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Abstract

:

Aquaculture intensity has been used for years as a means to gauge how much production a site makes using three terms: extensive, semi-intensive and intensive aquaculture production systems. The industry has a relatively coordinated understanding of these terms, but an explicit general definition does not seem to exist. This paper aims to use three kinds of production function groups; the input, treatment and output functions to describe and define the terms extensive, semi-intensive and intensive explicitly. This is done with extensive literature review to find the meaning of the terms. The terms are then mapped onto the three production function groups. The resulting framework accomplishes two things. Firstly, it defines extensive, semi-intensive and intensive aquaculture in terms of production functions. Secondly, it creates an eight level scale, the aquaculture production intensity scale (APIS), that provides three levels of extensive systems, two level of semi-intensive systems and three level of intensive systems. APIS allows mapping of all uses of the terms in current literature to an APIS score, though some results might differ from current usage.
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1. Introduction


Aquaculture practices have a long history, but aquaculture as a food production sector on a global scale is relatively young. The sector is growing steadily and according to FAO [1], the aquaculture sector represented 53% of the total seafood production from fisheries and aquaculture in 2015. Aquaculture production has constantly increased its share in the total fish production, while the annual capture from fisheries has remained almost unchanged since the 1990s [1]. Fish consumption has been growing and the extra demand has been met by the aquaculture sector. The intensification of aquaculture to product more aquatic organisms, without using to many resources nor harming the environment, is one of the main challenges that the industry faces [1]. This article aims to generate a framework that defines intensification from a production perspective.



The starting point of the present investigation is a previously generated map of aquaculture production systems [2] based on a systematic literature review. The purpose of the map is to provide an overview of the production functions needed to farm aquatic organisms in aquaculture systems. The map also gives an overview of the methods used to carry them out and the main parameters used to measure each function. This paper then extends that work into definitions of aquaculture intensity based on what production functions are carried out. The plan is to create a coherent framework that explicitly defines extensive, semi-intensive and intensive aquaculture for all aquatic organisms. The definition is based on production functions, but is still in line with the current use of the terms. The current use of the terms is by no means coherent, rarely defined explicitly, not used in the same manner, related to different aspects of aquatic species farming and differ between what species of organism is being cultured. This is apparent in most of the literature used in this article with good examples in Ahmed et al. [3], Abraham et al. [4] and Joffre and Bosma [5].




2. Materials and Methods


The work in this paper is based on literature and as such is theoretical in nature. This paper does not try to apply the framework to different kinds of systems, and only defines it. The paper first presents how the literature was found; both for the descriptions of the terms and a search for previous definitions. The literature review builds on papers found in Thomson Reuters’ Web of ScienceTM (ISI) database. The middle step is the description of the meaning of the terms extensive, semi-intensive and intensive based on the literature. The final step constructs a framework that links the terms to the production functions.



2.1. Scope


This article is based on previous literature and that has its limitations. Some previous definitions might not show up in the literature review searches. The scope is limited to only published ISI articles.




2.2. Method


This research follows the process suggested by Handfield and Melnyk [6] when creating theory. They suggest a five step process. The first step uses observation; to both discover the purpose of the system and for description of the topic in question. In the second step empirical generalizations are used to generate mapping of the territory. In steps 3 to 5, theories are presented, theories are tested with hypotheses and finally the theory is extended. This work deals with step 2 of the method [6] and is about identifying and describing key variables. This is done by drawing maps of the territory and answering questions like: what are the key variables and what are the salient/critical themes, patterns or categories [6]? Key variables is the focus of this article and the definition of their meaning. The variable intensity and its levels, extensive, semi-intensive and intensive are the ones we want to define. To do this, several steps were applied:




	(1)

	
Literature review to find how the literature talks about intensity of aquaculture.




	(2)

	
Create definitions by finding what production functions are used in each of the terms.




	(3)

	
Check if the new definitions are in line with previous definitions found in the literature.




	(4)

	
Expand the definitions to a scale that allows more granular descriptions of the intensity of aquaculture systems. This is done by adding levels to each variable based on how aquaculture intensifies its production of product pr. volume of water.










2.3. Literature Search to Find Descriptions of Intensity in Aquaculture


In earlier work the author constructed a functional view of aquaculture production based on literature review [2,7,8,9]. That literature review searched Web of Science™ to find articles that could have definitions of intensity. The search string was: TS = (aquacultur* AND (input OR output)) and the search gave 144 hits. Abstract review was performed on those 144 papers and the paper selected for full review if it used production relevant approach. Backward literature search was then performed on the selected article. This resulted in 106 papers. Of those, 48 where linked to intensive systems, 11 to semi-intensive and seven to extensive systems. These articles did not necessary define the term but did use it. A total of 45 articles were not linked to intensity, two articles mentioned a ‘semi-extensive’ system but no explanations were found. Semi-extensive is not included in the maps. Note that some article link to more than one intensity. These articles contributed to the construction of the system map framework and are better explained later in this article. A more complete description can be found in Björndóttir et al. [2].




2.4. Literature Search to Find Previous Definitions


A second literature review was performed to find definitions of aquaculture intensity. Literature searches were carried out in July 2019 using The Web of Science™ to find articles that could have definitions of intensity. The search string was: TS = ((aquacultur* or maricul*) AND ((defin* OR character* OR explana* OR taxonom* OR classifi*) NEAR (Extensive OR (Semi NEAR/1 intensive) OR Intensive))). The search gave 117 hits (3 July 2019) that underwent abstract review. Of those, 49 articles were selected for full review. Definitions or attempts were found in four of these papers.





3. The Production Functions of Aquaculture Systems


One way to look at aquaculture is to find what kind of functions or actions are needed to make such an endeavour work. These function can be grouped into three groups: inputs, treatments and outputs. This approach is the content of previous work in finding them [2], analyzing how they are solved [7,8] and how these solutions interact [9]. These functions can be presented as a map of the production functions in aquaculture production systems. It is called a map as it gives an overview of functions, parameters and methods. The production functions are grouped into three groups: inputs, treatments and outputs. The input functions are the operations needed before the rearing area, what to put into the system. The treatment functions are the operations done on the rearing area, what is continuously being done on the rearing area. The output functions are the operations done after the rearing area, what is being taken out of the system or making sure that escapees do not leave the rearing area. For the purpose of this article we will use a simplified representation of this map as shown in Figure 1. A full version of the production functions map can be seen in Björndóttir et al. [2].



