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The objective of this perspective paper is to present and discuss how systemic
innovations can deliver a step change in the way food is produced in Europe. The
production of healthy, safe and affordable food can contribute toward a just
transition to net zero carbon (C) for Europe. A systemic and cross sectorial
approach can contribute to climate mitigation by transfer of atmospheric CO, to
the terrestrial biosphere using low trophic species (LTS), including plants, seaweed
and mussels (i.e. C sequestration) and increasing organic C stocks in soils and
vegetation biomass (i.e. C storage). Innovative combinations of technologies
applied to LTS, processed animal protein, new crops, and diversified and
integrated production systems can link the high primary productivity rates of the
marine environment to the C storage capability of the terrestrial food sector.
Furthermore, the important roles of both private and public sector actors and
better use of systemic approaches to further elucidate the multi-dimensional and
multi-level interplays in complex food systems needs consideration. This can pave
the way for linking and scaling up C-neutral marine and terrestrial food production
systems into a future sustainable and circular bioeconomy. This systems-based
approach can address some of the challenges associated with the current farming
systems, as interdisciplinary research on aquaculture innovation can support the
development of a resilient and sustainable food system. Examples of technologies
provided include: a custom configured and digital user-oriented co-creation
approach for Responsible Research and Innovation (RRI), a WebGlIS tool on soil C
storage, innovative composting methods, advanced breeding methods, new
machinery for low greenhouse gas diversified orchard farming, Al model systems
to improve decision support systems in management of soil, vertical farming, and
animal feeding.
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1 Introduction

European food production and farming systems still result in
significant air, water, and soil pollution, biodiversity loss, climate
change, animal welfare challenges and excessive use of natural
resources, including water and energy. Agriculture is responsible
for 10.3% of the EU’s greenhouse gas (GHG) emissions, of which
nearly 70% come from livestock (EEA, 2019). Furthermore,
nitrogen (N) and phosphorus (P) cycles exceed their safe
operating space in Europe by a factor of 3.3 and 2, respectively,
resulting in diffuse terrestrial, aquatic and atmospheric pollution
(EEA, 2020).

The Farm to Fork strategy of the European Union (EU)
responding to these challenges aims to accelerate a “just
transition” for all actors to sustainable food systems, ensuring
that the economic, social and environmental foundations of food
and nutrition security are not compromised for current and future
generations (EC, 2019; EC, 2020). This is also in line with the UN’s
Sustainable Development Goals (UN, 2022). The strategy requires
and builds on scalable innovative solutions, such as agro-ecological
and organic practices, alternative and circular sources of protein for
animal feeds (e.g. plant-based, ocean-based, insect-based, single-
cell-based and animal by-products), and sustainable food from the
oceans and aquaculture. In addition, the application of diversified
cropping, low carbon (C) feed ingredients and farming practices of
fish and marine low trophic species (LTS e.g. seaweed (SW) and
mussels) have been proposed to reduce GHG emissions, mitigate
climate changes, and tackle pollution and biodiversity loss (Maia
et al., 2016; SAPEA, 2017; Kinley, 2020; Morais et al., 2020;
Morugan-Coronado et al., 2020; Winther et al., 2020; Hoegh-
Guldberg et al., 2019; Colombo et al., 2022). To innovate we need
to consider the important roles of private and public sector actors,
and make better use of systemic approaches to further elucidate the
multi-dimensional and multi-level interplays in complex
aquaculture and agriculture systems in Europe, as emphasized for
aquaculture by Joffre et al. (2017). The authors argue that
integration of institutional, political, economic, and socio-cultural
dimensions can improve the management of the innovation process
and support the development of a resilient and sustainable food
system. One needs to acknowledge though, that this transformation
is in reality a contested, competitive and political process that needs
dialogue, compromises and negotiation of common futures and not
a matter of rational design (Leeuwis et al., 2021).

Our objective is to present and discuss how such systemic
innovations as a circular economy approach (Figure 1) can deliver a
step change in the way food is produced in Europe, and that the
production of healthy, safe and affordable food can be one solution
in a just transition to net zero C for Europe.

2 Opportunities for climate neutral
marine and terrestrial farming

Climate neutral food production can be facilitated either by
reducing the emissions of current or new production systems or
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through facilitating carbon sequestration and storage within the
food production systems (Bossio et al., 2020).

