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Executive summary

The achievement of sustainable aquaculture requires consideration of the positive and negative
impacts of aquaculture on the environment, economy, and society. The identification and
quantification of the ecosystem services (ES) derived from LTS aquaculture can provide useful
information to support a rigorous sustainability assessment of the three sustainability dimensions.
Nature’s Contributions to People (NCP) is a novel framework for ES, defined as all the contributions
(positive and negative) of nature to people’s quality of life, and include the role that humans play in
the co-production of benefits from nature. Consequently, this definition fits the scope of AV better
than the classical ES approach, and was therefore selected as the framework for valuation of ES as part
of the sustainability analysis of Low-trophic Species (LTS) aquaculture in the Atlantic Region.
Deliverable (D) 6.2 specifically aims to identify and quantify the NCPs provided by LTS aquaculture,
based on the case studies (CS) investigated within AV.

The work in D6.2 was deconstructed into four sub-tasks: i) identification of the NCPs provided by LTS
(based on the CS investigated within AV) and of current knowledge gaps in terms of qualitative
contributions of LTS aquaculture to the NCPs using expert judgements and literature; ii) selection of
specific CS to be included in the evaluation of NCPs provided by LTS aquaculture based on the number
of identified NCPs and overall knowledge level (OKL) estimated based on the data quality scoring for
the identified NCPs in the previous step; iii) selection of indicators for NCPs quantification based on
the framework developed in task 6.1 in WP6 (D6.1, appendix B); and iv) quantification and analysis of
selected NCPs using the most appropriate valuation method for each indicator using data from CSs
within AV and literature reviews.

Overall, a relatively high number of NCPs were identified and confirmed for all CSs assessed. The
highest number of identified NCPs was reported for CS4 Sea-based IMTA and CS9 Mussels, both with
15 identified NCPs out of 18, followed by CS2 Offshore macroalgae and CS8 Oysters both with 14
identified NCPs, and two land-based systems, CS1 New macroalgae species (13 NCPs) and CS3 Land-
based IMTA (11 NCPs). The lowest number of identified NCPs was reported for CS6 Sea urchins with 9
identified NCPs, which may be explained by the immaturity of this industry compared to other more
established LTS aquaculture industries. Based on defined selection criteria, the CSs Offshore kelp
production, Land-based IMTA, Oysters, and Mussels were selected for the subsequent NCP analysis
and quantification.

The indicators Nutrient cycling and Eutrophication index were used for the quantification of the NCP
Regulation of coastal water quality, the carbon footprint was used to estimate the NCP Regulation of
climate, the Ocean acidification index indicator was applied to estimate the NCP Regulation of ocean
acidification, and food and feed production were used for the NCP Food and feed provision. The
performance of the selected LTS aquaculture systems was subsequently analysed and quantified using
the selected indicators and NCPs, and the results were compared to each other, and to other common
food production systems. Of the LTS evaluated in this report, sugar kelp production showed lower
eutrophication mitigation potential than mussels and oysters and had a much lower farm-gate price
compared to oysters and abalone, yet was found to be the only LTS to counteract ocean acidification.
Bivalve production (mussel and oyster culture), on the other hand, was found to have a significant
bioremediation capacity, with mussels displaying a higher capacity compared to all organism groups in
this report. Compared to mussels, oysters obtained a higher farm-gate price, but also demonstrated a
higher ocean acidification index, and the highest carbon footprint per unit of food produced among all



LTS culture systems studied. In comparison, most mussel production systems had a lower ocean
acidification index and a lower total carbon footprint per unit of food produced, than abalone and
oysters. Abalone was the only LTS production system that showed a net release of nutrients, its ocean
acidification index was set at the mid-range of values reported for oysters and at the upper range for
mussels, and its carbon footprint per unit of food was similar to the higher values reported for mussels,
while its farm-gate-price was considerably higher and only comparable to premium price oysters from
Northern Europe. In terms of the total carbon footprint, mussels and abalone were found to have the
lowest CF of the included LTS production systems, equivalent to primary producers, oysters were found
to be comparable to poultry and pig meat, but lower than e.g., lamb, beef, or other farmed marine
species (e.g., fish and prawns), while sugar kelp had a residual carbon footprint and consequently may
support climate change mitigation. It should be noted that all mussels, abalone, and even oysters may
also indirectly support climate change mitigation e.g., by replacing other meat products. However,
analysis of indirect effects of LTS aquaculture on the combined CF of food production around the
Atlantic is not included in the scope of this report.

The guantification identified significant contributions to society, e.g., in terms of NCP Regulation of
coastal water quality, as well as sustainable feed and food. Some disservices were also identified, e.g.,
linked to the NCP Regulation of climate as the carbon footprint of bivalve culture was found to be in
line with other traditional food sources, but generally lower than other meat products. In view of these
results, a well-planned expansion of macroalgae and shellfish aquaculture together with campaigns
that promote the consumption of these products over other meat products may contribute to cover
the increasing demand for food in the world while mitigating eutrophication effects and reducing the
current contribution of food production systems to the global GHG emissions. This includes developing
context-dependent recommendations for expansion of LTS aquaculture where regional differences
related to species and system performance are accounted for. The results will be integrated in the
upcoming sustainability analysis of LTS aquaculture (D6.3 in WP6) and will form the basis for the
subsequent economic valuation of marine ecosystem services linked to LTS aquaculture (D7.5 in WP7).
Finally, in D6.2, knowledge gaps related to the link between some NCPs and LTS aquaculture, and
identified data deficiencies are highlighted to support future research needs in this field.
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1. Introduction

