavoso N. S., San Diego-McGlone MDhayid L. T. (2004). Environmental

capacity of receiving water as basis for regulatmgnsity of milkfish Chanos chanoBorsskal)

culture. Journal of Applied Ichthyology 20, 476-487

Tacon A. G. J., Forster I. P. (2003). Aquafeeds #ra environment: policy implications.

Aquaculture 226, 181-189.

314



Chapter 8

Tacon A. G. J., Hasan M. R., Subasinghe R.P. (200€) of fishery resources as feed inputs for
aquaculture development: trends and policy impbecet FAO Fisheries Circular No. 1018,

FAO, Rome, Italy, 99 pp.

Teague K. G., Madden C. J., Day J. W. (1988). Sedtrwater oxygen and nutrient fluxes in a

river-dominated estuary. Estuaries 11, 1-9.

Thakur D. P., Lin C. K. (2003). Water quality andtment budget in closed shrimpd&naeus

monodon culture systems. Aquacultural Engineering 27 - 115%.

Timmons M. B., Ebeling J. M., Wheaton F. W., SumiglerS. T., Vinci B. J. (2001).
Recirculating Aquaculture Systems. Cayuga Aqua Mest Ithaca, New York, United States of

America, 647 pp.

Torres-Beristain B., Verdegem M., Kerepeczki E.rreth J. (2006). Decomposition of high

protein aquaculture feed under variable oxic comalt Water Research 40, 1341-1350.

Tovar T., Moreno C., Manuel-Vez M. P., Garcia-Vargdl. (2000a). Environmental
Implications of Intensive Marine Aquaculture in Ban Ponds. Marine Pollution Bulletin 40

(11), 981-988.

Tovar A., Moreno C., Manuel-Vez M., Garcia-Vargas (4000b). Environmental impacts of

intensive aquaculture in marine waters. Water Rebél, 334—-342.

Troell M. (1997). Aquaculture: Searching for footps. Samudra, Report No. 17, 26—28.
315



Chapter 8

Troell M., Joyce A., Chopin T., Neori A., BuschmaAn H., Fang J. G. (2009). Ecological
engineering in aquaculture - Potential for integdamulti-trophic aquaculture (IMTA) in marine

offshore systems. Aquaculture 297 (1-4), 1-9.

Tsagaraki T. M., Petihakis G., Tsiaras K., Triagitati G., Tsapakis M., Korres G., Kakagiannis
G., Frangoulis C., Karakassis I. (2010). Beyond thge: Ecosystem modelling for impact

evaluation in aquaculture. Ecological Modelling 22), 2512-2523.

UNEP/RIVM (1994). An Overview of Environmental Imditors: State of the art and

perspectives. UNEP/EATR.94-01, RIVM/402001001, Niiy Kenya.

Valdemarsen T. B., Kristensen E., Holmer M. (2008gtabolic threshold and sulfide-buffering
in diffusion controlled marine sediments impacteg¢ bontinuous organic enrichment.

Biogeochemistry 95 (3), 335-353.

Valiela 1., Bowen J. L., York J. K. (2001). MangmJorests: One of the world’s threatened

major tropical environments. BioSciengg, 807-815.

van de Nieuwegiessen P. G., Olwo J., Khong S.,etflerd. A. J., Schrama J. W. (2009). Effects

of age and stocking density on the welfare of Adniccatfish,Clarias gariepinusBurchell.

Aquaculture 288, 69-75.

316



Chapter 8

van der Loeff M., Anderson L. G., Hall P. O., hadt A., Josefson A., Sundby B., Westerlund
S. (1984). The asphyxiation technique: An approsehdistinguishing between molecular
diffusion and biologically mediated transport aé thediment-water interface. Limnology and

Oceanography 29 (4), 675-686.

van der Molen D. T. (1991). A simple dynamic mod@ the simulation of the release of

phosphorus from sediments in shallow eutrophicesyst Water Research 25, 737-744.

van der Veer H. W., Cardoso J. F. M. F., van deeM& (2006). The estimation of DEB

parameters for various Northeast Atlantic bivalpeaes. Journal of Sea Research 56, 107-124.

van der Veer H. W., Cardoso J., Peck M., KooijjmanAS L. M. (2009). Physiological
performance of plaic®leuronectes platess@..): A comparison of static and dynamic energy

budgets. Journal of Sea Research 62 (2-3), 83-92.

van der Veer H. W., Kooijman S. A. L. M., van derét J. (2001). Intra- and interspecies
comparison of energy flow in North Atlantic flatisspecies by means of dynamic energy

budgets. Journal of Sea Research 45 (3-4), 303-320.

van der Veer H. W., Kooijman S. A. L. M., van dere® J. (2003). Body size scaling
relationships in flatfish as predicted by DynamiteEgy Budgets (DEB theory): implications for

recruitment. Journal of Sea Research 50, 255-270.

van Raaphorst W., Kloosterhuis H. T. (1994). Phasphsorption in superficial intertidal

sediments. Marine Chemistry 48, 1-16.
317



Chapter 8

van Raaphorst W., Kloosterhuis H. T., Berghuis E, Gleles A. J. M., Malschaert J. F. P., Van
Noort G. J. (1992). Nitrogen cycling in two typefssediments of the southern north sea (frisian
frint, broad fourteens): field data and mesocossults. Netherlands Journal of Sea Research 28

(4), 293-316.

