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Abstract
Historically, site selection has been based largely on available space and 
constraints to productivity (e.g. circulation or food availability). However, in 
order to ensure sustainable development: (a) carrying capacity and site selection 
can no longer be viewed in such a limited way, and requires an analysis of trade-
offs among production, ecology, governance, and social aspects; and (b) a system-
wide assessment of carrying capacity should precede licensing at the farm-scale. 
This is in keeping with the three core principles of the Ecosystem Approach to 
Aquaculture that promote ecological balance, social equity, and multi-sectorial 
planning. This review considers the relevant legislation and regulations in 
the major world producers of aquaculture goods, and highlights the variable 
requirements for licensing, particularly with respect to the environmental 
component. Additionally, different countries and economic blocks view carrying 
capacity in different ways. In Southeast Asia and the People’s Republic of 
China, production is generally the limiting factor, whereas in Europe and North 
America, social constraints are of paramount importance. Both aspects present 
a challenge for a common assessment platform with respect to carrying capacity 
and site selection.

Virtual technologies such as GIS, satellite remote sensing, and dynamic models, can 
play a huge role in addressing the physical, production, and environmental pillars of 
site selection and carrying capacity. However, models need to be more production- 
and management-oriented, and adapt to local realities and conditions. Research 
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into improved models for social aspects, and for the connection to environmental 
assessment models, needs a much greater effort. This will establish a more quantitative 
basis for discussion and for decision-making, enabling a better understanding of trade-
offs. Distributed computing (e.g. smartphones) has great potential in bridging the 
information gap in many thematic areas, and should certainly be used to improve the 
understanding of aquaculture-environment interactions, simulate local conditions in 
real time, and interpret the outputs of sensors.

Aquaculture is particularly important to developing countries, where it is not 
only critical in supporting healthy food provision but is also an important source 
of income for local communities. It is important however that production in 
developing countries should not translate into negative environmental externalities 
considered unacceptable in the developed world.

Introduction
In the field of aquaculture, carrying capacity has been variously defined through 
adaptations of its original meaning (Krebs, 1972; Kashiwai, 1995) which may be 
represented as:

	            (Eq. 1)

where: Bi = biomass of species i of n and t = time.

Eq. 1 suggests that in a stable community the average biomass of component species 
is asymptotic over the time period of interest, and corresponds to the logistic growth 
curve in population ecology.

The specific demands of aquaculture, an activity based on the interaction between 
humans and other elements of the natural system, converting the latter (at least in part) 
into a managed system, led to the definition of carrying capacity as “the standing stock 
at which the annual production of the marketable cohort is maximised” (Bacher et 
al., 1998; Smaal et al., 1998). Although this definition was proposed in the context of 
organically extractive open water culture (for bivalve shellfish), it is sufficiently broad to 
be relevant for production both in open off-the-coast and offshore environments and in 
land-based systems using ponds or raceways.

However, even from the point of view of sustainable production this definition needs 
to be qualified, because in economic terms the maximisation of annual production is 
not the objective function. This function seeks to achieve optimal profit, well before 
the inflexion point in the production function, where total physical product (TPP) 
maximises income (e.g. Jolly and Clonts, 1993; Ferreira, Hawkins and Bricker, 2007).

This simplistic view of carrying capacity for aquaculture based solely on 
production has developed over the last decade into a four pillar approach based on 
physical, production, ecological, and social carrying capacity (Inglis, Hayden, B.J. 
& Ross, 2000; McKindsey et al., 2006). In large part these pillars encompass the 
three elements of sustainability, viz. planet, people, and profit. Recent legislative 
instruments such as the European Union’s Marine Strategy Framework Directive 
(EU MSFD – EC, 2008), together with guidelines for an Ecosystem Approach to 
Aquaculture (EAA – Soto, Aguilar-Manjarrez and Hishamunda, 2008), highlight 
the ecological component and aim to optimize production without compromising 
ecosystem services. Part of the challenge of determining carrying capacity is the 
quantification of negative externalities as a first step towards improved management.

The social1 pillar is at the forefront of decision-making in the EU, US, and Canada, 

1	 Here used in the context of social opposition to visual or other impacts of aquaculture development, 
such as conflict with leisure areas.
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and can frequently be identified as the single most important criterion for carrying 
capacity assessment and site selection (Figure 1). By contrast, in Asia and other parts 
of the world where food production is the paramount concern, licensing criteria are 
more frequently based on the physical and production pillars, with ecological and 
social considerations assuming less relevance.