1.1. Scope of AquaVitae Project and Deliverable 6.2

AquaVitae (AV) is a research and innovation project funded by the EU’s Horizon 2020 program. AV’s
overall objective is to introduce new, and expand existing, low trophic species (LTS) products and
processes to marine aquaculture value chains across the Atlantic. The value chains that AV focuses on
include macroalgae, integrated multi-trophic aquaculture, echinoderms, underutilized shellfish species
and low trophic finfish species. Moreover, AV includes analysis of value chains, market development
and profitability, and other biological and socioeconomic aspects, including sustainability,
environmental monitoring, and risk assessment of LTS. The achievement of sustainable aquaculture
requires consideration of the positive and negative impacts of aquaculture on the environment,
economy, and society. The identification and quantification of the Ecosystem Services (ES) derived
from LTS aquaculture can provide useful information to support a rigorous sustainability assessment
of the three sustainability dimensions. Consequently, ES analysis is proposed in the AV project as part
of the sustainability analysis undertaken in Work Package (WP) 6, with the specific aim to identify and
quantify ES provided by LTS as a basis for a forthcoming sustainability analysis. The indicators selected
in WP6 Task 6.1 (D6.1, Appendix B) were used as a basis for the work and specific LTS value chains
were selected for analysis. One part of the work was also to identify knowledge gaps in terms of what
ES LTS aquaculture supports, and what data was missing for quantification of the services provided.

1.2. Production of good and services from Low Trophic Species Aquaculture

Sustainable development is a complex endeavour, and identification and assessment of sustainability
objectives consequently needs to be holistic in order to consider all aspects that may support or act
against the identified objectives. As a result, sustainability assessment should include key
environmental, economic, and social impacts of an activity. In this sense, the ES concept — the goods
and benefits humans obtain from the interaction with nature — aims to address the constituents of
human well-being in an integrated manner and can therefore be useful for a complex task such as
sustainability assessment. In this concept, the holistic and interdisciplinary emphasis is present
through the integration of ecological, economic, and socio-cultural aspects, and as a result of the
applicability of the concept to complex questions, several different definitions and frameworks for ES
have been developed. These frameworks describe the benefits using different classifications, the
perhaps most well-known and applied being provisioning services, regulating services, habitat or
supporting services, and cultural services (Millennium Ecosystem Assessment, MA 2005).

As all food production systems, aquaculture needs a high degree of human intervention and
infrastructure yet remains an interconnected part of the ecosystem in which it occurs. Some forms of
aquaculture, e.g., bivalve and macroalgae aquaculture, even provide similar services as wild habitats,
hence has the potential to compensate for valuable lost ecosystems (Alleway et al., 2019, Barret et al.
2022). Consequently, aquaculture can be considered not only a consumer of goods and services, but
also a provider (Figure 1). This is especially true for LTS aquaculture, in particular for extractive culture
(organisms such as mussels, oysters and macroalgae which depend on natural available sustenance,
e.g., microalgae or nutrients). There are a number of publications describing the qualitative
contribution of aquaculture to ES, e.g., Grabowski et al. (2012), Langton et al. (2019), Alleway et al.
(2019), Schatte Olivier et al. (2020), Gentry et al. (2021), Mascorda Cabre et al. (2021), Theuerkauf et
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al. (2021) and The Nature Conservancy (2021). Extractive aquaculture can also be considered to be
restorative when it provides net-positive environmental outcomes (Nature Conservancy 2021). The
purpose of this report is not to provide a complete review of the ES provided by LTS. For this, please,
refer to the above mentioned sources. The major contributions in these references are, however,
sumarised below.

Shellfish Farming

o &
X o o * o

Mitigate Pollution
Shellfish and seaweed
aguaculture can improve
water quality by extracting
nitrogen and phosphorous
from coastal waterways.
As filter feeders, bi-valve
shellfish can improve water
clarity. These factors can
|essen the symptoms of
eutrophication, which effects

Habitat Provision

85 percent of native oyster
populations have been ost
worldwide and many seaweed
communities are similarly in
decline. Shellfish and seaweed
aquaculture can provide some
of the benefits of these lost
habitats.

Support Fish Populations
Shellfish and Seaweed
aquaculture gear provides
refuge for macro-fauna
including fish, crustaceans,
and other invertebrates.

Reduce Local Climate
Change Impacts
Seaweed aguaculture can
reduce carbon diexide and
oxygenate waterways, and
thereby ‘ocally mitigate the
effects of ocean acidifica-
tion. Through increased
water clarity, shellfish
aquacuiture may promote
the growth of eelgrass beds,

415 estuaries worldwide. a carbon sink.

Figure 1. Examples of ecosystem services provided by shellfish and seaweed (macroalgae) aquaculture.
Infographic from The Nature Conservancy*

A wide range of regulating services are associated with LTS aquaculture, e.g., carbon sequestration,
nutrient cycling, assimilation and removal, water filtration, sediment stabilisation and the attenuation
of wave energy. Filter-feeding organisms and algae have a major role in nutrient uptake through their
extractive nature and can remove these elements, organic matter, and other particulates from the
water, with significant effects both on water clarity and biogeochemical loops. The presence of surface-
based culture structures may reduce waves and bottom based culture may stabilize sediment. The
culture structures also contribute to supporting services by habitat creation and associated functions
which results in increased biodiversity. Additionally, seafood constitutes an important food resource
and brings a range of additional provisioning services in terms of feed, energy and raw materials.
Finally, LTS are important parts of the activities and economies in coastal communities, with use

4 https://www.nature.org/en-us/what-we-do/our-insights/perspectives/the-aquaculture-opportunity/ 2022-
02-11
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anchored in a historical perspective, hence LTS may support cultural identities, contribute to working
waterfronts and associated occupation and cultural experiences related to tourism and recreation.

