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Like many sectors, the expansion of aquaculture has issues related to sustainable

resource use and environmental change. These challenges are widely recognised and are

addressed with sectoral strategies. Even when culturing a single species, the specifics

of impacts, constraints, and pressures are likely to vary in effects for different farm types.

On the other hand, production efficiencies can drive farms towards homogeneity. A

simple model is used in this study to demonstrate farm-scale budgets and the pressure

to intensify production towards an optimum. A range of interventions can provide

incentives for less intensive production: these include price premiums and altered cost

bases. Integrated multitrophic aquaculture (IMTA) does not offer a route to less intensive

production systems if the productivity of the extractive species (e.g., algae) is linked to the

intensity of the fish farm, although alternative incentives for IMTA are possible. Increases

in the intensity of production (as stocking density) can be mitigated by increasing farm

capacity. An expanded production model suggests that this will lead to larger farms at

relatively high stocking densities. Where farms are subject to variable economic and

biological processes, this can lead to some combinations of intensity and capacity to

have less variable earnings than others. The promotion of diverse aquaculture sectors

may allow some of the ecological and social synergies available to smaller farms to be

combined at a regional scale with the greater production of large farms. Cost, price

and/or regulatory incentives are needed to create diverse production systems.

Keywords: extensive aquaculture, conservation aquaculture, integrated multitrophic aquaculture, heterogenous,

resilience

INTRODUCTION

Aquaculture is considered a key sector for future global food production (Costello et al., 2020).
Growth rates in aquaculture are, however, heterogenous (Gentry et al., 2019), with the global rate
of growth declining since the beginning of the century (FAO, 2020). The reasons for declining
growth rates in aquaculture are varied and include restricted space for farms, public opposition,
market issues, diseases, and licencing backlogs. Large-scale strategies are one response to the
issues affecting aquaculture. The European Union guidelines for sustainable aquaculture made
recommendations for licencing, spatial planning, business competitiveness, and capturing the
benefits of shared environmental, welfare, and consumer protection (EC, 2013). China is also
emphasising spatial planning and more environmentally sustainable aquaculture (Yu et al., 2020),
while the United States focusses on improved regulation, sustainable management, technology, and

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2021.655346
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2021.655346&domain=pdf&date_stamp=2021-06-15
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mark.johnson@nuigalway.ie
https://doi.org/10.3389/fsufs.2021.655346
https://www.frontiersin.org/articles/10.3389/fsufs.2021.655346/full


Johnson Farm Size Diversity in Aquaculture

public understanding (NOAA, 2011). While the current policies
focus on improving the number, profitability, and sustainability
of farms, they do not explicitly consider that social, resource use
and economic optima may occur at different farm capacities or
production intensities.

National and regional strategies attempt to influence the
evolution of the focal sector. In aquaculture this evolution
has often been towards production and economic efficiencies
related to increases in scale. Production efficiencies are generally
important for expanding the total size of a sector (Nielsen
et al., 2016). Salmon aquaculture provides examples of growth
trajectories involving increases in net pen capacity and farm
production (Asche et al., 2013; Ellis et al., 2016). For example,
the numbers of Scottish sites producing 1–50, 50–100, 101–
200, and 201–500 t of salmon were approximately equal in the
early 1990s. By 2014, the diversity of production had declined,
with around half the sites in the >1,000 t category (Ellis et al.,
2016). Increases in production scale occur widely, with the
majority of European countries showing recent increases in FTE
per aquaculture enterprise (Scientific, Technical and Economic
Committee for Fisheries (STECF), 2018). The economic incentive
to increase production of individual farms can be viewed in
terms of profit optimisation. Once a farm is set up, further
intensification can increase the profit margin: each additional
fish stocked represents additional profit. Stocking increases
eventually become unsustainable without additional investment,
as biological production starts to become less efficient when
crowding-related processes become limiting.

A simple model for the costs, sales and net earnings for a fish
farm can be used to demonstrate the processes that tend to scale
up and homogenise farm production. Changes in farm earnings
may also occur in more complicated systems, such as those
involving more than one species in an integrated multitrophic
aquaculture (IMTA) system. IMTA involves growing different
species together such that the wastes of one species (e.g., fish)
supports the growth of one or more separate trophic levels
(i.e., “extractive” species such as filter feeders or seaweed). A
simple (fish-macroalgae) IMTA system is used to investigate how
this type of aquaculture might change the optimum farm scale.
Finally, the model can be used to demonstrate how farms of
different intensity and capacity might perform in the face of
temporal variation in key parameters.

