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Abstract

Ecological intensification is a new concept in agriculture that addresses the double

challenge of maintaining a level of production sufficient to support needs of

human populations and respecting the environment in order to conserve the nat-

ural world and human quality of life. This article adapts this concept to fish farm-

ing using agroecological principles and the ecosystem services framework. The

method was developed from the study of published literature and applications at

four study sites chosen for their differences in production intensity: polyculture

ponds in France, integrated pig and pond polyculture in Brazil, the culture of

striped catfish in Indonesia and a recirculating salmon aquaculture system in

France. The study of stakeholders’ perceptions of ecosystem services combined

with environmental assessment through Life Cycle Assessment and Emergy

accounting allowed development of an assessment tool that was used as a basis

for co-building evolution scenarios. From this experience, ecological intensifica-

tion of aquaculture was defined as the use of ecological processes and functions to

increase productivity, strengthen ecosystem services and decrease disservices. It is

based on aquaecosystem and biodiversity management and the use of local and

traditional knowledge. Expected consequences for farming systems consist of

greater autonomy, efficiency and better integration into their surrounding territo-

ries. Ecological intensification requires territorial governance and helps improve

it from a sustainable development perspective.

Key words: agroecology, ecosystem services, emergy accounting, life cycle assessment,

perception, system.

Introduction

Aquaculture context

Worldwide demand for aquatic products is growing due to

population growth and increased fish consumption per

capita (+13% from 2000 to 2012), and this demand is

expected to increase by 57% between 2005 and 2050 (FAO

2014). As fishery catches have probably reached their max-

ima, this growing demand for aquatic products can only be

met by aquaculture. Aquaculture production has steadily
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increased worldwide since the 1980s, and uncontrolled

intensification of production in some regions has led to

environmental and social problems (Troell et al. 2014).

The percentage of nonfed species in the total volume of

production has declined from more than 50% in 1980 to

30% in 2012 (FAO 2014), due mostly to changes in Asian

cultural practices. Most Asian countries have intensified

freshwater production by introducing formulated feeds

into traditional production systems. Edwards (2015) high-

lights that the use of formulated feed is the main driver of

aquaculture expansion, but it is associated with an increase

in environmental damage. He suggests that aquaculture

companies must consider ‘realistic external costs of envi-

ronmental services’. Aquaculture faces environmental chal-

lenges in its efforts to increase both quantity and quality of

production without increasing negative externalities. Aqua-

culture depends on natural resources provided by vulnera-

ble ecosystems (Larsson et al. 1994; Naylor et al. 2000) and

may also impact biodiversity and the ecological functioning

of the exploited ecosystems. Moreover, aquaculture

increasingly competes with livestock and human popula-

tions for agricultural products and the land necessary to

grow them, as well as with other human activities such as

industry and tourism. According to Edwards, aquaculture

can help use nutrients, land and freshwater more efficiently

to provide human food, but the coexistence of agriculture

and aquaculture requires further study (especially when

there is competition between rice and fish pond systems).

Several studies have been conducted to understand and

assess material flows between ponds and agriculture at the

regional or production-system scale, especially in Vietnam

(Nhan et al. 2007; Phong et al. 2010). The high human

population density in Asia, especially in Vietnam, indicates

that integrating ponds and waste may be insufficient to

improve regional and aquaculture system sustainability

(Nhan et al. 2008). Consequently, understanding the con-

ditions involved in integrating aquaculture–agriculture
requires using specific social approaches and sometimes

modelling, as shown for freshwater pond systems (Bosma

et al. 2006) or coastal shrimp farming (Joffre et al. 2015).

The rapid growth of aquaculture is concomitant with

warnings about the limited ability of the planet to sustain

human population growth, and sustainable limits are often

exceeded, resulting in biodiversity losses, climate change

and disruptions in nitrogen cycling (Steffen et al. 2015).

Globally, the food system must meet growing human

demand with a sustainable and steady supply of food that

ensures food security for all populations, while also limiting

climate change and sustaining biodiversity and ecosystem

services (Foresight 2011). The role of aquaculture in the

resilience of the global food system can be discussed in the

light of its product diversity and reliance on feed ingredi-

ents (Troell et al. 2014). Therefore, as claimed for

agriculture, it is necessary to design new aquaculture sys-

tems to increase product quantity and quality while pre-

serving the environment and, from a sustainability

perspective, considering economic robustness, develop-

ment of high-quality jobs and building of new relationships

among producers, consumers, and the production systems

and their associated products.

Principles of ecological intensification

Since the 1930s, agriculture has been driven towards sim-

plified intensive systems that rely upon fossil fuels and

agrochemicals and produce few types of crops and culti-

vars. These factors have significantly increased crop yields

and animal production, although they have plateaued since

the 2000s (Griffon 2006). Large-scale use of agrochemicals

in intensive monocultures has degraded ecosystems and

decreased biodiversity. Concern initially focused on

impacts of cropping systems, but livestock systems also

degrade the environment, especially due to water consump-

tion, greenhouse gas emissions and nutrient losses (FAO

2006). These impacts decrease the provision of ecosystem

services and, consequently, limit potential agricultural pro-

duction (Bommarco et al. 2013). Given the negative

impacts of intensive agriculture, farmers and scientists have

promoted new pathways for agricultural practices that are

based more on ecosystem functioning and biological regu-

lation.

The concept of ecological intensification of agriculture

was developed to create new perspectives. ‘Ecological inten-

sification’ seems less ambiguous and more useful for chang-

ing agriculture than ‘sustainable intensification’ (Petersen

& Snapp 2015), and it encompasses different ideas and

viewpoints. For instance, Cassman (1999) advocates for

increasing crop yields to sustain the increasing demand

without causing environmental damage, while Griffon

(2010, 2013) interprets it as intensive use of ecological

functions to manage agricultural systems. The latter defini-

tion refers directly to principles of agroecology, which seeks

to mimic natural processes involved in ecosystem produc-

tivity, efficiency, stability and resilience (Mal�ezieux 2012).

Agroecology may refer to a practice, a science (Dalgaard

et al. 2003) or a movement (Wezel et al. 2009). Agroecol-

ogy emerged as a science in the 1930s, but was popularized

by Altieri in the 1990s (Altieri 1995). Later, Altieri (2002)

developed five principles especially dedicated to small-scale

farming systems: (i) recycle biomass and balance nutrient

flows; (ii) achieve and maintain soil conditions (e.g.

organic matter, soil biotic activity) that favour plant

growth; (iii) minimize losses of solar energy, air, water and

nutrients (e.g. microclimate management, water harvesting,

soil cover); (iv) increase species and genetic diversity in

time and space and (v) increase beneficial biological
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interactions that promote key ecological processes and ser-

vices. Dumont et al. (2013) adapted these principles to ani-

mal-production systems: (i) adopt management practices

that improve animal health, (ii) decrease the inputs needed

for production, (iii) decrease pollution by optimizing the

metabolic efficiency of farming systems, (iv) increase diver-

sity to strengthen system resilience and (v) adapt manage-

ment practices to conserve biological diversity. Both sets of

principles are based on two concepts: (i) recycling nutrients

and energy within agroecosystems increases their efficiency

(i.e. increases productivity, decreases losses and pollutant

emissions) and (ii) maintaining diversity (mainly biodiver-

sity) increases resilience, stability and robustness of agroe-

cosystems. An agroecosystem is an ecosystem modified and

managed by humans to extract resources through agricul-

ture. This concept is complex due to the interaction

between socioeconomic and ecological processes (Conway

1987; Garbach et al. 2014).