Although itis well known that LTS aquaculture can contribute to ES provisioning beyond the production
of a resource or biomass, the extent and significance of these goods and services are still not well
understood (Alleway et al., 2019; Gentry et al., 2020; Barret et al 2022). Quantification of benefits
obtained from aquaculture is a key component to move the sector forward as these can be included
as positive externalities in sustainability analysis, which in turn can be used to highlight the benefits,
impact and development needs of aquaculture. Consequently, there is an urgent need for additional
research to generate primary data on the positive and negative contributions of marine aquaculture
in the biogeochemical cycles, habitats, and ecosystems of coastal oceans worldwide. Acknowledging
and incorporating the values of ES into aquaculture studies and planning has the potential to improve
environmental performance and sustainable management and to enable accurate recognition of
social, economic, and ecological values of this sector. In this context, ES analysis is starting to be
considered in the scope of various European-funded projects and integrated into sustainability
assessments (Froehlich et al., 2019), combining the environmental, economic, and social dimensions.

1.3. The Nature Contributions to People Framework

Different ES frameworks have been built with the same core objective: to include nature and the
interests of society into decision-making. The ES agenda aims to be inclusive, recognizing the diverse
values of nature. However, a pluralistic way of bridging a wider understanding of nature and human
interactions is necessary to ensure that any assessment supports the essential mission, i.e., sustainable
development, and creates useful knowledge to enable movement towards a more prosperous,
biologically rich, and fair (equitable) future for all.

Nature’s Contributions to People (NCP) is a novel framework developed by the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), and was approved by its
General Assembly in 2018 (Diaz et al., 2018) as a wider and more inclusive framework rooted in the ES
approach. NCP are defined as all the contributions (positive and negative) of nature to people’s quality
of life, and include the role that humans play in the co-production of benefits from nature. IPBES
objective with this new framework is to integrate different cultures and perceptions regarding humans
relations with nature to strengthen the holistic perspective needed in sustainable development. The
aim is to achieve this through an enhanced science-policy interface for biodiversity and ecosystem
services for the conservation and sustainable use of biodiversity, long-term human well-being and
sustainable development. The framework consists of 18 broad categories that are not divided into the
classical categories of supplying, regulating, provisioning and cultural. Instead, the NCP framework can
be presented as three overlapping groups; material, non-material, and regulating, reflecting the fact
that there is often fluidity within NCPs (Figure 2).
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Nature’s Contributions to People

. Habitat maintenance

. Pollination

Reg. of air quality

Reg. of climate

Reg. freshwater quantity
. Reg. freshwater quality

. Formation of soils

. Reg. of hazards

. Reg. of organisms
detrimental to humans

10. Food and feed

11. Energy

12. Materials and assistance

B Em MO W OE W N

13. Medicinal resources
14.Learning and inspiration
15. Physical and psychological
experiences

16. Supporting identities

17. Maintenance of options

\

( MATERIAL TNOH MATEI!IAI.T REGULATING

Figure 2. Nature’s Contributions to people grouped into three categories: material, non-material, and regulating.
Most NCPs straddle across the categories of material, non-material, and regulating NCP. Figure
adapted from Diaz et al. (2018) and (IPBES 2018) by Christie et al., (2019)

The notion of NCPs has arisen partly in response to challenges in the application of its main antecedent,
the ES concept, when dealing with different cultural contexts. It has been argued that the ES
framework is too narrow because it reduces social-natural relations to monetary values and market
commodities and other non-use values of nature have often been neglected (Turnhout et al., 2013). In
contrast to the ES framework where cultural ecosystem services are separated in an isolated category,
culture permeates through and across all categories of the NCP framework.

Moreover, the ES concept is best suited to characterize the positive services, being the ones that lead
to benefits to humans from nature, but it does not account directly for the non-beneficial outputs
provided by nature as well, namely disservices (Dunn, 2010). NCPs are defined as ‘“all the positive
contributions, losses or detriments, that people obtain from nature” to capture both beneficial and
harmful effects of nature on people’s quality of life (Pascual et al., 2017). Additionally, the NCP
framework intends to better recognize the diverse worldviews of people and nature relations, in
opposition to western-science dominated studies based on ES. Consequently, the NCP framework has
been reported to provide novel conceptualizations of people and nature relations in terms of diversity,
including socio-cultural references, contexts-specific perspectives and relational values (Kadykalo et
al., 2019) by including indigenous and local knowledge and integrating positive and negative
contributions of nature utilizing an inclusive language and framing. This infers the emergence of new
insights that can be uncovered through the adoption of socio-cultural valuation methods and analysis
of Indigenous and Local Knowledge. The NCP paradigm, with its focus on instrumental and relational
values, treats values more holistically than previous assessment frameworks (Christie et al., 2019).
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Despite these fundamental difference in views, the ES concept and the NCPs are closely related, which
is illustrated by the alignment between the NCPs and the Millennium Ecosystem Assessment (MA), The
Economics of Ecosystems and Biodiversity (TEEB), and the Common International Classification of
Ecosystem Services (CICES, 5.1 version, 2016) categories. Hence, studies can be translated between
these frameworks. Moreover, even though the categories of the NCP framework are suggested to be
indicative and non-exhaustive, they still allow a conversion with other frameworks, which facilitates
operationalization. It has also been stated that: “The terms NCP and ES are synonyms and should be
used where appropriate for different audiences and purposes (...). It is not ES or NCP, it is ES and NCP
and many other ways of identifying peoples’ dependency on nature. We suggest building on the past,
and use what works together, in order to create a common sustainable future” (De Groot et al., 2018).