A FARM-SCALE MODEL

The implications of variations in farm intensity and capacity
are likely to be applicable with a range of different species
and contexts. The example used here to illustrate farm-scale
economics is based on salmon, currently the most valuable
aquaculture species in terms of international trade (FAO, 2020).
The model could be generalised to describe aquaculture of any
fed species and covers a production cycle with starting with
juveniles and ending with the harvest of adults. For salmon this is
approximately a 2-year process. Salmon farms are generally based
on rearing juveniles in sea cages or pens, fed on a pellet diet. The
parameters (Supplementary Data Sheet 1) of the modelled farm
are mostly based on industry figures for salmon (MOWI, 2020).

The total costs for the modelled farm reflect juvenile
supply costs, feed costs, harvest costs, and costs of farm
infrastructure and labour. The modelled farm buys juveniles
(smolts) conditioned to sea water from a hatchery at a fixed cost.

Juvenile supply cost = Jn.jp (1)

Where Jn is the number of juveniles purchased and jp is the price
per juvenile. The stocking rate is used in this paper as a measure
of farm intensity.

Feed costs [the main component of farm budgets, MOWI
(2020)] are made up of the feed consumed by harvested adults,
and the feed consumed by fish that die before harvest.

Feed cost for harvested adults = An

(

h− jw
)

fcr.fc (2)

Where An is the number of adults, h is the harvest weight, jw
is the weight of juveniles purchased, the feed conversion ratio,
fcr, is the weight of feed used divided by the weight gain by
fed fish, and fc is the cost of the feed. The feed conversion
ratio is probably density dependent (Liu et al., 2015; Wang
et al., 2019), with more feed needed per kilogram of fish as
densities increase. Costs rise with higher values of the fcr,
while a density dependent fcr increases costs with stocking
intensity (Supplementary Material). A density dependent fcr is
not, however, included in the model for reasons of parsimony:
fcr is modelled as a constant, with the impact of density included
solely through a density dependent mortality rate.

Feed consumed by fish that die before harvest

= Jn

(

m1 +
m2

C
.Jn

)

(

h− jw
)

2
.fcr.fc (3)

To estimate the food “lost” to individuals that do not reach
harvest, density independent (m1) and density dependent (m2)
mortality rates are used. The capacity of the farm (C) reflects
the volume that fish are reared in, so that density dependent
mortality is reduced when crowding in mitigated by more (or
larger) fish cages. The fish that die early are assumed, on average,
to have half the mean weight gain that fish have at harvest.
Density dependent mortality reflects observations of reduced
welfare at higher stocking rates (Santurtun et al., 2018). Mortality
is not well-characterised. Not only is mortality commercially
sensitive, repeated experiments at stressful densities would be
both expensive and ethically hard to justify. Disease is likely
to have higher impacts at greater densities if transmission is
facilitated by crowding.

The harvest cost is based on the fraction of the fish remaining
following gutting (gwt), the fish weight at harvest (h) and a cost
per kilogramme of fish harvested (hc):

Harvest cost = An.hc.h.gwt (4)

Buying and maintaining infrastructure, salaries, and repaying
interest on loans are assumed to generate a farm cost per fish
generation. A reasonable capacity for the target farm initially
simulated is six fish cages, each of 35,000 m3 volume. With the
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parameter values used in this study, this gives an adult stocking
rate just below the threshold for welfare effects (Turnbull et al.,
2005). Actual costs will vary by country and with management
and investment decisions. What was felt to be a reasonable figure
for the initial model farm was chosen, given an estimated initial
equipment cost (in Norway) of 3.5–4.5 million Euro (MOWI,
2020). If the capacity of the farm is fixed, costs only vary with
the stocking rate of smolts. Greater investment allows more, or
larger, cages, such that:

C = I.vc (5)

Where C is the volumetric capacity of the pens in the farm (m3), I
is the investment cost required per harvest cycle and vc is the rate
at which investment is converted into farm volume.

The value of fish farm sales is a function of number of fish
surviving to harvest, the gutted weight and the sale price per
kilogramme (sp).

Sales = An.h.gwt.sp (6)

Where An is related to the initial stocking density by:

An = Jn

(

1−m1 −
m2

C
.Jn

)

(7)

Net farm earnings are sales minus total costs. The
model’s equations can be added to a spreadsheet
(Supplementary Material) to investigate farm budgets.