Agroecology highlights the importance of local

knowledge and farmers’ experience in defining adapted

practices (De Schutter 2010). Participatory approaches

(co-construction) facilitate adaptation of innovations to

the context, increase their legitimacy and help stakeholders

adopt them. Dor�e et al. (2011) claimed that ecological

intensification requires considering additional sources of

knowledge, including farmers’ knowledge and knowledge

of natural ecosystem functioning.

When discussing ecological intensification, several

authors refer to ecosystem services. Ecosystem services

are generally defined as services that natural ecosystems

provide to humans, but precise definitions tend to follow

two viewpoints. For some, natural ecosystems provide

the ecosystem services that subsequently support agricul-

tural production (Bommarco et al. 2013), while for

others, agroecosystems themselves provide these ecosys-

tem services (Dor�e et al. 2011; Griffon 2013). Thus, an

agroecosystem can be considered an ecosystem, with a

set of associated services and disservices (negative

impacts) that it provides. The Millennium Ecosystem

Assessment (2005) divides ecosystem services into four

categories: provisioning, regulation, cultural and support

services. This classification highlights interactions and

tradeoffs among services. Nevertheless, identification

and valuation of ecosystem services remain complex and

potentially controversial (Costanza et al. 2014), and using

them to characterize agricultural practices may be prob-

lematic. More recently, new frameworks have been

designed to update the classification of ecosystem services

proposed by the Millennium Ecosystem Assessment

(2005):

• The Economics of Ecosystems and Biodiversity (Sukhdev

et al. 2010), a classification based on an economic

approach

• Common International Classification of Ecosystem Ser-

vices (Haines-Young & Potschin 2013), which differenti-

ates supporting and intermediate services, final services

and goods and benefits

• Final Ecosystem Goods and Services – Classification Sys-

tem (Landers & Nahlik 2013), which classifies ecosystem

services and distinguished them from goods concept.

• Intergovernmental Science-Policy on Biodiversity and

Ecosystem Services (D�ıaz et al. 2015), which focuses on

the benefits that nature provides to humans

There is intense work on and discussion about the

concept of ecosystem services and their benefits to

humans, as they inverse the concept of human impacts

on the environment and revise relations between humans

and ecosystems.

Development of ecologically intensive agriculture has

diverse consequences and generates multiple restrictions on

agricultural production (Cassman 1999; Griffon 2013).

Combining agroecology and ecosystem services to define

ecologically intensive practices or development models

entails more complex technical management of agriculture

and landscape planning than in conventional agriculture.

Ecologically intensive practices have to strengthen ecologi-

cal solidarity among stakeholders, as has occurred in natu-

ral parks (Mathevet et al. 2010). Therefore, ecologically

intensive agriculture is intensive not only in ecological

functions but in knowledge, which is required to carefully

manage interactions between natural ecosystems and farm-

ing systems and their uses.

Ecological intensification implies considering the vulner-

ability of farming systems to environmental variations (in-

cluding climate change) to improve their resilience. It

reinforces functions and adaptability of agroecosystems,

which include the natural environment, farming systems

and the territories in which they exist.

Initiatives in aquaculture

Introducing ecological principles in production-system

management is not new in aquaculture. Edwards (2015)

advocates revisiting traditional Asian aquaculture practices

and combining them with modern practices. Bosma and

Verdegem (2011) developed criteria for the ecological sus-

tainability of pond systems, focusing first on decreasing

aquaculture’s inherent risks and environmental impacts,

especially those on biodiversity. Direct reference to agroe-

cology in aquaculture appears in different studies; for

example, when studying changes in the use of native species

in small farming systems after changing farming practices

in Bangladesh (Mazumder & Lorenzen 1999) or when

studying integration of aquaculture ponds in agriculture

systems in Thailand (Pant et al. 2004).
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Ecological aquaculture (Costa-Pierce 2002) ‘not only

brings the technical aspects of ecosystems design and eco-

logical principles to aquaculture but also incorporates, at

the outset, social ecology, planning for human community

development, and concerns for the wider social, economic

and environmental contexts of aquaculture’ (Costa-Pierce

2010). Ecological aquaculture greatly inspired the ecosys-

tem-based approach to aquaculture (EAA) described and

promoted by the FAO (Soto et al. 2008). EAA is not con-

sidered a new approach; it is more an attempt to construct

a common framework. EAA promotes greater considera-

tion of ecosystem functions and services in production-

system design, focuses on improving human well-being and

equity and promotes greater integration of aquaculture into

its economic and biophysical contexts. Soto et al. (2008)

identified three main principles to guide EAA: (i) aquacul-

ture development and management should consider the full

range of ecosystem functions and services and should not

hinder their sustained delivery to society; (ii) aquaculture

should improve human well-being and equity for all rele-

vant stakeholders; and (iii) aquaculture should be devel-

oped within the context of other sectors, policies and goals.

One key point is not to consider the aquaculture system as

a separate activity but as a part of a larger system that

includes and influences the landscape. Therefore, integrat-

ing aquaculture with other human activities, mainly agri-

culture, is an essential factor to understand its influence on

the sustainable development of a region. The EAA covers a

wide range of aquaculture systems and practices at different

scales. For example, in a pond system, fish yield depends

directly on pond productivity, especially the natural food

web. Ancient Chinese polyculture based on behaviour and

trophic complementarity has endured for thousands of

years. One way to intensify fish production is to strengthen

the natural food web using fertilizer, organizing the species

complementarity and using adapted techniques (support

for periphyton, aeration, activated suspension techniques,

etc.; Azim & Little 2006). In certain Asian countries, it is

relatively widespread to use plants from ponds and the sur-

rounding environment as fish feed. For example, Black

Thai fish farmers in northern Vietnam use an average of

196 kg of fresh leaves day�1 ha�1 in their polyculture

ponds (Pucher et al. 2013), and on the island of Java

(Indonesia) feeding giant taro (Alocasia macrorrhizos)

leaves to giant gourami fish (Osphronemus goramy) is an

ancient practice (Huet 1956) that largely still occurs today.

Floating aquatic macrophytes may also help to improve

aquaculture system productivity (by producing fish feed

and improving water quality). Their use has been studied

in experimental and field trials in many Asian countries

(see Hasan and Chakrabarti (2009) for a review). Other

floating plants, such as Azolla sp. and some duckweed gen-

era (Lemna, Wolfia, Wolfiella and Spirodela), have

nutritional value for fish and in certain conditions can pro-

vide other beneficial ecological properties and ecosystem

services (Tsuruta et al. 2011; Zhao et al. 2014).

Recirculating aquaculture systems provide new perspec-

tives for water resource use, in feed efficiency and

water-quality monitoring and may contribute to influence

sustainable development of aquaculture (Martins et al.

2010). This system could evolve due to the technical

improvements in the water treatment loop and through the

integration of species from different multiple trophic levels

for the recycling of nutrients. These developments could

therefore approach ecological aquaculture concepts.