Although the NCP framework is built on the classical concept of ES, it provides a novel
conceptualization of people and nature relations (Kadykalo et al., 2019) that is very useful in the
context of AV for several reasons. First, LTS aquaculture is dependent on human interventions and, in
contrast to e.g., exploitation of wild populations which are naturally supported by nature, would not
exist without the actions of humans. Moreover, although LTS aquaculture can support a range of ES as
discussed in section 1.2, there may also be negative effects of aquaculture, an aspect which is not
considered in the classical ES concept. Finally, the multi-cultural scope of AV with the trans-Atlantic
perspective infers a better fit to the NCP framework than to the classical approach. The multicultural
scope of AV is an advantage that through the NCP framework can be integrated into the forthcoming
analysis. This includes the incorporation of a diverse set of knowledge systems and stakeholders and
will consequently strengthen the science-policy interface of the project. This undertaking is
appropriate in determining the most practical, effective, and innovative key messages and
recommendations to be developed in, and communicated from, the project.

1.4. Data management

AquaVitae is a participant in the H2020 Open Research Data Pilot, aiming at facilitating reuse of
research data either collected or generated throughout a project. The Open Research Data Pilot aims
to make data FAIR, i.e., Findable, Accessible, Interoperable and Reusable. To achieve this, all AquaVitae
WPs, including WP6, have prepared data management plans, in short describing expected data
collection/generation, and how it will be curated and preserved. As a rule of thumb, all data is to be
made available in an online repository according to the time frames provided by the European
Commission (EC).

In accordance with the data management plan, T6.2.1 will deposit the dataset “Quantification of the
value of selected Nature Contributions to People provided by LTS aquaculture” in the repository
Zenodo. The data is still in use and will be uploaded to the repository after publication of the results.
First draft manuscripts are planned by the end of 2022, so it is estimate that the data will be uploaded
within the first semester of 2023.
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2. Framework adaptation and workflow

2.1 Clarification of the NCP framework in relation to LTS aquaculture

The NCPs were broadly described by Diaz et al. (2018) within a general context, and its applicability to
LTS aquaculture was not specifically integrated into the descriptions. Hence, to ensure a joint
understanding of the concept of NCPs in the context of AV, the definitions were updated with specific
linkages to LTS aquaculture by the AV task 6.2.1 (Quantification of ES) team (CIIMAR, Isabel Sousa
Pinto, Itziar Burges and Gongalo Marino) whereafter the descriptions were reviewed and agreed upon
by the entire WP6 team. The agreed definitions are presented in Table S1 in appendix A. To enable
comparisons to other frameworks, the correspondence of the NCPs to other ES based frameworks
(MA, TEEB and CICES classification) was also mapped based on the classification guide presented in
CICES V5.1 (2016) and clarified in Table S2 in appendix A.

2.2 Conceptual framework and workflow

The types of NCPs provided by LTS aquaculture and their value, or the degree to which these can be
achieved, depend on the functional traits of the cultured species, biotic and abiotic characteristics of
the surrounding environment, farm design, and operational standards. In terms of the AV project
entailing LTS aquaculture around the Atlantic, the diversity of production systems (as defined by
organism group, production system, production mode [monoculture or polyculture], geographical
area, value chain step and production location [near-shore and off-shore]) was mapped by WP6 in AV
in a structure referred to as an Assessment Domain (Strand et al., 2022). This provides a framework
for the identification and quantification of NCPs in this report, and infers the use of both species or
organism groups, as well as the deconstruction of these elements into culture systems, as the
operational units for the analysis performed.

The above mentioned frameworks (the NCPs and the AD) were used as a basis for the work in this
deliverable. However, to further structure the task, it was deconstructed into four sub-tasks. The
activities and outputs/results within each sub-task are illustrated and described in Figure 3 and Table
1.

l. Identification of the NCPs provided by LTS (based on the case studies [CS] investigated within
AV) and of current knowledge gaps in terms of qualitative contributions of LTS aquaculture to
the NCPs using expert judgements and literature (indicated by red colour in Figure 3 and Table
1).

Il.  Selection of specific CS to be included in the evaluation of NCPs provided by LTS aquaculture
based on the number of identified NCPs and overall knowledge level (OKL) estimated based
on the data quality/source for the identified NCPs in the previous step (indicated by green
colour in Figure 3 and Table 1).

lll.  Selection of indicators for NCPs quantification based on the framework developed in task 6.1
in WP6 (D6.1, appendix B) (indicated by yellow colour in Figure 3 and Table 1).
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IV.  Quantification and analysis of selected NCPs using the most appropriate valuation method for
each indicator using data from CSs within AV and literature reviews (indicated by blue colour
in Figure 3 and Table 1).

As illustrated, the selection of indicators for quantification of NCPs was done in an iterative process
according to the spiral development model where results are evaluated and then refined to reach a
final target objective. Moreover, the figure also illustrates the continued process of integrating the

results from D6.2 into the forthcoming D6.3 and D7.5.

Sub-task:

Sub-task: 1l 1} 1] 1}

Figure 3. Conceptual workflow for task 6.2 on quantification of NCPs for sustainability assessment. Square shapes
represent outputs/results, and diamond shapes represent processes or activities. Each activity is
identified with a number, and the outputs/results related to each activity are identified with a letter
in the table below (Table 1). The white diamond and square represent the connection of D6.2 to D6.3
in WP6 and D7.5 in WP7 — valuation of ecosystem services, which D6.2 and T6.2.1 will support.

Table 1. Description of Activities and Outputs in the workflow of task 6.2 on quantification of ES for sustainability

assessment.

Activity Sub-task Outputs / results

1. Scoping of NCPs identified in AV CSs. I A. Identification of N(.:PS Prowded by LTS

aquaculture and qualitative knowledge gaps

2. Analysis of scoping exercise (1): which CSs or
WSS PIRAERE) il nur_nber NSRSl I > Il B.Selection of CS for NCP quantification
CSs or VCs present a high overall knowledge
level (OKL).