The production functions are linked. The input function of ‘supplying water’ affects all of the treatment functions and three of the output functions (‘processing effluents’, ‘processing solid waste’ and ‘controlling GHG emission’). Simply by supplying more water it is possible to solve all the linked functions. The challenge arrives when one tries to lower water usage (or water is scarce) but still maintain high production rate. For example, in the case of rearing Arctic Char [10], lowering water supply would first require ‘controlling DO and CO2’ function to be added. It would be Oxygen that is the first threshold and then CO2. System with no treatments could handle up to 30 kg fish pr. litre/second inflow of water. Adding DO (dissolved oxygen) control would allow masse to be raised to about 100 kg pr. litre/second and adding CO2 handling would allow up to 400 kg pr. litre/second inflow. The next treatment function would be ‘Controlling N compounds’ to deal with Nitrogen compounds. That would allow up to 800 kg pr. litre/second inflow. The third and fourth functions would be ‘Controlling solids’ and ‘Controlling organic matter’ that would raise the masse even further [10]. To paraphrase: to make 800 kg of fish one could either use 1 litre/second inflow with the treatment functions of ‘controlling DO and CO2’ and ‘Controlling N compounds’ or use 27 litre/second of inflow.



Aquaculture is the raising of aquatic organisms for the purpose of selling them. This can be done in several ways and with different amount of human interaction. The number of production functions used indicate the amount of human interaction with the aquaculture system. All aquaculture systems have most of those functions present, the only question is how are they solved.



The foundation for the approach presented here is that these functions can be solve on a continuum, from completely natural to human designed with (daily) operations. For simplification we consider this continuum to have four stages: natural, design by placement, structural design and design with operations. These stages can be explained by looking at the treatment function of controlling DO and CO2. In a pond with no inlet of water and no aeration this is solved naturally e.g., by transfer of O2 and CO2 across the water to air surface. In mariculture, this is solved e.g., by placing the pen strategically where enough flow-through of water is present, a design by placement. In a race-way system, this function can be solved by designing a sequence of raceways with cascading flow between water bodies, a structural design. Finally, in a RAS system, this could be solved e.g., by mechanically aerate the water or by pumping O2 into it, designed with operations.



This continuum can be visualized and linked to the production function approach, see Figure 2.



A fuzzy line exists between when a designed solution is implicit or explicit. In this paper the following rule of thumb is used: if function requires operations (much more frequent than the lifetime of the design, e.g., daily or near daily) it is explicit. Otherwise it is an implicit design, i.e., design by placement or structural design.



In the production function approach, the function is present if it is explicitly solved, i.e., design with operation on that specific function. Operations that deal with the design itself are not included, like when pens are moved to rest an area.




4. Systems of Different Intensity Levels


The production functions map can be made specific to different levels of production intensity. Using the literature from previous work a description of the terms extensive, semi-intensive and intensive aquaculture is framed. As mentioned earlier, over 60 articles linked the production system to intensity by using one or more of the three terms. These descriptions framed out the meaning of extensive, semi-intensive and intensive aquaculture production systems.



4.1. Extensive Aquaculture Systems


As widely identified in the literature, the most extensive systems are those where there is little or even no human interference. As a consequence, those systems generally produce less than those of more intensity. A common type of an extensive system is where a restricted zone created by a net, cage or some type of a fence is inserted in a larger water body where animals can be cultured inside. Another type can be a pond farm where no additional feeding is used and the ecosystem inside the pond provides feed for the cultured animals [11].



Extensive systems do not seem to have gained much attention judging on the material analyzed for this review. That should not come as a surprise considering the fact that those systems apply a minimum amount of functions. Iwama [12] stated that extensive aquaculture systems resembled the natural environment of the inhabitants without applying supplemental food. Gomiero [13] defined extensive aquaculture as lightly stocked systems where water throughput is not boosted and feed or fertilizer inputs not applied. Edwards and Demaine [14] provided a similar definition and referred to extensive systems as those depending on natural food sources within the culture unit where feed additional feed inputs are not added intentionally. Nevertheless, extensive systems have been connected to functions such as feeding or fertilizing in the literature [15,16,17]. This indicates an inconsistency in the definitions about intensity of aquaculture systems.



In accordance with how extensive systems are generally described in the literature, we assume that extensive systems apply the minimum amount of functions required for an aquaculture system to be functional. The map in Figure 3 shows the functions applied in extensive systems. Mandatory functions are marked as ‘required’ while functions that are optional are displayed as ‘optional’. In extensive systems the output function of harvesting is always applied and hence marked ‘required´. The functions of supplying water, stocking, feeding, fertilizing, and preventing escapes need to be applied in some cases. The output function of ‘preventing escapes’ is also sometimes used. Other input and output functions that are not displayed in the map were never linked to extensive systems in the articles reviewed. The same goes for treatment functions that are also excluded from Figure 3.




4.2. Semi-Intensive Aquaculture Systems


Defining what distinguishes semi-intensive systems from extensive or intensive systems is not an easy task. Definitions of semi-intensive systems vary between countries and they do not always consider the same criteria [18]. Lekang [11] described semi-intensive system as a combination of an extensive and an intensive production and mentioned as an example an intensive fry production that is combined with an extensive on-growing rearing area. Semi-intensive systems have also been connected to feed and fertilization dependency. Nilson and Wetengere [19] defined semi-intensive aquaculture systems as a farms where feeding is carried out at least twice per week and fertilizing once per week. Edwards and Demaine [14] followed a similar line and stated that semi-intensive system mainly rely on natural food sources but also supported by supplementary feed or fertilization. They also acknowledged that the intensity of the system is not only correlated with the level of feed or fertilizers brought to the system but also with the level of seed, labour, capital and management.



