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ABSTRACT 
The role of aquaculture in world food production is increasing very fast, contributing with more than 40% for the total production of 
aquatic organisms. The general approach in modern aquaculture resembles much that of industrial agriculture and husbandry, with large 
energy subsidies and the usage of many chemicals in, predominantly, monoculture systems, with a large ecological footprint. In spite of 
the large body of regulation available worldwide, there are important ecologic, economic and social impacts in many countries as a result 
of aquaculture. In some cases, the anticipation of these impacts by local populations represents a negative feedback for aquaculture 
development. In the present work, a review of those impacts is presented, followed by a discussion of the carrying capacity concept, then 
by presenting some approaches and methods that may help planning aquaculture developments including the Drives Pressures States 
Impacts Responses framework, modelling and Decision Support Systems and, finally, by a synthesis of aquaculture related legislation 
worldwide. The analysis of a large number of works suggests that aquaculture management should be participated by local stakeholders 
and viewed within the context of other management approaches, such as Integrated Coastal Zone Management. This may allow for a 
better ecosystemic integration of aquaculture with other activities in line with Ecological Engineering concepts. Likely, there should be 
more investment in low-trophic level species to reduce aquaculture ecological footprint. 
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INTRODUCTION 
 
The contribution of aquaculture to global production of 
aquatic organisms increased from c.a. 32%, in 2000, to 42%, 

in 2006, according to the FAO Fishery Statistical Collec-
tions (FAO, online). Following the same source, total aqua-
culture production increased over 18 times for the period 
1997–2006, from 3,584,160 to 66,728,941 tonnes. Consi-
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dering the mentioned growth and that intensive aquaculture 
developed over the last years (Muir 2005), it is expected 
that its environmental impacts have also increased. These 
impacts as well as the sustainability of aquaculture were 
discussed in previous works (e.g. GESAMP 2001; SECRU 
2002; Read and Fernandes 2003; GESAMP 2008). How-
ever, there are still several issues to clarify about how to 
guarantee aquaculture sustainability, giving the vagueness 
of the concept and the lack of a general paradigm to handle 
this problem that, together with social awareness, creates 
some negative-feedbacks to aquaculture development in re-
gions where perceived costs outweigh the perceived bene-
fits by local stakeholders (Gibbs 2009). Therefore, the main 
purpose of this work is to synthesize information and con-
cepts that may be useful in defining a paradigm towards 
aquaculture sustainability. 

This work is structured as follows: Much of what is 
known about environmental impacts of aquaculture is syn-
thesised in a chapter about Aquaculture Environmental Im-
pacts. In the following chapter, the carrying capacity con-
cept and its application to aquaculture are discussed, toge-
ther with methods for its quantification. In a chapter about 
aquaculture and environmental management, some approa-
ches and tools that may help to manage aquaculture towards 
sustainability are presented. A review of available regula-
tions on aquaculture management is given in the next chap-
ter. Finally, some general conclusions are attempted. 

Aquaculture industry seems to be following the same 
steps as agriculture: from traditional polyculture systems 
with low energy subsidies, to intensive monocultures with 
high energy inputs and biotechnological innovation. These 
high energy inputs are in the form of trophic energy, such 
as sun light and fish food, and auxiliary energy, such as re-
newable and non-renewable energy sources, to maintain 
production operations. In many countries, there is a strong 
investment in the production of carnivore species that com-
prise more than 30% of world aquaculture production in 
monetary terms (Primavera 2006), implying a relatively 
small efficiency in the conversion of primary production, 
though several steps of the food web, and a large ecological 
footprint. Furthermore, high intensive aquaculture systems 
require more pharmaceuticals and other chemicals to pro-
tect organisms from disease. 

Perhaps one of the main problems in aquaculture, as 
well as in other human activities, is the apparent difficulty 
of people to think holistically, especially in industrialized 
societies, where compartmentalization is frequently equated 
with efficiency. Due to this limitation, local developments 
are planned without much consideration about integration 
with other activities, leading to the production of wastes 
that may represent an environmental problem when, if other-
wise planned, could serve as raw materials for another acti-
vity. If some sort of integrated management is applied, such 
as Integrated Coastal Zone Management, with considera-
tions about the spatial distribution of different activities, to 
guarantee proper access to resources by all stakeholders but, 
without consideration of material and energy fluxes related 
to different activities, there may still be sustainability prob-
lems. Therefore, traditional Chinese aquaculture-agricul-
ture-husbandry-waste treatment systems may serve as a 
good example of empirical yet, holistic approaches, to be 
incorporated in modern developments but in tight interac-
tion with scientific methods, well in line with the principles 
of Ecological Engineering (e.g. Yan and Ma 1997; Mitsch 
1997). 

Aquaculture may be important to alleviate poverty by 
generating food, employment and wealth if a more equita-
ble distribution of its benefits is assumed. Its environmental 
impacts should be assessed at a larger scale than the farm 
scale, due to the cumulative effects of several farm opera-
tions in the same area and their combination with other 
human activities (GESAMP 2001). However, if aquaculture 
development is planned in isolation from other activities, if 
it implies changes in resource ownership, preventing local 
people from having access to resources, and it leads to con-

centration of wealth in a few people, its environment, eco-
nomic and social effects are unsustainable. 
 
AQUACULTURE ENVIRONMENTAL IMPACTS 
 
Aquaculture units can generate considerable amounts of 
wastes/effluents containing a variety of substances such as, 
particulate material (mainly resulting from uneaten feed and 
faecal material), dissolved metabolites (from excretion via 
gills and kidneys), and various forms of chemicals (e.g. the-
rapeutants, fertilizers, heavy metals), with undesirable envi-
ronmental consequences (Wu 1995; Kelly et al. 1996; Deb 
1998; Tovar et al. 2000a, 2000b; Pearson and Black 2001; 
Páez-Osuna 2001a, 2001b; Read and Fernandes 2003). The 
environmental impact resulting from particulate and dis-
solved organic and inorganic material (Table 1) is particu-
larly important because these compounds are directly dis-
charged into the environment affecting both the water col-
umn and the sediment compartment (Dalsgaard and Krause-
Jensen 2006; Holmer et al. 2007). The magnitude of these 
impacts depends mainly on farm location, species, culture 
type, stocking densities, food digestibility, and on other hus-
bandry factors such as feeding practices and disease status 
(Wu 1995). 

The meteorological (e.g. wind patterns), hydrographical 
(e.g. bathymetry, currents, tidal regime, wave action, sedi-
mentation rates) and geomorphological characteristics of 
aquaculture sites (Kempf et al. 2002; Nordvarg and Hakan-
son 2002; Kalantzi and Karakassis 2006; Rodriguez-Gal-
lego et al. 2008), strongly influence the fate of any type of 
waste released into the water column. For instance, high-
energy environments, well swept by bottom currents, are 
usually less affected by the impacts of waste material than 
low-energy environments, most likely due to the contribu-
tion of hydrodynamics to the dissipation and dispersion of 
exogenous material (Klaoudatos et al. 2006). Furthermore, 
re-suspension periodically re-exposes superficial sediments 
and waste products to oxygen, enhancing organic matter de-
composition (Burdige 2006). Conversely, in shallow waters 
or in restricted exchange environments (e.g. semi-enclosed 
estuaries, bays or fjords) with weak bottom currents, there 
is a higher risk of particulate organic matter and nutrients to 
increase locally (Wallin and Hakanson 1991), causing not 
only the degradation of water quality but also severe nega-
tive impacts on benthic assemblages. 

Effluents from intensive production systems, with a 
large feed input, typically have greater negative impacts 
than effluents from semi-intensive or extensive systems 
with little or no feed addition (Kautsky et al. 2000; Páez-
Osuna 2001a; Banas et al. 2008). However, the economic 
viability of these systems, relying mostly on natural food, is 
usually compromised by their limited capacity to control 
environmental and husbandry factors (e.g. nutrition, preda-
tors and disease agents), and by their low productivity. To 
turn aquaculture into a more productive activity with im-
proved profit margins, farmers worldwide have been inten-
sifying production (World Bank 2006). As stocking densi-
ties increase, the systems increasingly require higher water 
volumes, use of feeds and chemicals, which substantially 
increase organic and inorganic loadings. For example, the 
ecological footprint of semi-intensive tilapia production 
systems is relatively low (approximately equal to the farm 
area) compared to intensive systems that require an area up 
to 10000 times higher than the farm area (Folke et al. 1998). 
The higher the degree of artificiality, more likely is the oc-
currence of environmental damages because recycling pro-
cesses and their respective feedback mechanisms vaguely 
resemble natural systems (Kautsky et al. 2000; Banas et al. 
2008). 

Species cultured in intensive systems, usually high-tro-
phic level species, have a higher ecological footprint than 
those producing low-trophic level species, as omnivorous or 
herbivorous fish (e.g. catfish, tilapia) (Table 1). Carnivore 
species require high-proteic manufactured feeds, releasing 
substantial amounts of wastes that are not easily assimilated 
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by the environment (Karakassis et al. 2000; Choo 2001; 
Páez-Osuna 2001a; Pearson and Black 2001; King and 
Pushchak 2008). For instance, a study carried out by Folke 
et al. (1998) revealed that Atlantic salmon marine cage far-
ming requires an ecosystem area 40000 to 50000 times 
higher than the farm area. However, as feed technology im-
proves and higher feed conversion rates (FCR) are attained, 
the footprint of intensive carnivore production is likely to 
decrease (Black 2001). An additional factor contributing to 
the high ecological footprint of carnivorous aquaculture is 
the use of the so-called “trash fish” (i.e. fish unfit to human 
consumption) for the production of pelleted diets, which 
consumes a large quantity of natural resources (Black 2001). 

The most environmentally benign production systems 
are probably those cultivating species from the base of the 
food web, like seaweeds or filter-feeders (Crawford et al. 
2003). However, even these systems may have a relevant 
ecological footprint, depending on the location, farm di-
mension and stocking densities (Folke et al. 1998; Black 
2001; World Bank 2006). For instance, large amounts of 
biodeposits (e.g. bivalves’ faeces and pseudo-faeces) may 
induce changes on benthic processes and benthic communi-
ties (Buschmann et al. 1996; Kaiser 2001; SECRU 2002; 
Watson-Capps and Mann 2005), with consequences for the 
entire ecosystem. 

Aquaculture systems combining species from different 
trophic levels (e.g. fish-shellfish or fish-seaweeds polycul-
ture) or integrated with other activities like agriculture or 
waste treatment may significantly lower the environmental 
impacts of aquaculture because nutrients and organic matter 
are recycled within the system (Buschmann et al. 1996; 
World Bank 2006). 
 
Organic matter enrichment 
 
The immediate effects of particulate organic matter released 
from aquaculture operations include the stimulation of phy-
toplankton and bacterial development, which reduces the 
penetration of light into the water column, subsequently af-
fecting benthic flora (Páez-Osuna 2001a; Ruiz et al. 2001; 
Watson-Capps and Mann 2005; Pérez et al. 2008). However, 
in oligotrophic systems such as the Mediterranean Sea, 
aquaculture impacts on the water column are minimal, pre-
senting only localized or no effects on most water quality 
parameters (Maldonado et al. 2005). These findings are 
generally attributed to fast dilution (Pitta et al. 2006) and 
high nutrient recycling rates within the food web (Machias 
et al. 2004). Particulate organic loading also contributes to 
long term changes in the benthic environment (Gowen and 
Bradbury 1987; Wu 1995; Karakassis et al. 1998; Holmer et 
al. 2005; Klaoudatos et al. 2006). 

On reaching the bottom, biodeposits may be incorpora-
ted into the sediment or re-suspended by bottom currents 
(Jones et al. 2001) that disperse them further away from the 
discharge point. With the continuous deposition of organic 

matter, microbial activity is enhanced and sediments be-
come reduced due to an increase in oxygen consumption 
(Giles et al. 2006; Belias et al. 2007; Holmer and Frederik-
sen 2007). When the oxygen demand caused by the input of 
organic matter exceeds the oxygen mixing rate from over-
lying waters, sediments become anoxic and anaerobic pro-
cesses dominate (SECRU 2002; Holmer and Frederiksen 
2007). Microbiological processes such as denitrification, 
nitrate, manganese, iron and sulphate reductions, and me-
thanogenesis prevail (Pearson and Black 2001), whilst aero-
bic respiration and nitrification processes are inhibited by 
sulphide (Deb 1998). The outcome of these reactions is the 
production of toxic gases (e.g. ammonia, methane and hyd-
rogen sulphide) and the development of hypoxia in the 
water column (SECRU 2002). 

Changes in the physical and chemical characteristics of 
sediments generally have strong adverse impacts on the 
structure of benthic communities (Naylor et al. 2000; Pear-
son and Black 2001; Kelly and Elberizon 2001; Páez-Osuna 
2001a; Nordvarg and Hakanson 2002; Edgar et al. 2005; 
Watson-Capps and Mann 2005; Klaoudatos et al. 2006; 
Rodriguez-Gallego et al. 2008). Although initially the div-
ersity and biomass of benthic fauna increases, mostly due to 
the expansion of opportunistic species (e.g. small annelid 
and nematode worms) and the immigration of other species, 
the continuous organic matter input will promote anoxia of 
the deeper sediment layers leading to the elimination of lar-
ger and deeper burrowing long-lived forms and subse-
quently to a decrease in biodiversity (Kelly and Elberizon 
2001; Pearson and Black 2001; Edgar et al. 2005; Felsing et 
al. 2005; Klaoudatos et al. 2006). The increasing sediment 
oxygen demand will eventually bring anoxia into the lower 
levels of the water column, originating the appearance of an 
azoic zone (Tovar et al. 2000a; Ruiz et al. 2001; Kelly and 
Elberizon 2001; Pearson and Black 2001; Read and Fernan-
des 2003; Edgar et al. 2005; Gyllenhamman and Hakanson 
2005; Watson-Capps and Mann 2005). 

The impacts of aquaculture on benthic primary produ-
cers, particularly on seagrass communities, have been 
widely reported (Ruiz et al. 2001; Pérez et al. 2008). The 
combined effects of light attenuation, mainly due to the 
shade effect of aquaculture structures and high concentra-
tions of suspended solids, with the accumulation of organic 
wastes on bottom sediments, significantly reduces the den-
sity of seagrass meadows, such as Posidonia oceanica (Can-
cemi et al. 2003; Pérez et al. 2008). Bottom sediment en-
richment may also increase epiphytic growth and herbivore 
pressure, limiting the seagrasses photosynthetic activity 
(Ruiz et al. 2001). Moreover, the decomposition of organic 
matter increases porewater nutrient availability and sul-
phide concentrations in the root zone, which negatively af-
fects seagrasses health and survival (Pérez et al. 2008). 

Changes on the benthic compartment may affect trophic 
relations and energy transfer along the aquatic food webs 
(Wu 1995; Deb 1998; Karakassis et al. 2000; Tovar et al. 

Table 1 Amounts (kg per ton of product) of Total Suspended Solids (TSS), Biochemical Oxygen Demand (BOD), Particulate Organic Matter (POM), 
Nitrogen (N) and Phosphorus (P) discharged from different aquaculture units. 

TSS BOD POM N P Species Culture method 
kg per ton of product 

Reference 

Finfish Marine cage farming    61- 132 2.2 - 95 Enell and Ackefors 1991; Islam 2005 
Gilthead-seabream 
(Sparus aurata) 

Marine cage farming 7038 - 9105 235 843 - 1009 190 28 Jambrina 1995; Barbato et al. 1996; 
Tovar et al. 2000b 

Octopus 
(Octopus vulgaris) 

Marine cage farming    111 37 Mazón et al. 2007 

Salmonids Freshwater cage 
farming 

474 - 4015 285 - 990  71 11 Beveridge et al. 1991; Kelly et al. 1996

Catfish 
(Ictalurus punctatus) 

Freshwater systems    9.2 0.57 Schwartz and Boyd 1994 

Rainbow trout 
(Oncorhynchus mykiss) 

Freshwater systems 640 129 - 551   22 Holby and Hall 1991; Boaventura et al. 
1997 

Shrimps Semi-intensive earth 
ponds 

715 - 9105 235 257 - 918 29 - 48 2.6 - 4.6 Páez-Osuna et al. 1997; Biao and Kaijin 
2007; Casillas-Hérnandez et al. 2007 
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2000a; Kelly and Elberizon 2001; Pearson and Black 2001; 
Read and Fernandes 2003; Felsing et al. 2005; Gyllenham-
man and Hakanson 2005; King and Pushchak 2008). For 
instance, studies carried out in marine cage farms revealed 
that the organic wastes released from aquaculture opera-
tions constitute an additional food source for wild fish 
living in the vicinity of the culture site, making fish to con-
gregate locally (Pearson and Black 2001; Machias et al. 
2004; Gyllenhamman and Hakanson 2005). The reduction 
of the fishing pressure and the refuge/protection provided 
by aquaculture structures (Pearson and Black 2001; Machias 
et al. 2004) may additionally contribute for wild fish as-
semblages. Although the magnitude of these bottom envi-
ronmental impacts depends on several factors such as, cul-
ture type, stocking densities and cultivated species (Wu 
1995; Kempf et al. 2002; Kalantzi and Karakassis 2006), in 
general, the major negative effects are found in the farm 
area and in its immediate vicinity, decreasing with greater 
distance from farming operations (Karakassis et al. 1998; 
Pearson and Black 2001; Kaiser 2001; Cromey et al. 2002; 
Felsing et al. 2005). 
 