3. Identify and select indicators from the list of
sustainability indicators developed in D6.1 + " C. Total list of indicators for quantification of
adapt the NCP indicators to the NCP NCPs by CS
framework.

4. Structuring indicators for selected CSs: is the D. Final list of methods and indicators for NCP
indicator relevant, identification of 1] guantification and data collection by selected
methods/data needs. CSs

5. Data collection — step 1. v E. Identification of data deficiencies

S . F. Refined list of indicators for NCP
6. Refine indicator selection. 1] e
guantification
7. Data collection — step 2. v G. Final dataset for NCP quantification
8. Data analysis. 1Y D6.2
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2.3 Covid-19 effects on the planned workflow

The Covid-19 pandemic has had a significant impact on the ES quantification task (task 6.2.1), and
subsequently on the D6.2:

e Due to the imposed restrictions to physical meetings, participatory exercises could no longer
be performed. On-line solutions were considered but were deemed to be unsuited for the type
of interaction required. This affected the valuation of the cultural (non-material) NCPs which
are based on these methods and consequently, they had to be excluded from the analysis.

e AV industrial partners were forced to reorganize and prioritize their activities often with a
reduced staff, and consequently could not put as much effort into the data collection required
for the quantification of NCPs as expected.

e The covid-19 pandemic delayed the work in CSs, and hence the expected data was not
available or was delivered very late, causing a delay in data analysis and subsequently in the
delivery of D6.2

e This was further exacerbated by the limited stakeholder interactions which further slowed
down the training and data collection process.

3. Identification of NCPs and CS selection (sub-tasks | and I1)

To map which NCPs are connected to LTS was the first step of the workflow. The identification of
relevant NCPs before selection of what NCPs to assess was critical for providing a relevant and context-
specific understanding of the state-of-the-art in terms of the connection between LTS aquaculture and
the NCPs. This step supported delineation of the boundaries of the task with the aim of choosing the
most suitable NCPs to target and identify possible knowledge gaps in terms of the interdependencies
of LTS aquaculture and the NCPs.

3.1. Methods

A matrix was constructed based on the marine organism groups included in the AV project (based on
CSs), the mode of production (monoculture or polyculture) and culture system (land based or sea
based, based on the AD), and the 18 NCPs in the NCP framework (Table S1 in appendix A). The selected
organism groups included: monoculture of red/green macroalgae (CS1), brown macroalgae (CS2),
echinoderms (CS6 and 7), and bivalves (CS8 and 9), as well as polyculture systems (Integrated multi-
trophic aquaculture, IMTA) of abalone in land-based IMTA (CS3) and sea-based IMTA (CS4), and shrimp
in biofloc (CS5). Of these, half were land-based (CS1, 3, 5, 6, and 7) and the rest were sea-based
production. Finfish was excluded from the analysis despite being included in AV (C510 and 11) as CS10
has a focus on freshwater culture, as CS11 was experiencing some problems which reduced the
possibility of the CS to supply data, and due to the existence of several other EU projects (e.g.,
Diversify>, ClimeFish® and others) that already cover sustainability related to fish aquaculture. These
categories are from here on referred to as matrix elements (ME). The NCPs were stated on rows and
all selected ME were aligned in columns. The purposes of the matrix were to, in a structured way,
collect data to:

i) identify the presence of NCPs for each ME
ii) define the data quality for each existing NCP

Shttps://www.diversifyfish.eu/
6 https://climefish.eu/
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iii) validate the identified NCPs by literature references

Consequently, the participants in this mapping were required to identify not only the existence of NCPs
for their specific ME, but also the quality of the data available for each intersection in the matrix by
indicating the appropriate scoring number of data quality according to Table 2. The data quality scoring
table was adapted from the work of Hare et al. (2016) to identify the level of certainty of the provision
of NCPs from each LTS system. Additionally, participants were requested to provide a bibliographic
reference (e.g., article, report), whenever the presence of the NCP was supported by data from
literature and the data scoring was marked as 3: adequate data.

Table 2. Data Quality scoring table. Modified from Hare et al., 2016.

Score | Data Quality Description
The identification was based on data which have been observed,
3 Adequate Data modelled, or empirically measured for the NCP in question. References

to the data sources were provided.

The identification was based on data that has a higher degree of
uncertainty. The data used to score the attribute may be based on
related or similar species, come from outside the study area or different
species, or the reliability of the source may be limited.

The identification reflects the expert judgment of the reviewer and is

1 Expert Judgement  based on their general knowledge of the species, or related case studies
and their relative significance in NCP assessment.

No information was reported but based on expert judgment, this
interaction exists. Very little is known about the production of these
contributions or how to adequately measure them. There is no basis,
this is a formed opinion/hypothesis and needs to be tested.

This interaction does not exist. This NCP is not provided by this system
or species.

2 Limited Data

0 No Data

NA Not Applicable

The matrix was distributed, along with instructions, to CS leaders and other selected partners in the
AV consortium. External input from project-related stakeholders and contributors was requested when
needed. Each response was kept separate, i.e., responses related to the same ME were not merged.
The completion of the matrix was followed by quality control of the received input in terms of literature
reviews and expert consensus processes, which resulted in extensive direct contact with identified
experts for data validation. Following data validation, the received input was analysed using an
indicator, the overall knowledge level (OKL), describing the overall knowledge level for each ME in
relation to the NCPs. This procedure also supported identification of qualitative knowledge gaps in
terms of NCPs provided by LTS aquaculture. Using this index, a numeric score summarizing the data
quality for each ME that could be plotted against the number of NCPs was obtained.