Virtual tools, including various types of mathematical models, are fundamental 
in analysing these various 
components of carrying 
capacity, and therefore in 
assisting sound decision-
making on sustainable 
development of aquaculture 
without the costs of social 
experimentation. Ferreira et 
al. (2010) have defined virtual 
technology in this context as:

Virtual Technology is 
defined as any artificial 
representation of 
ecosystems that support 
aquaculture, whether 
directly or indirectly. Such 
representations, exemplified 
by mathematical models, are 
designed to help measure, 
understand, and predict the underlying variables and processes, in order to inform an 
Ecosystem Approach to Aquaculture.
This review focuses on the key drivers and issues surrounding carrying capacity and 
site selection, with an emphasis on the environmental components, and aims to:

1.	Examine current practice for site selection worldwide, both for inland (freshwater) 
and coastal (onshore, off-the-coast, and offshore) aquaculture;

2.	Contextualise the existing approach in the light of environmental legislation in 
different parts of the world;

3.	Analyse how carrying capacity and site selection can benefit from virtual 
technologies, and identify areas for development;

4.	Recommend actions to promote an Ecosystem Approach to Aquaculture from an 
environmental perspective. 

Worldwide perspective
Current global criteria and approaches for site selection
The establishment of aquaculture activities in different geographical areas has 
traditionally been a bottom up process, without a particular concern about overall 
definition of a zoning framework. This has been the case globally, from the 
development of salmon cage culture in Scottish lochs to the incremental destruction of 
mangroves in Nicaragua for construction of shrimp farms (Figure 2).

This approach to licensing (or in many cases just to development), based mainly on 
space availability and limits to production rather than on any environmental criteria 
led to a number of undesirable ecosystem effects, including habitat destruction both 
on land and in open waters, coastal eutrophication through increased nutrient loading 
from land, and organic enrichment of sediments and loss of benthic biodiversity.

Changes in the regulatory framework have in the last decades led to a more 
stringent approach to licensing, most notably in the European Union, United 
States, and Canada. Nevertheless, only in a few cases (e.g. Ferreira et al., 2008b) has 
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there been a concern with 
the assessment of carrying 
capacity at the system scale, 
i.e. defining and quantifying 
potential aquaculture zones, 
as an initial step prior to 
local-scale licensing of 
aquaculture operations.

Mathematical models 
such as DEPOMOD 
Cromey, Nickell and 
Black, 2002; Cromey 
et al., 2002) and others 
(Nath et al., 2000, Corner 
et al., 2006) have become 
increasingly important in 
supporting the local-scale 
assessment of effects on 
the environment, and are 
used e.g. in Scotland by the 
regulator in order to screen 
for environmental impact 
of new lease applications 
for salmon farms, i.e. to 
support site selection at the 
local scale.

The international legal 
framework
On a global scale, the 
Convention on Biological 
Diversity (CBD) is one 
of the most important 
documents concerning 

environment and biodiversity. Loss or alteration of habitats as a result of 
aquaculture operations can become a biodiversity concern when it changes the 
living conditions of other species, for instance through:

(i)	 seed collection for aquaculture from benthic habitats using destructive gear causes 
habitat destruction and/or alteration;

(ii)	 Spatial conflicts: aquaculture takes up space, often very large areas, not only in 
bays and oceans, but also on nearby foreshore areas as a result of development of 
aquaculture infrastructures;

(iii)	destruction of tidal marshes and mangroves that serve as important nursery 
grounds for populations of fish and shellfish

However, the CBD has also recognized that aquaculture may have some positive 
effects, for instance by helping preserve biodiversity when, as a successful economic 
activity, it can provide a release to the predation pressure over commonly harvested 
aquatic species. Best site selection (including optimal flushing and dispersal of 
nutrients) could actually promote an increase of local and total productivity, especially 
in oligotrophic and mesotrophic systems, particularly when additional substrate 
heterogeneity, such as building of artificial reefs to soft bottom areas, is provided. 
Additionally, some forms of aquaculture, such as shellfish and macroalgal production, 
could contribute to biodiversity enhancement by providing habitat structure and food.
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Several international conventions include provisions related to aquaculture e.g. the 
Oslo-Paris Convention (OSPAR), Bern Convention, and Helsingfors Convention 
(HELCOM). In addition, the European Community is committed to the principles 
of the Precautionary Approach, the guidelines for aquaculture in the FAO Code 
of Conduct for Responsible Fisheries (Article 9 of which covers Aquaculture 
Development) and other international arrangements or guidelines such as the ICES 
Code of Practice on the Introductions and Transfers of Marine Organisms.

The legal framework in the People’s Republic of China and southeast Asia
Asia as a whole currently produces 90 percent of the world’s aquaculture (Sorgeloos, 
2010). It is estimated that the current annual production of 68 million metric tonnes 
(MMT) (De Silva, 2010) will need to be substantially increased to meet the world 
demand for aquatic products by 2050. This increase, of the order of 30 MMT/year 
(Swaminathan, 2010), will rely on aquaculture, and will not be provided by Europe 
or North America. In both cases, production is limited by stringent environmental 
regulation and social concerns. Growth in the European Union will be very limited, 
and the United States of America expects an annual increase of about 0.5 MMT 
(Olin et al., 2010). This is a 30 percent increase of current United States of America 
production, but hardly registers on the scale of world food requirements. By contrast, 
the production of Vietnamese catfish in the Mekong Delta has increased exponentially 
over the last three years, with a current production of 1.2 MMT/year, and successful 
placement in the Europen and United States of America markets (De Silva, 2010).

As a consequence, it is important to review environmental legislation in the 
framework of aquaculture for the main Asian producers, to understand to what extent 
comparable constraints exist to aquaculture production in various parts of the world.

The European Union legal framework
Specific European legislation relevant to limiting the effects of aquaculture on 
biodiversity is less well established than for capture fisheries. Among the relevant 
legislation is that on aquatic animal health, and the Environmental Impact Assessment 
(EIA) legislation.