2.1 Reducing the emissions from the food
production system

Total GHG emissions from agriculture in EU27 were estimated
to 472 Mt CO,e in 1990, whereas fish farming was estimated to
represent a total of 5.1 Mt CO,e in 2010 (MacLeod et al., 2020). In
2020, the total emissions from the agriculture sector still reached
424 Mt CO,e (EEA, 2022), where enteric emissions from livestock
made up 43.7% of total agricultural emissions and 80% of total
agricultural methane (CH,) emissions. This makes livestock
emissions the largest GHG source in agriculture and the largest
source of CH, emissions in EU (40%). Emissions from livestock
may be reduced by means of feeding strategies, such as dietary
inclusion of SW or microalgae (Maia et al., 2016; Roque et al., 2019;
Kinley, 2020; Morais et al., 2020), high forage quality, increased
levels of concentrates (Van Gastelen et al., 2019), and feed additives
(e.g. probiotics, polyphenols, tannins) (Palangi et al., 2022). We
suggest that selected dietary interventions can reduce enteric CH,
gas emissions (by 25% in 2030) while improving cattle production
and avoiding negative effects on the animal health and welfare and
the quality of dairy products and meat (Table 1).

Ocean-based climate mitigation options offer significant
potential to limit global warming by reducing GHG emissions
(e.g. providing low C farm seafood as an alternative to land
produced protein) (SAPEA, 2017; Hoegh-Guldberg et al.,, 2019).
Spillias et al. (2023) modeled the global expansion potential of SW
farming and explored how increased SW utilization for dietary,
livestock feed and fuel production could affect the environmental
footprint of agriculture. It was concluded that global production of
SW has the potential to reduce the environmental impacts of
terrestrial agriculture, but caution is needed to ensure that these
challenges are not displaced from the land to the ocean. Further, the
aquatic food production sector has shown remarkable growth
worldwide over the last decades and is still the fastest growing
animal-producing sector (FAO, 2018). However European
aquaculture production is stagnating, and finfish farming
comprises most of the value of the production (FAO, 2022). Feed
for finfish is responsible for 90% of the GHG footprint of farmed
fish, mostly through their highly processed vegetable ingredients
such as soybean protein concentrate, glutens, rapeseed and palm oil
(MacLeod et al., 2020; Winther et al., 2020; Newton et al., 2023)
Product diversification strategies encouraging the farming of non-
fed finfish and LTS, such as SW and shellfish, would reduce GHG
emissions while maintaining the supply of seafood to Europe. For
expansion of global food production from the ocean, marine
aquaculture is identified to have the largest potential. In particular
aquaculture with filter feeding invertebrates (e.g. molluscs) for
direct human consumption should be noted, or finfish cultured
together with cultivated algae to mitigate environmental impact of
finfish production in a more ecological way (Ellis and Tiller, 2019).
Stetkiewicz et al. (2022) found that seafood remains under-
researched compared to the role of terrestrial animal and plant

frontiersin.org


https://doi.org/10.3389/fmars.2023.1178014
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Olesen et al.

Society

g

Nutrients from
wastes and rest

Farming raw material

Culturing
Low trophic
organisms

FIGURE 1
The vision of a climate neutral farming in a green and blue circular
bioeconomy. Illustration: Krysspress/Nofima.

production in food security. Furthermore, these authors concluded
that far more attention is needed to the role of seafood in global
food security, and call for the integration of seafood in a wider
interdisciplinary approach to global food system research. For
example, the social readiness level regarding consumer behavior
and solutions to area conflicts need to be increased before these
types of innovations can be scaled up in a sustainable way.
Aquaculture food products, such as farmed fish from freshwater
and marine aquaculture and blue mussels generally show a low C
footprint (0.6-5 kg CO,e kg edible product) compared to meat
products from poultry (6.5 CO,e kg') and livestock (8.6-19 kg

10.3389/fmars.2023.1178014

CO,e kg’1 meat), assuming no land-use change (Fry, 2011; Poore
and Nemecek, 2018). In aquaculture, there is a significant potential
to improve the C footprint of farmed fish by using circular feed
ingredients (including fish and terrestrial animal by-products) and
feeding strategies with low C footprint (Kinley, 2020; Winther et al.,
2020; Colombo et al., 2022).