The development of sustainable aquaculture schemes

plans is not straightforward. Considering the three dimen-

sions (i.e. social, economic and environmental) does not

help to propose practical objectives and their declination in

technical or organizational arrangements. Different codes of

conducts were produced and helped to fish farmer aware-

ness and to the application of responsible practices (Boyd

2003). Nevertheless, the standards development sometimes

failed to improve sustainability (Belton et al. 2009).

Rationale of the study

Given the challenges facing aquaculture, which combine

the objectives of increased production and environmental

conservation, it appears particularly relevant to adapt the

concept of ecological intensification and to define pathways

that will allow stakeholders, including fish farmers, to

endorse the concept and put the guidelines into practice.

Therefore, a group of scientists from aquaculture, aqua-

tic ecology and social sciences launched a multidisciplinary

project to adapt ecological intensification to aquaculture,

develop and test a method to implement it in aquaculture

and define principles and pathways to implement it. To

reach these objectives, ecological intensification was

adapted based on agroecological principles and the ecosys-

tem service framework. The multidisciplinary approach

involved stakeholders (e.g. fish farmers, members of the

value chain, local inhabitants, regional managers) from dif-

ferent study sites to co-design ecologically intensive farm-

ing systems adapted to different contexts. The study sites

(France, Brazil and Indonesia) benefit from a wide range of

perspectives due to the economic and biophysical diversity

associated with their differing models of aquacultural

development.

Materials and methods

Case studies

The case studies (Table 1) were chosen to cover a wide

range of situations, from extensive to intensive aquaculture

and different social and cultural environments. They were
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characterized according to the representativeness of their

specific aquacultural issues, the amounts of inputs (espe-

cially feed) they used, the productivity per ha, the expected

variety of ecosystem services provided by the aquaecosys-

tem and local and scientific partnership. They are presented

in a gradient from the least to most intensive.

Large pond farms (from 1 ha to several hundred ha) in

Lorraine and Brenne (France) are devoted to the polycul-

ture of cyprinids; the main species are common carp

(Cyprinus carpio), roach (Rutilus rutilus), rudd (Scar-

dinius erythrophthalmus), tench (Tinca tinca) and preda-

tors such as pike (Esox lucius) and European perch

(Perca fluviatilis). The production system is fed mainly nat-

ural autotrophic biomass (primary production), generally

sustained by nutrients from watersheds and sometimes

additional fertilizer. Formulated feeds or cereals may be

used during part of the cycle, mainly as nutritional

supplements. Although fish yields are low, ranging to 50–
300 kg ha�1 year�1, pond farming is considered a patri-

monial activity that supports a specific biodiversity of

habitats and species (especially birds, amphibians, insects

and aquatic plants), forms part of the landscape and regio-

nal wildlife parks (Parcs Naturels R�egionaux de Brenne et

Lorraine, Ramsar Convention of Wetland sites, Habitats

Directive of the European Union) and supports recre-

ational activities. Due a decrease in the fish restocking mar-

ket, the low profitability of aquaculture has led to

progressive abandonment of pond farming in favour of

managing pond areas for hunting, leisure activities or

nature conservation; this has led to the natural closing of

vegetation which decreases biodiversity in ponds and sur-

rounding wetlands. Moreover, the environmental impacts

of ponds, especially when drained, are controversial (Banas

et al. 2008).

Integrated pig and fish production was studied in Santa

Catarina state in Brazil. Production is based on a polycul-

ture developed in the 1990s to optimize the food web, using

common carp and/or Nile tilapia (Oreochromis niloticus) as

the main species, combined with herbivorous carp

(Ctenopharyngodon idella), phytoplanktivorous silver carp

(Hypophthalmichthys molitrix) and zooplanktivorous big-

head carp (Hypophthalmichthys nobilis). Pigsties are

installed over the ponds, and the pig manure sustains pond

productivity according to two different systems. The first

one, MOCAPI, uses only pig manure as a nutrient source

and includes a variety of local fish species: jundi�a

(Rhamdia quelen), cascudo (Hypostomus sp.) and pacu

(Piaractus mesopotamicus). This system produces 4–6 t

of fish ha�1 year�1 (Casaca et al. 2005). The second one,

MAVIPI, is more intensive because, along with pig manure,

formulated feed is added and a surface aerator is used to

homogenize the water nutrient concentration and increase

the dissolved oxygen concentration when fish growth

rate plateaus. Fish yields can reach 10–12 t ha�1 year�1.

The quality of effluent outlet water from these two systems

is controversial, and environmental regulation is about to

ban these systems from the vicinity of rivers, which threat-

ens their future development.

In the district of Muara Jambi in Sumatra, Indonesia,

striped catfish (Pangasianodon hypophthalmus) is produced

in an intensive monoculture in earthen ponds. This system

was initially developed to diversify agricultural production

after an economic crisis in the 1990s, when pineapple pro-

duction, the only crop adapted to the site’s acidic soils, was

in jeopardy. This system has expanded considerably in the

district over the past 10 years, and more than 4,000 ponds

now exist. The small earthen ponds (�0.3 ha) are fed

mainly by the water table. Fingerlings with a mean weight

of 5 g are stocked in the pond at a mean density of 15 indi-

viduals per m2 for a growing cycle of 6 months. Fish are

fed ad libitum twice a day with crumb feed (36–40% pro-

tein) during the first 2 weeks of rearing and then receive a

pelleted feed with gradually increasing diameter and

decreasing protein content. Mean fish production is

76 t ha�1 cycle�1 (i.e. 152 t ha�1 year�1), with a feed con-

version ratio of 1.5–2.2 depending on feed composition

and feeding practices. Fish feed is commercial or home-

made, in which case it is based on trash-fish meal and agri-

cultural coproducts (e.g. rice bran and middling, cotton

meal). After a period of intense development, the price of

striped catfish decreased, while the price of feeds and feed-

ingredients increased; this greatly decreased profitability

and thus threatened the economic viability of the system.

A salmon (Salmo salar) recirculating aquaculture system

(RAS) is located on the shore of the Basse-Normandy

region (western France) in a natural park (Parc Naturel

R�egional des Marais du Cotentin et du Bessin, Ramsar site).

The farm uses brackish groundwater pumped from a depth

Table 1 Main characteristics of the refers production systems studied

System Main issues Input use Yields Assumed initial diversity of ecosystem services

Extensive ponds in Lorraine and Brenne (France) Profitability

Environment

Very low Very low High

Integrated pig - pond system in Santa Catarina (Brazil) Regulation Low High Medium

Intensive striped catfish pond (Indonesia) Profitability Very high Very high Low

Salmon recirculating aquaculture system (France) Environment Very high Very high Low
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of 15 m (water temperature ranges from 10°C in winter to

16°C in summer and salinity is 25&) and filtered to

decrease iron concentration to 0.01 mg L�1. The RAS is

composed of separate production units that include a rear-

ing tank equipped with its own water treatment loop to

extract solids, nitrify dissolved ammonia (with mechanical

and biological filters) and maintain acceptable oxygen and

carbon dioxide concentrations. Fish are fed formulated feed

with a high percentage of fish-based ingredients (77% fish

meal and oil, and no vegetable oil, for optimal flavour),

and water velocity in the tank is kept at �25 cm s�1 to

optimize fish welfare through swimming. Final fish density

is �100 kg m�3, and salmon are sold in high-quality niche

markets. Total fish production was 50 t year�1 (from 2010

to 2014) and reached 150 t in 2015. The quantity of inlet

water is about 1 m3 per kg feed, and the sludge is used as

organic fertilizer for nearby crops. Nevertheless, emissions

of dissolved nitrogen and phosphorus are an issue, espe-

cially for shellfish farmers downstream in the bay. Interac-

tions with local people are few because the fish farm is very

private. This production system has high energetic effi-

ciency (Wilfart et al. 2013).