Seaweed is used to illustrate an extractive species growth
alongside a salmon farm (an IMTA implementation). A seaweed
farm does not require additional costs beyond set up and
maintenance/harvest costs. Costs for a 1000 t, annual harvest
farm were based on an extrapolation of the figures for a
Laminaria digitata farm (Watson and Dring, 2011). It was
assumed that efficiencies could be found so that production
of seeded ropes and maintenance of a seaweed farm could be
achieved for e200,000 per annum. Wet seaweed was assumed to
be sold (ep) for e2 kg−1 (Watson and Dring, 2011).

While there is evidence for promotion of kelp growth in the
vicinity of fish farms (Kerrigan and Suckling, 2018), the size of
this effect is likely to depend onmany factors, such as farm layout
and current speeds. In the absence of a well-defined response
in the literature, the influence of additional nitrogen available to
seaweed configured in an IMTAwith a salmon farm was assumed
to follow a Michealis-Menten type relationship.

Seaweed harvest = sb +
smax.Tf

kS + Tf
(8)

Where sb is the baseline seaweed harvest in the absence of
nutrients from the fish farm, smax is the maximum harvest
possible, Tf is the total food used by the farm, an index of
potential nutrient supply to the environment, and ks is the
half saturation constant (gives a measure of how quickly the
nutrients supplied by a fish farm saturate the seaweed’s capacity
to respond).

Different scenarios were used to illustrate how farm
economics may vary under scale related assumptions. Earnings

examples are first developed using a fixed farm capacity (so
that farms vary only in stocking density), before allowing both
stocking density and farm investment in capacity to vary. The
effect of an organic salmon price premium was illustrated using
a sales price increase from e5.9 to e8.9 kg−1 for fish grown at
adult densities below 10 kg m−3 (using the 6 × 35,000 m3 pen
volume as a reference). The effect of finding cheaper farm set
ups at low smolt density (e.g., using pre-existing ponds) can be
illustrated by halving the fixed costs below a density threshold.
Finally, the influence of cost and price variability can be simulated
by a Monte Carlo process: selecting parameter values from a
range around the mean.

OPTIMAL FARM INTENSITY

The overall pattern for the simulated farm with fixed capacity is
for costs to rise as inputs (juveniles stocked) increase (Figure 1A).
The smallest farms do not make a profit, as costs exceed sales. As
the number of juveniles stocked increases, earnings rise before
eventually starting to decrease [a similar result has been reported
for a cod model (Björnsson et al., 2012)]. The decreases in sales
and earnings occur as a result of declines in the adult population
due to progressively stronger mortality as the initial stocking
density rises. The scenario of an earnings collapse with very high
stocking rates represents a realistic outcome. A very high stocking
density would probably result in complete mortality, with no
juveniles successfully growing to adulthood.

For a salmon farm based on the model and parameters
of Table 1 (with a six pen capacity costing e3 million), the
weight of adults to be harvested from 1.1 million smolts
would be 4,217 t, mortality 0.15, gutted weight yield per smolt
of 3.22 kg, and final stocking density of 20.1 kg m−3. These
values are consistent with industry norms (MOWI, 2020). The
model implies that farms more intensive than 4,200 t may be
more profitable. Environmental constraints, regulation, and/or
increased risks (e.g., all investment in a single location) are
probably reflected in a lower farming intensity than the modelled
peak being considered relevant in the salmon farming yearbook
(MOWI, 2020). The possibilities of increased profit from larger
and potentially more intensive farms are, however, illustrated
by proposals within the industry for production volumes over
10,000 t at offshore and onshore farms.

PROMOTING DIVERSE FARM
PRODUCTION INTENSITIES

If most species grown in aquaculture have a production scale
where profitability is maximised, there a number of ways in
which a diversity of scales can be achieved. Taking the simple
model presented here, steps in the sales price, such as thresholds
below which the product is more valuable, can be a means for
lower and higher intensity production to coexist (Figure 1B). The
production and marketing of organic salmon grown at densities
of <10 kg m−3 is an example of how price variability can create
economic viability at different farm intensities. As an alternative,
or alongside changes in the price structure, the cost base can be
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FIGURE 1 | Modelled costs, sales value, and net earnings for a fish farm at a fixed pen capacity (6 × 35,000 m3 ). (A) Showing earnings across a range of juvenile

(smolt) stocking densities, (B) Impact of a price premium (sales at e8.9 kg−1) below a stocking threshold, as occurs for organic salmon, (C) Impact of reduced fixed

costs below a certain stocking level (costs reduced by 50% below 0.6 million smolts as an example), (D) Integrated multitrophic aquaculture (IMTA) at different smolt

stocking levels, comparing IMTA and fish-only farms, (E) Difference between the earnings of IMTA and fish-only systems. Dotted lines in (B–D) indicate the original

values in panel (A). Some graphs are truncated at 1.1 million smolts as this is the figure used in the industry handbook (MOWI, 2020).