Nutrient enrichment 
 
Inputs of inorganic compounds (e.g. ammonia, nitrates, nit-
rites and phosphates) through organic matter breakdown, 
animal excretion and pond fertilization may also have pot-
entially hazardous effects on the surrounding environment 
(Wu 1995; Buschmann et al. 1996; Deb 1998; Tovar et al. 
2000a, 2000b; Páez-Osuna 2001a; Pearson and Black 2001; 
Read and Fernandes 2003; Biao and Kaijin 2007; Pérez et 
al. 2008; Rodriguez-Gallego et al. 2008). Most of the unde-
sirable ecological consequences related to the excessive 
nutrient availability from aquaculture discharges (Table 1) 
are related to eutrophication, and include, for example, 
hypernutrification and the depletion of dissolved oxygen 
that cause the deterioration of water quality (Tovar et al. 
2000a; Read and Fernandes 2003). Nutrient loadings also 
contribute to the pool of plant nutrients in aquatic systems, 
stimulating the growth of primary producers (Read and Fer-
nandes 2003; Biao and Kaijin 2007) and even changing the 
structure and composition of these key communities 
(SECRU 2002). 

Should nutrient enrichment coincide with certain physi-
cal conditions, and other, poorly understood factors, there 
may be a growth of toxic phytoplankton species, leading to 
the formation of Harmful Algal Blooms, HAB (Biao and 
Kaijin 2007; King and Pushchak 2008). For example, re-
ports of HAB of Chattonella marina, presumably, caused 
by effluent discharges from shrimp farms were documented 
alongshore the north of the Yellow Sea in 1993 and 1995 
(Biao and Kaijin 2007). Toxic phytoplankton blooms may 
produce different types of toxins (e.g. DSP- diarrheic shell-
fish poisoning, PSP - paralytic shellfish poisoning, and ASD 
- amnesiac shellfish disease), that often cause shellfish poi-
soning and the mortality of benthic fauna and wild/farmed 
fish, thereby threatening the economic viability of aquacul-
ture activities (Pearson and Black 2001; Read and Fernan-
des 2003; Gyllenhamman and Hakanson 2005). 

Although the potential for eutrophication appears un-
likely to marine cage farming due to the dilution effect of 
seawater (Wu 1995; Pearson and Black 2001), the possibi-
lity of localized eutrophication in areas of poor flushing 
cannot be excluded (Wu 1995; Pearson and Black 2001).  
In terms of restricted exchange areas, such as coastal lag-
oons and estuaries, excessive nutrient availability may af-
fect the ecosystem productivity (OAERRE 2001) and in 
some cases, negatively affect the aquaculture activity itself 
(Deb 1998; Páez-Osuna 2001b). 
 
Chemical contamination 
 
The overuse and misuse of chemicals in aquaculture opera-
tions is also a reason for apprehension due to the pollution 
and contamination effects that it may have on the aquatic 

environment. Chemicals used in aquaculture operations may 
be categorised as: 1) feed additives (e.g. vitamins, pigments, 
minerals, and hormones), 2) disinfectants (e.g. bleach, ma-
lachite green) and pesticides (e.g. molluscicides and pisci-
cides), 3) liming materials, 4) metals (e.g. antifoulants) and 
5) veterinary medicines, including antibiotics, anaesthetics, 
parasiticides, and vaccines (Read and Fernandes 2003) used 
to control external and internal parasites or microbial infec-
tions (Costello et al. 2001). Other biological products, such 
as, organic matter decomposers (e.g. bacteria and enzyme 
preparations) are also used (Gräslund and Bengtsson 2001). 

The application of these chemicals is mainly dependent 
on the culture system. For instance, while semi-intensive 
shrimp farms require a minimal use of chemicals, mostly 
fertilizers and liming materials (Boyd and Massaut 1999; 
Choo 2001; Gräslund and Bengtsson 2001), as shrimp pro-
duction is intensified, management becomes more prob-
lematic, and the number and diversity of chemical com-
pounds largely increases (Gräslund and Bengtsson 2001). 
Intensive pond culture also requires a higher diversity of 
chemicals when compared to cage systems, which mostly 
use disinfectants, antifoulants and veterinary medicines 
(Kelly and Elberizon 2001; Read and Fernandes 2003). 

The main environmental risks associated with the use of 
chemical compounds relate to: i) deterioration of water 
quality, ii) interference on biogeochemical processes, iii) 
direct toxicity to wild fauna and flora, iv) development of 
resistance by pathogenic organisms, and v) reduction of the 
prophylactic efficiency of therapeutants (Costello et al. 
2001). The improper use of chemical compounds may also 
affect the safety of the aquaculture products, constituting a 
threat to human health (Choo 2001, Islam et al. 2004). 

Since many of the chemicals used in aquaculture were 
not originally developed for this industry, their effects on 
the aquatic environment are not fully known. Examples of 
the specific environmental effects of some of these chemi-
cals may be found in the sections below: 

 
Feed additives 
Vitamins are often added to artificial feeds, particularly 

in marine fish farming, but are not commonly used in the 
tropics and sub-tropics regions (Wu 1995; Choo 2001). The 
exception seems to be intensive shrimp farming, where vita-
mins C and E have been used to reduce malformations of 
the carapace or disorders of the gills and, to enhance disease 
resistance (Gräslund and Bengtsson 2001). Even though the 
environmental effects of vitamins are poorly known (Wu 
1995), some vitamins such as biotin and vitamin B12 have 
been shown to stimulate growth of some phytoplankton 
species (e.g. Gymnodinium aureoles, Heterosigma akashiwo 
and Chrysochromulina polylepis) and may be implicated in 
their toxicity (Gowen and Bradbury 1987; Honjo 1993). Im-
pacts on bottom sediments should only be relevant in ex-
treme anoxic conditions since the half-lives of vitamins are 
very short in aerobic conditions (Samuelsen 1989). 

 
Disinfectants and pesticides 
Chemical disinfectants used for eliminating pathogens, 

control phytoplankton or to treat bottom sediments 
(GESAMP 1997; Gräslund and Bengtsson 2001), can have 
severe negative effects on the environment. For example, 
during the oxidation of organic compounds, the hypochlo-
rite ions of bleaching powder, used as a disinfectant in 
shrimp farms, are quickly transformed into trihalomethanes 
(THMs) and other by-products with a potentially toxic and 
carcinogenic effect on aquatic organisms (Gräslund and 
Bengtsson 2001; Biao and Kaijin 2007). Pesticides usually 
used to kill organisms such as algae, fungi, snails and fish 
(respectively algicides, fungicides, molluscicides and pisci-
cides) may also cause toxicity in non-target species and 
affect biodiversity (Gräslund and Bengtsson 2001; World 
Bank 2006). 

 
Liming materials 
Even though the environmental impacts of liming mate-
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rials, commonly used to neutralize acidic conditions and as 
disinfectants during the preparation of shrimp ponds, are 
considered to be minimal (Boyd and Massaut 1999), an ex-
cessive use of these substances may stimulate the growth 
and abundance of some phytoplanktonic species (e.g. cya-
nophytes) and restrain the propagation of others (e.g. dia-
toms), and thereby affect the entire aquatic food chain (Biao 
and Kaijin 2007). 

 
Metals 
Metals present in artificial feeds (e.g. copper, zinc, co-

balt, cadmium, lead and mercury), antifouling agents (e.g. 
organotins, copper-based antifoulants and sometimes TBT) 
and in therapeutants represent a risk, both to the environ-
ment and to the aquatic living organisms (Mendiguchia et al. 
2006). For example, the use of heavy metal-based antifoul-
ants in farm structures (e.g. cages, pens or nets) is particu-
larly noxious to benthic communities because their residues 
are highly persistent in bottom sediments. Still, the toxicity 
and bioavailability of these contaminants strongly depends 
on their degradation, accumulation, and dispersion rates 
(Gräslund and Bengtsson 2001), and on the biogeochemical 
characteristics of farm sediments. While in organically en-
riched sediments, with a high biological oxygen demand 
and negative redox potential, metals like copper and zinc 
are less likely to become biologically available (SECRU 
2002), in highly disturbed sediments the remobilisation of 
these metals is facilitated (SECRU 2002). Although, further 
research is required on the environmental effects of these 
compounds, particularly for long-term and multiple-source 
impacts (Mendiguchia et al. 2006), the environmental risk 
of antifoulants in marine environments is considered to be 
low if used according to the regulatory guidelines (Carbo-
nell et al. 1998). 

 
Veterinary medicines 
The use of medicines, and in particular of antibiotics, in 

prophylactic treatments or to cure specific infections 
(GESAMP 1997), poses a diversity of risks not only to the 
environment, but also to wild/cultivated species and to 
human health (Biao and Kajin 2007). The main ecological 
concerns over the use of these compounds relate to: i) the 
accumulation of antibiotic residues in farmed species and in 
nontarget species, ii) the development of resistant pathogens 
in farmed species and an increased susceptibility to infec-
tion iii) the impacts on bottom sediments, particularly, on 
the structure and activity of microbial communities, and on 
the development of antibiotic-resistance by some bacterial 
strains and finally over iv) its effects on human health due 
to the development of drug resistance in human pathogens 
and transfer of resistance from target animal pathogens to 
human pathogens (GESAMP 1997; Choo 2001; Gräslund 
and Bengtsson 2001; SECRU 2002; Read and Fernandes 
2003; Islam et al. 2004; Biao and Kaijin 2007). Antimicro-
bial compounds (e.g. amoxicillin, oxytetracycline and terra-
mycin) often administered as feed additives to control dis-
eases outbreaks (Wu 1995), readily associate with particu-
late material and accumulate on bottom sediments. Although 
antibiotics are not likely to accumulate in oxic environ-
ments due to their short half-lives (Wu 1995), residues are 
often found in organically enriched farm sediments usually 
on a restricted area. The environmental risk of antibiotics is 
thought to further decline in the future due to the deve-
lopment of vaccines (SECRU 2002; Gräslund and Bengts-
son 2001). 

The parasiticides used to treat sea lice, the most com-
mon parasite in Atlantic salmon (Salmo salar) farms, are 
commonly administrated in bath treatments (e.g. cyper-
methrin) or as feed additives (e.g. teflubenzuron or diflu-
benzuron). Independently from the type of treatment, sedi-
ments usually act as a sink for these medicines, which may 
lead to potential negative impacts on benthic organisms, 
such as invertebrate crustaceans (SECRU 2002), with fur-
ther repercussions to the local food webs. Even though, sea 
lice medicines are generally considered to have low to mo-

derate environmental risk (SECRU 2002), the dispersion, 
fate and cumulative effects from multiple treatments remain 
unknown and require further investigation. 
 
Spread of parasites and diseases 
 
The dissemination of parasites and diseases from farmed 
species to wild stocks, principally through water, escapees 
or diseased seed (Nash 2005), constitutes an important 
constraint to the sustainability of the aquaculture industry, 
not only from the ecological point of view but also from the 
economical perspective because it affects the investors con-
fidence, the commercialization of aquatic products and the 
profit margins (Choo 2001; Kaiser 2001; Pearson and Black 
2001; Subasinghe and Phillips 2002). Even though this was 
usually considered a localized problem in the past, with the 
expansion and globalization of the aquaculture industry, pa-
thogens and parasites restricted to one region are now ra-
pidly spreading over the world. For instance, the introduc-
tion of postlarvae and broodstock from areas affected by the 
White Spot Syndrome Virus and Taura Syndrome Virus 
caused mass mortalities in a wide range of shrimp species 
in Asia and Latin America countries (Choo 2001). Wild sal-
mon and sea trout cultivated in marine cage farms are also 
thought to be at risk due to the spread of infective larval sea 
lice from salmon farms (SECRU 2002). The level of risk 
for disease or parasites transfer is usually difficult to quan-
tify not only because hosts may carry pathogenic organisms 
without showing any symptoms but also because a wide 
range of parasitic worms, pathogenic bacteria (Salmonella, 
Eschericia, Vibrio, and others) and viruses are already pre-
sent in natural waters, being common to both wild and cul-
tured species. Many of these pathogenic organisms may 
also be introduced by other human activities besides aqua-
culture, like livestock, human waste and aquatic products 
transportation (SECRU 2002). Besides the environmental 
risks, the propagation of parasites and diseases also consti-
tutes a risk to human health although it can be minimised or 
even completely eliminated, through the implementation of 
strict sanitary and food safety regulations (e.g. HACCP) to 
commercial aquaculture (World Bank 2006). 
 
Habitat destruction and modification 
 
The loss or degradation of habitats, in particular of coastal 
habitats such as mangrove systems and other wetlands (sea-
grass meadows, saltmarshes, coastal lagoons, estuaries) is 
one of major adverse impacts of aquaculture (Wu 1995; 
Deb 1998; Naylor et al. 2000; Black 2001; Páez-Osuna 
2001b; Ruiz et al. 2001; Pérez et al. 2008). Studies carried 
out in marine cage farms on the Mediterranean coastline re-
ported the destruction/degradation of Posidonia oceanica 
meadows, as a consequence of the high organic and nutrient 
loading from fish farming activities. Conversion of man-
grove forests into shrimp farms (Deb 1998; Choo 2001; 
Páez-Osuna 2001b) has mainly caused the loss of feeding, 
nursery, shelter and spawning grounds for a wide variety of 
marine and terrestrial animals (Ruiz et al. 2001; Pérez et al. 
2008), and the loss of natural protection against floods, 
storms and hurricanes (Deb 1998; Choo 2001; Páez-Osuna 
2001b). Coastal lowlands, such as mangroves and saltmar-
shes, play a significant role in shore protection by deflec-
ting and reducing the energy of water masses, and by being 
important routes of water discharge (Deb 1998; Choo 2001; 
Páez-Osuna 2001b). The construction of channels and dikes 
for inland aquaculture has also irreversibly altered the 
hydrological conditions (e.g. water discharge rates and sedi-
ment loads) of many coastal systems and the shore geomor-
phology (Deb 1998; Primavera 2006). Habitat modification 
caused by bivalve farming during harvesting or the prepara-
tion of cultivation grounds (usually by addition of gravel, 
sand and protecting nets), may additionally change the sedi-
mentary processes and the biogeochemistry of farming sites. 
This disruption of bottom communities (e.g. benthic fauna 
or seagrasses) may have negative consequences for the 
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higher trophic levels, for example, by affecting the feeding 
behaviour of wadding birds and of marine mammals (Kai-
ser 2001; Watson-Capps and Mann 2005). Other potentially 
adverse impacts on marine mammals include for example, 
the death or injury through entanglement in gear, habitat 
displacement, and disruption of migration pathways, especi-
ally for large cetaceans (Watson-Capps and Mann 2005). 
 
Introduction of new species and new genetic 
varieties 
 
The deliberate or inadvertent introduction of new species or 
genetic varieties should be a key aspect when assessing the 
environmental impacts of aquaculture. The main impacts of 
introductions fall into two categories: i) ecological, inclu-
ding biological and genetic effects, and ii) socio-economic 
(cf. – Socio-economic impacts), that can be interrelated. 
Despite providing significant social and economic benefits 
(e.g. supply of animal protein and disease control), the use 
of exotic species may also seriously affect ecosystem func-
tioning. The main negative ecological impacts resulting 
from the introduction of new species and genetic varieties 
include: i) loss of biodiversity, due to direct biological inter-
actions such as predation and competition; ii) loss of gene-
tic diversity in wild populations, mainly due to breeding of 
alien organisms with local strains or species; iii) transmis-
sion or spread of diseases to which indigenous species are 
more vulnerable; iv) and habitat modification (Black 2001). 
A case reporting the hazards of species introductions is that 
of the Nile perch in Lake Victoria, which became the domi-
nant species of the lake’s fauna. Even though the introduc-
tion of Nile perch generally provided relevant economic 
benefits for some entrepreneurs (may be not so for the po-
pulation depending directly on lake biodiversity), the arrival 
of the invasive water hyacinth blocked waterways and the 
access to riparian villages and fishing grounds, causing 
major economic losses (World Bank 2006). Whirling dis-
ease, a virus infection that affects rainbow trout, was intro-
duced in North America through the importation of Euro-
pean brown trout that was immune to the virus (World Bank 
2006). Other vectors for species introduction include for 
example the ships ballast water or the faeces and digestive 
tracks of commercialised bivalves, which may transport the 
resting cysts of toxic phytoplanktonic species and of sea-
weeds species (Kaiser 2001). 

The release of cultivated organisms to the natural envi-
ronment, either by accident or natural catastrophes, not only 
poses a risk for the structure of wild populations but also to 
the regional economies (Youngson et al. 2001; Read and 
Fernandes 2003). Most of the negative ecological impacts 
resulting from the interaction between cultivated and wild 
species result from the genetic interaction of wild organisms 
with their aquaculture conspecifics. The genetic impacts of 
escapes on wild populations are a complex subject, but the 
fundamental problem rests on the genetic differences bet-
ween wild and farmed species (Kapuscinski and Brister 
2001). As part of the evolutionary strategy, wild species 
possess higher genetic diversity both within and between 
populations (SECRU 2002). Escapees that survive and 
spread to spawning grounds can interbreed with wild orga-
nisms (Kapuscinski and Brister 2001; SECRU 2002; Naylor 
et al. 2005), posing two types of hazards: firstly, out-
breeding depression (i.e. loss of fitness in the offspring) that 
mainly reduce the survival fitness and efficiency of wild or-
ganisms and secondly, the homogenization of genetic dif-
ferences which increases the vulnerability of individuals to 
environmental changes, and compromise the sustainability 
of wild populations (Kapuscinski and Brister 2001). Even 
though domesticated species, such as the farmed Atlantic 
salmon, are generally less fit for survival and breeding 
(mainly due to a lower ability to participate in breeding and 
to a poorer quality and quantity of gametes), when a sub-
stantial proportion of escapees secure matings with wild 
fish, outbreeding depression may cause the decline of wild 
populations (Kapuscinski and Brister 2001; SECRU 2002; 

Naylor et al. 2005) due to the loss of environmental adap-
tive genotypes which determine the species success. These 
risks are greater for small populations that are already threa-
tened and, whenever genetic modified organisms (GMOs) 
are used. The growing development of GMOs to increase 
the quantity and quality of aquatic products may seriously 
jeopardize the genetic integrity of wild stocks and the eco-
systems functioning (Spreij 2004). 
 