Conception loop

We defined a conception loop based on a multidisciplinary

approach. We conceived (i) a representation of aquaecosys-

tems that illustrates the state of ecological intensification,

(ii) a definition of ecological intensification specific to

aquaculture, (iii) defined pathways to ecologically intensive

aquaculture and (iv) principles to stimulate the emergence

of new fish farms. The steps of this loop (Fig. 1) include (i)

assessment of a study site (i.e. aquaecosystem typology,

analysis of the perception of ecosystem services, environ-

mental assessment), which defines the initial state of eco-

logical intensification; (ii) co-design of improvement

scenarios; (iii) co-design and conducting of experiments;

(iv) analysis of experimental results; (v) adaptation of sce-

narios to define; and (vi) recommendations, principles and

pathways. See the guide of Aubin et al. (2014) for more

detailed description of the steps of this loop.

Defining aquaecosystem types

As performed for agroecosystems, we defined an aquae-

cosystem as a human-managed aquatic ecosystem oriented

towards the provision of ecosystem services, including pro-

visioning services (Fig. 2). The aquaecosystem is described

as an integration of subsystems: the farming system, the ter-

ritory, ‘resource ecosystems’ and ‘receiving ecosystems’.

Resource ecosystems are the ecosystems affected by, or

involved in, the inputs supplied to the farming system.

These include support ecosystems that produce feed ingre-

dients, such as terrestrial agroecosystems for crop ingredi-

ents or marine ecosystems for fish meal and oil.

Downstream, the same concept can be used for receiving

ecosystems, which are the locations where aquaecosystem

services and disservices are expressed. The connected aqua-

tic ecosystem can be affected by outflow water from the

farming system, but distant ecosystems can also be affected,

such as those in which migrating species (e.g. birds) spend

Figure 1 Conception loop for ecological intensification of aquaculture.
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part of their life cycle or those that receive fish for restock-

ing. The concept of receiving ecosystem can be extended to

the social system that uses products (provisioning service)

from the farming system (consumers). In the aquaecosys-

tem, a territory is defined as a continuous area or neigh-

bouring landscape units with a set of soil and climate

conditions and a system of governance. A territory is where

interactions and coordination with other human activities

occur. In some cases, a territory can be confused with

receiving and resource ecosystems, as the same territory

can support production of resources and receive services

and disservices from farming systems. In other cases, both

the territory and the receiving or resource ecosystems can

overlap for certain management flows or be clearly discon-

nected. The farming system is where farmers’ management

activities occur. It supports fulfilment of production objec-

tives through rearing practices, which are influenced by

regulations (economic, environmental and social) imposed

on the farming system.

Assessing ecological intensification

As defined above, ecological intensification is based on

principles of agroecology and ecosystems services. Altieri

and Toledo (2011) underlined that agroecologic systems

are systems relied on local innovation, resources and solar

energy and far away from fossil fuel-based production.

Therefore, ecological intensification was assessed using

social and biophysical approaches.

Social approach. As no generic list of ecosystem services

specific to fish farming was available, the list from the Mil-

lennium Ecosystem Assessment (2005) was adapted to fish

farming, based on the literature and multidisciplinary

knowledge, to provide a reference list for the subsequent

surveys. The complete list contains 28 ecosystem services

(Table 2). To assess local knowledge and perceptions of

ecosystem services, farmers and other stakeholders

(Table S1) were interviewed using semi-structured ques-

tionnaires (Blayac et al. 2014; Math�e & Rey-Valette 2015).

Understanding perceptions of ecosystem services requires

precise survey protocols (Kaplowitz 2000; Kaplowitz &

Hoehn 2001; Kumar & Kumar 2008; Qu�etier et al. 2010).

Therefore, our questionnaire combined closed-ended (rank-

ing along a scale (Duc 2008)) and open-ended questions

(spontaneous perceptions). The open-ended questions,

placed at the beginning of the questionnaire, helped identify

perceptions without mentioning the concept of ecosystem

services. Interviewees were then asked to rank the 10 services

they valued most from the reference list. Unlike the open-

ended questions, the list suggested services that may not

have spontaneously come to mind. As well as the perception

of services, multiple structural and functional characteristics

of fish farms were also studied, as in previous studies assess-

ing aquaculture sustainability (Lazard et al. 2009).

Services were assigned to three categories based on the

value of natural capital developed by Petrosillo et al.

(2013): (i) economic value, related to economic opportuni-

ties generated by the aquaculture system; (ii) biological

value, related to supporting and regulation services; and

(iii) cultural value, related to heritage and recreational ser-

vices. A comparison method was used to analyse the per-

centage of services mentioned by farmers and other

stakeholders (frequency of citations related to the number

of individuals interviewed). To quantify the services valued

Figure 2 Aquaecosystem components involved in ecological intensification. Adapted from Griffon (2013).

Reviews in Aquaculture (2017) 0, 1–19

© 2017 Wiley Publishing Asia Pty Ltd 7

Ecological intensification in fish farming

CORRECTED PROOF



most among the three countries, we calculated the percent-

age of individuals who mentioned each service out of the

total number of individuals interviewed for each site.

Biophysical approach. Material flows associated with the

production systems were analysed using Life Cycle Assess-

ment (LCA) applied to aquaculture (Pelletier et al. 2007; Pel-

letier & Tyedmers 2008; Henriksson et al. 2011; Aubin 2013)

and using Emergy accounting (Wilfart et al. 2012a, 2013).

LCA is a standardized method (ISO 2006a,b) to assess poten-

tial impacts associated with producing a product; it estimates

resources consumption and emissions into the environment

at all stages of its life cycle, from raw material extraction to

its end of life (Guin�ee et al. 2002). LCA was performed using

two functional units: one ton of fish and one ha of on-farm

water. The LCA potential impact categories selected for this

study are traditionally used in LCA of aquatic products (Pel-

letier et al. 2007). Eutrophication, acidification, climate

change, land competition and water dependence originate

from the CML2 Baseline 2000 method (Guin�ee et al. 2002).

Net primary production use is defined by Papatryphon et al.

(2004), and total cumulative energy demand is calculated

according to Frischknecht et al. (2004).

Emergy is the amount of energy (in solar-energy equiva-

lents) that is directly or indirectly required to provide a

given flow or storage of energy or matter (Odum & Peter-

son 1996). Emergy accounting provides indicators to esti-

mate energy quality and efficiency throughout the life cycle.

Tables S2 and S3 in the supporting information provide

details about Emergy indicators. These two approaches

were chosen because they are complementary and reflect

links between the farming system and the aquaecosystem.