It seems that mechanical treatment methods are generally not applied [18] in the articles reviewed here. Water exchange seems to be widely used in semi-intensive systems in order to improve water quality [20] as well as chemicals such as lime can be added to disinfect and dry semi-intensive ponds [18,21].



In Figure 4 the map of semi-intensive systems is presented. The only functions that are always carried out in semi-intensive systems are stocking and harvesting along with either feeding or fertilizing (shown as ‘or’ in a box in Figure 4). However, the map clearly shows that there are more optional functions available for semi-intensive systems then for extensive systems. More input and output functions have been added and the treatment functions are no longer excluded and may be applied as required. For the system to be semi-intensive at least one treatment function has to be applied.




4.3. Intensive Aquaculture Systems


In the map describing intensive aquaculture systems the input functions of supplying water, stocking and feeding are always applied while fertilizing and providing light are presented as optional. Intensive systems maintain high stocking levels and high feeding rates to maximize the production. Therefore, we assume that all intensive systems need to apply the treatment functions that focus on maintaining the quality of the water. These system at least control oxygen and carbon dioxide, control solids in both organic and non-organic versions along with controlling N compounds. The functions of preventing diseases and controlling diseases are not applied to maintain water quality. Thus they are presented as optional. All intensive systems apply the harvesting function. Some intensive systems, such as flow-through systems, maintain steady water throughput and not all of them seem to apply the functions of processing effluent water or solid waste. Therefore, those functions are optional. Controlling greenhouse gasses was not frequently related to systems of high intensities and therefore it is assumed that not all intensive systems apply methods to reduce greenhouse gasses emissions. Preventing escapes should be applied for aquaculture systems that are fenced off inside a larger water body. Figure 5 displays the system map for intensive systems.





5. Definitions of System Intensity Levels in Terms of the Production Functions


The analysis of system intensity levels has revealed that they differ in terms of their application of the production functions. This has provided a foundation to build definitions of the intensity levels in terms of the production functions. Intensity of a system is the kilos of aquatic animals produced per litre of water used. The new definitions are based on the aquaculture production map constructed from the literature review. The definitions are sharpened from the current use as foreseeable changes in technology developments in aquaculture systems, social aspects of aquaculture and environmental regulations will pressure the industry into further industrialization. More systems in the future will become intensive and will have to deal both with better controlling the inputs, especially water usage and to deal with outputs like effluent water and solid waste. The definitions are as following:




Extensive aquaculture systems are systems that always supply the output function of ‘harvesting’ and have at least one of the input functions or the output function of ‘preventing escapes‘. The other input functions apart from ‘providing light’ are optional. Extensive aquaculture systems have no treatment functions.





The extensive definition is the lowest denominator for calling a system aquaculture. Aquaculture system must have human interventions so usually at least stocking and harvesting is needed. The other output functions are not possible here as they indicate much more complex system.




Semi-intensive aquaculture systems are systems that always supply the input function of ‘stocking‘, and either ‘feeding‘ or ‘fertilizing´ and the output function of ‘harvesting‘. The other input and output functions are optional. These systems have at least one treatment function.





These are the minimum requirements for calling a system semi-intensive. These aquaculture systems differ from extensive ones as they allow treatment functions and must include feeding or fertilizing.




Intensive aquaculture systems are systems that always supply the input functions of ‘supplying water‘, ‘stocking‘ and ‘feeding‘, the treatment functions of ‘Controlling DO and CO2’, ‘Controlling organic matter’, ‘Controlling nitrogen compounds’ and ‘Controlling solids’ and the output function of ‘harvesting‘. All other functions are optional.





These are the minimum requirements for calling a system intensive. A semi-intensive system becomes an intensive system when it has all the functions listed in the intensive definitions.




6. Previous Definitions of Aquaculture Systems Intensity


In the full paper review made for this article, the 49 papers were searched for three actual levels of aquaculture intensity. The levels were a definition, a hint towards a definition and no attempt nor hints of definitions. There are only four articles that attempt any kind of definition of aquaculture intensity explicitly in some form. None of these four can be said to be a full definition as they are either incomplete, to specific, linked to specific species or region or blend of all aforementioned.



Abraham at al. [4] try to describe extensive and semi-intensive system with density, water exchange need, use of aeration, water treatment with microbial product and feed usage. The descriptions are not actual definitions nor are they complete. Joffre and Bosma [5] use 13 factors to establish four types of farms: intensive commercial, intensive family farms, extensive brackish water polyculture and rice–shrimp farms. The factors are a blend of production factors, economic factors and social factors. Although the types serve that case well, they are not easily extended to general definitions. Ahmed at al. [3] use catfish farming as an example to classify system into extensive, semi-intensive and intensive. Six inputs or explanatory variables (i.e., farm size, stocking, seed, feed, fertilizer, and labour) and the derived factor yield were assumed to explain the fish production by the economic Cobb-Douglas production function model. The input factors are a blend of production and economic factors. The resulting classification is very case specific and not easily generalized. Valente et al. [22] describe extensive systems based on water parameters (salinity, temperature), density, growth rate and quality parameters. Semi-intensive systems add feeding but are not described in detail. Intensive systems are not described.



There are 16 papers that hint at definitions in several areas: volume/density, feed, water, yield, size and functions. A quick summary is that three articles hint using volume or density as definition [23,24,25], three use feed [26,27,28], three use water usage [29,30,31], two then combine water and feed [32,33], one uses water and density [34] and one uses volume, feed and water [35]. The last three papers use yield [36], size [37] and functions [38] as bases for their definitions. There are 27 articles with no definitions nor hints on definitions [39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]. These articles use the intensive/extensive terminology without defining what they mean. Two articles [66,67] were not accessible.