Harvest of wild stocks as feed or seed/broodstock 
to aquaculture operations 
 
The depletion of wild resources and biodiversity to produce 
animal feeds or to supply seed/broodstock to aquaculture 
can cause significant damages to aquatic ecosystems (Deb 
1998; Choo 2001; Kaiser 2001; Páez-Osuna 2001b). Fish 
species of low commercial value (e.g. Japanese anchovy 
and chub mackerel) are mainly targeted to be processed into 
feeds for carnivorous fish, or as supplements for other spe-
cies, like for example, shrimp, tilapia and milkfish (Black 
2001). The use of this so-called “trash fish” puts even more 
pressure on the already overexploited wild fish stocks. The 
broad collection of wild seed (e.g. of eel, grouper, yellow-
tail, and tuna aquaculture) and broodstock for aquaculture 
purposes also contributes to the decline of natural popula-
tions. The collection of wild shrimp and shellfish seed is 
particularly environmentally-damaging because not only it 
threatens the wild stocks of target species (e.g. by affecting 
species recruitment) but also affects the stocks of other 
living resources (other shrimp species, macrozooplankton, 
finfish and shellfish juveniles and larvae) that are indiscri-
minately killed. This reduces the food availability for other 
organisms such as aquatic birds, reptiles and mammals 
linked through the trophic web, and may subsequently in-
crease their mortality at the same time that it reduces their 
breeding success (Choo 2001). Harvest of wild species may 
also cause genetic degradation of native populations and the 
destruction and modification of natural habitats, causing 
further disturbances on the aquatic food web (Deb 1998; 
Primavera 1998; Islam et al. 2004; World Bank 2006). This 
activity is particularly dangerous for heavily fished species 
and for species with low reproductive capacities (World 
Bank 2006), but probably as long as the production of 
broodstock in captivity remains costly, the purchase of wild 
spawners will continue, causing environmental damages in 
ecosystems around the world (Nash 2005; World Bank 
2006). 
 
Socio-economic impacts 
 
Despite the negative impacts that it might have on the envi-
ronment, aquaculture may also provide important socio-
economic benefits. For instance, aquaculture is foreseen to 
become the major source of animal protein (Naylor et al. 
2000; Sugiura et al. 2006; World Bank 2006). 

The commercialisation of aquaculture products is also 
an important source of incomes (Biao et al. 2004; Prima-
vera 2006) and largely contributes to the countries econo-
mic development (Table 2). For instance, since 1970, the 

Table 2 Top ten aquaculture producer countries in 2006 and their res-
pective aquaculture revenues. 
Country 10E+6 tons % 10E+9$ % 
China 34.4 67.7 38.4 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/summary/default.htm

6



Impacts of aquaculture. Serpa and Duarte 

 

aquaculture sector has increased at an average annual rate 
of 10.4% in developing countries (World Bank 2006) while 
in developed countries it grew on average 4% per year. The 
trade of aquaculture products is particularly important for 
developing countries and to low profit-food deficit coun-
tries (e.g. Bangladesh, Indonesia, Vietnam) because it con-
siderably increases their revenues. Besides contributing to 
the development of national economies, aquaculture has 
also allowed the stabilization and strengthen of populations 
from remote regions or marginalised social groups (mainly 
in Asia and Africa), by increasing rural development and re-
ducing poverty and hunger (Black 2001; World Bank 2006). 
Aquaculture production may also contribute to the reduc-
tion of fish prices, at the same time that it increases the ac-
cess to fish products by poor households. An example of 
pro-poor aquaculture has been implemented in Asia, where 
it was developed under two models: one in which commer-
cial opportunities have been opened for enterprises, and the 
other consisting in using public support to generate enough 
critical mass for smallholders. The enterprise model not 
only generated growth and employment in poor regions 
where alternative employment is scarce as also increased 
the stability of local communities (Black 2001). For exam-
ple, this sector employs more than 12 million people in Chi-
na, Indonesia, and Bangladesh alone (FAO 2007). Many of 
these people are rural dwellers and some, such as wild 
shrimp seed collectors, are among the poorest and most 
marginalized (Deb 1998). On the other hand, public support 
extended profit opportunities to smallholders in China, Viet-
nam, and Bangladesh mainly by combining a supportive 
policy (e.g. microcredit) with the dissemination of know-
ledge on proven technologies (e.g. polyculture). This stra-
tegy has also proven to be an effective mean of targeting the 
landless poor (e.g. rice farmers) mainly by improving their 
livelihoods (World Bank 2006; FAO 2007). A surplus in 
households may turn into a social benefit because it im-
proves the nutritional state of poor populations and provides 
an opportunity to invest in education. 

Other social benefits provided by aquaculture include 
for example, women empowerment. In Bangladesh and 
Vietnam, more than 50 percent of workers in seed collec-
tion, fish markets and processing plants are women, and 
although salaries of these workers are still quite low ($1–$3 
per day), they are significantly higher than salaries earned 
in agricultural activities (World Bank 2006). In the Mekong 
delta aquaculture has also contributed to a decrease in urban 
migration by young women and prevented women from 
being forced into prostitution, reducing the risks of spread-
ing sexual diseases (FAO 2007). 

Although responsible aquaculture can provide signifi-
cant economic benefits, uncontrolled and irresponsible 
aquaculture operations can cause a wide range of negative 
socio-economical impacts, particularly when the ecosystem 
functioning is radically altered and the resources that sup-
port other human activities are affected. For instance, pan-
demics outbreaks have devastated shrimp farming in many 
producing countries (Deb 1998). Other adverse effects re-
sult from the introduction of new species. For example, the 
introduction of the golden apple snail into Asian countries, 
mainly with the purpose of developing an export industry, 
resulted in high damages to rice farmers, since this snail 
consumed large quantities of paddy-rice (World Bank 2006). 
The import of crayfish and oysters from North America also 
destroyed the European crayfish and oyster industries 
mainly due to the introduction of pathogens hosted on the 
imported organisms (World Bank 2006). Conversely, in 
Chile, the introduction of the Pacific and Atlantic salmon in 
the 1970s turned into an economic benefit, since the coun-
try is now the world’s leader in salmon production. Tilapia, 
a group of species originating in Africa, is also cultured 
worldwide and provides income and high-quality protein to 
many rural areas, especially in developing countries. 

The inexistence of an ecosystemic approach for the 
management of the aquaculture industry, often lead to con-
flicts over common resources such as land and water. For 

instance, the conversion of mangrove forests into com-
mercial shrimp farms led to the loss of forest products and 
fisheries (Primavera 2006), affecting principally the poor 
populations. The conversion of residential, agriculture (rice 
and pastures) and common lands in Asian countries (Thai-
land, Bangladesh and Philippines) has also raised serious 
conflicts between agriculture and shrimp farmers (Deb 
1998; Choo 2001; Primavera 2006). Conflicts over water 
use are particularly frequent because aquaculture effluents 
may contaminate the water used by other aquaculture units 
downstream (Deb 1998; Gräslund and Bengtsson 2001). On 
the other hand, aquaculture itself may be subjected to water 
contamination due to urban waste and agricultural pollution. 
Saltwater intrusion caused by aquaculture activities, either 
from the percolation of water discharged from brackish/ma-
rine cultivation ponds or from active pumping of ground-
water, has also several negative socio-economic repercus-
sions, including, for example, the loss of agricultural crops, 
land subsidence, decrease in fish production or the occur-
rence of freshwater crisis that cause gastrointestinal dis-
eases (Deb 1998; Choo 2001; Páez-Osuna 2001b). Other 
negative impacts resulting from the massive introduction of 
aquaculture structures (ponds, cages, or rafts) include the 
blocked access to coastal resources, navigational hazards, 
privatisation of public lands and waterways, and fisheries 
decline (Primavera 2006). Conflicts over common resources 
generally lead to serious social problems and even in some 
cases, to human rights abuse (World Bank 2006). 

An ecosystem approach to the management of the aqua-
culture industry is therefore crucial for its sustainability. 
Letting aquaculture development proceed irresponsibly or 
taking only partial approaches to its management incurs a 
risk that the negative impacts may counteract any benefits 
from aquaculture or that it will not produce the expected 
benefits. 
 
THE CONCEPT OF CARRYING CAPACITY IN 
AQUACULTURE 
 
In a broad sense, carrying capacity (CC) may be defined as 
the capacity of a natural or man-made system to hold a cer-
tain pressure without driving its structure and function 
above Limits of Acceptable Change (LAC) (Duarte 2003). 
Whilst this general and simple definition may be appropri-
ate as a first approach, it is important to apply the concept 
to some specific areas and to develop more precise defini-
tions. CC may be defined within the scope of any activity 
implying some sort of environmental, social or economical 
impact. The LAC concept has long been used in tourism 
management (e.g. Wearing and Neil 1999). The goal is to be 
able to use natural and man-made ecosystems without com-
promising their capacity to continue providing the goods 
and services that people need. The definition of LACs is not 
straightforward, because though some of these limits may 
be defined on a quantitative way, others are rather subjec-
tive and depend on people’s perception about the environ-
ment. For example, water quality parameters may be used 
to establish quantitative limits on aquaculture outflows to 
prevent ecosystem degradation. However, it may be more 
arguable to establish limits in relation to scenic or habitat 
quality (GESAMP 2001). 

The concept of CC is a central theme in aquaculture and 
it may be related to the amount of natural resources availa-
ble for aquaculture operations, such as food and space, the 
services provided by natural ecosystems, such as organic 
matter mineralization and nutrient cycling, or the economic 
yield of aquaculture and its economic and social effects. 
When CC is exceed, negative-feedbacks affect aquaculture 
operations and may result in yield losses. 

Policy makers must take management decisions that 
may affect the sustainability of natural resources. Having at 
hand the relevant CC indicators, is the way to prevent them 
from taking decisions that will jeopardize options for future 
usages. Whenever possible, these indicators should be 
quantitative, such as the area that may be allocated for 
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aquaculture, the standing stock of fish that may be kept in a 
fish culture area, etc. 

Given the multiple exploitation possibilities of aquatic 
ecosystems and their synergic effects, it is clear that CC 
must be accessed for different activities taking into account 
their interactions. For example, if a coastal zone is used for 
sewage dispersal, it’s CC for aquaculture may be limited, 
because not all areas will have the necessary water quality 
for aquaculture and also because the impact of the sewage 
outfall may limit ecosystems resilience to assimilate organic 
loads from aquaculture leases. These complex set of inter-
actions between different uses and the ambiguities of re-
source ownership leads to the idea of including aquaculture 
within the framework of Integrated Coastal Zone Manage-
ment (GESAMP 2001). Concerning inland aquaculture, 
similar integrated approaches are needed integrating other 
activities such as agriculture, tourism, nature conservation, 
etc. 
 
CC categories and definitions 
 
The CC definition and classification defined by Inglis et al. 
(2000), adopted by McKindsey et al. (2006) and adapted by 
Gibbs (2009), regarding coastal aquaculture development, 
was followed in the present work for aquaculture in general: 

(i) physical CC – the total area of farms that can be 
accommodated in the available physical space; 
(ii) production CC – the stocking density of cultured 
organisms at which harvests are maximized; 
(iii) ecological CC – the stocking or farm density 
which causes unacceptable ecological impacts; 
(iv) economic CC – the biomass that investors are wil-
ling to establish and maintain; 
(v) social CC – the level of farm development that 
causes unacceptable social impacts or that community 
is willing to allow. 
Some of the above categories are defined differently by 

different authors. For example, according to Jiang and 
Gibbs (2005), production CC is the theoretical maximum 
culture that could be supported in an embayment. Alterna-
tively, production CC was defined as the maximum sus-
tainable yield of culture that can be produced within a re-
gion, whereas ecological CC was defined as the level of 
culture that can be supported without leading to significant 
changes to ecological processes, species, populations or 
communities in the growing environment (Gibbs 2007). 
Therefore, in defining production CC, most authors choose 
to express it as a stock measure (e.g. Carver and Mallet 
1990; Bacher et al. 1998; Smaal and Héral 1998; Inglies et 
al. 2000; Jiang and Gibbs 2005), whereas others define it as 
an yield measure (e.g. Gibbs 2007). Therefore, it is impor-
tant to agree on some common measurements for the sake 
of comparability within and across different aquaculture 
areas. Since stock and yield are related, although differently 
in different aquaculture areas, and since stock is easier to 
regulate, perhaps it is the most straightforward way to quan-
tify CC. 
 
CC and limiting factors 
 
The CC categories above reflect some of the most common 
limiting factors for aquaculture development. However, it 
must be emphasised that, in most instances, these categories 
are interlinked. In the case of physical CC, space may be 
limiting due to the lack of sheltered areas and to other 
competing uses such as sewage dispersal, harbour activities, 
fisheries, tourism, nature conservation and water availabi-
lity (in the case of inland aquaculture). For example, the 
Southeast Asia’s seas are under several threatens – 11% of 
coral reefs collapsed, whilst 80% face risks, mangroves – 
one of the most threatened tropical environments (Valiela et 
al. 2001) – have lost 70% of their cover, seagrass beds’ loss 
ranged from 20 to 60%, urbanization is predicted to increase 
and there are tens of pollution hot spots (PEMSEA 2003). 
Whilst urbanization and resulting pollution may limit geo-

graphically aquaculture development, aquaculture itself has 
been one of the reasons for mangrove destruction in most 
tropical countries (Primavera 2006) – in relation to ecologi-
cal CC. In the case of Thailand, a ban on mangrove destruc-
tion in the early 1990s was followed by a shift from salt 
water to low-salinity inland shrimp farming, leading to 
competition for soil resources between rice and shrimp far-
mers and to soil salinization (GESAMP 2008). Competition 
between farmers may be a result of overcoming social CC. 

Regarding production CC, limiting factors depend 
mostly on the culture type. In the case of extensive and 
semi-intensive cultures, stocks may be limited by food 
availability and water quality. A typical example of exten-
sive systems, fully dependent on natural food (phytoplank-
ton and organic detritus) is the cultivation of bivalve sus-
pension-feeders. Both the quantity and the quality of these 
food items are important for bivalve growth (Bayne 1992; 
Hawkins et al. 1998). Production CC for bivalve cultivation 
depends on the renewal rate of available food. Suspension 
feeders have a remarkable capacity to filter the water col-
umn such that they are food limited at higher culture density. 
Therefore, water residence times and phytoplankton doub-
ling times may limit CC (Dame and Prins 1998). 

The relationship between bivalve production and bi-
valve standing stock is parabolic (Fig. 1), as demonstrated 
by the theoretical model described in Bacher et al. (1998) 
and the results of Ferreira et al. (1998) and Duarte et al. 
(2003). There is an initial increase in production, but as 
available space becomes filled up with stock, individual 
bivalve growth rate is depressed and mortality increases due 
to several factors associated with overcrowding. The overall 
result of these effects is a strong reduction of harvest yields 
above a certain stock threshold. 

In semi-intensive and intensive systems, production CC 
may be limited by water quality, namely, by dissolved oxy-
gen (DO) in some fish farms (Shin and Wu 2003). On the 
other hand, release of faeces, uneaten food and excreta may 
increase biochemical oxygen demand (BOD) and nutrient 
concentrations that may overtake limits defined for ecolo-
gical CC. According to Sarà (2007), available literature data 
on the effects of aquaculture leases on water quality present 
a convincing evidence for increases in ammonium, nitrite 
and nitrate and, to a lesser degree, dissolved phosphorus, in 
comparison to non-aquaculture sites. These “aquaculture ef-
fects” are most noticeable in sheltered water bodies with 
high residence times. 

Another important limitation for bivalve production in 
coastal areas is Harmful Algal Blooms (HAB) that may 
cause bivalve contamination and mortality by harmful tox-
ins (Hágaret et al. 2007) (cf. – Aquaculture environmental 
impacts - Nutrient enrichment). In most areas of the world 
bivalves are monitored for the occurrence of several toxins 
to prevent their commercialization. 

In a recent paper, Gibbs (2009) discusses the role of so-

Y
ie

ld

Investment in Standing Stock

Carrying Capacity

Fig. 1 The parabolic relationship between stock and yield in bivalve 
culture. Carrying capacity increases with stock up to a point above which 
individual growth is severely compromised due to food limitation. 
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cial barriers to the establishment of aquaculture activities in 
suitable areas. According to this author, local stakeholders 
tend to be more environmentally conscious and demanding 
strong evidence about the environmental and economic sus-
tainability of aquaculture development. This attitude is rela-
ted to their perception that aquaculture benefits are diffused 
among the community and state, while costs are interna-
lized locally, especially in coastal regions where recreati-
onal and amenity values are high. 
 
Methods for determining CC 
 
Physical CC may be analysed and estimated from physical, 
chemical and biological data, with the help of a Geogra-
phical Information System (GIS). These data may include 
geographic descriptors, sediment and vegetation types, 
depth, meteorology, hydrography, water quality, land use, 
etc. The interception of layers with this data types helps sel-
ecting areas that may potentially be used for different aqua-
culture types. For example, sensitive habitats may be exclu-
ded, as well as contaminated or other areas, where land use, 
management plans or political boundaries are not compati-
ble with aquaculture development. 

GIS may also be used to help assessing economic and 
social CC, if it contains information on relevant descriptors. 
For example, areas that are used for some other economic 
activities or where local stakeholders have a strong opposi-
tion to aquaculture developments may be excluded, redu-
cing social conflicts. 