Moreover, environmental impacts reflect the amounts of

inputs used and the amounts and fates of matter leaving

the farming system. They are compatible because their

inventory stages (i.e. data collection) can be conducted

simultaneously (Wilfart et al. 2013). LCA and Emergy

accounting were performed for a sample of farms at each

study site: 30 polyculture farms in France, 20 integrated

polyculture farms in Brazil, 15 striped catfish farms in

Indonesia and 1 salmon RAS in France. We developed a tool

called PISC’n’TOOL to standardize inventories and indica-

tor calculations (Wilfart et al. 2012b). It considers variability

in practices and environmental performances in aquaculture

systems (Aubin et al. 2015). Social implications of aquacul-

ture systems were studied using social LCA (Math�e 2014)

and innovation capacity analysis (results not shown).

Constructing and testing scenarios

Scenarios were constructed and tested in multiple steps,

from design, to experimentation, to evaluation. Using the

survey and assessment information, along with specific data

about the production context, the state of ecological inten-

sification was assessed for each case study. LCA and Emergy

accounting results were included in this stage as they iden-

tified hotspots in the systems and main contributors to

environmental impacts. In parallel, the ecosystem services

hierarchy helped define stakeholders’ needs from and

expectations about aquaculture systems at each site. Gen-

eral guidelines were established for each production system,

which included elements of the assessment and principles

of ecological intensification in aquaculture (Fig. 1). The

stakeholders prioritized the guidelines within working

groups, and scenarios for possible evolution were designed

using procedures adapted to each case study. Some evolu-

tion scenarios were co-constructed with stakeholders, while

others were proposed by scientists and then discussed and

adapted by stakeholders.

Table 2 Major ecosystem services adapted to aquaecosystems

Ecosystem services

Provisioning Regulation Cultural Support

• Production of fish

• Production of fibre

• Production of medicines

• Production of fertilizers

• Freshwater reservoir

• Provision of
combustible materials

• Climate regulation

• Hydrological
regulation

• Retention and
decontamination
of pollutants

• Protection from fire

• Protection from floods

• Protection from diseases

• Preserving traditional
practices

• Preserving religious
practices

• Artistic inspiration

• Sentimental value

• Source of knowledge

• Source of
environmental
education

• Landscape quality

• Ecotourism

• Leisure

• Hunting and angling

• Plankton production

• Biodiversity protection

• Wetland protection

• Refuge areas for migrating species

• Reproduction areas for migrating
species

• Involvement in nutrient cycles
(N, P, C)
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Experiments were designed and performed after con-

structing the scenarios. In certain case studies, experiments

were performed directly on fish farms along with fish farm-

ers, while in others they were performed in experimental

facilities. The experiments were performed over 1–2 pro-

duction cycles. Results of the experiments were shared with

project partners, farmers and other stakeholders of each

case study. Degrees to which the concepts and technical

applications were adopted varied.

To present assessment results using a qualitative scale,

we divided them into five classes (A, B, C, D, E) with 20%

relative value each, using the highest value observed for

each indicator among all sites and fish farms as 100%. ‘A’

represents the 20% most favourable situations (i.e. lowest

negative impacts), and ‘E’ represents the 20% least favour-

able situations.

Results

Elements of assessment

Environmental assessment: consumption from resource ecosys-

tems and emissions to receiving ecosystems

Performance profiles of the systems varied greatly among

indicators and functional units (Table 3 and Table S4).

The extensive pond system in France showed a contrasting

profile. For LCA indicators per ton of fish, performance

was low (class E), especially for input use (i.e. land, water,

anthropogenic energy use), due to its low productivity

(�300 kg ha�1 year�1). Conversely, for LCA indicators

per ha, all impact categories lay in the best class (A) except

for land competition (C), which had a low performance.

According to Emergy indicators, this system, based on

natural productivity, used renewable energy inputs well,

depended less on the economic sphere and had a good

performance in % of renewability (A) and the best Emergy

sustainability index (A). Nevertheless, its ability to trans-

form overall energy (Transformity) was low.

The integrated pig and fish pond system in Brazil had

more balanced results among methods and functional

units. It had relatively low environmental impacts accord-

ing to LCA indicators per ton of fish or per ha for climate

change (B/A), energy use (A) and net primary production

(NPP) use (A). This profile indicated generally good effi-

ciency in input use, but with a risk of nutrient emissions,

indicated by high eutrophication (E) and acidification (E)

per ton of fish. For LCA indicators per ha, the high land

competition (E) demonstrated the dependence of pig and

fish feed on plant-based ingredients. Its overall good per-

formance among Emergy indicators revealed high efficiency

Table 3 Mean qualitative ranking of the study systems according to LCA indicators per ton of fish, LCA indicators per ha of on-farm water area and

Emergy accounting ratios. Letters represent mean values converted into five classes (A, B, C, D and E) with 20% relative value each, using the highest

value observed for each indicator among all sites and fish farms as 100%. ‘Extensive pond Fr.’ refers to extensive ponds in Lorraine and Brenne

(France); ‘Integrated pig-pond Br.’ refers to integrated pig-pond system in Santa Catarina (Brazil); ‘Int. striped catfish Ind.’ refers to intensive striped

catfish ponds in Sumatra (Indonesia); ‘Salmon RAS Fr.’ refers to a salmon Recirculating Aquaculture System (France)

Method/indicator Extensive pond Fr. Integrated pig-pond Br. Int. striped catfish Ind. Salmon RAS Fr.

LCA per ton of fish

Acidification C E D C

Eutrophication C E C E

Climate change C B A E

Tot. cum. energy demand E A A E

Net primary production use A A A E

Land competition E A A A

Water dependence E B A A

LCA per ha of water

Acidification A B E C

Eutrophication A B D E

Climate change A A B E

Tot. cum. energy demand A A A E

Net primary production use A A A E

Land competition C E E E

Water dependence A E C D

Emergy accounting

Transformity E C A E

% Renewability A A C C

Emergy yield ratio A A A A

Emergy investment ratio B C E D

Environ. loading ratio B C E E

Emergy index of sustainability A B D D
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in energy use, especially in renewable sources (A), and

therefore a good level (B) of sustainability.

The intensive striped catfish pond system in Indonesia

had low environmental impacts (class A) for LCA indica-

tors per ton of fish, especially for climate change, energy

use, NPP use, land competition and water dependence.

This performance was not observed when calculating LCA

indicators per ha (except for energy use and NPP use,

which remained in class A). This was because the high pro-

ductivity (�40 t ha�1 year�1) increased nutrient emissions

per ha (class E for acidification, class D for eutrophication).

Among Emergy indicators, its high dependence on nonre-

newable energy sources induced low performance (E) in

the Emergy investment ratio and the environmental load-

ing ratio and a low Emergy sustainability index (D); how-

ever, the system was able to transform efficiently the

different forms of energy in fish, as shown by its Transfor-

mity (A).

The salmon RAS in France had relatively high environ-

mental impacts (class E) in LCA indicators per ton of fish

and per ha for eutrophication, climate change, energy use

and NPP use. This profile was due to high productivity

(lower than that for striped catfish ponds, however) com-

bined with a high dependence on purchased energy and on

fish oil and meal in fish feed. Potential eutrophication was

high (class E), despite internal water treatment. The need

for plant-based ingredients in fish feed induced high land

competition per ha (E), which was the opposite of its good

ranking (A) when calculated per ton. LCA indicators agreed

with the Emergy indicators, which indicated dependence

on nonrenewable energy through the Emergy investment

ratio (D) and the environmental loading ratio (E). The sys-

tem’s Transformity (E) and Emergy sustainability index

(D) were low, as they were for the striped catfish system.