Most aquaculture concerns are regulated by national legislation which is influenced 
by a number of horizontal EU Directives governing water, habitat and bird life. 
Following from these directives it is required that developing projects, including new 
fish2 farms, should be subjected to prior assessment if they are likely to have significant 
effect on the environment. In the framework of the reform of the Common Fisheries 
Policy (CFP) the European Commission recognized the importance of aquaculture 
and the necessity to develop a Strategy for the Sustainable Development of European 
Aquaculture (COM 2002 511 final). The Strategy set out a wide range of policy 
principles on which the future development of aquaculture in the EU would be based, 
including the necessity to assure that aquaculture becomes an environmentally sound 
activity. Additionally in the framework of the CFP a biodiversity action plan was 
developed which includes a chapter dedicated to impacts of aquaculture.

The second generation EU water directives, which presently consist of the Water 
Framework Directive (WFD 2000/60/EC) and MSFD, do not address aquaculture in 
a meaningful way. The WFD explicitly excludes the fisheries component, and only 
considers fish populations as a Biological Quality Element (BQE) in transitional waters.

The approach itself, with an emphasis on a one out, all out classification for quality 
elements in the determination of Good Ecological Status (GEcS), has been described 

2	 Although finfish are referred in the EU directive on environmental impact, the national authorities 
are free to interpret this as appropriate, so some Member States consider the legislation to apply to 
other types of aquaculture, based on areal occupation and production.
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as a “deconstructing structural approach” (Borja et al., 2010). The MSFD is developed 
in a holistic manner, defining eleven quality descriptors (QD) that should in some 
(as yet unknown) way be combined to establish Good Environmental status (GEnS). 
QD3 is the Fish and Shellfish quality descriptor, but contrary to what might be 
expected, the guidance produced for this descriptor focused only on capture fisheries. 
It is disappointing that aquaculture is considered in the MSFD only as a pressure; 
discounting for instance the role that organically extractive aquaculture plays in top-
down control of eutrophication symptoms in many European coastal areas.

Since the WFD mandates GEcS by 2015 and the MSFD requires GEnS by 2020, the 
latter for very large marine areas, extending to the Exclusive Economic Zone (EEZ) of 
the EU, aquaculture development in Europe is clearly under significant pressure with 
respect to environmental regulation.

The United States legal framework
This brief review of the legal framework in the United States of America has been 
largely drawn from Duff, Getchis and Hoagland (2003), Pittenger et al. (2007), Upton 
and Buck (2008), and from Peterson et al. (2010) in what concerns shellfish aquaculture.

In United States of America coastal waters the legal framework delegates jurisdiction 
to individual states, leading to complex results and inconsistencies. A comprehensive 
review of aquaculture regulations across the United States of America (the “Aspen 
Report” sponsored by the United States of America Fish and Wildlife Service) was 
carried out in 1981, and identified at least 120 federal laws directly (50 laws) or 
indirectly (70 laws) affecting aquaculture, together with over 1,200 state statutes 
regulating aquaculture in 32 states. According to this report, in some states aquaculture 
operations must obtain at least 30 permits to site and operate their businesses. 
Regulatory jurisdiction over bivalve mariculture typically requires approval by several 
local, state, and federal agencies. 

Public land management typically falls under the authority of the state department 
responsible for environmental protection. Regulatory complexity is further increased 
when towns or counties are given jurisdiction over local waters. The consequences of 
this complexity on shellfish growers have often been an expensive, time-consuming, 
and sometimes unsuccessful process for obtaining permits (Duff, Getchis and 
Hoagland, 2003).

In response to concerns over real or perceived regulatory complexity, many states 
have designated a particular state agency as the “lead” and starting point for mariculture 
permit applications. Many coastal states also have created inter-agency coordinating 
committees or task forces to facilitate the mariculture permit process. Some states 
produce written guidance to help permit applicants understand the requirements for 
different mariculture operations and the process and sequence for obtaining them.

Offshore mariculture policy
Regulatory complexity, use conflicts, and (in some cases) water quality issues in 
nearshore waters have led to greater interest in offshore or open ocean mariculture. 

The regulation of offshore mariculture in the United States remains unsettled. 
At present, there is no federal policy pertaining specifically to the permitting of 
mariculture in waters under federal jurisdiction, typically 3–200 nautical miles 
offshore, known as the exclusive economic zone. At a minimum, a Section permit 
is required from the United States Army Corps of Engineers (USACE), and in 
some cases, approval from fisheries management councils may be required. In the 
absence of a settled and transparent regulatory framework, not only is expansion 
of the existing industry hampered, but potential future growth and research in this 
area is discouraged (Barr, 1997; Brennan, 1999; National Oceanic and Atmospheric 
Administration, 1999).
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A bill defining federal policy and permit processes for mariculture in the exclusive 
economic zone, the National Offshore Aquaculture Act, has been introduced several 
times, most recently in 2007 as H.R. 2010 and S. 1609 in the 111th Congress (NOAA, 
2008). The 2007 bill would address the current gaps in United States of America 
offshore mariculture regulation by:

•	authorizing the Secretary of Commerce to issue offshore mariculture permits;
•	requiring the Secretary of Commerce to establish environmental requirements for 

offshore mariculture;
•	requiring the Secretary of Commerce to work with other federal agencies to 

develop and implement a coordinated permitting process for offshore mariculture;
•	exempting permitted offshore mariculture from fishing regulations that restrict 

size, season, and harvest methods;
•	authorizing a research and development program for all types of mariculture.
This asymmetry in regulatory instruments and requirements for environmental 

compliance on a global scale has been an important factor in the delocalisation of 
aquaculture from Europe and the US to other parts of the world, where there is little 
concern for the negative externalities that result from unsustainable aquaculture practices.