2.2 Carbon sequestration and storage (CSS)

Soil plays a pivotal role by a net transfer of atmospheric CO, to
the terrestrial biosphere. Soil can contribute to the mitigation of
climate change: for example respiration from soil and vegetation is
responsible for a flux of 118.7 Pg C yr’', lower than the
photosynthesis flux (123 Pg C yr™"), turning land into a C sink.
The stock of C in soils is three times higher than in vegetation and
twice the C stock in the atmosphere (Smith, 2012). Biomass is the
second largest terrestrial compartment of stored C, so diversified
cropping systems (mostly agroforestry systems) have been proposed
as a sustainable strategy to increase land productivity, biodiversity
and C sequestration in soil and biomass to ensure climate neutrality
(Duguma et al., 2017; Morugan-Coronado et al., 2020). Diversified
cropping systems with adaptation of machinery for sowing, cutting,
pruning, weed control and harvesting, conservation agriculture and
soil amendments with by-products from aquaculture and animal
farming can decrease GHG emissions (by 30% in 2030) and
enhance CSS in soil and perennial biomass (483 Mt CO,e yr'l)
(Almagro et al., 2010; IPCC, 2019; Morugan-Coronado et al., 2020;
Brooker et al.,, 2021; EEA, 2022). Soil C sequestration represents a
significant GHG removal strategy - also called negative emission
technology (Smith, 2016). Increasing the soil organic carbon (SOC),
essential for soil quality that influence agricultural production,
delivery of ecosystem services and food security, can be viewed as
a win-win strategy. For example C sequestration in soils from SW
and CaCOj; from SW and mussel farming, reused in a renewable

TABLE 1 Circular pathways linking aquatic and terrestrial food production and assumed mechanisms of reduced GHG and increased CSS (resulting

Substitution of mineral N fertilizer, capture from the marine environment and storage in soils using compost to build soil
organic C (4 Kt CO,e per year by 2030 and 1,200 Kt by 2050) (Almagro et al., 2010; Smith, 2012; Smith, 2016; Duguma et al.,

Inhibition of nitrous oxide and methane production (25% reduction in enteric methane from cattle by 2030 by adding 2% in

Substitution of standard plant proteins (20% replacement across Europe by 2030 equating to 912 Kt CO2) (Campos et al., 2020;

Substitution of wild caught fish meal (30% replacement across Europe by 2030 equating to 190 Kt CO,) (Newton et al., 2023)

C capture in the marine environment (SW) and valorization of SW to produce low C footprint cattle feed.

tons CO.e).
Secondary Conversion | Mechanism to reduce GHG, or increase CSS (tons (t) CO,e)
raw material pathway
Non-feed LTS & Composting
RAS sludge
2017; Fuss et al., 2018; Morugan-Coronado et al., 2020)
Seaweed (Excess SW
marine nitrogen) aquaculture 10% of cattle feed) (Maia et al., 2016; Roque et al., 2019; Kinley, 2020; Morais et al., 2020)
Animal by- Processing
products Newton et al., 2023)
By-products from | Trimming/
fisheries and hydrolysates
aquaculture
Non-food LTS SW/
hydrolysates
Excess marine LTS 10% increased primary productivity in the marine environment
nitrogen aquaculture

(LTS, Low Trophic Species; RAS, Recirculation Aquaculture System; SW, seaweed).
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cycle that store their C for prolonged time periods, and from crop
production on land can therefore have significant impacts on the
atmosphere and climate change (Fodrie et al,, 2017; Chenu et al.,
2019; Morugan-Coronado et al., 2020; Alonso et al., 2021). Global
estimates of soil C sequestration potential vary considerably and is
altered by soil amendments. Fuss et al. (2018) indicates a potential
of up to 5Gt CO,yr ' for soil C sequestration and 0.5-2 Gt
CO, yr~! for biochar.

This potential can be further increased; the efficiency of both
crop rotations with cereals/ley/legumes/catch crops and
agroforestry systems in fruit trees with alley cropping of herbs,
vegetables and fodder can be improved to decrease inputs
(pesticides, fertilizers, water) and increase CSS (Tiefenbacher
et al,, 2021). Crop diversification, as a nature-based approach,
increases biodiversity and soil biological activity including
attraction of natural antagonists to pests/diseases, reduces erosion
and improves soil quality with increased C and water storage
capacity, reducing the need of external input. Despite the large
cropland surface occupied by cereals in European agricultural land
(48%), tree crops represent 10% of total cropland in Europe, highly
relevant for the Mediterranean region, with a potential to CSS in
biomass as ~200-500 kg C per tree in the long-term (Almagro et al.,
2010; Ma et al., 2020). For more details on assumptions of CO,e
emissions and CSS, see Table 1.