altered. For example, it may be cheaper to use pre-existing ponds
like the esteros (Yúfera and Arias, 2010) of southern Europe
rather than to use more costly new infrastructure (Figure 1C).
While lowering feed costs is a priority for carnivorous fish, a focus
on routes to profitability for small farms may further incentivize
diversifying production with omnivorous or herbivorous species.
Changes to the way personnel and social capital are invested
in production [community-based aquaculture (Bradford et al.,
2020)] could also offer opportunities to change the cost base,
including varying the cost of licences, to target profitability of less
intensive production. In a full life cycle assessment (Samuel-Fitwi
et al., 2013; Liu et al., 2016), there are likely to be a number of
points where specific benefits could be subsidised or linked to the
market to support a range of farm intensities and capacities.

A potential innovation in aquaculture is to expand the
range and prevalence of integrated multitrophic aquaculture
(IMTA). Looking at the relative prevalence of IMTA in Asia
and Europe, it is tempting to conclude that IMTA suits small
scale operations, while established large-scale fish farmers in
Europe are not incentivised to complicate their businesses by
adding less profitable extractive species (Hughes and Black,
2016). The simple economic model of a fish farm suggests
that a small-scale optimum for IMTA profitability is not
inevitable (Figure 1D). If growth of the extractive species is
stimulated by the waste production of fish, the difference
between farm earnings with and without IMTA is likely to
mimic this growth response (Figure 1E). This means that two
unintended consequences are possible: (a) the optimum IMTA

Frontiers in Sustainable Food Systems | www.frontiersin.org 4 June 2021 | Volume 5 | Article 655346

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Johnson Farm Size Diversity in Aquaculture

TABLE 1 | Parameter values and variables of the farm model.

Parameter Explanation Value References

fc Feed cost e1.3 kg−1 (MOWI, 2020)

fcr Feed conversion radio 1.2 (MOWI, 2020)

gwt Gutted weight fraction 0.84 (MOWI, 2020)

h Harvest weight 4.5 kg (MOWI, 2020)

hc Harvest cost e0.4 kg−1 (MOWI, 2020)

jp Juvenile price e1.70 (MOWI, 2020)

jw Juvenile weight 1 kg (MOWI, 2020)

ks Seaweed harvest half

saturation

5,000,000 kg This study

m1 Density independent

mortality

0.06 This study

m2 Density dependent mortality 1.68 × 10−2 m3

smolt−1

This study

sb Baseline seaweed farm size 1,000 t This study

smax Maximum seaweed harvest 2,000 t This study

sp Sales price for gutted fish e5.9 kg−1 (MOWI, 2020)

vc Rate of change in farm

capacity

0.07 m3 e−1 This study

- Fixed cost for seaweed

harvest

e200,000 This study

ep Sales price for seaweed wet

wt.

e2 kg−1 (Watson and

Dring, 2011)

Variables

An Adult numbers -

Jn Juvenile numbers -

Tf Total feed use by farm kg -

I Farm investment in capacity e -

C Farm capacity m3 -

profitability is at a higher farm intensity than the original fish
monoculture, and (b) the rate of return for marginal increases of
juvenile stocking is greater in IMTA than in monoculture. Both
consequences would make increasing juvenile stocking numbers
attractive for IMTA farmers and would disincentivize less
intensive production.

A policy intervention that could be used to incentivize IMTA
is a credit that directly rewards the removal of carbon or nitrogen
(Chopin et al., 2012) by seaweed. Using a tax that increases the
costs of intensive production (e.g., a nitrogen tax) can produce
a lower optimum production density (i.e., a steeper total costs
curve in Figure 1A). On its own, however, a nitrogen tax does
not tend to incentivise the least intensive farms. As costs are
added to all farms, the least intensive farms also become less
profitable. This reflects the finding that such Pigouvian taxes can
reduce production intensity, but at the expense of the viability of
less intense farms (León-Santana and Hernández, 2008). Adding
tax credits for nitrogen removal in IMTA produces the same
response as Figure 1E: the gross value of the credit is likely
to match the stimulation of extractive species growth when
increasing fish densities. Encouraging a range of farm intensities
would need a carefully set up, and potentially complex, tax and
credit system. Low intensity IMTA may therefore need the type
of price incentive that exists for organic aquaculture (van Osch

et al., 2017), or an explicit subsidy for the ecosystem benefits,
and/or synergies between culture species that can only be realised
at lower farm intensity or capacity.