Definitions Compared to Previous Work and Definitions


The new definitions only use the actual production system so all definitions or hints at such that use economic factors or social factors do not compare. Those factor can though often be mapped to production factors. For example, the factors Contracted workers (man/ha) or Ratio family/total labor in Joffre and Bosma [5] can be map to a production function by looking at what workers are doing instead of who is doing it. Most articles use factors in their talk on intensity that are completely in line with the new definitions. Those few factors that are not in line, like social factors can be mapped to a production function. When mapping those descriptions to the definitions one could get different results like a semi-intensive system in the article could become extensive according to the definitions.



A comparison of the descriptions found in the articles and the new definitions are as follows. The paper by Abraham, Ghosh [4] on page 277 defines modified extensive in two ways. First as:




Stocking density 8–18 PL/m2, need-based water exchange, aeration by pumping, use of commercial pelleted feed and microbial products, with or without reservoir, water depth 1–2 m.





This uses the input functions of ‘stocking’, ‘supplying water’ and ‘feeding’; the treatment function of ‘controlling DO and CO2’ and the output functions of ‘harvesting’. If reservoir is present, that is probably the output function of ‘processing effluence’. This would hence be semi-intensive according to the new definitions. The second modified extensive is:




Stocking density 4–8 PL/m2, need-based water exchange, no aeration, use of locally prepared feed, water depth 1 m.





This uses the input functions of ‘stocking’, ‘supplying water’, ‘feeding’ and the output functions of ‘harvesting’. This would be extensive according to the new definitions. The new definitions do not differentiate commercial feed and locally prepared feed; both are the input function of ‘feeding’. The authors [4] also define traditional as:




Stocking density <4 PL/m2, no water exchange, no aeration, occasional use of locally prepared feed, water depth 0.75–1 m. Partial stocking and partial harvesting throughout the culture.





Here are present the input functions of ‘stocking’, ‘feeding’ and the output functions of ‘harvesting’. This would be extensive according to the new definitions. The new definitions do not differentiate occasional feeding and feeding. The authors [4] finally define semi-intensive as:




Stocking density >18 PL/m2, frequent water exchange, aeration by aerators, use of commercial pelleted feed and microbial products, reservoir for water treatment, water depth 1 m.





In this system the input functions of ‘stocking’, ‘supplying water’ and ‘feeding’; the treatment function of ‘controlling DO and CO2’ and the output functions of ‘harvesting’ and ‘processing effluence’. This would hence be semi-intensive according to the new definitions.



Ahmed et al. [3] describe the aquaculture systems as a black box with inputs. They list five inputs or explanatory variables (i.e., farm size, stocking, feeding, fertilizing and labour) but no talk on what is being done in terms of production functions. The stocking density is the main difference and the authors list extensive farming as low stocking density (average 12,065 fingerling/ha), semi-intensive as intermediate levels of stocking (23,575 fingerling/ha) and intensive production system as high stocking (35,900 fingerling/ha). They mention that most farmers do not exchange water in spite of poor water quality while only a few advanced farmers periodically exchange water. Only a few intensive farmers use an aerator in their ponds. Using this description, one would map all systems be using the input functions of ‘stocking’, ‘fertilizing’, ‘feeding’ and the output functions of ‘harvesting’. All these systems would be extensive according to the new definitions as there are no treatment functions.





7. The Aquaculture Production Intensity Scale


It was the purpose of this work to suggest a new way of talking about intensity that describes all variants encountered. The author would like to call this the Aquaculture Production Intensity Scale or APIS. It takes an outset in the previous work of production functions and then maps those to the current use of extensive and intensive terminology, as described in previous sections. The point is to gain more granularity, sharper definition but still adhere to previous terminology. The suggested scale, the APIS has 8 levels, numbered 0 to 7. The difference between levels is explained with production functions and the extensive/intensive logic is then overlaid. The resulting scale or index is presented in Table 1.



A production function is present if it is solved explicitly, as explained earlier. The degree of control over the aquaculture system increases as more functions are solved explicitly. The higher the APIS value the more control is over the system and its rearing area. It is worth noting that the efficiency of the solution is not necessarily connected to how they are solved (design vs. explicit). In Table 2 we present the APIS in more concrete way to allow quicker overview and comparison of levels.



The purpose of APIS is to be able to talk about the aquaculture production system in a clear way. A pond with fish in it where one goes fishing is not aquaculture. The level 0 in APIS could apply to fishing if not for the ‘at least one design solution’ clause. This means that at least one input, treatment or output function is solved with design by placement or structural design solution of that function. This level 0 in APIS goes beyond the definition for ‘extensive’ systems. It could be argued that having APIS only based on explicit solutions is a drawback. This is done on purpose to simplify the framework. It would be possible to use all design aspects (placement, structure and explicit) instead of only explicit. The definition would be the same but sites would probably get slightly higher APIS score that way in the lower part of the range, but for a higher APIS score the difference would likely be smaller. This check of the framework foundation can be done in future work.



Intensification of aquaculture is to increase volume of fish produced in regards to water and land use. The APIS framework focuses on getting more granularity to the intensive part of aquaculture systems so it can better describe the intensification process. There exists a threshold sequence of when a production function is needed when reducing water usage. This sequence was presented for the Arctic Char. The sequence might be the same for other species but the value of the threshold probably differs. Future work might include gather these sequences for many species and comparing them to the APIS framework. Another interesting aspect is the correlation between the density of aquatic organism in the rearing area and the APIS index. That could be worked out in detail. It is suspected that increased density follows increased APIS value just like in the Arctic Char example presented earlier.



Note that all treatment functions can be solved with water exchange through supplying water input function. To reduce water exchange, it is possible to either use treatment functions or to increase land use, make system extensive. To reduce both water and land usage but to still increase production the only viable way seems to be to use more treatment functions. The issue of the environment, the ecological footprint of aquaculture and how to increase food production without negative environmental indicates that the increased use of treatment or output functions is imminent. The purpose of this framework is to facilitate coordinated talk on how aquaculture production is done.