Vassallo P., Doglioli A. M., Rinaldi F., Beiso R@06). Determination of physical behaviour of

feed pellets in Mediterranean water. Aquaculturedaech 37 (2), 119-126.

Verbeke W., Vermeir 1., Brunsg K. (2007). Consuraealuation of fish quality as basis for fish

market segmentation. Food Quality and Preferendd 1 $51-661.

Via J. D., Villani P., Gasteiger E., Niederstatter (1998). Oxygen consumption in sea bass
fingerling Dicentrarchus labraxexposed to acute salinity and temperature chamgetabolic

basis for maximum stocking density estimations. &muture 169, 303-313.

Viadero Jr. R. C., Cunningham J. H., Semmens KTiginey A. E. (2005). Effluent and
production impacts of flow-through aquaculture @pens in West Virginia. Aquacultural

Engineering 33, 258-270.

Wallin M., Hakanson L. (1991). Nutrient loading netel for estimating the environmental

effects of marine fish farms. Marine Aquaculture &nvironment. Nordic Council of Ministers,

Copenhagen, Denmark, pp. 39-57.

318



Chapter 8

Wang H., Appan A., Gulliver J. S. (2003). Modelim phosphorus dynamics in aquatic

sediments: | - model development. Water ResearcB&78—-3938.

Watson-Capps J., Mann J. (2005). The effects od@agture on bottlenose dolphiiyrsiops

sp.) ranging in Shark Bay, Western Australia. Bjital Conservation 124, 519-526.

Wearing S., Neil J. (1999). Ecotourism: Impactsfieptials and possibilities. Butterworth-

Heinemann, Oxford, United Kingdom, 163 pp.

Whitmarsh D. J., Cook E. J., Black K. D. (2006)afhing for sustainability in aquaculture: An
investigation into the economic prospects for aegrated salmon—mussel production system.

Marine Policy 30, 293-298.

Wilson J. G., Brennan M. T. (2004). Spatial andgenral variability in modelled nutrient fluxes
from the unpolluted Shannon estuary, Ireland, d&dimplications for the microphytobenthic

productivity. Estuarine Coastal and Shelf Scienzel®3—-201.

Wing-Keong N. G., Kim-Sun LU, Roshada H. and Ahyiaudl. (2000). Effects of feeding rate
on growth, feed utilization and body composition aftropical bagrid catfishAquaculture

InternationalB, 19—29.

World Bank (2006). Aquaculture: Changing the Fatéhe Waters Meeting the Promise and
Challenge of Sustainable Aquaculture. The WorldkBa&dashington, United States of America,

138 pp.

319



Chapter 8

Worm B., Barbier E. B., Beaumont N., Duffy J. Eqglike C., Halpern B. S., Jackson J. B. C.,
Lotze H. K., Micheli F., Palumbi S. R., Sala E.|Kée K. A., Stachowicz J. J., Watson R.

(2006). Impacts of biodiversity loss on ocean estesy services. Science 314, 787-790.

Worsfold P. J., Monbeta, P., Tappin A. D., FitzsmadVl. F., Stiles D. A., McKelvie I. D.
(2008). Characterisation and quantification of aigaphosphorus and organic nitrogen

components in aquatic systems: A Review. Analy@ibamica Acta 624, 37-58.

Wu R. S. S. (1995). The environmental impact of ineafish culture: towards a sustainable

future. Marine Pollution Bulletin 31, 159-166.

Xinglong J., Boyd C. E. (2006). Relationship betweerganic carbon concentration and

potential pond bottom soil respiration. AquacudtuEngineering 35 (2), 147-151.

Yan J., Ma S. (1991). The function of ecologicajierering in environmental conservation with
some case studies from China. In: Etnier C., GtaersB. (Eds.) Ecological engineering for
waste water treatment, Proceedings of the Intemali Conference on the Ecological

Engineering for Wastewater Treatment, 24-28 Maf%i]1 Gothenburg, Sweden, pp. 80-94.

Yi Y. (1998). A bioenergetics growth model for Nildapia (Oreochromis niloticusbased on
limiting nutrients and fish standing crop in faaédd ponds. Aquacultural Engineering 18, 157—

173.

Yokoyama H., Takashi T., Ishihi Y., Abo K. (200®ffects of restricted feeding on growth of

red sea bream and sedimentation of aquaculturesvastuaculture 286, 80—88.

320



Chapter 8

Youngson A. F., Dosdat A., Saroglia M., Jordan W.(2D01). Genetic interactions between
marine finfish species in European aquaculture amd conspecies. Journal of Applied

Ichthyology 17 (4), 153-162.

Zar J. H. (1999). Biostatistical Analysis. Prentidall, New Jersey, United States of America,

663 pp.

Zhou Y., Yang H., Hu H., Liu Y., Mao Y., Zhou H.,uXX., Zhang F. (2006). Bioremediation
potential of the macroalg&racilaria lemaneiformis(Rhodophyta) integrated into fed fish

culture in coastal waters of north China. Aquagel252, 264—-276.

Zhou Z., Xie S., Lei W., Zhu X., Yang Y. (2005). Bioenergetic model to estimate feed

requirement of gibel car@arassius auratus gibeli®dquaculture 248, 287-297.
Zimmer E., Jager T., Ducrot V. (2011). Juvenileddonitation: Ecotoxicologists, be warned!

In: Abstracts Book of the"? International Symposium on Dynamic Energy Budgkedty,

Portugal, 13-15 April 2011, 32 pp.

321