Main gaps and key elements
Main global carrying capacity and site selection issues and gaps
Table 2 presents a summary of the main issues that are presently considered in 
carrying capacity and site selection, together with what may constitute future 
components for assessment.

Feed-based aquaculture taking place in cages (open water) or ponds (inland or 
fringing) is mainly constrained by holding capacity and wastewater reduction criteria. 
In Southeast Asia and People’s Republic of China there is a greater preoccupation 
with holding capacity, whereas e.g. in the European and the United States of America 
legislation drives a greater emphasis on negative externalities.

 

TABLE 2
Novel management approaches (adapted from Ferrreira et al., 2010)

Topic Now Tomorrow

Feed-based (cage, 
pond)

Site selection based 
on holding capacity 
(cages), wastewater 
minimization (ponds)

Integrated model systems, risks, welfare, disease. 
Holistic indicators
LCA: inefficiencies and eco-labelling
Mechanistic and statistical models
Data assimilation models

Shellfish farming Large areas

Focus on production and 
social carrying capacity 
NIMBY3, NIMTO4

Economic sustainability, ecology and economics 
Coupled GIS expert systems including xenobiotics 
HAB, etc
Model uncertainties in yield 
Early warning

Integrated Multi-
Trophic Aquaculture

Optimize production

Reduce negative 
externalities

Integrated Coastal Zone Management.
Simulate species combinations
Full economic assessment.
Combine GIS, remote sensing, and modelling

Ecosystem Approach 
to Aquaculture (EAA)

Development of 
concept and practical 
implementation

Ecological aquaculture, balancing multisectorial 
requirements, ecosystem equilibrium, and social 
equity. Many of the tools that will be used in IMTA 
are applicable, much more will emerge on social 
components where “hard” models are a challenge.
Achievement of more equitable global balance.

3	 Not in my backyard
4	 Not in my term in office
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More intensive aquaculture and volume of production  tends to occur in  nations 
that are currently developing  regulation,  and where  there is  weak enforcement, 
and /or low consideration to  environmental effects. On the other hand in some of 
these countries food security and social needs are higher ranked than environment 
(Figure 1) particularly in consideration to  high population density in coastal zones.
This could be the case in 
some Asian countries such 
as it is shown in Figure 3 
that illustrates aquaculture 
production normalised to 
coastline length and area.

However, in some cases 
such in the People’s Republic 
of China the intensity of 
cultivation in coastal bays, 
may often constitute a 
positive environmental 
impact (see below). 

As an example of  potential 
aquaculture  pressure on 
coastal ecosystems, Figure 
4 shows a mass balance 
for shrimp cultivation, 
simulated by means of the 
POND model (Ferreira et 
al., 2010) that estimates an 
environmental discharge 
of over 60 kg   (i.e. total 
output) of nitrogen (mostly 
dissolved, but also as algae), 
roughly 20 population-
equivalents per year for 
the 110 day cultivation 
cycle. This corresponds 
to an abatement cost of 
about US$800 (Lindahl 
et al., 2005). Frequently 
these waste costs are not 
internalized, but would 
need to be determined in 
the scope of EAA, and are 
increasingly required for 
product certification in 
western markets. Currently, 
pond production in the 
United States already 
requires a National Pollutant 
Discharge Elimination 
System (NPDES) permit 
(Boyd, 2009). In practice 
this means that large agri-
industrial companies 
from developed nations 
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price-leverage the lack of 
environmental regulation 
and/or implementation in 
the developing world.

Organically extractive 
aquaculture takes place on a 
very different spatial scale, due 
to the nature of the food supply, 
and results in the occupation 
of relatively large areas, often 
including shorefront leases. 
The issues that have emerged 
with respect to carrying 
capacity have been largely (i) 
production-related, such as the 
reduced growth and harvest size 
of the Pacific oyster Crassostrea 
gigas in the Marennes-Oléron 
area of the French Republic 
in the mid-1990’s, largely due 
to overstocking (Raillard and 

Ménesguen, 1994), or (ii) social concerns in developed nations on the use of waterfront areas (e.g. 
the geoduck industry in Puget Sound, Cheney et al., 2010), landscape values etc.

In the few system-scale carrying capacity studies that have taken place (e.g. Ferreira et 
al., 2008b) it is clear that even from a production perspective (Figure 5) there appears to be 
room for improvement in terms of site selection. With respect to environmental issues, there 
is a debate on the impacts due to biodeposits and consequent sediment organic enrichment.

