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Aquaculture is the fastest growing food production system in the world, generating more
than half of the global seafood harvested today. These type of activities are crucial to
provide key nutritional components for humanity in the future as populations worldwide
are increasing and the demands for securing food resources are imperative. Multiple
socio-ecological factors such as weak regulations and focus on maximizing production
limit production and threaten the sustainable growth of aquaculture. We present a
novel policy framework to evaluate and pursue growth in aquaculture considering
four boundaries: biological productivity, environmental constraints to that productivity,
policy that inhibits or promotes different kinds of aquaculture, and social preferences
that determine aquaculture markets. Using a range of scenarios, we have shown
that sustainable growth in aquaculture requires simultaneous consideration of all four
boundaries and the potential interactions between all of these options. Our proposed
conceptual framework shows that to further expand the boundaries of aquaculture
production, the policy focus must remain flexible to enable the adaptation of from
single-boundary approaches. Our approach takes account of the current boundaries,
helping to consider the adaptive policy, which is deemed as a necessary tool for
considering the dynamic interactions among boundaries, thus addressing the problem
of defining the evolving limits of sustainable aquaculture.
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SUMMARY

We provide a conceptual framework of sustainable seafood aquaculture that departs from earlier
approaches to sustainability based solely on regulations, technological advance or increased system
efficiency. To this end we define four dimensions of the social-ecological system that supports
aquaculture: (1) biological productivity, (2) environment constraints, (3) policy tools that enable or
limit aquaculture, and (4) societal preferences and the current farmed seafood markets demands.
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Policy analyses habitually consider single boundaries, but the
dynamic interaction between boundaries suggests that boundary
changes can have unexpected consequences if one is not paying
attention to their integrated responses. The proposed framework
is a starting point for investigating how key indicators of adaptive
capacity differs inside the industry on the basis of the interacting
boundaries. By considering this suggested approach, then policies
may be developed to increase the adaptive capacity of a globally
expanding industry within defined sustainability boundaries.

Aquaculture is the fastest growing food production system in
the world (Asche, 2013; Food Agriculture Organization, 2014)
and a major part of the solution to provide key nutritional
components to the increasing human population (Food
Agriculture Organization, 2014) Aquaculture now accounts for
roughly half of the world’s seafood production including fish
(66.6 million tons/year), algae (23.8 tons/year) and mollusks
(15.1 tons/year), among other taxa such as echinoderms and
crustaceans, and is bound to continue growing into the next
decades (World Bank, 2013; Food Agriculture Organization,
2014). During the 2010-2013 period, 53% of the aquaculture
production came from mariculture—aquaculture in the ocean’s
coasts and estuaries, a share that expanded by 8.3% annually
in comparison with a 6.6% growth in freshwater aquaculture.
This growth was attained through territorial expansion,
efficiency in resource utilization and incremental technological
innovations in the production process (Bostock et al., 2010;
Food Agriculture Organization, 2014). The rapid expansion
of intensive and extensive seafood production is taking place
mostly in developing or underdeveloped countries, where
regulations are weak or policy focuses solely on production
and has led to a range of environmental problems, including
habitat destruction, pollution, and overuse of marine resources
(Primavera, 2006; Smith et al., 2010). Together, these factors
threaten the sustainability, and thus future productivity of
mariculture. To achieve the many goals and expectations placed
on seafood aquaculture, it is necessary to improve on the current
growth strategies that solely focus on production and efficiency.
Furthermore, more targeted work is needed to define—with
the purpose of expanding—the boundaries of sustainable
aquaculture.

Here, we provide a conceptual model of seafood aquaculture
that helps define the boundaries of sustainable production
given the demands placed on aquaculture to feed the global
human population. Sustainability is driven by four dimensions
of the social-ecological system that supports aquaculture: (1)
the biology of cultivated species that determines the limits and
opportunities for biomass production, (2) the environment that
influences the biology and production limits, (3) the policy that
enables or limits different aquaculture practices, and (4) the
societal preferences and demands that drive markets for farmed
seafood (Figure 1A). There is broad consensus that realistic,
science-based models are paramount and urgently needed to
assist and guide future policy development, helping to move
aquaculture beyond simple objectives (e.g., such as conservation
or employment; Bostock et al., 2010). Our conceptual model
provides a unique framework to identify sustainable paths
for growth and its boundaries, departing from approaches to

sustainability based solely on regulations, technological advance
or increased system efficiency (Bostock et al., 2010; Troell et al.,
2015).