Production and ecological CC may be approached at 
several spatial scales, such as the scale of the cultivation 
unit (farms, rafts, etc.) and the ecosystem scale. The former 
is directly relevant to farmers, whereas the latter is relevant 
for ecosystem management (Duarte 2003). In accordance to 
this, aquaculture leases produce “near-field” and “far-field” 
effects – the latter result from the cumulative effects of the 
former at the ecosystem scale. This scale may be easy to de-
fine in the case of estuaries, bays and fjords but more dif-
ficult for open coastal areas (Andersen et al. 2006). 

Following the last authors, if the scale of the farm is 
large in comparison with the ecosystem scale, more impor-
tant impacts are expected than in the opposite situation. 
Therefore, the definition of ecosystem boundaries is critical 
in evaluating aquaculture impacts. One possible approach is 
the analysis of impacts from the farmer scale to progres-
sively larger scales, until they are no longer relevant. Such 
an approach is hardly achieved without a mathematical mo-
del (see below). 

One important point here is that whatever method is 
used to estimate aquaculture impacts or CC, it should allow 
resolving scales smaller than the ecosystem scale. The ra-
tionale beyond this statement is discussed in Duarte et al. 
(2005) in relation to bivalve culture, but concepts may be 
extended to other culture types. The general idea is that if 
CC is evaluated at a scale larger than the farm scale, “farm 
effects” are diluted over a relatively larger area. For exam-
ple, in the case of bivalve suspension-feeders, food limita-
tion may be underestimated, since local food depletion is 
ignored, with the result of overestimating production CC. 
Ecological CC may also be over estimated, since excreta 
from cultivated organisms are “diluted” over a larger area. 

Ideally, the smaller scale resolved should be small 
enough for water residence time to be lower than the time 
needed for significant changes to occur in any chemical or 
biological factors related with CC. When this condition 
holds, water properties do not change much across the scale 
considered. Current speed measurements or a hydrodyna-
mic model may be used to determine the mentioned smaller 
scale. 

In Fig. 2, a practical example of the above concepts is 
presented (for details see Duarte et al. 2003, 2005) regar-
ding Sungo bay (People’s Republic of China). This bay is 
extensively used for kelp and bivalve culture. If a whole 
system bivalve production CC is estimated from water resi-
dence time, phytoplankton doubling time and bivalve clear-

ance time (the time it takes for the bivalves to filter the 
water in the bay), as described by Dame and Prins (1998), 
the obtained result suggests that bivalve density may be 
doubled within the ecosystem (from c.a. 44000 to c.a. 
88000 tonnes). In fact, Nunes et al. (2003), using a zero di-
mensional bay ecosystem model obtained even larger pro-
duction CC estimates. On the other hand, Duarte et al. 
(2003), using a two dimensional hydrodynamic-biogeoche-
mical model, with a finite-difference grid of 500 m resolu-
tion (Fig. 2) – inline with considerations above on the need 
to resolve scales smaller than the ecosystem scale - obtained 
much lower CC estimates. Given average current velocities 
in Sungo Bay, water residence time within the 500 X 500 m 
grid cells depicted in Fig. 2, is smaller than the time bi-
valves need to filtrate the water within the cells, considering 
their large densities within cultivated areas (Duarte et al. 
2005). 

Considering the complex feedbacks between cultivated 
species and environmental variables, the cumulative effects 
of many aquaculture activities and the various dimensions 
of CC, an ecosystem model is necessary for a description of 
the problem. However, any model is just a pale description 
of the real system with many limitations, as discussed by 
Gibbs (2009). Whenever there are no available data and 
models for a reliable estimate of CC, an adaptive approach 
should be used by being conservative, according to the pre-
cautionary principle, monitoring relevant variables and pro-
cesses over time and being able to make any adjustments to 
avoid permanent damage to natural and man-made systems. 
In fact, this adaptive approach should be followed even in 
the presence of detailed data and validated models, due to 
the limitations mentioned above (Gibbs 2009). The confron-
tation of model results and observations allows model im-
provements over time, as more knowledge is accumulated 
about the ecosystem under study. Furthermore, uncertainties 
associated with model parameters and results may help 
defining sampling strategies and experiments to fill the gaps. 

A model capable of predicting production and ecologi-
cal CC should include a transport and a biogeochemical 
sub-model. Ideally, it should also include a thermodynamic 
sub-model, for water temperature calculations, and biologi-
cal sub-models for relevant species or species groups. The 
transport sub-model should be able to predict current speeds 
and water mixing (or simply to read and return current 
speed time series measured or obtained with another model) 
and calculate the transport of dissolved substances and par-
ticles. It may be forced by wind, river flows, tidal height 
variability at sea boundaries, etc. The biogeochemical sub-
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Fig. 2 Areas cultivated in Sungo Bay since 1999 with kelps (Laminaria 
japonica), oysters (Crassostrea gigas) and scallops (Chlamys farreri), 
including part of a two dimensional model grid (upper left corner), 
for which the spatial step is 500 m. Adapted from Duarte et al. (2003). 
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model should reproduce biogeochemical cycles of elements 
that are most likely to become limiting, such as phosphorus 
and nitrogen, that may limit primary production of phyto-
plankton and cultivated plants, oxygen, that may limit fish 
survival, etc. This sub-model should include a pelagic and a 
benthic compartment, especially when water-sediment inter-
actions are more important, as in shallow water ecosystems. 
The biological sub-models should simulate growth, produc-
tion and biological interactions of most relevant species or 
species groups. It should also simulate nutrient production/ 
consumption and link these with the biogeochemical sub-
model. The spatial resolution of the model should follow 
considerations above. For some examples see Duarte et al. 
(2003, 2007), Ferreira et al. (2007), Grant et al. (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 time series 
obtained at their boundaries (e.g. river or sea boundaries) 
for the simulated water column variables. It is also impor-
tant to have time series of meteorological data on: solar 
radiation, air temperature, wind speed, and relative humidity. 
For very large areas, it may be necessary to nest more de-
tailed models within the grid of larger scale models, with 
the latter providing boundary conditions for the former. 

Having a model to estimate production and ecological 
CC it is then necessary to simulate several aquaculture sce-
narios regarding density of organisms, their geographical 
distribution and different rearing techniques, for example. 
The analysis of obtained results concerning predicted pro-
duction and water quality variables may then be used to eva-
luate the different scenarios. Typically, an increase in pro-
duction leads to changes in water quality variables and deci-
ding whether these are acceptable or not, depends on the 
availability of some criteria. For example, Duarte et al. 
(2007) simulated water and sediment quality as a function 
of bivalve density in Ria Formosa (Portugal) and compared 
scenarios on the basis of bivalve production and water qua-
lity using the IFREMER water and sediment classification 
scheme (e.g. Austoni et al. 2004). 

Ideally, a Decision Support System (DSS) should be 
used, integrating also economic and social descriptors (for 
an example see Pereira et al. 2007). It is important to in-
volve local stakeholders in the decision process. At this 
point, economic and social CC may be revised by stakehol-
ders, since obtained results may change their initial perspec-
tives (Fig. 3). It may also be necessary to try other scenarios 
and iteratively reach a good solution. 

AQUACULTURE AND ENVIRONMENTAL 
MANAGEMENT TOWARDS SUSTAINABLE 
DEVELOPMENT 
 
In the next paragraphs, some possible mitigation measures 
and methodological approaches are suggested to reduce and 
anticipate, respectively, aquaculture impacts. Management 
aspects that may help reducing the direct ecological impacts 
of aquaculture leases are discussed in sub-chapter about 
Mitigation measures. The advantages of Ecological Aqua-
culture are discussed in sub-chapter Ecoaquaculture. Re-
maining sub-chapters present methodological approaches 
do help stakeholders and decision makers defining potential 
problems of aquaculture developments and deciding on al-
ternative scenarios. 
 
Mitigation measures 
 
The sustainable development of the aquaculture industry 
depends largely on the preservation of natural resources and 
on ecosystem CC (Read et al. 2001). The adoption of an 
ecosystem approach to aquaculture (EEA) is probably the 
way to overcome the problems related to its increasing 
growth and intensification, in particular those associated 
with the use and allocation of common resources. The im-
plementation of an EAA requires a partnership among aqua-
culture organizations (e.g. producers associations), govern-
mental agencies (e.g. fisheries administration, rural, urban 
and industrial development organizations) and the public 
sector (e.g. NGO’s), for the development of appropriate re-
gulatory frameworks and efficient enforcement mechanisms. 
As an alternative to legal frameworks, the aquaculture in-
dustry has developed self-regulation instruments, such as 
Codes of Conduct (e.g. the FAO Code of Conduct for Aqua-
culture Practices and the International Aquatic Animal 
Health Code) and Codes of Practice (cf. – Legislation), to 
ensure the sustainable development of the activity. Compli-
ance to the norms and principles defined in these codes may 
also contribute for the minimisation of the negative impacts 
of aquaculture. At the farm and at the ecosystem levels, an 
efficient use of Environmental Impact Assessment (EIA) or 
other decision-making tools (e.g. Decision Support Systems 
during the planning phase of aquaculture operations toge-
ther with the implementation of mitigation measures (e.g. 
environmental monitoring) for activities that already exist, 
may also contribute to a more environmentally-friendly ac-
tivity. Some of the important decisions that can be made are 
mainly related to site selection, species selection (exotic 
versus native), definition of stocking densities and proper 
farming systems or technologies and, on the socio-econo-
mic relevance of aquaculture projects (Read and Fernandes 
2003). During the operational phase of aquaculture units, 
specific proactive measures may also be adopted to safe-
guard the ecosystems integrity. Some of these mitigation 
measures are presented in the following paragraphs. 
 
Interference in biogeochemical processes 
 
Given that the impacts on bottom sediments are the most 
obvious form of pollution resulting from aquaculture activi-
ties, the reduction of the amount of wastes and effluents 
released into the environment is crucial for avoiding that the 
ecological CC is exceeded (Giles et al. 2006). The effects of 
organic and inorganic waste discharges can be significantly 
reduced by careful site selection. The specific hydrographic 
conditions (hydrodynamics, water residence time, and tidal 
regime), topography, geography and the ecological CC of 
the receiving body (Buschmann et al. 1996; Pearson and 
Black 2001; Choo 2001; Gräslund and Bengtsson 2001; Pri-
mavera 2006), strongly influence the behaviour of all type 
of wastes released into the water column. For instance, the 
impacts of wastes discharges from marine cage farming 
may be minimised by avoiding regions of restricted water 
exchange, such as enclosed bays or fjords (Pearson and 
Black 2001). Site rotation allows the seabed to return to 

Physical CC Economic CC Social CC

Production CC Ecological CC

Accepted scenario

Models and scenario analysis
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DSS

Market studies, queries, worshops with stakeholdes

Fig. 3 Diagram showing the interactions and feedbacks among dif-
ferent carrying capacity categories towards an accepted aquaculture 
scenario, and the tools used for physical, production and ecologic CC 
and for the scenario selection. Continuous lines show direct influences 
of CC over the accepted scenario or other CC category. Physical CC limits 
production CC. Dashed lines showing feedbacks from production and eco-
logical CC to economic and social CC. 
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normal conditions. Site selection is also crucial for mana-
ging the environmental impacts of shrimp farming since 
aquaculture units are usually established in mangrove areas 
and tidal wetlands, which in addition to their high ecologi-
cal value are also characterised by acidic soils and high or-
ganic loadings, that may contribute to the deterioration of 
water quality and to disease outbreaks (Kongkeo 1997; 
Boyd and Clay 1998). 

Organic sediment enrichment can also cause severe en-
vironmental impacts if the scale of the farm operation is not 
suitable for the aquaculture site, i.e., if organic and nutrient 
loadings are above the ecological CC of the water body. 
Hence, the limitation of stocking densities may contribute 
to a significant reduction in the amount of wastes released 
into the environment, particularly in sensitive habitats, such 
as mangrove systems and salt marshes (Buschmann et al. 
1996; Kautsky et al. 2000; Gräslund and Bengtsson 2001; 
Páez-Osuna 2001a; Primavera 2006). 

Improving of feeding husbandry techniques (e.g. meal 
timing or methods for feed supply) and of feed formulation 
may also be an effective strategy for reducing organic loa-
dings and to prevent the hypernutrification of aquatic sys-
tems (Buschmann et al. 1996; Páez-Osuna et al. 1998; Páez-
Osuna 2001a; Pearson and Black 2001). In marine cage 
farms or pens, the installation of feeding devices with 
hydrosensors that detect the reduction of fish activity or the 
use of acoustic feed detectors to reduce the loss of feed pel-
lets, may prevent overfeeding and excessive waste produc-
tion (Pearson and Black 2001). Other mitigation measures 
for open systems include for example, the use of settling de-
vices for collection of faecal pellets and food wastes under 
the cages and the use of pumps for the dispersion of solid 
elements (Gowen and Bradbury 1987; Buschmann et al. 
1996). Improvement of feed pellet technology, either by in-
creasing the stability of feeds or reducing its sinking rates 
may also be a way to maximise the amount of feed ingested, 
and thereby to minimise waste production (Choo 2001; 
World Bank 2006). The development of appropriate feeds 
(with optimal protein/energy ratio) for each species and res-
pective developmental stages further reduces the organic 
and inorganic loadings to the environment. Since energy re-
quirements can generally be satisfied by lipids and carbo-
hydrates, diets with a higher content of these compounds, 
increase protein retention and improve feed conversion 
rates (World Bank 2006). Feeds with high FCRs, like the 
ones currently used by the Atlantic salmon industry (FCR = 
1:1.1, i.e., approximately 1 kg aquatic product per kg of 
feed), not only reduce the amount of nutrients (nitrogen and 
phosphorus) released into the environment as also minimise 
the costs with feeds, since protein is mainly used for body 
tissue construction (Black 2001; Choo 2001; World Bank 
2006). The use of formulated artificial feed instead of “trash 
fish” in shrimp and carnivorous finfish culture is also desi-
rable not only in terms of its nutritional value and supply 
but also in terms of waste loadings (World Bank 2006). Fur-
thermore, aquacultures activities depending on these resour-
ces are particularly vulnerable to collapse since a reduction 
in fisheries, will most likely increase feed prices and conse-
quently cause a loss of profits (Black 2001; World Bank 
2006). 
 
Interference with the life cycles of wild species 
 
Water-related best management practices (BMPs) may also 
minimise the risks associated with the introduction and dis-
semination of viruses and other pathogens (Kongkeo 1997). 
Recirculating Aquaculture Systems (RAS) systems in parti-
cular, not only reduce the possibility of pathogen introduc-
tion in freshwater systems as may be an alternative method 
for the production of healthy seed for marine aquaculture 
systems (Gutierrez-Wing and Malone 2006). The compli-
ance to other BMPs related to environmental control, as for 
example careful species selection, limitation of stocking 
densities and use of proper feeds to avoid deterioration of 
water quality, or to disease prevention and/or control BMPs 

like the use of effective vaccines or other prophylactic 
agents (e.g. probiotics), use of approved medicines and 
development of disease free strains by selective breeding 
(Dunham et al. 2001; Primavera 2006; World Bank 2006), 
may also mitigate the negative environmental impacts of 
aquaculture. Diseases spread through trade and transboun-
dary movements can also be managed by veterinary control 
or strict regulations for the movement of living aquatic or-
ganisms (either eggs, seeds, juveniles or adults) and by the 
use of certified disease-free organisms (Argue et al. 2002; 
SEACASE 2007). Other measures such as the implementa-
tion of environmental programmes, e.g. the Hazard Analy-
sis and Critical Control Point (HACCP) method may also 
minimise the deleterious effects of disease transmission, 
and ensure the safety of aquatic products. The reduction of 
disease incidence is a key aspect for the environmental 
sustainability of aquaculture because not only it reduces the 
use of chemicals (e.g. antibiotics) and the requirements for 
land and water, as also improves the efficiency and viability 
of the farming activity (Hulata 2001; Argue et al. 2002). 

As intensification progresses and new species are cul-
tured, seed-based aquaculture is likely to expand, and there-
by every effort should be made to reduce the dependence on 
wild seed. Control/regulation of wild seed by-catch through 
the establishment of suitable sites, periods, catch efforts, 
and the production of commercial hatchery postlarvae (Páez-
Osuna 2001b; World Bank 2006), may minimise the inter-
ference of seed/broodstock harvest in the life cycle of wild 
species and potential adverse effects on the ecosystems 
food-webs. These measures should be accompanied by al-
ternatives to minimise the social-economic effects of the re-
duction of wild seed collection in traditional aquaculture 
systems and in particular to low livelihood farmers. 
 
Impacts of introduction of new species or genetic 
varieties 
 
Some of the negative environmental impacts associated 
with the introduction of new species and new genetic vari-
eties, including the loss of ecosystem integrity and genetic 
diversity, may be avoided or substantially mitigated through 
the effective implementation of the existing Codes of Prac-
tice and guidelines on this issue. Risk assessment and the 
application of preventive measures to species introductions 
(World Bank 2006), namely quarantine systems and coope-
ration between neighbouring countries before introducing 
non-native species into transboundary aquatic ecosystems, 
may also contribute to a responsible use of these species for 
aquaculture purposes (World Bank 2006). These limitations 
may easily be overcome by the use of RAS because farmed 
species are physically contained in these systems, elimina-
ting the risk of escapes (Black 2001; Gutierrez-Wing and 
Malone 2006). 
 