8. Discussion


Defining terms is any researcher’s dream. Giving names to things aids in explaining them, helps to talk about them and even promotes them, but giving appropriate names is also surprisingly hard, as it requires that things be explained in detail. Name giving also should serve a purpose. This work is about naming precisely what is being done. Doing so puts pressure on keeping links to other things and assumptions to the minimum. This is one of the reasons why APIS is only based on production function. Resulting states like density, yield pr. volume, environmental impact and elements like water usage, feed management are directly linked to the production functions. Labour, infrastructure, land use, size of sites and other economic factor are not included as they do not directly impact the production system but are consequences of the production functions used. Mapping out all those linkages can now be done in future work. The APIS framework also indicates a path for intensification of aquaculture production sites. This is obviously nothing new but is only given a concrete form here. Further laying out this part is a future work. The technology used to solve the production function has been mapped out in the authors previous work [7,8,9] but more work could be done on specific species approaches and to generate some sort of ‘threshold’ approach on what to implement and when. These can then be linked directly with APIS. It is the author’s hope that the APIS framework can aid in further industrialisation of aquaculture and help in producing more aquatic organisms of better quality with much less environmental impact than current systems.







Funding


This research received no external funding.




Acknowledgments


The author would like to thank Ragnheiður Björnsdóttir for assistance in early stages data gathering and Ragnheiður I. Þórarinsdóttir and Ragnheiður Björnsdóttir for comments on early drafts of this paper.




Conflicts of Interest


The authors declare no conflict of interest




References


	



FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; Doc nr. CC BY-NC-SA 3.0 IGO; FAO: Rome, Italy, 2018. [Google Scholar]

	



Björnsdóttir, R.; Oddsson, G.V.; Thorarinsdottir, R.; Unnthorsson, R. Taxonomy of means and ends in aquaculture production—Part 1: The functions. Water 2016, 8, 319. [Google Scholar] [CrossRef]

	



Ahmed, N.; Alam, M.F.; Hasan, M.R. The economics of sutchi catfish (Pangasianodon hypophthalmus) aquaculture under three different farming systems in rural Bangladesh. Aquac. Res. 2010, 41, 1668–1682. [Google Scholar] [CrossRef]

	



Abraham, T.J.; Ghosh, S.; Nagesh, T.S.; Sasmal, D. Distribution of bacteria involved in nitrogen and sulphur cycles in shrimp culture systems of West Bengal, India. Aquaculture 2004, 239, 275–288. [Google Scholar] [CrossRef]

	



Joffre, O.M.; Bosma, R.H. Typology of shrimp farming in Bac Lieu Province, Mekong Delta, using multivariate statistics. Agric. Ecosyst. Environ. 2009, 132, 153–159. [Google Scholar] [CrossRef]

	



Handfield, R.B.; Melnyk, S.A. The scientific theory-building process: A primer using the case of TQM. J. Oper. Manag. 1998, 16, 321–339. [Google Scholar] [CrossRef]

	



Vilbergsson, B.; Oddsson, G.V.; Unnthorsson, R. Taxonomy of means and ends in aquaculture production—Part 2: The technical solutions of controlling solids, disolved gasses and pH. Water 2016, 8, 387. [Google Scholar] [CrossRef]

	



Vilbergsson, B.; Oddsson, G.V.; Unnthorsson, R. Taxonomy of means and ends in aquaculture production—Part 3: The technical solutions of controlling N compounds, organic matter, P compounds, metals, temperature and preventing disease. Water 2016, 8, 506. [Google Scholar] [CrossRef]

	



Vilbergsson, B.; Oddsson, G.V.; Unnthorsson, R. Taxonomy of means and ends in aquaculture production—Part 4: The mapping of technical solutions onto multiple treatment function. Water 2016, 8, 487. [Google Scholar] [CrossRef]

	



Darrason, G.D. Increased Capacity in Aquaculture: Assessment of Limiting Factors and Investment Prioritization; University of Iceland: Reykjavik, Iceland, 2016. [Google Scholar]

	



Lekang, O.-I. Aquaculture Engineering, 2nd ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2013. [Google Scholar]

	



Iwama, G.K. Interactions between aquaculture and the environment. Crit. Rev. Environ. Control 1991, 21, 177–219. [Google Scholar] [CrossRef]

	



Gomiero, T.; Giampietro, M.; Bukkens, S.G.F.; Paoletti, M.G. Biodiversity use and technical performance of freshwater fish aquaculture in different socioeconomic contexts: China and Italy. Agric. Ecosyst. Environ. 1997, 62, 169–185. [Google Scholar] [CrossRef]

	



Edwards, P.; Demaine, H. Rural Aquaculture: Overview and Framework for Country Reviews; FAO: Bangkok, Thailand, 1998. [Google Scholar]

	



Hari, B.; Madhusoodana Kurup, B.; Varghese, J.T.; Schrama, J.W.; Verdegem, M.C.J. The effect of carbohydrate addition on water quality and the nitrogen budget in extensive shrimp culture systems. Aquaculture 2006, 252, 248–263. [Google Scholar] [CrossRef]

	



Wahab, M.A.; Bergheim, A.; Braaten, B. Water quality and partial mass budget in extensive shrimp ponds in Bangladesh. Aquaculture 2003, 218, 413–423. [Google Scholar] [CrossRef]

	



Dasgupta, S.; Pandey, B.K.; Sarangi, N.; Mukhopadhyay, P.K. Evaluation of water productivity and fish yield in sewage-fed vis-a-vis fertilized based carp culture. Bioresour. Technol. 2008, 99, 3499–3506. [Google Scholar] [CrossRef]

	



Islam, M.S.; Sarker, M.J.; Yamamoto, T.; Wahab, M.A.; Tanaka, M. Water and sediment quality, partial mass budget and effluent N loading in coastal brackishwater shrimp farms in Bangladesh. Mar. Pollut. Bull. 2004, 48, 471–485. [Google Scholar] [CrossRef]

	



Nilson, H.; Wetengere, K. Adoption and Viability Criteria for Semi-Intensive Fish Farming: A Report on a Socio-Economic Study in Ruvuma and Mbeya Regions, Tanzania; FAO: Harare, Zimbabwe, 1994. [Google Scholar]

	