Sustainable production of farmed seafood requires addressing
each of these four dimensions individually (Figures 1C-E),
but also their combined interactions (Figures 1B,G). In some
cases, the location of an individual boundary drives potential
aquaculture production; for example, when policy prohibits
aquaculture permits (Figure 1C), recruitment failure occurs for
species that use wild seed stock (Figure 1D), or markets operate
inefficiently for a particular product (Figure 1E). Furthermore,
when changes in one boundary may ultimately lead to affect
or modify other boundaries, will often result in further delays.
For example, when human activities increase the cumulative
impact of multiple stressors, production may initially increase
but then decrease as multiple stressors ultimately limit biological
productivity (Figure 1B). Interactions occur when changes in
some aspect of the social-ecological system cause or require other
boundaries to contract (with increasing limitations) or expand
(with innovations, Figure 1G). As Figure 1 is constructed, the
area contained within the 4 boundaries can be considered to
represent the total achievable production, and contractions in
one or more of the four boundaries will lead to a decrease in
this area and, therefore, total production assuming the other
boundaries cannot adapt and expand. For example, lack of
market incentives and restrictive regulations limit aquaculture
production in the U.S. and the UK., keeping sustainable
production well below potential levels (Asche, 2013). Similarly,
expansions in a boundary may not lead to increases in total
production if other boundaries contract in response. For
example, market forces and government incentives promoted
the explosive growth of salmon aquaculture in Chile. The rapid
expansion degraded water quality and overwhelmed sanitary
barriers, which created the conditions for an outbreak of a
viral disease that ultimately reduced aquaculture production
(Figure 1F, Smith et al., 2010). Thus, the only way to increase the
sustainable production of seafood is to simultaneously expand (or
maintain) multiple boundaries in the system.

The dynamic interaction between boundaries suggests that
boundary changes can have unexpected consequences if one
is not paying attention to their integrated responses. A
technological advancement intended to improve the biomass
productivity of a species, and thus expand the biology boundary
(e.g., the development and use of chemicals to control parasites
or disease in cultivated species) can have a detrimental effect
on the societal preferences (i.e., market) boundary, with a
reduced market demand for any seafood perceived to be
contaminated by such chemicals and the ensuing regulatory
demands that such public perceptions may trigger (Tveteras,
2002). Similarly, increased demand of aqua-feed requires
ingredients, such as small pelagic fishes of low market value or,
increasingly, agricultural commodities, which creates social and
environmental conflicts (Cao et al., 2015; Troell et al., 2015).
If any boundary contracts too far and crosses the sustainability
threshold (center of Figure 1A), then the location of other
boundaries will not matter, just as if the market for aquaculture
disappears or a policy prohibits aquaculture, an otherwise
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interact with other boundaries, pushing them beyond the sustainability threshold.

FIGURE 1 | The illustration in (A) depicts the four dimensions of the social-ecological system that supports aquaculture and ultimately define the boundaries of
sustainable production. Biology is the common traits of the cultivated species, helping to illustrate the limits and opportunities for biomass production, (2) Environment
is the biophysical variability that influences the biology and overall production boundaries, (3) Policy is the regulatory framework that enables or limits different
aquaculture practices, and (4) Markets are the societal preferences and demands, which drive the production of farmed seafood. The sustainability threshold, defined
by the dashed line inside the four boundaries, is a part of the production space where aquaculture production will fall below the levels required to sustain the industry.
The five diagrams from (B-F) provide examples of how the movement of multiple or single boundaries, either contracting or expanding aquaculture production, may

Multiple stressors pressure

The policy and markets push biological productivity and the environment below
the sustainbility threshold. For example, reduced market demand can drive an
increase in stock density, which following strict zoning regulations will lead to
local eutrophication.

Limiting policy

Strict regulatory or licensing requirements forestall expansion of
aquaculture, pushing the scale of aquaculture production below
the sustainability boundary.