Appropriately dimensioned shellfish culture seems to have little effect on the 
benthos (e.g. Fabi, Manoukian and Spagnolo, 2009), even when large areas are occupied 
(Zhang et al., 2009). On the other hand, the positive externalities of bioextraction for 
top-down control of eutrophication symptoms have been documented in many parts 
of the world (e.g. Xiao et al., 2007), and it is clear that the existence of significant 
shellfish aquaculture e.g. in the People’s Republic of China has been instrumental in 
controlling coastal eutrophication, probably on a national scale (Sorgeloos, 2010), as 
industrial and urban pressure on coastal zones has mounted in the last decades.

An additional issue for shellfish cultivation is the interaction with the 
development, frequency, and duration of harmful algal blooms (HAB). This is 
presently in debate, given both the lack of clarity in many cases as to the drivers 
and processes that trigger HAB, and the effects on human health. There are 
significant areas of the coastal ocean where carrying capacity is limited by such 
HAB events, often unrelated to human-originated nutrient loading.

Integrated multi-trophic aquaculture (IMTA) has long been practiced in Asia, and 
is a mainstay e.g. of aquaculture in the People’s Republic of China. Presently the 
interest in co-cultivation across trophic levels is growing in the EU and the United 
States of America. The focus once again is more on optimal production in developing 
countries, whereas in developed countries the emphasis is on reduction of emissions. 
There is a clear link between the two since for instance hypoxic pond water is not only 
an external environmental liability but also an internal factor of increased mortality.

Two important issues that are not often considered and constitute potential 
liabilities of IMTA are:

5	 The higher value for raft culture of mussels is due to much better survival, particularly of seed
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(i)	 The potential for disease vectors to “jump” across trophic levels, thereby impacting 
the whole co-cultivation system. Conversely, it has been pointed out (Chopin et 
al., 2010) that blue mussels in IMTA with Atlantic salmon may be instrumental 
through filtration in reducing the incidence of salmon lice in finfish cages; and

(ii)	 Any fluctuation in yield for one component of an IMTA system can potentially 
have serious consequences with respect to the environmental balance of the whole. 
This can occur through a disease outbreak in one or more trophic levels, but also 
if parts of the culture become economically unattractive, leading to an equilibrium 
shift. For example, an offshore area of 5 km2 along the 30m bathymetric line is 
currently being developed in southern Portugal, planned for 60 leases, of which 
70 percent for finfish and 30 percent for shellfish; these leases are independently 
contracted, and if market shifts determine changes to production, this may lead to 
unexpected environmental effects.

Use of surrogates and models for decision support
Recommended selection criteria and tools
Decision-support for future expansion and optimization of aquaculture operations 
can make use of a wide range of indicators, indices, and models, drawing from a 
considerable volume of work (see e.g. www.ecasatoolbox.org.uk/).



60 Site selection and carrying capacities for inland and coastal aquaculture

While carrying capacity has a multipolar focus, and should be assessed accordingly, 
site selection is herein considered to be essentially spatial in nature. 

By definition, the general suitability of an area (at the scale of an embayment, 
offshore coastal zone, or land region) is an issue of carrying capacity rather than 
site selection, and should be the object of an initial assessment that determines (i) 
overall suitability; and (ii) limits to cultivation. The latter may include protection 
of biodiversity (Sequeira et al., 2008), environmental effects (Ferreira et al., 2008a; 
Ferreira et al., 2008b), and identification of spatial usage conflicts (Ferreira et al., 2010).

Within this wider context, there are clear distinctions between open water and 
land-based areas, the former being the object of marine spatial planning exercises 
presently occurring in various parts of the world, whereas the latter are already heavily 
regulated, particularly in developed nations. Nevertheless, the planning process should 
flow from a broad assessment of carrying capacity to detailed site selection, focused 
on a narrower spatial scale and supporting specific licensing procedures. A general 
approach, adapted from Silva et al. (2011) is presented in Figure 6. At all stages of 
the process virtual technologies are valuable for decision support, providing a means 
to evaluate tradeoffs among social, environmental, and economic components of 
sustainability. The type of approach shown in Figure 6 draws heavily on Geographic 
Information Systems (GIS), a valuable modelling tool both in prospective studies and 
in assimilating and presenting results of other kinds of models.

GIS is limited in its capacity to represent time-varying phenomena, and these are 
usually of importance, but it can be combined for instance with remote sensing data 
(Figure 9) to provide a spatial image of site suitability. This type of approach is applicable 
also for land-based aquaculture, drawing on spatial information on water resources, 
land cover, and other thematic data. The extension of GIS approaches such as those 
reported by Corner et al. (2006) and Radiarta, Saitoh and Miyazono (2008) to include 
dynamic growth models is a promising area of research (Kapetsky, Aguilar-Manjarrez 
and Jenness, 2012; Silva et al., submitted), since it allows decision-makers to examine 
the temporal variation of local production and environmental effects within a wider 

FIGURE 7
GIS combined with satellite remote sensing: identification of potential areas

for IMTA of salmon and mussels in Chile, based on remotely sensed
sea surface temperature and chlorophyll data 

Source: Kapetsky et al. (2010).