Degradation of genetic diversity 
 
Another option to minimise the potential loss of genetic 
diversity due to the interaction of farmed and wild species 
is to ensure that escapees cannot breed. This is done suc-
cessfully with rainbow trout by sterilising the females 
through the induction of a chromosomal abnormality called 
triploidy (SECRU 2002). Additional preventive measures 
proposed for cage aquaculture include the improvement of 
cage design, anchoring, net management, regulation of 
near-farm operations, deployment of fish cages at a safe dis-
tance from wild populations and the development of con-
tingency plans in case of escapes, including for example the 
capture of escapees identified by genetic markers or tags 
(Pearson and Black 2001; SECRU 2002). Current methods 
to reduce Atlantic salmon escapes from cage farms also in-
clude the reduction of net damage from predators by using 
acoustic deterrents (SECRU 2002), however these method 
may negatively affect and even exclude marine species with 
high sensitivity to underwater acoustic noise, such as whales 
and dolphins (SECRU 2002). In restocking programmes to 
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rebuild endangered species or depleted stocks, the utilisa-
tion of juveniles with minimal genetic divergence from their 
wild counterparts may minimise the loss of the species 
genetic pool (World Bank 2006). This can be achieved for 
example by using a large number of breeders and genetic 
markers (World Bank 2006). 
 
Modification and/or destruction of habitats 
 
The problem of the destruction and/or modification of eco-
system structure, function and services by aquaculture acti-
vities may be generally solved by effective EIA. In the case 
of existing aquacultures, specific mitigation measures inclu-
ding the creation of buffer zones may also prevent or mini-
mise the impacts of aquaculture operations on natural habi-
tats (Choo 2001; Páez-Osuna 2001b). For shrimp aquacul-
ture it has been also suggested that the use of abandoned 
ponds to restore mangrove systems and halophyte crop, or 
the conversion of shrimp ponds into salt ponds or for culti-
vation of other species (e.g. shellfish and crabs) (Páez-
Osuna 2001b; Primavera 2006), may not only turn into an 
ecological benefit but also into an economic benefit. 
 
Ecoaquaculture 
 
Integrated aquaculture systems, either polyculture (e.g. fish 
and mussels, fish and seaweeds) or integrated aquaculture-
agriculture systems (e.g. rice – fish farming), has also been 
considered an efficient and environmentally sound strategy 
for recycling aquaculture wastes (Buschmann et al. 1996; 
Pearson and Black 2001; Choo 2001; Gräslund and Bengts-
son 2001; Páez-Osuna 2001a; Primavera 2006). Examples 
of the efficiency of these systems can be found worldwide. 
For instance, filter-feeders (e.g. oysters, mussels) and eco-
nomically important seaweeds (e.g. Gracilaria, kelp) cul-
tured in the immediacy of finfish cages were proven to re-
move a significant part of the suspended organic matter and 
dissolved nutrients generated by cage aquaculture, allevi-
ating waste loadings at the same time that it increase the 
farm productivity (Pearson and Black 2001). Polyculture 
with shellfish is particularly viable in eutrophic systems be-
cause these organisms can significantly reduce algal densi-
ties and nutrients loadings (Pearson and Black 2001), in a 
way that minimise the risks of eutrophication (cf. – Aqua-
culture environmental impacts). Coupling shrimp culture 
with bivalve molluscs and fish has also been considered 
(Sandifer and Hopkins 1996) a promising methodology to 
reduce the negative environmental effects resulting from the 
intensification of shrimp farming (Gräslund and Bengtsson 
2001; Páez-Osuna 2001a; Biao et al. 2004; Primavera 2006). 
Another example of polyculture is the combined culture of 
the Chinese and Indian major carps in China, which has the 
added value that aquaculture wastes can be converted into 
agricultural wastes (World Bank 2006). Integrated aquacul-
ture-agriculture practices are considered as an ecotechno-
logy, particularly for inland aquaculture. For example, in 
Vietnam, the use of effluents from hybrid catfish aquacul-
ture on rice farming was able to reduce 32% of total nitro-
gen and 24% of total P loadings (Lin and Yi 2003). Low-
salinity effluents from inland shrimp farming were also 
used to irrigate melon crops in Brazil, and proved to be an 
efficient method for minimising the impacts of effluent dis-
charges (Miranda et al. 2008). Integrated aquaculture-agri-
culture may also be used to remove nutrients from pond se-
diments (Lin and Yi 2003). According to these authors the 
use of rooted aquatic plants, such as lotus (Nelumbo muci-
fera) in semi-intensive cultures of tilapia (Nile tilapia) may 
remove up to 300 kg N and 43 kg P/ha/year. Besides its 
widely proven efficiency in removing aquaculture wastes, 
integrated aquaculture systems, may also reduce the risks of 
chemical contamination (Gifford et al. 2004; Primavera 
2006). For instance, as aquaculture effluents naturally im-
prove the fertilization of agriculture fields they reduce the 
use of environmentally damaging agriculture chemicals (e.g. 
pesticides, fertilizers), helping farmers to improve protein 

production and to ensure the economic viability of the acti-
vity (Lin and Yi 2003). Polyculture done with bivalves, that 
filter large volumes of water, may significantly lower the 
quantity of toxic contaminants released into the environ-
ment, acting as bioremediators of stressed coastal environ-
ments (Gifford et al. 2004). However, if human-consumed 
bivalves are involved carefully should be taken to avoid 
chemical and bacterial contamination (Gifford et al. 2004). 

Another alternative to limit the impacts of effluents 
from pond aquaculture is the improvement of pond design. 
For example, ponds that are too shallow might be invaded 
by macrophytes, whereas in deeper ponds, the water may 
stratify, causing severe water quality problems, such as oxy-
gen depletion (Boyd 1995). The creation of buffer ponds 
(e.g. constructed wetlands) has also been proposed as a re-
mediation measure for shrimp farming since it promotes the 
sedimentation of organic matter and the removal of other 
pollutants associated with suspended solids before the water 
is released into the surrounding environment (Boyd and 
Clay 1998; Kautsky et al. 2000; Páez-Osuna 2001a; Prima-
vera 2006). An example from the Red Sea, considered as 
the third-generation of shrimp farms, consists of circular 
ponds with central drainage, in which more than 50% of the 
water surface (including upstream buffer ponds and waste-
water treatment ponds) is dedicated to water quality control 
(Páez-Osuna 2001b). Reduction or elimination of water ex-
change rates between shrimp ponds and the adjacent water 
bodies has also been proposed to minimise the adverse ef-
fects of effluents discharge (Kongkeo 1997; Boyd and Clay 
1998; Páez-Osuna 2001a; Primavera 2006). Restricted water 
exchange rates will not only lower the risk for sudden chan-
ges in water quality parameters, as may minimise the risks 
of water contamination by saltwater intrusion because it re-
duces the needs for groundwater. Other measures to reduce 
or even avoid saltwater intrusion include the utilisation of 
pond liners and of pond effluents to grow terrestrial halo-
phytes in conjunction with natural filters such as mangroves 
(Páez-Osuna 2001a; Primavera 2006). 

Recirculating Aquaculture Systems (RAS) may also be 
considered as an ecotechnology. The use of these systems 
has proven to reduce the amount of effluents by a factor of 
500-1000 (Chen et al. 1997; Timmons et al. 2001), mainly 
because more than 90% of the water is recycled within the 
system (Black 2001). Even though the use of RAS does not 
always result in the overall reduction of discharges but 
rather on a relocation of wastes (Piedrahita 2003), these 
systems may facilitate effluent treatment, and thereby mini-
mise potential negative impacts on the environment. 
Besides requiring fewer water resources, RAS allow a bet-
ter control over waste discharges and diseases and may pre-
vent the loss of genetic biodiversity (Black 2001; Piedrahita 
2003; Gutierrez-Wing and Malone 2006). Because there is 
no possibility of interactions with wild stocks, this techno-
logy also allows the diversification and domestication of 
farmed species (Black 2001; SECRU 2002; Gutierrez-Wing 
and Malone 2006) and the intensification of aquaculture 
operations without seriously damaging the environment, 
and may contribute to an increase in the productivity and 
profitability of the aquaculture industry (Black 2001). On 
the other hand, the use of this technology may have signifi-
cant economic drawbacks mainly related to the high capital 
expenditure and running costs (e.g. energy and mainte-
nance) that it involves and due to the increased risk of fail-
ure if the systems are not adapted (in terms of biological 
and engineering concepts) to the species requirements 
(Black 2001). 

As aquaculture grows, it extends its demands on envi-
ronmental resources, making it urgent to develop new regu-
lations that ensure the transition of the sector to more res-
ponsible and environmentally friendly practices. Sound po-
licies, regulatory frameworks, codes of practice and BMPs, 
including EIAs, physical planning, and economic instru-
ments (World Bank 2006), are among the tools that can be 
used to reduce the ecological footprint of aquaculture ope-
rations and to ensure the sustainability of this activity. Since 
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a substantial component in this footprint is related to wastes 
production and to the use of fish meal/oils for the produc-
tion of pelleted diets, the improvement of diet formulations 
is fundamental for the minimisation of the aquaculture envi-
ronmental impacts. The development of ecofeeds relies 
largely on a vast understanding of the nutritional physiology 
and biochemistry of the different cultivated species (World 
Bank 2006), from which results a selection of very digesti-
ble ingredients that facilitate nutrient assimilation and pro-
mote the increase of FCRs. High FCRs have been shown to 
maximise protein retention and minimise the amount of 
solid wastes and nutrient loadings resulting from undigested, 
unutilized and uneaten feeds (Black 2001; World Bank 
2006). One of the current lines of investigations on eco-
feeds consists for example, in the substitution of fishmeal 
protein from “trash fish” by a vegetable protein source (e.g. 
soya), in order to reduce the pressure on natural fisheries re-
sources (Kaushik et al. 2004). However, vegetable substi-
tutes often lack essential amino acids and fatty acids, which 
may constitute an impediment for the economic viability of 
aquaculture systems. Another constraint is the increasing 
consumer pressure so that these vegetable ingredients are 
GMO-free, i.e., not produced from genetically modified 
organisms (SEACASE 2007). 

Given the necessity to ensure the safety of aquaculture 
products and the increasing consumers demand on food 
safety and welfare, the adoption of the environmentally 
friendly practices mentioned above becomes fundamental. 
The development of certification and ecolabeling schemes, 
attesting the character of the production processes and the 
quality of the products, may be an easy and efficient way to 
achieve the consumer perception and a mean to fulfil the 
market requirements and of adding value to aquaculture 
products (WorldBank 2006; SEACASE 2007). 
 
Drivers, pressures, states, impacts and responses 
(DPSIR) 
 
DPSIR is a causal framework for integrated environmental 
assessment, describing the interactions between society and 
the environment (UNEP/RIVM 1994, RIVM 1995). Accor-
ding to this framework, there is a chain of causal links with 
the following components: Driving forces, Pressures, States, 
Impacts and Responses. A Driving force results from a need, 
leading to activities that cause Pressures, affecting the state 
of the environment, causing Impacts that demand Respon-
ses from the society. 

Table 3 is a possible example of an application of 
DPSIR to aquaculture development. It is important to have 
indicators to quantify each of the five DPSIR components, 
whenever possible. These indicators may be spatially 
resolved and integrated in a GIS. Suggested indicators for 
the example given in Table 3 could be: Driver - area allo-
cated for fish farms; Pressure – Fluxes of nutrients, organic 
matter and xenobiotics, and differences in drag related to 
the presence of aquaculture leases; State – Concentrations 
in the water and in the organisms (regarding xenobiotics); 
Impact – changes in described rates; Response – seaweed 
production, area of sediments where pumping takes place, 
proportion of leases reallocated and changes in fish density 
within the farms, respectively. 

Implementing the DPSIR framework may be useful to 
synthesize those indicators that should be included in a GIS 
for physical CC assessment, as well as those aspects that 
should be accounted for in CC models, including scenarios 
to be analyzed (cf. – methods for determining CC). This 
framework may be used in more complex situations, when 
there are more drivers besides aquaculture. 
 
Decision support systems 
 
A DSS is an information system that may bring together 
databases, models and other information sources to help the 
decision-making process. Considering the multiple interac-
tions between aquaculture systems and other uses of natural 
resources, an important point about any DSS is to define for 
whom it is intended. Different actors and stakeholders are 
important in the decision process. This is well in line with 
the Integrated Water Resource Management (IWRM) con-
cept, where a balance is to be found between economic and 
environmental objectives, and where public participation is 
a key issue (Agnetis et al. 2002). 

A DSS should allow stakeholders and decision makers 
to analyse different aquaculture scenarios using geographic 
and socio-economic data, and model results. These data 
should reflect best knowledge about several aspects of CC, 
discussed before (cf. – the concept of CC). The DSS should 
include a methodology to evaluate those scenarios on some 
quantitative way towards an informed final decision (Agne-
tis et al. 2002; Pereira et al. 2007). 

For example, let’s assume that several scenarios were 
purposed regarding increasing the number of fish cages in a 
particular ecosystem. After conducting a DPSIR analysis (cf. 
– Ecoaquaculture - Drivers, pressures, states, impacts and 
responses (DPSIR)) with stakeholders, decision-makers and 
scientists, potential shortcomings could be identified and 
used to define the responses needed from scenario analysis. 
Afterwards, an ecological model of the system under study 
could predict that increasing fish cages would increase fish 
production by a certain amount and decrease water quality 
(for example, though increases in ammonia concentrations 
and decreases in oxygen levels). An economic assessment 
of yields could reveal that the aquaculture income was not 
linearly related to fish production if market prices were not 
elastic. Therefore, at the end of the simulation process, 
several results regarding water quality, fish production and 
economic gains would have to be somehow weighted and 
compared. This could be done using the Analytic Hierarchi-
cal Process (AHP) methodology (Saaty 1980) as suggested 
in Agnetis et al. (2002) and obtaining a score for each sce-
nario. This methodology allows for some subjectivity to be 
incorporated in the decision process, as a result of different 
sensitivities of stakeholders to environmental, economic 
and social aspects. For some examples see Agnetis et al. 
(2002), where this general approach was applied to several 
management scenarios (including aquaculture) for five coas-
tal lagoons across southern Europe. 
 
LEGISLATION 
 
There is a growing understanding that the sustainability of 
the aquaculture industry depends largely on the definition of 

Table 3 Drivers, Pressures, States, Impacts and Responses for a hypothetical aquaculture development. 
Driver Pressure State Impact Response 

Increased nutrient fluxes Increased nutrient and organic 
matter concentrations 

Increased phytoplankton 
biomass/eutrophication 

Seaweeds production to remove 
excess nutrients 

Decreased oxygen levels Increased organic matter fluxes 
and oxygen Accumulation of organic matter 

in the sediments 

Higher mortality of benthic 
organisms/decreased benthic 
diversity 

Bottom aeration 

Increased drag forces Reduced flow-through and 
increased residence time 

Increased sediment deposition Reallocation to areas of more 
intense hydrodynamics 

Fish farming 

Release of xenobiotics Bioconcentration Increased mortality of non-target 
species 

Less intensive farming to 
reduce disease propagation 
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an overall policy with appropriate institutional, legal and 
management frameworks (FAO 2007). The regulation of the 
industry by state, civil society and/or private sector mecha-
nisms is also crucial for a responsible development, consti-
tuting an effective instrument to protect not only the indus-
try, the consumer, and other resource users, but also the en-
vironment (Spreij 2003). 

Due to the pressure of aquaculture expansion, many 
countries are in the process of reviewing their legislation or 
even adopting new comprehensive regulatory frameworks 
in order to promote a sustainable industry. The development 
of modern aquaculture legislation should not only be based 
on the adoption of specific aquaculture texts, but also on the 
amendment and/or enactment of a number of other related 
laws, including land, water and environmental legislation, 
and further regulations on food safety and fish health (FAO 
2007). Regarding the aquaculture environmental impacts, 
several international and national regulatory instruments 
have been created. At an international level, there are cur-
rently several Conventions that can directly influence the 
management and regulation of aquaculture impacts. For 
example, the Convention on Biological Diversity (CBD), 
the Cartagena Protocol on Biosafety, the Convention on 
International Trade in Endangered Species of Wild Fauna 
and Flora (CITES) and others on marine pollution such as, 
the OSPAR Convention for the Protection of the Marine 
Environment of the North East Atlantic and the Helsinki 
Convention (HELCOM) for the Protection of the Marine 
Environment of the Baltic Sea Area (Davies 2001). The 
OSPAR convention is particularly important because it en-
closes several management practices that contribute to the 
preservation of the environment on one hand and to gua-
rantee food safety on the other. Among the most important 
OSPAR recommendations is the PARCOM Recommenda-
tion, which defines Best Environmental Practices (BEP) for 
the reduction of inputs of potentially toxic chemicals from 
aquaculture units, including methods to reduce the use/re-
lease of toxic substances (e.g. antibiotics, parasiticides and 
antifoulants) and approval systems for fish medicines and 
monitoring of residues of chemicals in aquatic products 
(Read and Fernandes 2003). International Conventions are 
ratified by the signatory States through the implementation 
of national legislation and regulations. In addition to these 
Conventions, there are also several international accords 

with an indirect effect on the monitoring and regulation of 
the aquaculture industry (Read et al. 2001; World Bank 
2006). 

Because aquaculture units are generally located within 
national borders, most environmental impacts are managed 
and monitored by a wide variety of national instruments and 
arrangements. However, the majority of these frameworks 
are often applied in an inconsistent manner (Spreij 2003). 
Given that uncertain and inappropriate legislative arrange-
ments may lead to potential conflicts over the allocation and 
sharing of natural resources (Spreij 2003), the adoption of 
an ecosystem approach to aquaculture (EEA) management 
becomes crucial for the sustainable development of the sec-
tor. This concept is gradually wining thought, with some 
countries already basing future aquaculture developments 
on integrated management plans (Spreij 2003). For instance, 
the Philippine Fisheries Code specifically declares that 
aquatic resources should be managed in a manner consistent 
with the concept of integrated coastal zone management 
(ICZM). Likewise, the Tasmanian Marine Farming Plan-
ning Act (1995) defines Marine Farming Development 
Plans that take into account the physical suitability of pot-
ential aquaculture units, current legislation and the need to 
minimize impacts on other users (Spreij 2003). Another 
example of EEA is found in the European Union (EU) legal 
framework that regulates and manages the environmental 
impacts of aquaculture by a series of Directives (Table 4) 
directly implicated in the integration of aquaculture within 
the management of the whole coastal zone (Read and Fer-
nandes 2003). These Directives are ratified by EU Member 
States through the implementation of national legislation 
and regulations. 