Gutiérrez-Estrada, J.C.; Pulido-Calvo, I.; de la Rosa, I.; Marchini, B. Modeling inflow rates for the water exchange management in semi-intensive aquaculture ponds. Aquac. Eng. 2012, 48, 19–30. [Google Scholar] [CrossRef]

	



Lima, J.S.G.; Rivera, E.C.; Focken, U. Emergy evaluation of organic and conventional marine shrimp farms in Guaraira Lagoon, Brazil. J. Clean. Prod. 2012, 35, 194–202. [Google Scholar] [CrossRef]

	



Valente, L.M.P.; Cornet, J.; Donnay-Moreno, C.; Gouygou, J.P.; Berge, J.P.; Bacelar, M.; Escorcio, C.; Rocha, E.; Malhao, F.; Cardinal, M. Quality differences of gilthead sea bream from distinct production systems in Southern Europe: Intensive, integrated, semi-intensive or extensive systems. Food Control 2011, 22, 708–717. [Google Scholar] [CrossRef]

	



Folke, C.; Kautsky, N. Aquaculture With Its Environment—Prospects For Sustainability. Ocean Coast. Manag. 1992, 17, 5–24. [Google Scholar] [CrossRef]

	



Moss, S.M.; Pruder, G.D.; Leber, K.M.; Wyban, J.A. The Relative Enhancement Of Penaeus-Vannamei Growth By Selected Fractions Of Shrimp Pond Water. Aquaculture 1992, 101, 229–239. [Google Scholar] [CrossRef]

	



Alfiansah, Y.R.; Hassenruck, C.; Kunzmann, A.; Taslihan, A.; Harder, J.; Garde, A. Bacterial Abundance and Community Composition in Pond Water From Shrimp Aquaculture Systems With Different Stocking Densities. Front. Microbiol. 2018, 9, 15. [Google Scholar] [CrossRef]

	



Fan, L.M.; Chen, J.Z.; Meng, S.L.; Song, C.; Qiu, L.P.; Hu, G.D.; Xu, P. Characterization of microbial communities in intensive GIFT tilapia (Oreochromis niloticus) pond systems during the peak period of breeding. Aquac. Res. 2017, 48, 459–472. [Google Scholar] [CrossRef]

	



Larsson, J.; Folke, C.; Kautsky, N. Ecological Limitations And Appropriation Of Ecosystem Support By Shrimp Farming In Colombia. Environ. Manag. 1994, 18, 663–676. [Google Scholar] [CrossRef]

	



Troell, M.; Ronnback, P.; Halling, C.; Kautsky, N.; Buschmann, A. Ecological engineering in aquaculture: Use of seaweeds for removing nutrients from intensive mariculture. J. Appl. Phycol. 1999, 11, 89–97. [Google Scholar] [CrossRef]

	



Bergero, D.; Forneris, G.; Palmegiano, G.B.; Zoccarato, I.; Gasco, L.; Sicuro, B. A description of ammonium content of output waters from trout farms in relation to stocking density and flow rates. Ecol. Eng. 2001, 17, 451–455. [Google Scholar] [CrossRef]

	



Cohen, J.M.; Samocha, T.M.; Fox, J.M.; Gandy, R.L.; Lawrence, A.L. Characterization of water quality factors during intensive raceway production of juvenile Litopenaeus vannamei using limited discharge and biosecure management tools. Aquac. Eng. 2005, 32, 425–442. [Google Scholar] [CrossRef]

	



Krummenauer, D.; Poersch, L.H.; Foes, G.; Lara, G.; Wasielesky, W. Survival and growth of Litopenaeus vannamei reared in Bft System under different water depths. Aquaculture 2016, 465, 94–99. [Google Scholar] [CrossRef]

	



Montoya, R.A.; Lawrence, A.L.; Grant, W.E.; Velasco, M. Simulation of phosphorus dynamics in an intensive shrimp culture system: Effects of feed formulations and feeding strategies. Ecol. Model. 2000, 129, 131–142. [Google Scholar] [CrossRef]

	



Tovar, A.; Moreno, C.; Manuel-Vez, M.P.; Garcia-Vargas, M. Environmental impacts of intensive aquaculture in marine waters. Water Res. 2000, 34, 334–342. [Google Scholar] [CrossRef]

	



Ray, A.J.; Seaborn, G.; Leffler, J.W.; Wilde, S.B.; Lawson, A.; Browdy, C.L. Characterization of microbial communities in minimal-exchange, intensive aquaculture systems and the effects of suspended solids management. Aquaculture 2010, 310, 130–138. [Google Scholar] [CrossRef]

	



Primavera, J.H.; Lavillapitogo, C.R.; Ladja, J.M.; Delapena, M.R. A Survey Of Chemical And Biological Products Used In Intensive Prawn Farms In The Philippines. Mar. Pollut. Bull. 1993, 26, 35–40. [Google Scholar] [CrossRef]

	



Alongi, D.M.; Dixon, P.; Johnston, D.J.; Van Tien, D.; Xuan, T.T. Pelagic processes in extensive shrimp ponds of the Mekong delta, Vietnam. Aquaculture 1999, 175, 121–141. [Google Scholar] [CrossRef]

	



Gonzalez-Romero, M.A.; Hernandez-Llamas, A.; Ruiz-Velazco, J.M.J.; Plascencia-Cuevas, T.N.; Nieto-Navarro, J.T. Stochastic bio-economic optimization of pond size for intensive commercial production of whiteleg shrimp Litopenaeus vannamei. Aquaculture 2014, 433, 496–503. [Google Scholar] [CrossRef]

	



Neori, A.; Shpigel, M.; Guttman, L.; Israel, A. Development of Polyculture and Integrated Multi—Trophic Aquaculture (IMTA) in Israel: A Review. Isr. J. Aquac.-Bamidgeh 2017, 69, 19. [Google Scholar]

	



Twarowska, J.G.; Westerman, P.W.; Losordo, T.M. Water treatment and waste characterization evaluation of an intensive recirculating fish production system. Aquac. Eng. 1997, 16, 133–147. [Google Scholar] [CrossRef]

	