The OKL was calculated using the following procedure:

1. First, the data quality scores were assigned a numerical value (0-3 and NA, Table 2). These
values were already assigned by the consulted experts and validated before the calculation of
the OKL.

2. Second, an average score for each NCP within each ME was calculated as the weighted mean
of the experts' data quality scoring for each group and NCP (Table 4).
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3. Finally, the OKL was calculated using a logic rule (Table 3).

Table 3. Logic Rule for the Overall Knowledge Level summary

Overall Knowledge Numeric Logic Rule

Level (OKL) Score

Very high 4 6 or more NCPs with mean data quality score > 2,5
High 3 4 or more NCPs with mean data quality score 22,0
Moderate 2 3 or more NCPs with mean data quality score 2 1,5
Low 1 3 NCP with mean data quality score >0

No Data 0 (Other cases) =0

NA NA Not applicable

3.2. Results and discussion - NCPs links to LTS aquaculture and data quality

Overall, a relatively high number of NCPs was identified and confirmed using the data quality score
and literature for all ME assessed (Table 4). The highest number of identified NCPs was reported for
Sea-based IMTA and Mussels, both with 15 identified NCPs out of 18, followed by Offshore macroalgae
and Oysters both with 14 identified NCPs. The lowest number of identified NCPs was reported for Sea
urchins with 9 identified NCPs. The low number for this ME may be a result of the very specific type of
culture this CS entails, i.e., mainly land-based, short-term, live storage for conditioning and product
priming, compared to the other ME. Moreover, it is also possible that the low number of NCPs
identified is a result of significant knowledge gaps as this is an emerging and immature aquaculture
activity. No data was received for two ME, Shrimp in biofloc and Sea cucumbers, which may perhaps
be explained by the immaturity of these emerging aquaculture activities, and these CS were
consequently excluded from further analysis.

Most of the NCPs were reported to be provided by almost all the ME with a few exceptions. Supporting
NCPs, such as Habitat creation and maintenance was only identified for the ME that are sea-based,
where other organisms can utilize the structures and organisms from the aquaculture production
systems as habitats. A few ME were also identified to not be connected to Energy production, e.g.,
oysters, sea urchins and abalone, for which little waste in terms of discarded animals are obtained
during production and which are of comparably high value in relation to the other ME, hence this result
was not unexpected. Moreover, the NCPs related to Regulation of air quality, and Regulation of
freshwater quantity, location, and timing were not reported to be provided by any of the ME assessed
(Table 4). These NCPs are more related to terrestrial environments and are not related to the processes
that occur in marine aquaculture systems.

Some ambiguities in the expert judgements of LTS contributions to the NCPs were discovered during
the data collection process. Several examples illustrate this problem, e.g., two of the land-based
systems (new macroalgae species and land-based IMTA) were not identified to contribute to Habitat
creation and maintenance or Formation, protection, and decontamination of soils and sediments
although it can be argued that some land-based aquaculture systems, e.g., marine ponds in which new
macroalgae species may be cultured, can support the development of terrestrial and aquatic
organisms. Similarly, the particulate organic material produced in land-based IMTA systems with
abalone could potentially be a source of soil or sediment formation depending on end use of that
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product. In a similar way, it can be debated whether offshore cultivation of macroalgae is
interconnected to Regulation of detrimental organisms and biological processes as offshore culture
systems may potentially act as a vector or a stepping stone for non-native species or pathogens, and
they can also, e.g., affect nutrient cycles and availability to other organisms and can thereby affect
biological processes. Also, the lack of valid cases for the NCP Pollination and dispersal of seeds and
other propagules, is surprising as cultured organisms can provide seeds to the natural environment
e.g., through incidental spatfall during the culture cycle in open, sea-based culture systems. There are
two plausible explanations to these results. One alternative is that the terrestrial terminology used in
the NCP titles caused a bias in interpretation of the modified NCP descriptions. Alternatively, these
ambiguities are knowledge gaps that should be explored further. It is concluded that the adapted NCP
descriptions should be further clarified in an iterative process until consensus in these matters are
reached. Nevertheless, the data still provided sufficient information for the CS selection process to
continue.

Nearly 90 references (articles and reports) were provided by the consulted experts to verify the
identified NCPs (see appendix C). The collected references served as a fundamental bibliography from
where to start the mapping of indicators to the NCP framework and identification of the method for
guantification of selected indicators (sub-task Ill) and for the data collection (sub-task V). The average
data quality score for each NCP by CS is presented in Table 4. Not surprisingly, the data quality score
for non-material (or cultural) NCPs —Learning and inspiration, Physical experiences, Supporting
identities and Maintenance of options were in general low with few references identified. Likewise,
even though Regulation of hazards and extreme events and Regulation of detrimental organisms and
biological processes were present in the majority of the ME they also showed low data quality scores
and limited number of references and studies related specifically to aquaculture case studies. The
material benefits, on the other hand, Food and Feed, Materials, companionship, and labour, and
Medicinal, and biochemical resources were found to have high data quality scores and consequently
were supported by several references.