Reduced biological productivity

Intensive use of one or many biological processes forces a contraction
in the industry, for example through intensive collection of larvae for
industries that depend on natural seed stock.

Inefficient markets

Economic forces that drive the aquaculture industry operate ineffi-
ciently for a particular product and, for example, create an excess
supply of an aquaculture product depressing its price.

Regulatory incentive

A regulatory push to expand aquaculture will lead to impacts in the
environment, biological productivity and the final price.

Whole box expands

All dimensions expand together without forcing any particular
boundary to contract, thus keeping the growth of aquaculture
production away from the sustainability boundary.

productive aquaculture system will not survive. Furthermore,
the expansion of one boundary can have repercussions (e.g.,
contract) another boundary, creating the scenario where efforts
to expand aquaculture become unsustainable. For example,
markets could demand levels of production (biology) that
imply large environmental impacts. These impacts will contract
the environment boundary making it cross the sustainability
threshold for the industry. Before any changes in aquaculture
practice and policy are implemented, the potential impacts
(direct or indirect) of these changes on each of the sustainability
boundaries should be fully considered.

There are few examples where aquaculture development
and expansion have addressed all boundaries in a way that
allowed totally sustainable aquaculture production to increase.
One good example comes from Canada, where the sustainable
growth of Canadian aquaculture has occurred in response to 5-
year strategic plans in place since 1999 (National Aquaculture
Strategic Action Plan Initiative, 2010). These regularly updated
plans are designed by the Canadian Council of Fisheries and
Aquaculture Ministers, based on governance, social license and
market principles, and are established after broad consultations
with governmental officers, industry, First Nation tribes and
other stakeholders. Between 1990 and 2002, aquaculture
production quadrupled, from 40,000 to 17,000 t, and after
some fluctuations it has stayed nearly constant at around

150,000 t. This growth has generated thousands of job and
over $1 billion in GDP, making it the largest food commodity
export (Food Agriculture Organization, 2012). Despite these
successes, Canada’s enormous biophysical potential remains
underutilized—it produces just 0.3% of global aquaculture
output—with considerable scope for sustainable growth.

The framework we propose requires one to explicitly address
the adaptive capacity of a social-ecological system, a fundamental
component of sustainable development in an era driven by
multiple local and global drivers (Gelcich et al., 2006). Adaptive
capacity is a latent characteristic that reflects aquaculture
industries ability to anticipate and respond to changes, and to
minimize, cope with, and recover from the consequences of
change (Smit and Wandel, 2006). It is relevant to highlight that
not every aquaculture development will need enhancement of
the same aspects of adaptive capacit, and it is clear that some
adaptation measures, such as industry re-location, can potentially
create unintended and unforeseen consequences affecting social
and natural systems. Those players, which hold a high adaptive
capacity may be better able to convert boundary constraints into
successful adaptation outcomes. Systems where technological,
political, or social innovation can help expand boundaries
simultaneously will promote adaptive capacit. Our conceptual
framework is designed to highlight the need to develop this
adaptive capacity, which is to expand the boundaries while not
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crossing the sustainability threshold. This follows a similar line as
the “resilience space” of the 5th Assessment Report of the IPCC
Working Group II, where biophysical stressors conflate with
social stressors to squeeze the space for climate-resilient pathways
to development (Mimura et al., 2014). In this way The proposed
framework is a conceptual starting point for investigating how
key indicators of adaptive capacity differ inside the industry
on the basis of the interacting boundaries. In this way, policies
may be developed to increase the adaptive capacity of a globally
expanding industry within defined sustainability boundaries.
Growth in the production of farmed seafood requires
adaptive policy tools that acknowledge and address the dynamic
interactions among boundaries to sustainable aquaculture
production. Growth will happen by increasing production within
existing farms, through expansion into new locations or the
development of new cultivated species. In any of these cases,
growth will lead to environmental, social and market changes,
and require institutional and scientific innovations. Policy that
does not adapt to this new information and context is bound
to push (or allow) systems past sustainability thresholds for at

least one of the four boundaries. There is broad agreement that
aquaculture has the potential to feed the world in the future
(Food Agriculture Organization, 2014), yet there is great risk that
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