Jirasek, J.; Mares, J.; Palikova, M. Haematological and biochemical indices of blood in wels (Silurus glanis L.) from intensive aquaculture. Acta Vet. BRNO 1998, 67, 227–233. [Google Scholar] [CrossRef]

	



Kinne, P.N.; Samocha, T.M.; Jones, E.R.; Browdy, C.L. Characterization of intensive shrimp pond effluent and preliminary studies on biofiltration. N. Am. J. Aqualcult. 2001, 63, 25–33. [Google Scholar] [CrossRef]

	



Lefebvre, S.; Bacher, C.; Meuret, A.; Hussenot, J. Modeling approach of nitrogen and phosphorus exchanges at the sediment-water interface of an intensive fishpond system. Aquaculture 2001, 195, 279–297. [Google Scholar] [CrossRef]

	



Borges, M.T.; Morais, A.; Castro, P.M.L. Performance of outdoor seawater treatment systems for recirculation in an intensive turbot (Scophthalmus maximus) farm. Aquac. Int. 2003, 11, 557–570. [Google Scholar] [CrossRef]

	



Asami, H.; Aida, M.; Watanabe, K. Accelerated sulfur cycle in coastal marine sediment beneath areas of intensive shellfish aquaculture. Appl. Environ. Microbiol. 2005, 71, 2925–2933. [Google Scholar] [CrossRef]

	



Bricknell, I.R.; Bron, J.E.; Bowden, T.J. Diseases of gadoid fish in cultivation: A review. ICES J. Mar. Sci. 2006, 63, 253–266. [Google Scholar] [CrossRef]

	



Dahle, G.; Jorstad, K.E.; Rusaas, H.E.; Ottera, H. Genetic characteristics of broodstock collected from four Norwegian coastal cod (Gadus morhua) populations. ICES J. Mar. Sci. 2006, 63, 209–215. [Google Scholar] [CrossRef]

	



Madison, B.N.; Wang, Y.X.S. Haematological responses of acute nitrite exposure in walleye (Sander vitreus). Aquat. Toxicol. 2006, 79, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Mantzavrakos, E.; Kornaros, M.; Lyberatos, G.; Kaspiris, P. Impacts of a marine fish farm in Argolikos Gulf (Greece) on the water column and the sediment. Desalination 2007, 210, 110–124. [Google Scholar] [CrossRef]

	



Belton, B.; Little, D. The development of aquaculture in Central Thailand: Domestic demand versus export-led production. J. Agrar. Chang. 2008, 8, 123–143. [Google Scholar] [CrossRef]

	



Dulic, Z.; Subakov-Simic, G.; Ciric, M.; Relic, R.; Lakic, N.; Stankovic, M.; Markovic, Z. Water Quality In Semi-Intensive Carp Production System Using Three Different Feeds. Bulg. J. Agric. Sci. 2010, 16, 266–274. [Google Scholar]

	



Santander-De Leon, S.M.S.; San Diego-McGlone, M.L.; Reichardt, W. Impact of polychaete infauna on enzymatic protein degradation in marine sediments affected by intensive milkfish farming. Aquac. Res. 2010, 41, e844–e850. [Google Scholar] [CrossRef]

	



Vallod, D.; Sarrazin, B. Water quality characteristics for draining an extensive fish farming pond. Hydrol. Sci. J.-J. Sci. Hydrol. 2010, 55, 394–402. [Google Scholar] [CrossRef]

	



Perez-Ruzafa, A.; Marcos, C. Fisheries in coastal lagoons: An assumed but poorly researched aspect of the ecology and functioning of coastal lagoons. Estuar. Coast. Shelf Sci. 2012, 110, 15–31. [Google Scholar] [CrossRef]

	



Castine, S.A.; Paul, N.A.; Magnusson, M.; Bird, M.I.; de Nys, R. Algal bioproducts derived from suspended solids in intensive land-based aquaculture. Bioresour. Technol. 2013, 131, 113–120. [Google Scholar] [CrossRef]

	



Gradil, A.M.; Wright, G.M.; Wadowska, D.W.; Fast, M.D. Ontogeny of the immune system in Acipenserid juveniles. Dev. Comp. Immunol. 2014, 44, 303–314. [Google Scholar] [CrossRef]

	



Pulido-Calvo, I.; Gutierrez-Estrada, J.C.; Diaz-Rubio, E.; de la Rosa, I. Assisted management of water exchange in traditional semi-intensive aquaculture ponds. Comput. Electron. Agric. 2014, 101, 128–134. [Google Scholar] [CrossRef]

	



Karlo, A.; Ziembinska-Buczynska, A.; Pilarczyk, M.; Surmacz-Gorska, J. Molecular Monitoring Of Bacterial And Microalgal Biocenoses’ Biodiversity In High Loaded Farming Ponds. Ecol. Chem. Eng. S 2015, 22, 425–437. [Google Scholar] [CrossRef]

	



Sundberg, L.R.; Ketola, T.; Laanto, E.; Kinnula, H.; Bamford, J.K.H.; Penttinen, R.; Mappes, J. Intensive aquaculture selects for increased virulence and interference competition in bacteria. Proc. R. Soc. B-Biol. Sci. 2016, 283, 10. [Google Scholar] [CrossRef]

	



Urbina, M.A. Temporal variation on environmental variables and pollution indicators in marine sediments under sea Salmon farming cages in protected and exposed zones in the Chilean inland Southern Sea. Sci. Total Environ. 2016, 573, 841–853. [Google Scholar] [CrossRef]

	



Martinez, P. Genomics advances for boosting aquaculture breeding programs in Spain. Aquaculture 2017, 472, 4–7. [Google Scholar] [CrossRef]

	



Liu, H.; Su, J.L. Vulnerability of China’s nearshore ecosystems under intensive mariculture development. Environ. Sci. Pollut. Res. 2017, 24, 8957–8966. [Google Scholar] [CrossRef]

	



Hollenbeck, C.M.; Johnston, I.A. Genomic Tools and Selective Breeding in Molluscs. Front. Genet. 2018, 9, 15. [Google Scholar] [CrossRef]