Table 4. Summary of Nature’s Contribution to People (NCPs) identified and overall knowledge level by case study
(CS) within the AquaVitae project. Colour codes are provided to facilitate the interpretation of the
results ranging from red representing the knowledge gaps to green identifying the highest data
quality score. See tables 2 and 3 to interpret the numerical scores. NA: Not applicable.
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#CS Cs1 CS2 Cs3 Cs4 CS6 CS8 CS9
Sea urchin
New Species Land-based Sea-based
ffsh - M |
CS (Land based) Offshore IMTA IMTA roe Oysters ussels
enhacement

Hal?ltat creation and NA 3 NA 23 5 3 3
maintenance
Pollination and dispersal of NA NA NA NA NA NA NA
seeds and other propagules
Regulation of air quality NA NA NA NA NA NA NA
Regulation of climate 2 2 NA 2.4 2 3 3
Regulation of ocean acidification 1.5 2 3 1.7 0 3 3
Regulation of freshwater NA NA NA NA NA NA NA
quantity, location, and timing
Regulation of coastal water 5 3 5 24 NA 3 3

quality
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Formation, protection, and

decontamination of soils and NA 1 NA 3.0 NA 3 3
sediments

Regulation of hazards and 05 5 0 08 0 3 05
extreme events

Regulation of detrimental

organisms and biological 0.5 NA 0.5 0.8 2 2 2
processes

Energy 3 2 NA 1.4 NA NA 2
Food and feed 3 3 3 2.6 0 3 3
Materials, companionship, and 1 5 3 20 NA 3 3
labor

Medicinal, biochemical 25 ) 3 1.9 1 ) )
resources

Learning and inspiration 1 2 1 13 NA 3 3
Physn:'al and psychological 15 ) ) 13 NA ) )
experiences

Supporting identities 1 2 1.5 0.9 2 1 1
Maintenance of options 1 2 1.5 0.9 3 1 1
Total Number on NCPs

provided by summary CS 13 14 1 5 ? 14 15
Overall knowledge level 3 3 3 3 2 4 4

When combining the data quality scores and number of identified NCPs in the OKL (Figure 4), bivalves
were identified as representing the highest overall knowledge level (4). This is not surprising given the
substantial production of these organisms around the Atlantic. However, it should be recognized that
AV addresses culture of these organisms in areas where they are currently underutilized, hence despite
an overall high data quality score, it is possible that there may be data deficiencies in the actual regions
where AV operates. The second highest OKL was observed for the Macroalgae value chain and the
polyculture ME, indicating the possibility to include also these ME into the forthcoming data collection
for quantification of NCP.

15 o
[ ]
13 o
w 11 ® CS1 New macroalgae species
(=
5 ® CS2 Offshore macroalgae
Z 9
o (53 Land-based IMTA
[+4]
2 7
[= ® CS4 Sea-based IMTA
=3
= 5 CS6 Sea urchins
3 CS8 Oysters
CS9 Mussels
1
0 1 2 3 4

OKL

Figure 4. The number of Nature’s Contribution to People (NCPs) vs Overall Knowledge Level (OKL) to identify the
most suitable case studies (CS) to include in quantification of NCPs provided by low-trophic species
aquaculture.

To summarise, the ambiguities observed in identification of LTS associations to the NCPs is not
unexpected for emerging activities such as sea-urchin roe enhancement and offshore activities, and
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these NCPs should therefore be explored further. Likely for the same reason, novel species of
macroalgae (green and red, CS1) also scored a low OKL, even though this ME was reported to provide
at least 13 out of the 18 analysed NCPs. Moreover, the weakest data quality score was identified for
non-material benefits. Even though they were generally reported to be present across all CS and ME,
studies related to these cultural benefits specific for aquaculture are very scarce, which translated in
low data quality scores. Likewise, the regulating NCPs Regulation of ocean acidification, Regulation of
hazards and extreme events, and Regulation of detrimental organisms and biological processes are
poorly investigated with few studies and reports available, even though they were also reported to be
present in most of the CS and ME evaluated. This may pose challenges during the following steps of
the data collection and it is therefore recommended that research efforts are directed to quantify
these interconnections more thoroughly in future research projects.

3.3. Selection of CS for quantification of NCPs

The criteria for selecting CSs and VCs for analyses were determined by the WP6 team and were:

e  OKL: overall knowledge level > 3 (points: 0-4 according to the OKL)

e Number of NCPs provided > 10 (2/3 of the maximum number of NCPs identified as possible for
marine aquaculture) (points: 1 if >10 NCPs)

e Synergies with other WP within the project (points: 1 if yes)

e Industry partner participating (hence high probability of access to farm data, points: 1 if yes)

e Scale of operation of domain element (large commercial scale, medium commercial scale,
emerging activity, points: 2 for large commercial scale, 1 for medium commercial scale, O for
emerging activity)

For each criteria a number of points were awarded and all matrix elements scoring >2/3 of the
maximum points (max 10, > 2/3 = 7) were identified as suitable candidates to proceed to the next stage
of the work (Table 5). These were:

e (S2: Offshore macroalgae (sea-based, monoculture)
e (S3: Abalone (land-based, mono- and polyculture)
e (S8: Oysters

e (CS9: Mussels

Table 5. Selection criteria for identification of case studies (CS) to proceed to the data collection stage for
quantification of Nature’s Contributions to People (NCPs) provided by low-trophic species aquaculture.

#CS Case Study OKL  Number Synergies Industry Scale of Combined Candidate
of NCPs  with other WP  partners operation selection score

Cs1 Macroalgae, 3 13 Yes Yes EA 6 No
new species

CS2 Offshore 3 14 Yes Yes MS 7 Yes
macroalgae

CS3 Land-based 3 11 Yes Yes MS 7 Yes

IMTA
CS4  Sea-based IMTA 3 15 Yes Yes EA 6 No
CS6 Sea urchin roe- 2 9 Yes No EA 2 No
enhancement
CS8 Oysters 4 13 Yes Yes MS 8 Yes
CS9 Offshore 4 15 Yes Yes MS 8 Yes

production of
blue mussels
OKL: overall knowledge level; WP: work package; EA: emerging activity; MS: medium scale.
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4. Selection of indicators and data collection to evaluate NCPs from
LTS (sub-tasks lll and V)