BENEFITS AT DIFFERENT FARM
CAPACITY AND INTENSITY

While increasing the intensity of production eventually reduces
earnings, investments to scale up farm capacity can mitigate
this. The farms with the highest earnings are likely to
have a large capacity and to stock high numbers of smolts
(Figure 2A). Low capacity-high intensity or low intensity-
high capacity farms are not financially viable. The basic
economic incentives therefore promote both larger and more
intensive farming.

Earnings vary in separate harvests in the Monte
Carlo simulations. Broadly speaking, earnings variability
increases with mean earnings. The contours in Figure 2B,
however, do not quite match those of Figure 2A.
This indicates that farms of similar earnings may
have different temporal variance in their earnings
over time.

In aquaculture, disease represents one of the sources of
variability between years. Temporal prevalence of diseases
may be linked to environmental cues like anomalously
warm temperatures (Oldham et al., 2016), leading to
outbreaks that track environmental variability. The impacts
of disease are also likely to be density dependent, where
higher densities lead to greater transmission and individuals
being more stressed (Turnbull et al., 2005). If the Monte
Carlo simulations are restricted to reflect dominance
by density dependent processes, earnings variability is
concentrated in the high intensity-lower capacity farms
(Figure 2C).

The changes in variance with farm capacity and intensity
imply that a diverse collection of farms may have more stable
earnings than a homogenous sector. This type of benefit-of-
diversity effect has been seen in agriculture for comparisons of
yield in response to climate variability (Reidsma et al., 2010). A
range of farm types may also dampen the tendency for the cycles
in profitability in aquaculture. Such cycles are often associated
with cash flow and trade issues, for example in the salmon
farming industry (Asche and Bjørndal, 2011).

Growth of farm capacity and intensity over time may
cause some positive synergies to be lost. In many areas of
Europe, fish farms are based in peripheral communities, giving
them particular socio-economic importance for the coastal
areas where they are based. Smaller operators may need to
differentiate their offer to persist in the market, competing
on quality, supply to local markets or through innovation
in processing and packaging (Llorente et al., 2020). Larger
companies and farms be disconnected from the adjoining
community. For example, fish from a large and intensive
farm may not be available locally (Bresnihan, 2016). With no
distinctive produce to offer tourists, additional benefits do not
accrue to the community. Collaboration, by sharing resources
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FIGURE 2 | Results from 50 simulated production cycles for farms at different stocking densities and capacities (expressed as number of 35,000 m3 pens). (A)

Average earnings (million Euro); (B) Variance in earnings for simulations where all parameters except harvest weight vary by 2.5%, chosen from a uniform distribution;

(C) Variance in earnings when only the density dependent mortality rate varies by 2.5%.

and experience among smaller local businesses, may create
wider social benefits in terms of shared community values and
resilience. Both formal and informal cooperation among small
entities in the aquaculture sector can help businesses persist
(Cush and Varley, 2013).

A further synergy, perhaps more available to small capacity
and low intensity aquaculture producers, is the opportunity
to develop alongside conservation (and other sectors). This is
particularly relevant in areas like coastal waters, where there is

limited space available for aquaculture. Aquaculture can have
positive local influences on ecosystems, including through the
provision of habitat and through ecosystem services, for example
if extractive organisms are being grown (Froehlich et al., 2017).
Of course much needs to be done to find the appropriate scale
and type of locally synergistic aquaculture (Le Gouvello et al.,
2017). It seems likely that locally-based enterprises are best placed
to have the networks, local knowledge and flexibility to find
these synergies.
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CONCLUSION

The benefit of stressing a diversity of farm types in aquaculture
strategies is that this approach is inclusionary. Diversity as a
goal avoids casting the debate as one of intensive or extensive
aquaculture at a national or regional level (“sea sparing” or
“sea sharing”). While the impacts of larger farms will vary
with context and location, the challenges of maintaining and
expanding aquaculture production will not be met without
intensive, high volume production. Accepting and promoting
diversity, however, increases the range of situations in which
aquaculture can be developed. The concept of scale-dependent
synergies with different aspects of economic, social or ecological
sustainability allows a farm diversity-promoting framework to
integrate with the ecosystem approach to aquaculture (FAO,
2008). Diverse aquaculture sectors are more likely to produce the
heterogenous and flexible production systems identified as key to
resilient global food production (Troell et al., 2014; Urruty et al.,
2016). The challenges are to gather the appropriate data on farm
production, including for other species and implementations

of IMTA, and to develop policies that enable diversity without
having unintended consequences at any particular scale.
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