In terms of aquatic food production, the culturing of low
trophic organisms offers significant opportunity to sequester
carbon (Hoegh-Guldberg et al., 2019). SW cultivation can capture
1500T of CO, yr'! km™, that can be increased if the production is
managed purposely to increase carbon sequestration (Broch et al.,
2019). However, to make a difference to climate change this carbon
must be effectively removed from the carbon cycle for meaningful
periods of times (generally more than 100 years). In countries where
the large-scale cultivation of seaweed for food is already well
developed, cultivation is resulting in significant sequestration
along with other environmental benefits (Zheng et al., 2019).

3 Overall concept

In line with the Farm to Fork strategy we propose the following
strategic priorities:

1. Linking marine and terrestrial systems by closing the global
C and N cycle using composted and processed marine and
terrestrial waste and by-products in agricultural soils for
long-term C storage (see Figure 2). Useful tools based on
digital technologies that can contribute to this include:
WebGIS tool on predicting soil C storage and Al model
systems to improve decision support systems (DSS) in
management of soil, vertical farming, and animal feeding.

2. Increase C sequestration by diversifying crop agriculture
and aquaculture, including kickstarting a SW bioeconomy
in Europe. Examples of relevant innovations here are: New
machinery for low GHG diversified orchard farming and
advanced breeding methods, including selection for new
low trophic aquaculture species.
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3. Reduce GHG emissions by developing circular feed systems
for farm fish and cattle using cultured SW, by-products
from fishery, aquaculture and processed terrestrial farm
animal by-products. Innovative urban and vertical farming
solutions shorten the distance from food production to
urban consumers and to input resources, reducing GHG
emissions from transportation while limiting land area
required. Vertical farming is the cultivation of plants
(mostly fresh vegetables and herbs, to date) in light
opaque and thermally insulated chambers, where artificial
lighting is used, and full control of environmental
parameters is provided. In vertical farms, plants are
grown on stacked tiers, using hydroponics, enabling
substantial savings of water and mineral nutrients, as well
as the use of land (ranging 90 to 99% as compared with
greenhouse and open-field cultivation, respectively)
(Graamans et al., 2018; Orsini et al., 2020; van Delden
et al., 2021).

This trans-sectorial and circular approach will lead the way for
leveraging the significant potential to increase climate neutral
farming and seafood production in Europe through a systems-
based approach to food production that circumvents the siloed
approach of agriculture and aquaculture. By this it finally allows for
the development of integrated and circular food production across
the land sea interface. The proposed innovations could contribute
to reduce GHG emissions and increase CSS to achieve overall
climate neutral farming by 2030 (Figure 2). The total potential
CSS (483 Mt CO,e), with the adoption of proposed innovations on
8% of agriculture land in the EU 27 in 2030, will exceed the total
GHG emissions in both agriculture and fish farming in 1990 as well
as emissions reduced with innovations here (335 Mt CO,e).

4 Discussion

A holistic approach of Responsible Research and Innovation
(RRI) is required to maximize the exploitation of the innovations
proposed here and scale them up to climate neutral farming at a
regional level. RRI is a dynamic and iterative process, in which all
relevant stakeholders participate, respond and are responsible for
both the research/innovation process and its outcomes. RRI aligns
both the process and its outcomes with the values, needs,
expectations and concerns of the society. The RRI framework of
EU includes the following key areas: ethics, societal engagement,
gender equality, open access, and science education. This implies a
process of structured cooperation between a myriad of actors from
various parts of society, including researchers, citizens, policy
makers, business and third sector organizations and clusters. This
multi-actor, transdisciplinary approach is often challenging, but
needs to be applied throughout such comprehensive innovation
processes (Gonera and Pabst, 2019). In complex global systems such
as aquaculture, the development and translation process of
technology and innovation platforms is nonlinear and involves a
plurality of stakeholders with diverging interests. Inherent and
emerging frictions can be addressed by designing good
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Intelligent pulse | Sensors
LED technologies | and DSS

No pesticides and 40%
t CO,e soil | reduced fertilization
Conservation agriculture, 30% reduced
fertilization and 50% reduced organic
permitted pesticides.