The way that legal frameworks control inadequate deve-
lopments and promote responsible aquaculture varies signi-
ficantly from country to country (Tables 4, 5 and 6). While 
some countries have a well-defined and comprehensive le-
gislation for the aquaculture sector (e.g. European Union, 
China, and Japan), others lack any specific legislation (e.g. 
Thailand, Vietnam) or have only included a statement in 
their national policy and development plans. The role of 
aquaculture is also often limited to a section in the basic 
fisheries legislation, lacking any criteria to set up and ope-
rate an aquaculture establishment (Spreij 2003). On the 
other hand, in some countries like Japan, the regulation of 

Table 4 Basic legal frameworks regarding aquaculture environmental impacts in the European Union (EU). 
 Basic legislation General contents 

Dangerous Substances Directive 
(76/464/EEC) 

Requires farmers to reduce pollution by substances with deleterious effects on the 
aquatic environment and only authorises their release on the basis of Emission Limit 
Values (ELVs) to ensure compliance with Environmental Quality Objectives (EQOs). 

Quality of Shellfish Growing Waters 
Directive (79/923/EEC) 

Concerns to the quality of shellfish waters in areas designated by the Member States as 
needing protection or improvement in order to contribute to the high quality of shellfish 
products directly edible by man; and defines guidelines and imperative values for 
shellfish flesh and shellfish waters. 

Shellfish Directive (91/492/EEC) Defines the quality of shellfish waters and lays down the health conditions for the 
commercial production and the placing on the market of live bivalve molluscs, mussels 
and scallops.  

Environmental Impact Assessment (EIA) 
Directives 

Defines how to assess the effects of certain public and private aquaculture projects on 
the environment, reinforcing the need for certain projects to undergo compulsory EIA, 
according to the scale and intensity of the activity and local conditions. 

Strategic Environmental Assessment 
Directive (2001/42/EC) 

Ensures that the environmental consequences of certain plans and programmes are 
identified and assessed during their preparation and before their adoption. 

Species and Habitats Directive 
(92/43/EEC) 

Concerns to the protection and conservation of natural habitats. The Directive takes 
into account the environment carrying capacity, i.e., it acknowledges that receiving 
areas can accept activities without undue effects. If aquaculture facilities are within 
these protected sites or adjacent to them and thus likely to affect such sites, then 
additional restrictions must be anticipated. 

Wild Birds Directive (79/409/EEC) Concerns to the protection and conservation of wild bird populations. 
Water Framework Directive (2000/60/EC) Concerns to the maintenance of the integrity of the ecosystem characteristics, and aims 

to protect natural biodiversity in matters related to biological contaminants, such as 
genetically modified or selected individuals from farmed stock. 

European Union 

EC Directives affecting the marketing of 
veterinary medicinal products 

Establishes Maximum Residue Limits (MRLs) and Marketing Authorisations (MAs) 
for chemicals administered to aquatic products. 

Source: Read and Fernandes (2003). 
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aquaculture is a unique and very complete process. The 
Japan’s regulatory framework relies mainly on a self-regu-
latory system known as the Community-based Fisheries 
Management System. According to this system, an “aqua-
culture right” legally, granted by the fisheries cooperative 
associations (Fisheries Cooperative Association Law), pro-
tects aquaculture conducted in public waters. These associa-
tions are also responsible for ensuring fair allocation of lots, 
determining the types of structures that should be built, spe-
cifying the number of facilities, and setting maximum 
stocking densities (Spreij 2003). 

Legislation specifically dealing with the environmental 
impacts of the aquaculture industry is particularly diverse 
(Tables 4, 5 and 6) mostly due to the wide range of interests 
and institutions involved on the management of aquatic sys-
tems. In what concerns to chemical contamination, direct 
prohibition or restriction upon the use of specific chemicals 
that are harmful to the environment, may be generally 
found in basic environmental laws (e.g. China’s Environ-
mental Protection Law and the Law on the Prevention and 
Control of Water Pollution and, Japan’s Water Pollution 
Control Law and Pharmaceutical Affairs Law) or in more 
specific acts related to the use of particular chemicals (e.g. 

the EU Directive on Dangerous Substances and Thailand’s 
Drug and Hazardous Substances Acts). Another tool used to 
control/reduce environmental impacts from aquaculture dis-
charges, include the creation of licensing system for waste-
water discharge, as established by the Ecuador’s Environ-
mental Management Law and Chile’s General Law of the 
Environment (Table 6). To prevent the hazards resulting 
from disease outbreaks and the spread of parasites many 
countries (e.g. EU, Japan, China, Australia, U.S.A. and Ca-
nada) have introduced legislation that prohibits and/or res-
tricts the movement of fish and other aquatic organisms 
(Spreij 2004). Particularly remarkable for its comprehensive 
strategy is the Australian National Strategic Plan for Aqua-
tic Animal Health, which outlines a national approach for 
the management of aquatic animal health, including quaran-
tine, surveillance, monitoring and research programmes, as 
well as legislation, policies and jurisdiction (Spreij 2004). 
In what concerns to the environmental impacts resulting 
from the introduction and use of exotic or transgenic spe-
cies, in most developed countries restrictive legislation has 
been adopted over the years (e.g. EU Water Framework Di-
rective, Canada’s National Code on Introductions and Trans-
fers of Aquatic Organisms and the United States National 

Table 5 Basic legal frameworks regarding aquaculture environmental impacts in some Asian countries.  
 Basic legislation General contents 

Fisheries Law (1986, amended in 2000) Seeks to enhance the simultaneous development of aquaculture, fishing and processing. 
Land Administration Law and the Water 
Law (1988, amended in 2002) 

Regulates the development, utilization, saving, protection, allocation and management of water 
resources. 

Environmental Protection Law (1989) Defines the necessity to investigate and assess the environmental situation during the planning 
phase of aquaculture projects.  

Law on the Prevention and Control of 
Water Pollution (1984, as amended) 

Aims to prevent and control pollution in freshwater bodies and groundwater. 

Marine Environment Protection Law 
(1982, as amended) 

Deals with marine pollution, regulating the discharge of oils, oil mixtures, wastes and other 
harmful substances. 

China 

Law on Animal Diseases (1997) Describes the procedure to control and cease animal diseases, including quarantine measures. 
Philippine Environment Code (1988) Defines all the measures dealing with the natural environment, including the management of air 

quality, water, land use, natural resources and waste. 
Philippine Fisheries Code (1998) Provides for the development, management, conservation and utilization of fisheries and aquatic 

resources. Chapter II, Article III (Sections 45-57) of the Code deals specifically with aquaculture.

Philippines 

Fisheries Administrative Order No. 214 
(2001) 

Establishes a Code of Practice to Aquaculture that include the general principles and guidelines 
for environmentally-sound design and operation of the aquaculture industry, including topics on: 
site selection/evaluation, farm design and construction, environmental impact studies, water 
usage, water discharge and sludge/effluent management, use of chemicals (e.g. potentially toxic 
pesticides and fertilizers), stock selection/stocking practices, introduction of exotic 
species/GMOs, feed use and management, and fish health management. 

Fisheries Law (1949, as revised in 1962) Deals in detail with several kinds of fishing rights and licenses for individuals and groups of 
persons. 

Fisheries Cooperative Association Law 
(1948, as amended) 

Provides the legal framework for local Fisheries Cooperative Associations (FCAs) who bear the 
responsibility for a particular geographical area. 

Law to Ensure Sustainable Aquaculture 
Production (1999) 

Seeks to prevent the self-induced environmental deterioration around fish farms and includes the 
basic guidelines to ensure sustainable aquaculture production. 

Basic Environmental Law (1993) Provides the general principles for environmental protection. 
Environmental Impact Assessment Law 
(1997) 

Ensures that EIAs are conducted properly and smoothly with respect to large-scale projects that 
could have a serious impact on the environment. 

Water Pollution Control Law (1970, as 
amended) 

Seeks to prevent the pollution of water in public water areas by regulating the effluent discharged 
by factories or establishments in order to protect human health and to preserve the living 
environment. 

Law on the Protection of Fishery 
Resources (1996, as amended) 

Aims to prevent the spread of fish disease through imports of marine animals for use in 
aquaculture or propagation of stocks. 

Japan 

The Pharmaceutical Affairs Law (1960) Regulates veterinary drugs and veterinary medical devices. 
Vietnam Fisheries Law Incorporates aquaculture regulations, regulations on processing, trading, export and import of 

aquatic products, regulations on rewards and sanctions as well as regulations on clauses for 
implementation. 

Fisheries Act (1947, as amended in 1953 
and 1985) 

Principal legislative instrument dealing with fisheries and the cultivation of aquatic animals. 

Enhancement and Preservation of 
Natural Environmental Quality Act 
(1992) 

Provides for the establishment of environmentally protected areas and pollution control areas, 
defines the principal requirements concerning water pollution and specifies the type and size of 
projects or activities that require an EIA. 

Thailand 

Drug Act (1967) and the Hazardous 
Substances Act (1992) 

Regulate the use of drugs, including veterinary drugs, and chemical substances by creating a list 
of substances which are controlled and the quantities of these which may be used in particular 
applications. 

Source: http://www.fao.org/fishery. 
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Oceans Protection Act), while in developing countries only 
few measures have been taken so far (e.g. the Philippines 
Administrative Order No. 214). Specific legislation on the 
use of genetic modified organisms (GMOs) is quite recent 
and is being implemented as these organisms become avai-
lable for the consumers, mainly due to the necessity to gua-
rantee public health and prevent environmental pollution. 
Regulations controlling the safety of GMOs are included 
for example on, the Chinese Safety Administration Regula-
tion on Genetic Engineering (1993) and on the EU Water 
Framework Directive (2000/60/EC). 

The most widespread regulatory tool for controlling the 
environmental impacts of aquaculture operations and pre-
venting unsustainable developments is the obligation of 
governmental authorization before establishing and/or ope-
rating an aquaculture facility. These authorizations often re-
quire the submission of an Environmental Impact Assess-
ment (EIA) study, depending on the farm size or the sensi-
bility of the area involved. For instance, the Environmental 
Impact Assessment Regulation No. 25318 (2003) of Turkey 
legislation, defines that the use of EIA is compulsory in 
projects with an annual production greater than 1000 tonnes, 
while farms with a capacity between 30 and 1000 tonnes 
per year are only required to submit a preliminary EIA 
(Spreij 2004). If well applied, EIA may also be an effective 
tool for preventing the destruction and/or modification of 
natural habitats, in particular those with high ecological val-
ue like spawning, breeding and feeding grounds and major 
migration passages of aquatic species, as defined in the 

Environmental Protection Law of the People’s Republic of 
China (Spreij 2004). A wide range of EIAs are currently 
employed in developed countries (e.g. EU countries, Japan), 
often with an impressive and exhaustive detail, and are in-
creasingly being used in developing countries (e.g. Thailand, 
Vietnam, Ecuador, Chile). Still, in many other cases such 
procedures are simply not used, not sufficiently developed, 
or not implemented (FAO 2007). A typical EIA usually 
identifies and evaluates the magnitude of potential environ-
mental impacts during all phases of farming activity, i.e. 
implementation phase, operational phase and deactivation 
phase. Moreover, it considers both positive and negative en-
vironmental, social and economic aspects, whether direct or 
indirect and at different time scales, i.e. short, medium and 
long term (SECRU 2002). The main aspects focused on EIA 
studies for aquaculture projects, include for example, local 
hydrography/water quality, topography and soil characteris-
tics, benthic and water column conditions, ecology, sensi-
tive sites and species, water-based human activities (e.g. 
navigation, anchorage, fisheries and other non-recreational 
water uses), waste management, landscape, noise, cultural 
heritage, socio-economics, accesses and recreation, traffic 
and transport (World Bank 2006). Frequently, EIAs also 
present environmental management measures to avoid, 
minimize and mitigate the expected negative impacts of far-
ming activities (Tables 4, 5 and 6). Despite their relevance, 
EIAs may have significant limitations. For instance, they 
cannot be applied to existing aquaculture farms because in 
most cases there is not sufficient information on the envi-

Table 6 Basic legal frameworks regarding aquaculture environmental impacts in North-American and Latin-American countries. 
 Basic legislation General contents 

Federal Fisheries Act (1985) Regulates the emission of licenses for aquaculture projects in areas of federal property, and 
licences for the importation into Canada and movement between provinces of live fish 
(salmonids), eggs, and dead, uneviscerated fish. Prohibits the harmful alteration, disruption 
or destruction of fish habitat and the deposit of deleterious substances. 

Canadian Environmental Assessment Act (1992) Legislates the bases for federal environmental impact assessment, and aims to protect wild 
fisheries and the marine environment while maintaining safe marine navigation. 

National Code on Introductions and Transfers of 
Aquatic Organisms (2002) 

Requires the submission of a detailed application for each introduction and transfer of 
aquatic organism, including the nature of the organism, the geographical area of the 
proposed introduction and the likely interaction with native species. 

Health of Animals Act (1990) and Regulations Defines the protocols for prevention and control of diseases. 

Canada 

Food and Drug Act (1985)  All veterinary drugs used in aquaculture must be licensed at the federal level by Health 
Canada (Bureau of Veterinary Drugs), under the Food and Drug Act (1985) Establishes the 
maximum residue limits (MRLs), administrative maximum residue limits (AMRLs) or 
residue limits for antibiotic drugs used in aquaculture. 

National Aquaculture Act Establishes and implements a national aquaculture development plan. 
National Offshore Aquaculture Act (2005) Establishes and implements a regulatory system for offshore aquaculture in the U.S. 

Economic Exclusive Zone. 
National Oceans Protection Act (2005) Specifies the need to define national standards and regulations to protect native stocks and 

prevent parasites and disease transmission, genetic dilution of wild stocks, introduction of 
invasive species, and deterioration of habitat and water quality. 

U.S.A. 

Regional, State and Other Policy Actions, (e.g. 
California bill SB 245 and the Washington Fish 
and Wildlife Commission) 

Defines policies for state waters: e.g. respectively, the restriction of aquaculture of salmon, 
exotic and transgenic fish in California waters and specific rules for the control and 
prevention of fish escapes. 

General Regulation to the Fisheries and 
Fisheries Development Law (1974 as amended) 
revised in 1985. 

Establishes the procedures to set up aquaculture facilities and deals with operational aspects 
of the activity (authorization system; environmental impact assessment; and use of 
veterinary drugs). 

 Environmental Management Law Ensures that authorizations for aquaculture in highlands exploiting groundwater sources, is 
subject to the submission of an Environment Impact Study. Optimizes the management of all
types of waste matter. Regulates the movement of wild fauna, which applies also to aquatic 
resources and sets restrictions on the use of veterinary drugs in aquaculture activities. 

Ecuador 

Animal Health Law Regulates disease control but no specific rules were found on aquaculture.  
Fisheries and Aquaculture Law (1989, as 
amended up to 2006) 

Regulates the conservation of living aquatic resources. Title VI of the Law is dedicated to 
aquaculture. 

General Law on the Environment Defines that the authorizations and concessions to conduct aquaculture are granted based on 
environmental permits.  

Chile 

Regulation on the EIA System (1997, as 
modified in 2001) 

Defines that EIA studies should include a description of the project, a plan of compliance 
with the relevant environmental legislation, an estimate of the environmental impact of the 
project, including possible risks, a mitigation, repair and/or compensation plan, and a 
monitoring plan of the main environmental variables for which the Environmental Impact 
Study is required. 

Source: http://www.fao.org/fishery. 
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ronment state prior to the establishment of farm units. An-
other drawback is that EIAs are frequently activity-oriented, 
and do not consider integrated planning, which is crucial for 
the sustainable use of common resources and the develop-
ment of other human activities (Read and Fernandes 2003). 
Fortunately this is starting to change. For instance, in China, 
the Environmental Impact Assessment Law (2002) expands 
EIA requirements from individual construction projects to 
government planning (Spreij 2004). In developing countries, 
EIAs often fail to take into account the human and social 
aspects associated with the farming activity, particularly in 
what concerns to the poorest social strata (FAO 2007). 

Due to the overlap of laws, regulations, government 
institutions and agencies involved in the management of the 
aquaculture sector, the implementation of enforcement me-
chanisms is usually complicated. Where the introduction of 
new legislation is difficult, or will cause excessive delay, 
other voluntary instruments, such as Codes of Conduct and 
Codes of Practice serve as an alternative to legal frame-
works (Spreij 2004). While, Codes of Conduct comprise a 
set of general rules and principles that should lead to the 
responsible and sustained development of the industry, 
Codes of Practice provide proactive guidelines to avoid pol-
lution and give recommendations on practices that optimise 
the management of aquaculture operations (Fernandes et al. 
2002). In practice, the fulfilment of these codes requires the 
adoption of Best Management Practices (Best Environmen-
tal Practices and Best Available Technologies) in relation to 
several aquaculture aspects, such as, site selection (e.g. pro-
hibition of mangrove exploitation), standards for feeds and 
seeds, definition of maximum production per area, use of 
chemicals and rules for disease control (Ervik et al. 1994; 
FAO 2007). These voluntary codes have been actively pur-
sued on a worldwide scale, being established at different 
levels, internationally, nationally and at the industry level, 
as mechanisms of self-regulation. At an international level, 
the Food and Agriculture Organisation (FAO) adopted a 
Code of Conduct for Responsible Fisheries (1995), later ex-
panded (in 1997) to include aquaculture development. In-
dustry/organization codes, like for example the voluntary 
code of conduct of the Federation of European Aquaculture 
Producers (FEAP), have also been adopted to promote the 
sustainability of the aquaculture industry. Codes of Conduct 
and Codes of Practice were also specifically created for 
shrimp faming (e.g. in India, Malaysia, Sri Lanka, Philip-
pines and Thailand), for salmon farmers of British Colom-
bia and Australian prawn farmers (FAO 2007). 