Good growth (10-16 C; Chl2>1mg/m3) and apt cages and longlines (25 - 100 m)
Good growth, but too shallow for cages and longlines (<25 m)
Good growth, but too deep for cages and longlines (>100 m)

Economic Zone
High Seas

Country - Mariculture
Country - No mariculture
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spatial context. GIS is relatively inexpensive by comparison to dynamic models, and 
a combination of both tools optimizes resource use with respect to potential benefits.

For off-the-coast or offshore areas, the review by Ferreira et al. (2010) provides 
three different illustrations (Table 3) of the application of virtual technologies for 
carrying capacity and site selection. These range from (i) simple ecological models 
(Nº1) focusing on primary production and mussel growth (Filgueira and Grant, 
2009); to (ii) integrated catchment and bay-scale modelling (Nº2) of multiple finfish 
and shellfish species, including some economic aspects (Nobre et al., 2010); and (iii) 
management systems (Nº3) combining GIS with dynamic models for circulation, and 
seeking to incorporate novel aspects such as simulations of salmon lice propagation 
(Ervik et al., 2008). These approaches are not directly transferrable to land-based 
culture, although some of their components, such as growth models for cultivated 
species, or models of biogeochemical cycles, may be re-used. 

One of the main challenges for production and environmental sustainability in 
pond culture is optimization, i.e. EAA in this context means optimal yields without 
imposing the externality costs on the environment. Models can provide valuable 
information on different options, as illustrated in Table 4.for monoculture of the 
white shrimp Litopenaeus vannamei when compared to co-cultivation with the Pacific 
oyster Crassostrea gigas.

The two simulations illustrate the value of adding filter feeders to the shrimp ponds. 
In this example for a large farm, typical of some of the industrial scale shrimp production 
operations, co-cultivation of oysters adds about 25 percent to the top line (income), 
but doubles the bottom line (profit) due to the low costs of shellfish production. The 
filter feeders also account for a 60 percent reduction in the chlorophyll concentration 
in the pond effluent, although oyster excretion increases the output of ammonia.

The Assessment of Estuarine Trophic Status (ASSETS) grade (Bricker, Ferreira and 
Simas, 2003; Ferreira, Hawkins and Bricker, 2007) changes from Moderate to Good status 
due to the removal of phytoplankton by the oysters. Screening models such as ASSETS are 
valuable from a management point of view because they combine indicators into indices, 

TABLE 3
Case study examples for carrying capacity and site selection

Case Study Nº 1

Prince Edward 
Island

Case Study Nº 2

SPEAR

Case Study Nº 3

AkvaVis

Main 
management 
issue(s)

Ecological carrying 
capacity

Carrying capacity for 
Integrated Multi-Trophic 
Aquaculture

GIS for site selection, 
carrying capacity, and 
management monitoring in 
aquaculture

Stakeholders Water managers, 
aquaculturists

Water managers Water managers, 
aquaculturists

Location Prince Edward 
Island, Canada

Sanggou Bay, China Hardangerfjord, Norway

Scale Bay Bay Bay, local

Cultured species Blue mussel Finfish, shellfish and 
seaweeds

Finfish and shellfish

Data and 
information types

Field, experimental Field, experimental, GIS, 
remote sensing

Field, GIS, desk-based

Tools and model 
types

GIS, dynamic system-
scale models

Dynamic system-scale 
models, catchment models 
etc (multilayered)

GIS, socioeconomic 
instruments, models

Platform Console console/Web Web

Decision-support Licensing, 
production, and 
environmental 
effects

Licensing, species 
combinations, production, 
and environmental effects

Management monitoring, 
site selection, and licensing
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EcoWin2000 (E2K) is an ecological model applied at the system scale, whereas 
FARM simulates production and environmental carrying capacity at the local scale. 
Any model of this type, as well the type of pond-scale model described previously, 
can be used to perform a marginal analysis (Ferreira, Hawkins and Bricker, 2007) to 
determine stocking densities that lead to optimal profitability.

providing an aggregated image of the environmental status of different management 
options. Figure 10 illustrates another example of optimization, for mussel culture in 
Killary Harbour, Ireland, comparing two models at differing scales (Nunes et al., 2011).

TABLE 4
Application of the POND model to simulate production and environmental effects of shrimp cultivation in 
monoculture and IMTA with oysters. Cultivation layout: 106 m2, 90 day cultivation period, water renewal of 
15 X 103 m3/day (3 percent of pond volume) throughout the culture cycle.

Variable Shrimp
monoculture

IMTA of
shrimp and oysters

Model inputs

Seeding density (kg TFW3) 35,000 35 000  14 000

Seed weight (g) 0.7 0.7   10

Harvest weight (g) 16 16   30

Natural mortality (percent culture/cycle) 30 30   5

Model outputs

Production

Total Physical Product (TPP) (kg TFW) 619 226 619 226   83 320

Average Physical Product (APP) 17.7 17.7   5.95

Feed application (kg DW) 788 200 788 200   -

Feed Conversion Ratio 1.27 1.27 -

Environmental impact in the ponds

Faeces (kg DW) 129 400 129 400  1 298

Excretion (kg N) 5,400 5 400          258

Organic deposits (kg DW) 250,400 220 200

Nitrogen regeneration in sediment (kg N) 8,500 11 500

Nitrogen dissolution from sediment (kg N) 6,200 8 300

Net primary production (kg N) 2,400 1 200

Nitrogen removal (kg N/year)