[Emisssions | Sequestration

*Values for EU271n 2030 with proposed innovations

Overall climate neutral farming with suggested innovations in 2030, and resulting annual GHG emissions and CSS in EU27 showing total CSS (483 Mt
COe) exceeding total GHG emissions (231 Mt CO,e) assuming the same amount of food produced. Annual nitrogen (N) mass (6 kT) removed from sea
[assuming 100 KT fresh weight SW and 800 kT mussels produced in 2030 and N composition data reviewed by Thomas et al. (2022)]. This strategy
providing nutrient for food and feed and replacing mineral fertilizers, demonstrates how linking aquaculture and agriculture sectors contributes to a
circular food system. (DSS, Decision Support system.). lllustration: Krysspress/Nofima.

collaboration platforms adapted to local and national conditions
and stakeholders. Intermediaries need to be able to facilitate an
iterative, reflexive innovation process aligned with the existing
expectations and practices of ‘multi-stakeholder’ innovation in
each country and thus enable for a wider process of food systems
innovation (Bush et al.,, 2021).

The sustainability of the systemic solutions and their challenges
and potential to generate significant positive impacts should be
assessed, aiming at climate neutral farming through reduced global
warming potential, and feasible transition toward sustainable food
systems. Although the potential of replacing part of food-competing
feedstuffs with food system by-products and residues, the prospects
face various challenges (Sandstrom et al., 2022). For example, the
production of alternative feeds can be limited by the availability of
by-products and residues, nutritional aspects (i.e. variability in
nutritional composition, high ash content), consumer acceptance,
or by existing regulations, such as bans on intra-species feed
recycling in farmed animal production in the European Union.
An integrated assessment approach to these innovations addressing
the environmental, economic and social dimensions of
sustainability is needed. This should also involve Life Cycle
Costing (Ciroth et al, 2008; De Menna et al, 2018) and the
monetization of these impacts (Aanesen et al., 2023) in an
amended Cost-benefit analysis in agreements with the ISO
Standards 14008: 2019 (Monetary valuation of environmental
impacts) and ISO 14007:2019 (Determining Environmental Costs
and Benefits), respectively.

The output from this assessment framework can be the basis
for, and complemented by, an assessment of the circularity potential
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of the proposed solutions. For this, a relevant indicator can be
deployed like the Material Circularity Indicator developed by the
Ellen MacArthur Foundation (2015). The circularity potential can
be further enriched by a cost-benefit analysis (CBA) performed on
selected solutions to assess whether estimated social benefits
outweigh estimated social costs.

Products from climate neutral farms and circular food systems
will ultimately need to be supported by the market, with
consumers choosing the products (Ortega et al,, 2011). Food
consumption and culture vary greatly between regions.
Furthermore, nutritional properties and safety assessment of
feed ingredients as well as food safety and quality of final food
products need to be ensured. Hence, dedicated work on consumer
awareness, food safety and affordability are also needed to address
these concerns in addition to regulatory aspects, meeting
consumer demand, income level etc. on food products
developed (e.g. triploid mussels, SW, meat and milk from
animals fed sustainable feeds). Will for instance European
consumers accept, afford and demand chromosome manipulated
(triploid) sterile mussels, farmed fish fed feeds including processed
animal by products, when climate benefits are documented?

Consumers should be engaged as co-creators. Consumer
information should be used to expand the scope of sustainability
analysis. This will also help identify the limitations and uncertainties of
current business models, while providing qualitative assessment of
consumer acceptance and use of food products. This can support
producers to grow their consumer segment with products from climate
neutral farming. Such insights will also be useful in the further
development of regulations on food safety.
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5 Conclusion and implications

A systemic and cross sectorial approach can contribute to
climate mitigation by transfer of atmospheric CO, to the
terrestrial biosphere using low trophic species, including plants,
SW and mussels (i.e. C sequestration) and increasing organic C
stocks in soils and vegetation biomass (i.e. C storage). Innovative
mixes of technologies applied to LTS, marine and terrestrial animal
by-products, new crops, diversified and integrated production
systems can link the high primary productivity rates of the
marine environment to the C storage capability of the terrestrial
food sector. This can pave the way for linking and scaling up C-
neutral marine and terrestrial food production systems into a future
sustainable and circular bioeconomy.
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