Perception of services: services provided to the receiving ecosys-

tem

Perceptions of provisioning services provided to the receiv-

ing ecosystem tended to concentrate on a few components

(fish, freshwater and plants) among systems (Table 4; Figs

S1–S3). Perceptions about regulation support and cultural

services were more diverse. For extensive polyculture ponds

in France, biodiversity and the natural quality of the aquae-

cosystem were perceived as important. Perceptions of ser-

vices were similar for the integrated pig and pond system in

Brazil, with particular focus on hydrological characteristics.

For striped catfish ponds in Indonesia, perceptions were

the most diverse, with a wider variety of provisioning ser-

vices and a great focus on shared knowledge. The salmon

RAS system in France had the fewest perceived services,

perhaps because of its disconnect with the local environ-

ment (indoor system). Its high recognition of heritage was

an artefact of the highly developed oyster production

systems in this region, which certain stakeholders associ-

ated with aquaculture. Additional details of stakeholder

perceptions can be found in Math�e and Rey-Valette (2015).

Developing and testing ecological intensification scenarios

For the extensive pond system in France, stakeholders

defined five general objectives for ecological intensification

scenarios:

1 Better define the ecological values of ponds and their

purification capacity. Expected application relies on bet-

ter identification and assessment of support (biodiversity

support, nutrient cycling) and regulation (purification,

hydrology) ecosystem services, which may lead to new

regulations and payment for services (e.g. water purifica-

tion at the watershed level (Gaillard et al. 2015)). This

objective is supported by the good performances in

eutrophication and water dependence when LCA is cal-

culated per ha.

2 Develop combined farming systems by associating a

small intensive (or semi-intensive) productive area (in

cages, net pens, etc.), in which fish species with economic

value (carnivorous fish such as pike-perch) receive for-

mulated feeds, and a large extensive area to improve the

quality of water from the intensive area, while support-

ing extensive polyculture and aquatic biodiversity. The

main objective of this system is to combine provisioning

services and support services. This is in line with the

observed differences in environmental performances

when LCA is calculated by ha or by ton of fish, showing

the low productivity of the system.

3 Better take advantage of the trophic web, especially phy-

toplankton and periphyton, using fish species of low

trophic level in polycultures. The objective is to increase

system efficiency through cultured biodiversity.

4 Increase the use of ‘natural’ nutrients from watersheds

and pond sludge. Pond management (i.e. use of lime and

drying periods to mineralize pond sludge) and the choice

of species reared in a polyculture can increase nutrient

recycling and decrease dependence on external inputs.

This objective has the potential to improve the EIR and

the energy demand by ton of fish produced.

5 Strengthen the ecological and hunting values of ponds.

One objective of fish farmers is to adapt practices to

manage trade-offs between fish farming and hunting, the

two sources of income, while developing the natural

value of fish ponds.

In Brazil, the integrated fish pond and pig system is in

itself an agroecological system. Two possibilities were

explored to strengthen its orientation towards ecological

intensification. The first uses outlet water from the ponds

to irrigate onions and creates a treatment channel to

produce floating plants (Eichhornia crassipes or
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Pistia stratiotes) that could be composted to fertilize agri-

cultural crops. This solution would help improve the terri-

torial integration and acceptance of the production systems

and improve management of waste nutrients. It would also

improve eutrophication level in LCA and ELR. The second

possibility entails reducing the use of feed in the MAVIPI

system by decreasing the number of feeding days to opti-

mize nutrient recycling in ponds and decrease dependence

on external inputs. Presenting ecosystem services as a

framework to identify roles of the aquaecosystem helped

the farmers’ organization defend the legitimacy of the

production systems in their territories.

In Indonesia, the scenario was designed with extension

services and the farmers’ organization, based on local

knowledge. A variety of species and systems are available,

and the suggested scenario combined solutions and prac-

tices. Monoculture of striped catfish evolved into a system

in which catfish are reared and fed in cages in the centre of

traditional ponds, while the surroundings are seeded with

duckweed (which feeds extensive production of giant gour-

ami a mostly herbivorous fish, reared in the same pond).

This scenario, based on nutrient recycling and water quality

management, diversifies the species produced. Overall effi-

ciency of the system is improved by better managing

striped catfish production and coproducing giant gourami.

Moreover, the nutrient content of outflow water is a useful

source of fertilizer for surrounding paddy fields, palm trees

and market gardens. This new production system has a bet-

ter performance in eutrophication and acidification calcu-

lated by LCA and improve % of renewability in Emergy

accounting.

For the salmon RAS in France, interviews were con-

ducted mainly with the owner and the farm’s technical

manager. Two main ideas inspired the design of the sce-

nario. As it is a highly technical and efficient transforma-

tion system based on a large quantity of inputs, designing a

new system appeared particularly difficult. Therefore, it was

decided to improve its environmental performance in two

ways: (1) produce algae (Ulva sp.), which would absorb

dissolved waste nutrients, as a potential source of addi-

tional income and (2) create a wetland to improve the qual-

ity of outlet water and support biodiversity. Combining

these two solutions should improve the overall nutrient-use

efficiency of the system and improve its natural image,

while decreasing pollutant emissions. They have the poten-

tial to decrease eutrophication potential, a major concern

of this system as shown by LCA.

Discussion

Definition of ecological intensification of aquaculture

The principles of agroecology, ecosystem services and eco-

logical intensification described in the literature were com-

pared to the field experiments and representation of

aquaecosystems, which helped define ecological intensifica-

tion of aquaculture. Ecological intensification of aquacul-

ture is based on using ecological processes and functions to

increase productivity, strengthen ecosystem services and

decrease disservices. It is based on biodiversity management

and local and traditional knowledge. Expected conse-

quences are an increase in farming system autonomy and

efficiency and an improvement in their integration into ter-

ritories. Ecological intensification requires and contributes

Table 4 Mean qualitative ranking of farmers’ and other stakeholders’

perceptions of ecosystem services provided by aquaculture systems at

the study sites. Letters represent mean values converted into five classes

(A, B, C, D and E) with 20% relative value each, using the highest value

observed for each indicator among all sites and fish farms as 100%.

‘Extensive pond Fr.’ refers to extensive ponds in Lorraine and Brenne

(France); ‘Integrated pig-pond Br.’ refers to integrated pig-pond system

in Santa Catarina (Brazil); ‘Int. striped catfish Ind.’ refers to intensive

striped catfish ponds in Sumatra (Indonesia); ‘Salmon RAS Fr.’ refers to

a salmon Recirculating Aquaculture System (France). ‘-’ indicates that

the service was not selected

Extensive

pond Fr.

Integrated

pig-pond Br.

Int. striped

catfish Ind.

Salmon

RAS Fr.