 Phytoplankton (kg N/year) - -1 349

Detritus (kg N/year) - -7

Faeces (kg N/year) 6710 273

Mortality (kg N/year) 2560 7

Mass balance - -818

Population equivalents (PEQ/year) - 248

ASSETS chlorophyll score in            out in               out

ASSETS dissolved oxygen score in            out in               out

ASSETS overall score in            out in               out

Environmental externalities

Outflow of NH4+ (kg N) 4 410 6 840

Outflow of particulate nitrogen (kg N) 510 230

Outflow of chlorophyll (kg chl) 70 30

Profit and loss

Aquaculture products (US$) 3 096 132 3 096 132 833 196

Total income (US$) 3 096 132 3 096 132          833 196

Feed (US$) 788 164     788 164

Seed (US$) 1 000 000 1 000 000         7 000

Energy (US$) 69 363 69 804

Total expenditure (US$) 1 857 527      2 257 968           7 000

Income-Expenditure (US$) 1 238 605 1 238 164            826 196

Farm profit (US$) 1 238 605 2 064 360

6	 TFW: total fresh weight (with shell)
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This is extremely useful 
for licensing purposes, 
since farms often maximise 
income rather than profit 
(i.e. aim for the highest 
TPP). It can be seen that 
for a coastal or semi-
enclosed system there 
appear to be significant 
differences between the 
results for the system-scale 
model, where the dotted 
line indicating highest 
TPP (which exceeds 
the seeding density of 
maximum profit) occurs at 
a density 7-8 times greater 
than the current situation. 
FARM however, which 
deals only with the local 
scale, determines the end of Stage 2, i.e. highest TPP, as around X15 density. This 
reflects the fact that (i) the ecosystem model data reports what is actually harvested, 
since E2K runs multiple production cycles, typically for periods of 10-20 years, 
whereas FARM reports what is harvestable over one cycle; and (ii) FARM does 
not account for interactions among farms, whereas E2K considers all the farms in 
a particular waterbody. Figure 5 illustrates how E2K model boxes are distributed 
in a system (Carlingford Lough, Ireland), and how this kind of dynamic model is 
combined with GIS to provide the bathymetry, location of aquaculture leases, and 
other features.

In fed aquaculture the law of diminishing returns does not apply directly with 
respect to the food supply, at least on a local scale, given that there is no depletion of 
natural food resources as occurs for instance in bivalve shellfish culture. However, 
the increase in stocking density has other consequences, for instance in the increased 
competition for space and for other factors such as dissolved oxygen. The TPP and 
APP curves (Figure 9) are obtained by progressively increasing the stocking density of 
Litopenaeus vannamei in ponds, using the POND model. At higher densities growth 
is constrained by the reduction in dissolved oxygen, due to increased respiration and 
diagenesis of faeces and uneaten food. The first derivative of the production curve is 
the marginal physical product i.e.:

	                     (Eq. 2)

where: S = stocking density of seed and the elasticity of production Ep is defined 
(Eq. 3) as the percentage change in output (Y) with respect to percentage change in 
input (X):

                                       (Eq. 3)

The model outputs can be used to calculate elasticity of production for a particular culture 
situation (Figure 11), and show that production becomes progressively more inelastic as 
the stocking density increases, i.e. relative changes in seed input have progressively smaller 
effects on production, until they lead to an effective decrease in output. 
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The issue of disease 
is another important 
area for development of 
carrying capacity models. 
The potential disease 
interactions of IMTA (both 
positive and negative), have 
already been discussed, but 
there is very little work 
on combining production 
and animal welfare models, 
although there is substantial 
empirical evidence on the 
association of disease with 
water quality degradation, 
overstocking, relaying, and 

inappropriate feeds. The risks of disease outbreaks can to some extent be spatially 
mapped, and although the models are stochastic, scenarios can be developed that may 
allow for proactive management. An example of this type of risk is the exponential 
growth of Pangasius culture in the Mekong delta, driven by European and US imports, 
and which if uncontrolled will not only have significant effects on product quality and 
market perception, but will also potentially lead to a collapse of the local industry in 
the Socialist Republic of Viet Nam, with serious social consequences.

The level at which carrying capacity and site selection models may be applied 
depends on various factors. In the first instance it is driven by legislation, best practice 
agreements, and by public pressure, usually routed through NGO’s or citizens’ groups. 
Secondly, some models are harder to apply than others, in terms of data requirements, 
cost, and technical expertize. Thirdly, some areas are less amenable to modelling, 
but equally important in decision-making. Foremost is the social component, which 
as previously stated is a key limit to aquaculture expansion in Europe, the US, and 
Canada, and where decisions are largely based on belief. A better integration of models 
for the natural and social systems is an important research area for EAA. Some steps 
(e.g. Nobre et al., 2009) have been taken in that direction, but it is critical for economic 
models to provide feedback to ecological models, to potentially incorporate aspects 
such as employment or market dynamics.