Although the modernization of aquaculture legal frame-
works is progressing slowly, the main problem continues to 
be the lack of means (e.g. trained staff and budgets) for ap-
propriate law enforcement. Thereby, in the future, other op-
tions such as financial support for environmental friendly 
locations and technologies or the application of the “user 
pays” principle should be explored to encourage farmers to 
make more efficient use of resources and to take full res-
ponsibility for the mitigation or minimisation of the envi-
ronmental impacts caused by aquaculture operations (Spreij 
2004; World Bank 2006). 
 
CONCLUDING REMARKS 
 
Considering all the aspects discussed in previous chapters, 
some conclusions may be synthesized as follows: 

(i) Aquaculture management should be participated 
by relevant stakeholders and viewed within the context 
of management plans, including other activities with 
which it that may have positive and negative synergies; 
(ii) Ideally, an ecosystemic approach in line with Eco-
logical Engineering should be developed towards an 
“ecological aquaculture” to prevent going through the 
same mistakes as industrial agriculture and husbandry; 
(iii) Low trophic level species should be preferred for a 
higher energy efficiency and low ecological footprint; 
(iv) The Carrying Capacity concept is central to aqua-
culture sustainability in all its environmental, economic 

and social dimensions; 
(v) There are several tools that may and should be 
used in aquaculture management and that have already 
been tested widely, such as GIS, the DPSIR framework, 
mathematical models and DSS; 
The development and implementation of effective legal 

frameworks together with the adoption of environmentally 
friendly technologies/systems and the application of codes 
of conduct and best practices for responsible aquaculture 
may contribute to its environmental sustainability, by in-
creasing economic returns while providing environmental 
protection. 
 
REFERENCES 
 
Agnetis A, Basosi R, Caballero K, Casini M, Chesi G, Ciaschetti G, Detti P, 

Federici M, Focardi S, Franchi E, Garulli A, Mocenni C (2002) Develop-
ment of a Decision Support System for the Management of Southern Euro-
pean lagoons WP8 Final Report (DITTY Project) EVK3-CT-2002-00084. 
Available online: http://www.dittyproject.org/ 

Anderson MR, Cranford P, McKindsey CW, Strain P, Hargrave BT, Li 
WKW, Harrison WG (2006) Cumulative and Far-Field Fish Habitat Effects. 
Canadian Science Advisory Secretariat Research Document 2006/037, 30 pp 

Argue BJ, Arce SM, Lotz JM, Moss SM (2002) Selective breeding of Pacific 
White Shrimp (Litopenaeus vannamei) for growth and resistance to Taura 
Syndrome Virus. Aquaculture 204, 447-460 

Austoni M, Viaroli P, Giodani G, Zaldíval JM (2004) Intercomparison among 
the test sites of the DITTY project using the IFREMER classification scheme 
for coastal lagoons. Institute for Environment and Sustainability, Island and 
Waters Unit. Available online: http://www.dittyproject.org/Reports.asp. 

Bacher C, Duarte P, Ferreira JG, Héral M, Raillard O (1998) Assessment 
and comparison of the Marennes-Oléron Bay (France) and Carlingford 
Lough (Ireland) Carrying Capacity with ecosystem models. Aquatic Ecology 
31, 379-394 

Banas D, Masson G, Leglize L, Usseglio-Polatera P, Boyd CE (2008) Assess-
ment of sediment concentration and nutrient loads in effluents drained from 
extensively managed fishponds in France. Environmental Pollution 152, 679-
685 

Barbato F, Izzo G, Meloni F, Savarino R (1996) Preliminary results on the 
estimation of effluents from seabream (Sparus aurata) rearing in floating 
cages in a Sardinian lagoon. In: Cogresso della Societa Italiana di Biologia 
Marina, 22-27 May 1995, Sciacca, Italy 

Bayne BL (1992) Feeding physiology of bivalves: time-dependence and com-
pensation for changes in food availability. In: Dame R (Ed) Bivalve Filter-
Feeders in Estuarine and Coastal Ecosystems, NATO ASI Series, pp 1-24 

Belias C, Dessanakis M, Scoullos M (2007) Study of N, P and Si fluxes bet-
ween fish farm sediment and seawater. Results of simulation experiments 
employing a benthic chamber under various redox conditions. Marine Che-
mistry 103, 266-275 

Beveridge MCM, Phillips MJ, Clarke R (1991) A quantitative and qualitative 
assessment of wastes from aquatic animal production. In: Brune DE, To-
masso JR (Ed) Advances in World Aquaculture (Vol III), World Aquaculture 
Society, Baton Rouge, USA, pp 506-533 

Biao X, Kaijin Y (2007) Shrimp farming in China: Operating characteristics, 
environmental impact and perspectives. Ocean and Coastal Management 50, 
538-550 

Biao X, Zhuhong D, Xiaorong W (2004) Impact of the intensive shrimp far-
ming on the water quality of the adjacent coastal creeks from Eastern China. 
Marine Pollution Bulletin 48, 543-553 

Black KD (2001) Sustainability of aquaculture. In: Black KD (Ed) Environ-
mental Impacts of Aquaculture, Sheffield Academic Press, Sheffield, UK, pp 
199-212 

Boaventura R, Pedro AM, Coimbra S, Lencastre E (1997) Trout farm efflux-
ents: characterization and impact on the receiving streams. Environmental 
Pollution 95, 379-387 

Boyd CE (1995) Chemistry and efficacy of amendments used to treat water and 
soil quality imbalance in shrimp ponds. In: Browdy CL, Hopkins JS (Ed) 
Swimming through Troubled Water, Proceedings of the Special Session on 
Shrimp Farming, Aquaculture’95, World Aquaculture Society, Baton Rouge, 
Louisiana, pp 183-199 

Boyd CE, Clay W (1998) Shrimp Aquaculture and the Environment. Science 
America 58, 59-65 

Boyd CE, Massaut L (1999) Risks associated with the use of chemicals in 
pond aquaculture. Aquacultural Engineering 20, 113-132 

Burdige DJ (2006) Geochemistry of Marine Sediments, Princeton University 
Press, Princeton, USA, 609 pp 

Buschmann AH, López DA, Medina A (1996) A review of the environmental 
effects and alternative production strategies of marine aquaculture in Chile. 
Aquacultural Engineering 15, 397-421 

Cancemi G, De Falco G, Pergent G (2003) Effects of organic matter input 
from a fish farming facility on a Posidonia oceanica meadow. Estuarine, 
Coastal and Shelf Science 56, 961-968 

17



Dynamic Biochemistry, Process Biotechnology and Molecular Biology 2 (Special Issue 1), 1-20 ©2008 Global Science Books 

 

Carbonell G, Ramos C, Tarazona JV (1998) Metals in shrimp culture areas 
from the Gulf of Fonseca, Central America. I. Sediments. Bulletin of Envi-
ronmental Contamination and Toxicology 60, 252-259 

Carver CEA, Mallet AL (1990) Estimating carrying capacity of a coastal inlet 
for mussel culture. Aquaculture 88, 39-53 

Casillas-Hernández R, Nolasco-Soria H, García-Galano T, Carrillo-Farnes 
O, Paéz-Osuna F (2007) Water quality, chemical fluxes and production in 
semi-intensive Pacific white shrimp (Litopenaeus vannamei) culture ponds 
utilizing two different feeding strategies. Aquaculture Engineering 36, 105-
114 

Chen S, Coffin DE, Malone RF (1997) Sludge production and management 
for recirculating aquacultural systems. Journal of the World Aquaculture So-
ciety 28, 303-315 

Choo P-S (2001) Environmental effects of warm water culture in ponds/lagoons. 
In: Black KD (Ed) Environmental Impacts of Aquaculture, Sheffield Acade-
mic Press, Sheffield, UK, pp 76-98 

Costello MJ, Grant A, Davies IM, Cecchini S, Papoutsoglou S, Quigley D, 
Saroglia M (2001) The control of chemicals used in aquaculture in Europe. 
Journal of Applied Ichthyology 17, 173-180 

Crawford CM, Macleod CKA, Mitchell IM (2003) Effects of shellfish far-
ming on the benthic environment. Aquaculture 224, 117-140 

Cromey CJ, Nickell TD, Black KD (2002) DEPOMOD - modelling the depo-
sition and biological effects of waste solids from marine cage farms. Aqua-
culture 214, 211-239 

Dalsgaard T, Krause-Jensen D (2006) Monitoring nutrient release from fish 
farms with macroalgal and phytoplankton bioassays. Aquaculture 256, 302-
310 

Dame RF, Prins TC (1998) Bivalve carrying capacity in coastal ecosystems. 
Aquatic Ecology 31, 409-421 

Davies IM (2001) The influences of international conventions for the preven-
tion of marine pollution on mariculture in European countries. In: Read PA, 
Fernandes TF, Miller KL, Eleftheriou A, Eleftheriou M, Davies IM, Rodger 
GK (Ed) The Implications of Directives, Conventions and Codes of Practice 
on the Monitoring and Regulation of Marine Aquaculture in Europe, Pro-
ceedings of the Second MARAQUA Workshop in Crete, 20–22 March 2000, 
Scottish Executive, Aberdeen, UK, pp 75-83 

Deb A (1998) Fake blue revolution: environmental and socio-economic impacts 
of shrimp culture in the coastal areas of Bangladesh. Ocean and Coastal 
Management 41, 63-88 

Duarte P (2003) A review of current methods in the estimation of environmen-
tal carrying capacity for bivalve culture in Europe. In: Yu H, Bermas N (Ed) 
Determining Environmental Carrying Capacity of Coastal and Marine 
Areas: Progress, Constraints and Future Options, PEMSEA Workshop Pro-
ceedings 11, pp 37-51 

Duarte P, Meneses R, Hawkins AJS, Zhu M, Fang J, Grant J (2003) Mathe-
matical modelling to assess the carrying capacity for multi-species culture 
within coastal water. Ecological Modelling 168, 109-143 

Duarte P, Hawkins AJS, Pereira A (2005) How does estimation of environ-
mental carrying capacity for bivalve culture depend upon spatial and tempo-
ral scales? In: Dame R, Olenin S (Ed) The Comparative Role of Suspension 
Feeders in Aquatic Systems, NATO ARW in Nida, Lithuania, 3-9 October 
2003, Kluwer Scientific Publishers, Dordrecht, The Netherlands, pp 121-135 

Duarte P, Azevedo B, Ribeiro C, Pereira A, Falcão M, Serpa D, Bandeira R, 
Reia J (2007) Management oriented mathematical modelling of Ria Formosa 
(South Portugal). Transition Water Monographs 1, 13-51 

Dunham RA, Majumdar K, Hallerman E, Bartley D, Mair G, Hulata G, Liu 
Z, Pongthana N, Bakos J, Penman D, Gupta M, Rothlisberg P, Hoerst-
gen-Schwark G (2001) Review of the status of aquaculture genetics. In: Su-
basinghe R, Bueno P, Phillips MJ, Hough C, McGladdery SE, Arthur JR (Ed) 
Aquaculture in the Third Millennium, NACA, Bangkok and FAO, Rome, pp 
137-166 

Edgar GJ, Macleod CK, Mawbey RB, Shields D (2005) Broad-scale effects 
of marine salmonid aquaculture on macrobenthos and the sediment environ-
ment in southeastern Tasmania. Journal of Experimental Marine Biology and 
Ecology 327, 70-90 

Enell M, Ackerfors H (1991) Nutrient discharges from aquaculture operations 
in Nordic countries into adjacent sea areas. ICES report CM. 1991/F: 56, 17 
pp 

Ervik A, Samuelsen OB, Juell JE, Sveier H (1994) Reduced environmental 
impact of antibacterial agents applied in fish farms using the liftup feed col-
lector system or a hydroacoustic feed detector. Disease of Aquatic Organisms 
19, 101-104 

FAO, Food and Agriculture Organization of the United Nations (2007) The 
State of World Fisheries and Aquaculture 2006. FAO, Rome, 162 pp 

FAO, Food and Agriculture Organization of the United Nations (2008) 
Available online: http://www.fao.org/fishery/statistics/global-production/ 

Felsing M, Glencrossa B, Telferb T (2005) Preliminary study on the effects of 
exclusion of wild fauna from aquaculture cages in a shallow marine envi-
ronment. Aquaculture 243, 159-174 

Fernandes TF, Eleftheriou A, Ackefors H, Eleftheriou M, Ervik A, Sanchez-
Mata A, Scanlon T, White P, Cochrane S, Pearson TH, Miller KL, Read 
PA (2002) The Management of the Environmental Impacts of Aquaculture. 
Scottish Executive, Aberdeen, UK, 88 pp 

Ferreira J, Duarte P, Ball B (1998) Trophic capacity of Carlingford Lough for 
aquaculture - analysis by ecological modelling. Aquatic Ecology 31, 361-379 

Ferreira JG, Hawkins AJS, Monteiro P, Moore H, Service M, Pascoe PL, 
Ramos L, Sequeira A (2007) Integrated assessment of ecosystem-scale car-
rying capacity in shellfish growing areas. Aquaculture 275, 138-151 

Folke C, Kautsky N, Berg H, Jansson Å, Troell M (1998) The ecological 
footprint concept for sustainable seafood production - A review. Ecological 
Applications 8, 63-71 

GESAMP (IMO/FAO/UNESCO-IOC/WMO/WHO/IAEA/UN/UNEP Joint 
Group of Experts on the Scientific Aspects of Marine Environmental 
Protection) (1997) Towards safe and effective use of chemicals in coastal 
aquaculture. Reports and Studies, GESAMP, Rome, Italy, 65, 40 pp 

GESAMP (IMO/FAO/UNESCO-IOC/WMO/WHO/IAEA/UNEP Joint 
Group of Experts on the Scientific Aspects of Marine Environmental 
Protection) (2001) Planning and management for sustainable coastal aqua-
culture development. Reports and Studies, GESAMP, Rome, Italy, 68, 90 pp 

GESAMP (IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP 
Joint Group of Experts on Scientific Aspects of Marine Environmental 
Protection) (2008) Assessment and communication of environmental risks in 
coastal aquaculture. Reports and Studies, GESAMP, Rome, Italy, 76, 198 pp 

Gibbs MT (2007) Sustainability performance indicators for suspended bivalve 
aquaculture activities. Ecological Indicators 7, 94-107 

Gibbs MT (2009) Implementation barriers to establishing a sustainable coastal 
aquaculture sector. Marine Policy 33, 83-89 

Gifford S, Dunstan RH, O’Connor W, Roberts T, Toia R (2004) Pearl aqua-
culture-profitable environmental remediation. Science of the Total Environ-
ment 319, 27-37 

Giles H, Pilditch CA, Bell DG (2006) Sedimentation from mussel (Perna 
canaliculus) culture in the Firth of Thames, New Zealand: Impacts on sedi-
ment oxygen and nutrient fluxes. Aquaculture 261, 125-140 

Gowen RJ, Bradbury NB (1987) The ecological impact of salmonids farming 
in coastal waters: a review. Oceanography Marine Biology Annual Review 25, 
563-575 

Grant J, Curran KJ, Guyondet TL, Tita G, Bacher C, Koutitonski V, Dowd 
M (2007) A box-model of carrying capacity for suspended mussel aquacul-
ture in Lagune de la Grande-Entrée, Iles-de-la-Madeleine, Québec. Ecologi-
cal Modelling 200, 193-206 

Gräslund S, Bengtsson B-E (2001) Chemicals and biological products used in 
south-east Asian shrimp farming, and their potential impact on the environ-
ment – a review. Science of the Total Environment 280, 93-131 

Gutierrez-Wing MT, Malone RF (2006) Biological filters in aquaculture: 
Trends and research directions for freshwater and marine applications. Aqua-
culture Engineering 34, 163-171 

Gyllenhammar A, Hakanson L (2005) Environmental consequence analyses 
of fish farm emissions related to different scales and exemplified by data 
from the Baltic – a review. Marine Environmental Research 60, 211-243 

Hawkins AJS, Bayne BL, Bougrier S, Héral M, Iglesias JIP, Navarro E, 
Smith RFM, Urrutia MB (1998) Some general relationships in comparing 
the feeding physiology of suspension-feeding bivalve molluscs. Journal of 
Experimental Marine Biology and Ecology 219, 87-103 

Hágaret H, Wikfords GH, Shumway SE (2007) Diverse feeding responses of 
five species of bivalve molluscs when exposed to three species of marine 
algae. Journal of Shellfish Research 24, 549-559 

Holby O, Hall POJ (1991) Chemical flux and mass balances in a marine fish 
cage farm. II. Phosphorus. Marine Ecology Progress Series 70, 263-272 

Holmer M, Wildish D, Hargrave B (2005) Organic enrichment from marine 
finfish aquaculture and effects on sediment biogeochemical processes. Hand-
book of Environmental Chemistry 5, 181-206 

Holmer M, Frederiksen MS (2007) Stimulation of sulfate reduction rates in 
Mediterranean fish farm sediments inhabited by the seagrass Posidonia ocea-
nica. Biogeochemistry 85, 169-184 