Provisioning services

Fish A A A A

Plants E E B D

Freshwater D B B –

Fibre – – E –

Energy source E – E –

Ornamental E E D –

Medicines E – C –

Fertilizer E E C D

Regulation and support services

Local Climate D C D –

Hydrology C B C –

Storms D E D –

Depollution C C D –

Illness C E D –

Biodiversity A B D E

Plankton D B E –

Refuge B E E E

Reproduction C D E E

Nutrients D D D C

Soils E E D –

Wetlands C D D –

Cultural services

Heritage C E D A*

Inspiration D E E –

Know-how D D B D

Awareness D B C C

Landscape D C C –

Fishing/Hunting C E E –

Tourism D D D D

Leisure D C C –

*Artefact; value not considered.
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to improving territorial governance from a sustainable

development perspective.

Ecological intensification follows different pathways,

which increases system complexity and requires consider-

ing ecosystem services. These pathways differ from classic

intensification based on system simplification and

increased input use, which is generally associated with a

decrease in ecosystem services (Fig. 3). In classic intensifi-

cation, simplifying the system initially affects the species

assemblage and nutrient cycles. The transition towards eco-

logical intensification is not always associated with a

decrease in labour (often desired in classic intensification),

especially when changing from a conventional extensive

system to fed aquaculture (time for feeding, supply man-

agement, etc.). Considering the variety of objectives and

limitations associated with the ecological intensification of

aquaculture (e.g. technical, biological, physical, social, eco-

nomic), we developed seven principles that can guide the

transition.

Seven principles to guide ecological intensification of

aquaculture

The principles, presented in no particular order, describe

concepts for defining ecological intensification of aquacul-

ture, details of the definition presented previously and

practices and recommendations to help implement it.

Minimize dependence on resource ecosystems

This principle relates directly to promoting more autono-

mous systems less dependent on chemical inputs or,

more generally, on the techno-sphere, as proposed by

Altieri (2002) and Bommarco et al. (2013). This principle

is not only adapted to small self-sufficient systems, but is

the choice of decreasing dependence on a variety of

economic resources and key unsustainable resources, such

as fossil fuel or fish meal and oil (Tacon et al. 2010). In

particular, it promotes the use of renewable resources

such as solar energy through photosynthesis and the

nutrient sources available in watersheds or stocked in

soils and sludge. The principle does not recommend any

associated practices, which can range from substituting

resources to changing production objectives (e.g. aban-

doning monoculture for polyculture to use natural bio-

mass better or increase input efficiency). The role of

plants (including phytoplankton and algae) is central as

they can be a direct or indirect source of nutrients for

reared species. Biological mechanisms are favoured

because they can replace chemical or physical inputs, or

interact favourably with them and play the same agro-

nomic role without external costs, particularly environ-

mental costs (Dor�e et al. 2011).

Increase performance of farming systems and quality of aqua-

tic products

Aquaculture production needs to expand to meet the

increasing demand for aquatic products. Ecological intensi-

fication suggests an increased level of production (Griffon

2010). It is necessary to increase a system’s overall efficiency

using a range of practices, either by decreasing inputs per

unit produced or by increasing production per unit input.

In particular, feed efficiency must increase, as it is the main

mechanism for decreasing environmental impacts, as

revealed by LCA (Aubin et al. 2009). The system’s eco-

nomic efficiency is also crucial, and the return on invest-

ment while changing the production system may create an

obstacle. Designing a system able to provide products of

sufficient quality to meet market demand is challenging,

especially for systems based on ecological functions, which

are more sensitive to climatic and environmental

Figure 3 Pathways to ecological intensification of aquaculture and classic intensification.
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fluctuations. Better performance may also mean improving

a product’s image, which could increase its value due to the

use of more acceptable practices, as in organic production.

Improve robustness, flexibility and resilience of farming sys-

tems via integration and functional complementarity

This principle is based on the role of diversity, especially

biodiversity in the production system. Biodiversity is con-

sidered a key factor in agroecosystems’ abilities to resist

environmental or pathological crises (robustness), to

recover after such a crisis (resilience) and to adapt to a

change in the context (flexibility; Altieri 1999). A parallel

can be drawn in the economic domain, in which diversi-

fied production can help a system survive economic crises

by balancing market risks. Therefore, the aim is to

develop aquaculture systems based on the complementar-

ity of functions provided by diverse target species and

nontarget species. This is specifically the case in polycul-

ture systems based on the trophic complementarity of

species and integrated multitrophic aquaculture (Troell

et al. 2009). It is similar to the integration of other aqua-

tic or land-based production, such as crops or livestock.

The desired ecological functions are not limited to

trophic ones, such as habitat competition, chemical emis-

sions and purification, as many ecological functions are

complementary and contribute to the productivity and

stability of aquaecosystems. Plants are therefore a key

compartment as they cover a wide range of functions

such as habitat for targeted or nontargeted species (i.e.

reed belt in pond systems), depuration by their role in C,

N, P cycling and also trophic as a source of feed for dif-

ferent species.

Diversify the market-oriented ecosystem services of aquacul-

ture systems

Including ecosystem services in the design of aquaculture

systems is an opportunity to increase public awareness of

their benefits and to diversify a farm’s income sources. This

contributes to changing the community’s perception of the

practice. Concerning provisioning services, an economic

use can be considered for coproducts such as fertilizers

(sludge) and aquatic plants, which can contribute to the

economic robustness of the fish farm. Cultural services can

be considered using the aquaecosystem as a support for

specific knowledge (e.g. culinary traditions, environmental

education) or for recreational activities such as hunting,

angling or nature excursions (e.g. bird watching). Creating

economic value for these types of services generally entails

investments in time and money and changes in work orga-

nization. They may also require negotiating trade-offs

between provisioning and cultural services, for instance,

selecting dates for pond drying that do not adversely affect

fishing and hunting.

Promote awareness of services and better use of skills and

know-how

Ecological intensification implies the participation of dif-

ferent stakeholders. Recognition of ecosystem services

depends on stakeholders’ perceptions. Therefore, specific

formal or informal measures must be implemented to reach

a compromise among the stakeholders. This information

will help orient the production system to match the envi-

ronmental, social and economic context of the territory.

Moreover, the skills and know-how directly or indirectly

part of the aquaecosystem are a source of inspiration for

developing ecological intensification practices. Using them

when designing a new system can contribute to the adop-

tion and dissemination of practices.

Improve territorial integration of aquaculture systems by pro-

moting production of nonmarket ecosystem services

Identification of nonmarket ecosystem services is another

key point in developing ecological intensification of aqua-

culture. It is essential to broaden perception of the role of

the aquaecosystem beyond serving simply as a source of

income for the fish farmer. It can demonstrate its place as a

support for biodiversity, landscape quality and hydrological

regulation (water quality and flow), which are not per-

ceived per se, but are crucial for ecosystem and regional

characteristics and functioning. Promoting these services

helps legitimize the production system and may facilitate

adoption of practices adapted to provide more services.

Nonmarket ecosystem services are essential for integrating

aquaculture into territories, especially their social and envi-

ronmental aspects. This principle directly connects to the

first and third principles of the EAA (Soto et al. 2008):

aquaculture development and management should con-

sider the full range of ecosystem functions and services, and

aquaculture should be developed within the context of

other sectors, policies and goals.