	



Kaminski, A.M.; Genschick, S.; Kefi, A.S.; Kruijssen, F. Commercialization and upgrading in the aquaculture value chain in Zambia. Aquaculture 2018, 493, 355–364. [Google Scholar] [CrossRef]

	



Wang, J.H.; Lu, J.; Zhang, Y.X.; Wu, J.; Zhang, C.; Yu, X.B.; Zhang, Z.H.; Liu, H.; Wang, W.H. High-throughput sequencing analysis of the microbial community in coastal intensive mariculture systems. Aquac. Eng. 2018, 83, 93–102. [Google Scholar] [CrossRef]

	



Ertor, I.; Ortega-Cerda, M. The expansion of intensive marine aquaculture in Turkey: The next-to-last commodity frontier? J. Agrar. Chang. 2019, 19, 337–360. [Google Scholar] [CrossRef]

	



Fast, A.W. Marine Shrimp Pond Growout Conditions And Strategies—A Review And Prognosis. Rev. Aquat. Sci. 1991, 3, 357–399. [Google Scholar]

	



Ondra, R.; Jirasek, J. The effect of feed mixtures with different protein and fat contents on production and chemical composition of the body of juvenile African catfish (Clarias gariepinus). Czech J. Anim. Sci. 2000, 45, 277–284. [Google Scholar]








[image: Water 12 00765 g001 550] 





Figure 1. Simplified aquaculture production functions map. 
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Figure 2. Implicit and explicit treatment function solutions. 
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Figure 3. System map describing extensive aquaculture systems. 
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Figure 4. The system map describing semi-intensive aquaculture systems. 
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Figure 5. The system map describing intensive aquaculture systems. 
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Table 1. Aquaculture Production Intensity Scale (APIS) and its levels.
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APIS

	
Functions Involved

	
Descriptions






	
0

	
Extensive

	
Only the output functions ‘harvest’ and at least one design solution (placement or structural) of a production function.

	
Extensive system can use structural or environmental (including placement) designs to solve one or more of treatment functions




	
1

	
The output function ‘harvest’ and at least one of the input functions or output function of ‘preventing escapes‘. No treatment functions.




	
2

	
At least ‘stocking’, and either ‘feeding’ or ‘fertilizing’ and ‘harvest’, other inputs than ‘providing light’ are optional along with output function of ‘preventing escapes’. No treatment functions.




	
3

	
Semi- Intensive

	
The input function of ‘stocking’, and either ‘feeding’ or ‘fertilizing’ and the output function of ‘harvesting’. The other input and output functions are optional. These systems have at least one treatment function.

	
Semi-intensive system can use structural or environmental (including placement) designs to solve one or more of treatment functions




	
4

	
The input function of ‘stocking‘, and either ‘feeding‘ or ‘fertilizing´ and the output function of ‘harvesting‘. These systems have at least one of the treatment functions of ‘Controlling DO and CO2’, ‘Controlling organic matter’, ‘Controlling nitrogen compounds’ and ‘Controlling solids’. The other functions are optional.




	
5

	
Intensive

	
The input functions of ‘supplying water‘, ‘stocking‘ and ‘feeding‘, the treatment functions of ‘Controlling DO and CO2’, ‘Controlling organic matter’, ‘Controlling nitrogen compounds’ and ‘Controlling solids’ and the output function of ‘harvesting‘. All other functions are optional.

	
Intensive systems mostly solve treatment functions explicitly, not through design only.




	
6

	
the input functions of ‘supplying water‘, ‘stocking‘ and ‘feeding‘, the treatment functions of ‘Controlling DO and CO2’, ‘Controlling organic matter’, ‘Controlling nitrogen compounds’ and ‘Controlling solids’ and the output function of ‘harvesting‘. At least one of the other output functions is used. All other functions are optional.




	
7

	
the input functions of ‘supplying water‘, ‘stocking‘ and ‘feeding‘, use all of the treatment functions and the output function of ‘harvesting‘. At least one of the other output functions is used. All other functions are optional.
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Table 2. Mapping of functions to APIS level (legend: ‘-‘ = not possible, x = required, an = at least one from group n and o = optional).
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APIS

	
Input Functions

	
Treatment Functions

	
Output Functions




	
Supplying Water

	
Stocking

	
Feeding

	
Fertilizing

	
Providing light

	
Controlling Temperature

	
Controlling Solids

	
Controlling DO and CO2

	
Controlling pH

	
Controlling N Compounds

	
Controlling Matter

	
Controlling P Compounds

	
Controlling Metals

	
Preventing Diseases

	
Controlling Disease Outbreaks

	
Harvesting

	
Process effluent Water

Process Effluent Water

	
Process solid Waste

	
Controlling GHG Emission

	
Preventing Escapes






	
0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
x

	
-

	
-

	
-

	
-




	
1

	
a1

	
a1

	
a1

	
a1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
x

	
-

	
-

	
-

	
a1




	
2

	
o

	
x

	
a1

	
a1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
x

	
-

	
-

	
-

	
o




	
3

	
o

	
x

	
a1

	
a1

	
o

	
a2

	
a2

	
a2

	
a2

	
a2

	
a2

	
a2

	
a2

	
a2

	
a2

	
x

	
o

	
o

	
o

	
o




	
4

	
o

	
x

	
a1

	
a1

	
o

	
o

	
a2

	
a2

	
o

	
a2

	
a2

	
o

	
o

	
o

	
o

	
x

	
o

	
o

	
o

	
o




	
5

	
x

	
x

	
x

	
o

	
o

	
o

	
x

	
x

	
o

	
x

	
x

	
o

	
o

	
o

	
o

	
x

	
o

	
o

	
o

	
o




	
6

	
x

	
x

	
x

	
o

	
o

	
o

	
x

	
x

	
o

	
x

	
x

	
o

	
o

	
o

	
o

	
x

	
a1

	
a1

	
a1

	
a1




	
7

	
x

	
x

	
x

	
o

	
o

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
a1

	
a1

	
a1

	
a1
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