Holmer M, Marbà N, Díaz-Almela E, Duarte CM, Tsapakis M, Danovaro R 
(2007) Sedimentation of organic matter from fish farms in oligotrophic Medi-
terranean assessed through bulk and stable isotope (�13C and �15N) analyses. 
Aquaculture 262, 268-280 

Honjo T (1993) Overview on bloom dynamics and physiological ecology of 
Heterosigma akashiwo. In: Smayda TJ, Shimizu Y (Ed) Toxic Phytoplankton 
Blooms in the Sea (Vol III), Elsevier, The Netherlands, pp 33-42 

Hulata G (2001) Genetic Manipulations in Aquaculture: A Review of Stock Im-
provement by Classical and Modern Technologies. Genetica 111, 155-173 

Inglis GJ, Hayden BJ, Ross AH (2000) An overview of factors affecting the 
carrying capacity of coastal embayments for mussel culture. NIWA, Christ-
church, Client Report CHCOO/69, 31 pp 

Islam MS (2005) Nitrogen and phosphorus budget in coastal and marine cage 
aquaculture and impacts of effluent loading on ecosystem: review and analy-
sis towards model development. Marine Pollution Bulletin 50, 48-61 

Islam MS, Sarker J, Yamamoto T, Wahab A, Tanaka M (2004) Water and 
sediment quality, partial mass budget and effluent N loading in coastal brack-
ish water shrimp farms in Bangladesh. Marine Pollution Bulletin 48, 471-485 

Jambrina MC, Jimeno R, Silva L, Cañavate JP (1995) Estimación del Ver-
tido de Sólidos en Suspensión y Materia Orgánica Particulada en los Efluen-
tes de un Cultivo semiintensivo de Dorada S. aurata L. (1758) en Estanques 
de Tierra de la Bahía de Cádiz. In: Castelló F, Calderer A (Eds) V Spanish 

18



Impacts of aquaculture. Serpa and Duarte 

 

Congress on Aquaculture, Publicaciones Universidad de Barcelona, Barce-
lona, Spain, pp 935-940 

Jiang W, Gibbs MT (2005) Predicting the carrying capacity of bivalve shell-
fish culture using a steady, linear food web model. Aquaculture 244, 171-185 

Jones AB, O’Donohue MJ, Udy J, Dennison WC (2001) Assessing ecological 
impacts of shrimp and sewage effluent: Biological indicators with standard 
water quality analyses. Estuarine, Coastal and Shelf Science 52, 91-109 

Kalantzi I, Karakassis I (2006) Benthic impacts of fish farming: meta-analysis 
of community and geochemical data. Marine Pollution Bulletin 52, 484-493 

Kaiser MJ (2001) Ecological effects of shellfish cultivation. In: Black KD (Ed) 
Environmental Impacts of Aquaculture, Sheffield Academic Press, Sheffield, 
UK, pp 51-75 

Kapuscinski AR, Brister DJ (2001) Genetic impacts of aquaculture. In: Black 
KD (Ed) Environmental Impacts of Aquaculture, Sheffield Academic Press, 
Sheffield, UK, pp 128-153 

Karakassis I, Tsapakis M, Hatziyanni E (1998) Seasonal variability in sedi-
ment profiles beneath fish farm cages in the Mediterranean. Marine Ecology 
Progress Series 162, 243-252 

Karakassis I, Tsapakis M, Hatziyanni E, Papadopoulou K-N, Plaiti W 
(2000) Impact of cage farming of fish on the seabed in three Mediterranean 
coastal areas. ICES Journal of Marine Science 57, 1462-1471 

Kauschik SJ, Covés D, Dutto G, Blanc D (2004) Almost total replacement of 
fish meal by plant protein sources in the diet of a marine teleost, the Euro-
pean seabass, Dicentrarchus labrax. Aquaculture 230, 391-404 

Kautsky N, Rönnbäck P, Tedengren M, Troell M (2000) Ecosystem perspec-
tives on management of disease in shrimp pond farming. Aquaculture 191, 
145-161 

Kelly LA, Elberizon IR (2001) Freshwater finfish cage culture. In: Black KD 
(Ed) Environmental Impacts of Aquaculture, Sheffield Academic Press, Shef-
field, UK, pp 32-50 

Kelly LA, Stellwagen J, Bergheim A (1996) Waste loadings from a fresh-
water Atlantic Salmon farm in Scotland. Water Resources Bulletin 32, 1017-
1025 

Kempf M, Merceron M, Cadour G, Jeanneret H, Mear Y, Miramand P 
(2002) Environmental impact of a salmonid farm on a well-flushed marine 
site: 2. Biosedimentology. Journal of Applied Ichthyology 18, 51-60 

King S, Pushchak R (2008) Incorporating cumulative effects into environ-
mental assessments of mariculture: Limitations and failures of current sitting 
methods. Environmental Impact Assessment Review 28, 572-586 

Klaoudatos SD, Klaoudatos DS, Smith J, Bogdanos K, Papageorgiou E 
(2006) Assessment of site specific benthic impact of floating cage farming in 
the eastern Hios island, Eastern Aegean Sea, Greece. Journal of Experimental 
Marine Biology and Ecology 338, 96-111 

Kongkeo H (1997) Comparison of intensive shrimp farming systems in Indone-
sia, Philippines, Taiwan and Thailand. Aquaculture Research 28, 789-796 

Lin CK, Yi Y (2003) Minimizing environmental impacts of freshwater aquacul-
ture and reuse of pond effluents and mud. Aquaculture 226, 57-68 

Machias A, Karakassis I, Labropoulou M, Somarakis S, Papadopoulou KN, 
Papaconstantinou C (2004) Changes in wild fish assemblages after the es-
tablishment of a fish farming zones in an oligotrophic marine ecosystem. Es-
tuarine Coastal and Shelf Science 60, 771-779 

Maldonado M, Carmona MC, Echeverría Y, Riesgo A (2005) The environ-
mental impact of Mediterranean cage fish farms at semiexposed locations: 
does it need a re-assessment? Helgoland Marine Research 59, 121-135 

Mazón MJ, Piedecausa MA, Hernández MD, García BG (2007) Evaluation 
of environmental nitrogen and phosphorus contributions as a result of inten-
sive ongrowing of common octopus (Octopus vulgaris). Aquaculture 266, 
226-235 

McKindsey CW, Thetmeyer H, Landry T, Silvert W (2006) Review of recent 
carrying capacity models for bivalve culture and recommendations for re-
search and management. Aquaculture 261, 451-462 

Mendiguchía C, Moreno C, Mánuel-Vez MP, García-Vargas M (2006) Preli-
minary investigation on the enrichment of heavy metals in marine sediments 
originated from intensive aquaculture effluents. Aquaculture 254, 317-325 

Miranda FR, Lima RN, Crisóstomo LA, Santana MGS (2008) Reuse of in-
land low-salinity shrimp farm effluent for melon irrigation. Aquacultural En-
gineering 39, 1-5 

Mitsch WJ (1997) Ecological engineering: The roots and rationale of a new 
paradigm. In: Etnier C, Guterstam B (Ed) Ecological engineering for waste 
water treatment, CRC Press, Boca Raton, USA, pp 1-20 

Muir J (2005) Managing to harvest? Perspectives on the potential of aquacul-
ture. Philosophical Transactions of the Royal Society 360, 191-218 

Nash CE, Burbridge PR, Volkman JK (2005) Guidelines for ecological risk 
assessment of marine aquaculture. In: NOAA Fisheries Service Manchester 
Research Station International Workshop, April 11–14, 2005, U.S. Depart-
ment of Commerce, National Oceanic and Atmospheric Agency (NOAA), 
National Marine Fisheries Service, Tech. Memo. NMFS-NWFSC-71, p 90 

Naylor RL, Goldburg RJ, Primavera JH, Kautsky N, Beveridge MCM, 
Clay J, Folke C, Lubchenco J, Mooney H, Troell M (2000) Effect of aqua-
culture on world fish supplies. Nature 405, 1017-1024 

Naylor R, Hindar K, Fleming IA, Goldburg R, Williams S, Volpe J, Who-
riskey F, Eagle J, Kelso D, Mangel M (2005) Fugitive salmon: Assessing 
the risks of escaped fish from net-pen aquaculture. BioScience 55, 427-437 

Nordvarg L, Hakanson L (2002) Predicting the environmental response of fish 
farming in coastal areas of the Aland archipelago (Baltic Sea) using manage-
ment models for coastal water planning. Aquaculture 206, 217-243 

Nunes JP, Ferreira JG, Gazeau F, Lencart-Silva J, Zhang XL, Zhu MY, 
Fang JG (2003) A model for sustainable management of shellfish polycul-
ture in coastal bays. Aquaculture 219, 257-277 

OAERRE (Oceanographic Applications to Eutrophication in Regions of 
Restricted Exchange) EU Project EVK3-CT-1999-00002 (2001) Available 
online: http://www.oarre.napier.ac.uk 

Páez-Osuna F (2001a) The environmental impact of shrimp aquaculture: Cau-
ses, effects, and mitigating alternatives. Environmental Management 28, 131-
140 

Páez-Osuna F (2001b) The environmental impact of shrimp aquaculture: a glo-
bal perspective. Environmental Pollution 112, 229-231 

Páez-Osuna F, Guerrero-Galvan SR, Ruiz-Fernandez AC (1998) The envi-
ronmental impact of shrimp aquaculture and the coastal pollution in Mexico. 
Marine Pollution Bulletin 36, 65-75 

Páez-Osuna F, Guerrero-Galvan SR, Ruiz-Fernandez AC, Espinoza-An-
gulo R (1997) Fluxes and mass balances of nutrients in a semi-intensive 
shrimp farm in North-Western Mexico. Marine Pollution Bulletin 34, 290-
297 

PEMSEA (Partnerships in Environmental Management for the Seas of East 
Asia) (2003) Sustainable Development Strategy for the Seas of East Asia: Re-
gional Implementation of the World Summit on Sustainable Development 
Requirements for the Coasts and oceans. PEMSEA, Quezon City, The Philip-
pines, 111 pp 

Pereira A, Duarte P, Reis LP (2007) An Integrated Ecological Modelling and 
Decision Support Methodology. Proceedings of the 21st European Confe-
rence on Modelling and Simulation – ECMS 2007, 4-6 Jun 2007, Prague, 
Czech Republic, pp 497-502 

Pérez Marta, García T, Invers Olga, Ruiz JM (2008) Physiological responses 
of the seagrass Posidonia oceanica as indicators of fish farm impact. Marine 
Pollution Bulletin 56, 869-879 

Pearson TH, Black KD (2001) The environmental impacts of marine fish cage 
culture. In: Black KD (Ed) Environmental Impacts of Aquaculture, Sheffield 
Academic Press, Sheffield, UK, pp 1-31 

Piedrahita R (2003) Reducing the potential environmental impact of tank 
aquaculture effluents through intensification and recirculation. Aquaculture 
226, 35-44 

Pitta P, Apostolaki ET, Tsagaraki T, Tsapakis M, Karakassis I (2006) Fish 
farming effects on chemical and microbial variables of the water column: a 
spatio-temporal study along the Mediterranean Sea. Hydrobiologia 563, 99-
108 

Primavera JH (1998) Tropical shrimp farming and its sustainability. In: De 
Silva S (Ed) Tropical Mariculture, Academic Press, London, UK, pp 257-289 

Primavera JH (2006) Overcoming the impacts of aquaculture on the coastal 
zone. Ocean and Coastal Management 49, 531-545 

Read P, Fernandes T (2003) Management of environmental impacts of marine 
aquaculture in Europe. Aquaculture 226, 139-163 

Read PA, Fernandes TF, Miller KL (2001) The derivation of scientific guide-
lines for best environmental practice for the monitoring and regulation of 
marine aquaculture in Europe. Journal of Applied Ichthyology 17, 146-152 

RIVM (1995) A General Strategy for Integrated Environmental Assessment at 
the European Environment Agency, European Environment Agency, RIVM, 
Bilthoven, The Netherlands 

Rodríguez-Gallego L, Meerhoff E, Poersch L, Aubriot L, Fagetti, Vitancurt 
J, Conde D (2008) Establishing limits to aquaculture in a protected coastal 
lagoon: Impact of Farfantepenaeus paulensis pens on water quality, sediment 
and benthic biota. Aquaculture 277, 30-38 

Ruiz JM, Perez M, Romero J (2001) Effects of fish farm loadings on seagrass 
(Posidonia oceanica) distribution, growth and photosynthesis. Marine Pollu-
tion Bulletin 42, 749-760 

Saaty TL (1980) The Analytic Hierarchy Process, McGraw-Hill, New York, 
USA, 287 pp 

Samuelsen OB (1989) Degradation of oxytetracyline in seawater at two differ-
ent temperatures and light intensities and the persistence of oxytetracycline in 
the sediment from a fish farm. Aquaculture 83, 7-16 

Sarà G (2007) A meta-analysis on the ecological effects of aquaculture on the 
water column: Dissolved nutrients. Marine Environmental Research 63, 390-
408 

Sandifer PA, Hopkins JS (1996) Conceptual design of a sustainable pond-
based shrimp culture system. Aquaculture Engineering 15, 41-52 

Schwartz MF, Boyd CE (1994) Effluent quality during harvest of Channel Cat-
fish from watershed ponds. Progressive Fish Culturist 56, 25-32 

SEACASE (Sustainable Extensive and Semi-Intensive Coastal Aquaculture 
in Southern Europe) EU Project FP6-2005-SSP5A. Available online: http:// 
www.seacase.org 

SECRU, Scottish Executive Central Research Unit (2002) Review and Syn-
thesis of the Environmental Impacts of Aquaculture, The Scottish Association 
for Marine Science and Napier University, Edinburgh, UK, 62 pp 

Shin PKS, Wu RSS (2003) Estimating the environmental carrying capacity for 
sustainable marine fish culture: a modelling approach. In: Yu H, Bermas N 
(Ed) Determining Environmental Carrying Capacity of Coastal and Marine 

19



Dynamic Biochemistry, Process Biotechnology and Molecular Biology 2 (Special Issue 1), 1-20 ©2008 Global Science Books 

 

Areas: Progress, Constraints and Future Options, PEMSEA Workshop Pro-
ceedings 11, pp 85-94 

Smaal AC, Héral M (Ed) (1998) Modelling bivalve carrying capacity. Aquatic 
Ecology 4, 439 pp 

Spreij M (2003) Trends in national aquaculture legislation (part I). FAO Aqua-
culture Newsletter 30, 10-13 

Spreij M (2004) Trends in national aquaculture legislation (part II). FAO Aqua-
culture Newsletter 31, 22-27 

Subasinghe RP, Phillips MJ (2002) Aquatic animal health management: Op-
portunities and challenges for rural, small-scale aquaculture and enhanced 
fisheries development: Workshop introductory remarks. In: Arthur JR, Phil-
lips MJ, Subasinghe RP, Reantaso MB, MacRae IH (Eds) Primary Aquatic 
Animal Health Care in Rural, Small- Scale Aquaculture Development, FAO 
Fisheries Technical Paper, FAO, Rome, 406, pp 1-5 

Sugiura SH, Marchant DD, Kelsey K, Wiggins T, Ferraris RP (2006) Efflu-
ent profile of commercially used low-phosphorus fish feeds. Environmental 
Pollution 140, 95-101 

Timmons MB, Ebeling JM, Wheaton FW, Summerfelt ST, Vinci BJ (Eds) 
(2001) Recirculating Aquaculture Systems, Cayuga Aqua Ventures, Ithaca, 
NY, 647 pp 

Tovar A, Moreno C, Manuel-Vez M, Garcia-Vargas M (2000a) Environmen-
tal impacts of intensive aquaculture in marine waters. Water Research 34, 
334-342 

Tovar T, Moreno C, Mánuel-Vez MP, Garcia-Vargas M (2000b) Environ-
mental implications of intensive marine aquaculture in earthen ponds. Marine 

Pollution Bulletin 40, 981-988 
UNEP/RIVM (1994) An Overview of Environmental Indicators: State of the art 

and perspectives. UNEP/EATR.94-01, RIVM/402001001, Nairobi, 72 pp 
Valiela I, Bowen JL, York JK (2001) Mangrove forests: One of the world’s 

threatened major tropical environments. BioScience 51, 807-815 
Wallin M, Hakanson L (1991) Nutrient loading models for estimating the en-

vironmental effects of marine fish farms. Marine Aquaculture and Environ-
ment. Nordic Council of Ministers, Copenhagen, pp 39-55 

Watson-Capps J, Mann J (2005) The effects of aquaculture on bottlenose dol-
phin (Tursiops sp.) ranging in Shark Bay, Western Australia. Biological Con-
servation 124, 519-526 

Wearing S, Neil J (1999) Ecotourism: Impacts, Potentials and Possibilities, 
Butterworth-Heinemann, Oxford, UK, 163 pp 

World Bank (2006) Aquaculture: Changing the Face of the Waters Meeting the 
Promise and Challenge of Sustainable Aquaculture, The World Bank, Wa-
shington, USA, 138 pp 

Wu RSS (1995) The environmental impact of marine fish culture: towards a 
sustainable future. Marine Pollution Bulletin 31, 159-166 

Yan J-S, Ma S-J (1997) The function of ecological engineering in environmen-
tal conservation with some case studies from China. In: Etnier C, Guterstam 
B (Ed) Ecological Engineering for Waste Water Treatment, CRC Press, Boca 
Raton, USA, pp 21-36 

Youngson AF, Dosdat A, Saroglia M, Jordan WC (2001) Genetic interactions 
between marine finfish species in European aquaculture and wild conspecies. 
Journal of Applied Ichthyology 17, 153-162 

 
 

20