Adapt mechanisms and instruments for territorial governance

and improve stakeholder participation

The close link between ecological intensification of aqua-

culture and nonmarket services requires developing speci-

fic governance supports. Changes in ecological practices

in production systems can be associated with risks and

investments in knowledge and money, which are difficult

to consider at the single-farm scale. Therefore, incentive

programmes for ecosystem-service awareness and assess-

ment, as well as financial support for adapted manage-

ment practices, are required at farm and territorial levels.

Specific practices, such as integrating activities and nutri-

ent recycling among stakeholders within a territory or

combining several species in the same production system,

must be supported by adapted regulations. Governance

of the development of ecological intensification at the
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territory level requires stakeholder involvement to build

consensus or negotiate compromises. Facilitating stake-

holder involvement in decision making should provide a

positive context for cooperation and the development of

ecological intensification. Ecological intensification can be

considered as a pathway, with a range of systems apply-

ing a gradient of agroecological principles and embody-

ing or providing different ecosystem services. Therefore,

different practices and farmer profiles can be defined by

considering their level of involvement in the ecological

intensification approach.

Multiple ecological intensification pathways

The variety of positions towards ecological intensification

we observed during the study raises questions about under-

standing of the concept and the ability to transform it into

practices. It is essential to define eco-innovation methods

to implement ecological intensification. As shown by sev-

eral authors, ecological intensification requires an increase

in knowledge, especially about agroecological functions and

processes (Altieri & Toledo 2011). It may require new skills

in industrial ecology (Dumont et al. 2013) or information

technology (Melville & Ross 2010) because of new needs in

social systems and ecological processes. Ecological intensifi-

cation is also based on local and traditional knowledge,

used in eco-innovations or adaptations of old practices,

sustained by ecological awareness (Wezel et al. 2009).

Adopting new practices or revised ancient ones requires

individual and collective learning. Different pathways or

levels of appropriating ecological intensification can be dis-

tinguished. For organic farming transition, Lamine and

Bellon (2009) defined a typology of practices depending on

motivation, with two main categories based on simple sub-

stitution of inputs or on complete system change. Using

approaches developed for agriculture, we defined three
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profiles towards ecological intensification of aquaculture

(Fig. 4).

The profiles can be defined according to the nature of

learning, which becomes more complex with an increase in

scale or the complexity of system change (Fig. 4, bottom to

top). Eco-innovations rely on better management of inputs

and effluents (Profile 1). This is typically the case when

adding water-treatment devices or choosing more eco-

friendly sources of feed (e.g. natural biomass, as in our case

studies). In a further step, changes may concern the organi-

zation and/or overall objective of the farming system (Pro-

file 2). Innovations concern organization of the elements of

the system, the addition of new subsystems and their con-

nections with other activities. This may include the cre-

ation of a polyculture system (e.g. the Indonesian case

study) or integration with other surrounding activities,

such as livestock (e.g. pig and pond integration in Brazil)

or a cropping system in which outlet water from fish farms

is used to irrigate and fertilize crops (e.g. paddy fields and

vegetable crops in Indonesia). This integration can encour-

age the design of new systems, such as aquaponics (integra-

tion of fish and plant cultures in a recirculating water

system). The next step in differentiating systems according

to ecological intensification is introducing ecosystem ser-

vices into production-system design (Profile 3). This step

requires using a territorial approach to account for an

increase in scale. All dimensions of the aquaecosystem may

be involved in the design, especially distant receiving and

resource ecosystems. Integration of regulation and support

services, especially those concerning ecosystem quality and

biodiversity or hydrology regulation, require specific sup-

port as they are nonmarket ecosystem services (e.g. in pond

systems in France). Defining these services might require

the involvement of external stakeholders. Cultural services

are easier to include because some are market oriented,

such as hunting and angling in French ponds or ‘Pesque-

Page’ (fish and pay) in Brazil.

The knowledge required differs according to the type of

innovation (Fig. 4, left to right), from a simple change in

practices to the introduction of new technologies, such as

producing algae using effluents from a salmon RAS. Part-

nership with technical or research institutes may be

required. Complex factors determine pathways to ecologi-

cal intensification. For eco-innovation in agriculture, two

types of factors are generally distinguished: those consid-

ered at the farm scale and those that depend on institu-

tional position and derived governance rules.

Conclusion and perspectives

A territorial approach is essential in ecological intensifica-

tion to understand ecosystem services, but it also raises

questions about territorial management and space sharing.

The debate on land use and land-sharing/sparing

approaches must be considered when planning activities

within a territory, between intensive and extensive areas, or

between productive and protected areas. The consequences

for biodiversity, productivity and ecosystem services are

not obvious. The scale at which these land-sparing/sharing

concepts are applied is also not obvious: at the farm level

(organization of land use and subsystems), at the landscape

level (organization of production systems or productive

and nonproductive areas) and at the territory level (organi-

zation of activities, complementarities and possible com-

pensations). Therefore, adapting governance to support

development of these systems is a real challenge. Unfortu-

nately, current standards can become a problem: they help

in defining concepts and practices and in selecting and sup-

porting some of them, but they limit the combination of

practices and the evolution of design possibilities. An initial

step might include suspending the definition of standards,

which would help fish farmers enter a pathway to ecological

intensification, even if it limits possibilities for labelling

and financial support in the short term.

Combining agroecology principles and ecosystem services

in ecological intensification appears useful for modifying

aquaculture practices to address issues surrounding devel-

opment of aquatic products while preserving the environ-

ment. This approach helps establish guidelines and

conceptual frameworks to implement ecological intensifica-

tion of fish farming. Using case studies helps confirm the

operational value of the concept and understand how stake-

holders appropriate and transform it into innovation. The

ecological intensification methods developed in agriculture

are adaptable to aquaculture, which already has a range of

traditional practices and concepts that correspond with

concepts of agroecology (e.g. polyculture, integrated live-

stock and pond systems).

Nevertheless, this concept promotes a wide range of

practices that have to be adapted and combined depending

on contexts (i.e. social, economic and environmental) of

the aquaecosystem. There is no single pathway. Pathways

can include incremental and continual improvements, but

can also include completely new breakthroughs in produc-

tion-system design.

The existence of a specific type of biodiversity in aquatic

systems, at the interface between water, soil and air, is a

particular opportunity to build systems using or sustaining

this biodiversity and its associated functions and services.

There is room in production-system improvement to

exploit the complexity of ecosystems. This will require a

change in perspective in production-system design and the

involvement of knowledge from scientific communities

(especially ecology), farmers and other stakeholders.

Numerous questions remain about ecological intensifica-

tion of fish farming. Nevertheless, this concept will help to
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change society’s perception of fish farming and guide this

essential activity towards more sustainable development.
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Figure S1. Farmers’ and other stakeholders’ perceptions

of provisioning services at the study sites.

Figure S2. Farmers’ and other stakeholders’ perceptions

of regulation and support services at the study sites.

Figure S3. Farmers’ and other stakeholders’ perceptions

of cultural services at the study sites.

Tables S1. Number of individuals surveyed in stake-

holder groups to analyze perceptions of ecosystem services.

Tables S2. Classification of environmental flows used in

Emergy accounting: description of inputs and services

according to Cavalett et al. (2006).

Tables S3. Emergy indicators used in environmental

accounting according to Brown and Ulgiati (1997) and

Cavalett et al. (2006).

Tables S4. Values of LCA impact categories and Emergy

indicators calculated for each study site.
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