Integration with regulation and governance
Regulation and governance standards in aquaculture vary widely throughout the 
world, which to an extent reflects the prevailing social conditions and priorities.  
Other texts that form part of this volume address these aspects in more detail; we limit 
ourselves herein to highlighting the role that simulation models of various types can 
play in supporting those societal choices.

Current and future issues and bottlenecks
The application of the EAA on a worldwide scale requires the harmonization of (i) 
environmental; (ii) social; and (iii) multi-sectorial planning objectives (Soto, Aguilar-
Manjarrez and Hishamunda, 2008). These three principles and their relative weights are 
by definition different across world regions, making it socially and politically impractical 
to define a standard for uniform compliance with respect to limits and thresholds.

Rather, it is important to establish appropriate approaches, such that within a 
particular world region a gradient can be defined in relative terms, assessing EAA in 
terms of the principles stated above. The three principles of EAA can be mapped onto 
the four pillars of carrying capacity, and illustrated as the overlap of these (Figure 10). 
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The importance (size) of each 
of the circles represented 
will vary regionally, and will 
develop through time based 
on the natural feedbacks 
society provides. 

The practical use of 
models for addressing some 
of the aspects represented 
in Figure 12 depends on 
various constraints (Table 5).

The regulatory level 
provides the initial impetus 
for an EAA approach; 
thereafter two other hurdles 
must be overcome. The 
first is the scientific and 
technological barrier to 
entry with respect to model application which includes financial access, data-poor 
environments, and lack of expertize. The second has already been mentioned, i.e. the 
social aspects that are challenging to model but form a significant part of the EAA. 

Some of these can be addressed using GIS approaches that consider multi-sectorial 
planning (Figure 12), but others are belief-driven and must be included through a 
participative approach.

A 50 percent annual increase in aquatic production is required by 2050 to 
accommodate the needs of the global human population. This increase of 30 MMT 
(Swaminathan, 2010) translates to a net production area of 30,000 km2, for an annual 
yield of 1 kg/m2. The gross area would be equivalent to 100-150 X 103 km2, taking 
into account facilities and processing infrastructure; this is roughly twice the area 
currently under cultivation in the People’s Republic of China. As discussed previously, 
this expansion will not take place in Europe, the United States of America, or Canada, 
but in developing nations. In many Asian countries, the proportion of available land 
occupied by aquaculture is nearing capacity, together with a good deal of the coastline. 
More efficient cultivation methods will increase yields of existing farms, but greater 
environmental awareness will tend to reduce production.

Africa is one of the world regions with the lowest aquaculture production, and 
simultaneously suffers from massive food security problems. It appears therefore 
to have the potential for development of aquaculture as a means to alleviate poverty 

TABLE 5
Application of carrying capacity and site selection models

Regulatory level

Legislation (internal, international, or external, such as import regulations)

Best practice agreements (certification etc)

Public pressure (NGOs, citizens’ groups…)

Drivers

Scientific and technical level

Difficulty in model implementation

Data requirements, cost, expertize

Feasibility

Some areas less amenable to modelling

Social component

Belief-driven, but equally important

Inclusion
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and increase the food 
supply to local populations. 
However due to restrictions 
in access to water, land-
based aquaculture would 
need to be confined to 
areas with adequate rainfall, 
whereas other areas, 
particularly in the Indian 
Ocean, are suitable for 
offshore aquaculture. The 
challenge is to ensure this 
development follows an 
ecosystem approach, rather 
than one that neglects the 
protection of natural and 
human capital. 

Recommendations
It is clear that virtual 

technologies, whether 
they be GIS, satellite 
remote sensing, dynamic 
models, or others, can play 
a huge role in addressing 
the physical, production, 
and environmental pillars 
of site selection and 
carrying capacity. From the 
environmental perspective, 
which is the focus of this 
review, the examples 
provided illustrate the value 

of such tools. However, models need to be more production- and management-oriented, 
and adapt to local realities and conditions. This requires a more effective linkage 
between industry and research to create objective-led demand for virtual technology-
driven RTD, and a clear view of the business models that might support it.

In parallel, research into improved models for social aspects, and for the 
connection to environmental aspects, needs a much greater effort. This will establish 
a more quantitative basis for discussion and for decision-making, enabling a better 
understanding of trade-offs.

Distributed computing, and in particular the use of smartphone technology to 
combine location data, Web communication, and computational applications, is a 
paradigm shift at least as important as the appearance of the world wide web in the 
1990’s. It has great potential in bridging the information gap in many thematic areas, 
and should certainly be used to improve the understanding of aquaculture-environment 
interactions, simulate local conditions in real time, and interpret the outputs of sensors.

Aquaculture is particularly important to developing countries, where it is not only 
critical in supporting healthy food provision but is also an important source of income 
for local communities. These nations often have a comparative advantage, i.e. it makes 
sense economically for resources to be used in aquaculture production, because it can be 
done at a lower cost than in developed countries. It is important however that production 
in developing countries should not translate into negative environmental externalities 
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considered unacceptable in the developed world. The modelling approaches discussed 
in this review and in Ferreira et al. (2010), together with currently emerging work, 
promise exciting times ahead for the role that virtual technologies will increasingly play 
in implementing an ecosystem approach to aquaculture.
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