4.1. Indicator set development

Sustainability indicators are variables defined to reflect a phenomenon or a process in a simplified way.
They measure specific attributes of a system and define them with a number, score, or status level
(e.g., good, poor, bad). They can be used individually or as aggregated indexes, in which individual
scores are combined to produce a simpler value of the process, or attribute (Valenti et al., 2018). In
order to calculate each indicator, all parameters that are required for the indicator need to be
accounted for. The NCPs selected in this report represent some of the parameters and indicators
needed for the forthcoming sustainability analysis in task 6.2.2 in WP6. To fully integrate the two tasks
(T6.2.1 - quantification of ecosystem services and T6.2.2 — sustainability analysis) the NCPs in T6.2.1
were based on, and connected to, the indicator set developed in D6.1 where a comprehensive list of
sustainability indicators was presented. Additional indicators specific for NCPs estimation were added
to that “master” list. Therefore, the quantification of NCPs including both the benefits and detrimental
effects derived from LTS aquaculture could be accounted for and integrated as externalities in the
economic indicators proposed for the sustainability analysis.

WP6 set out to build a set of sustainability indicators for the forthcoming WP6 sustainability analysis
on the basis of the work performed by Valenti et al. (2018). That original set of indicators refers to a
portfolio of quantitative indicators of economic, environmental and social aspects of sustainability in
aquaculture. Acknowledging that this set of indicators was not developed with the AV objectives or
context in mind, WP6 has adapted and supplemented it with additional indicators. The compiled
“master” list of indicators presented in Deliverable 6.1 comes from different sources and it was
designed and refined in an interactive process according to the spiral development model where
results are evaluated and then refined to reach a final target objective, in this case include indicators
suitable for the assessment of sustainability for LTS aquaculture. The full list of indicators in D6.1 is
available in appendix B. In the work associated to quantification of NCPs, the original indicator set was
assessed and modified according to these iterative processes, with the focus on indicators relevant for
the NCP concept.

The indicator selection for quantification of ES was performed according to the following workflow:

i) A preliminary list of indicators and methods relevant for the NCP analysis was retrieved from
the list of indicators presented in D6.1. This step was conducted using a top-down approach
based on expert opinions of the members of the task leader CIIMAR, and other members of
WP6 core team. Each indicator on the list was assessed individually and those with the capacity
to provide meaningful information to describe and quantify NCPs were selected. Whenever an
NCP seemed not to be properly assessed by the indicators retrieved from D6.1, additional
suitable indicators were retrieved from literature, or established based on expert opinion.

ii)  The resulting preliminary list of NCP indicators, along with information regarding their
specification and methodology for determination, was then sent to selected experts within the
AV consortium to validate the relevance of each indicator for the assessment of each of the
NCPs identified for LTS. The experts were asked to provide feedback in the form of yes, no, or
NA, and also to justify their answers.
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iii)  The expert feedback provided was revised by members from task 6.2.1 (quantification of NCPs)
and from task 6.2.2 (sustainability analysis). The indicators and respective methods with an
approval rate equal to, or higher than, 50% were selected and included in the final list of
indicators of NCPs. Comments from experts were also incorporated and sometime resulted in
modifications to the indicators and/or methodology. The NCP indicators and methods were
also added to the “master” list of sustainability indicators for aquaculture compiled in D6.1.

The final list of selected indicators and methods for their determination is presented in Table 6. Some
NCPs are defined and assessed by one single indicator and method, for example, Regulation of climate,
Regulation of ocean acidification, and the provisional NCPs. Others such as Habitat creation and
maintenance, Regulation of coastal water quality, and Formation, protection, and decontamination of
soils and sediments were proposed to be assessed using several indicators. The inclusion of several
indicators for some NCPs was deliberate and desired as this increases the likelihood of obtaining at
least some data for that NCP and hence increases robustness of that NCP. Moreover, higher numbers
of indicators for one NCP infers a more holistic assessment of that specific NCP, which is beneficial in
terms of diverse types of production systems to be assessed.

In the case of Regulation of ocean acidification, while the proposed indicator was validated as relevant
for the assessment of the NCP, some experts including industrial partners pointed out that the
methodology was hard to implement and expensive: “...Require multiple probes with reliable logging
of pH over time. With our experience, this is not realistic because such probes/loggers are too
expensive and would require regular maintenance.”, or “A good indicator, but hard to measure”. In
this context, the proposed indicator and method was replaced by an ocean acidification index based
on the CO; budget from the cultured species, which is described in detail in section 5.

Table 6. Indicators selected for data collection for quantification of Nature’s Contribution to People (NCPs)
provided by low trophic species (LTS). Each indicator is linked to the selected method and described in relation to
its value for the NCPs. Regulating (orange) and material (blue) NCPs. Cells with darker colour indicate that the
indicator was included and quantified in the final analysis.

NCP Specification Indicators Method Reference
Change in surrounding

Habitat creation | Shannon-Wiener biodiversity (e.g., =(S-W2-S-W'1)/ | Valentietal.,
and diversity index (S-W, nekton, sessile epifauna, | ha 2018
maintenance based on species birds)

richness and

abundance) is used to Change in biodiversity in - (W2 —S-W'1) /

measure the difference | sediment (e.g., benthic ha Task 6.2.1

of environment macrofauna)

impacted by the farm

('2§)and a si\:nilar Extinction prevention S(FASERF ) | VEtmsesel,

. ha 2018

environment

unimpacted by the Habitat for migratory = (S-W’'2 -S-W’1) / | Valentietal.,

farm (1), which is then [ species ha 2018

divided by the mass or

units produced. Nursery areas/habitat ;;S_W 2-5-w1)/ Task 6.2.1
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Classification of farmed
animals/algae
according to a set of
defined characteristics
and culture conditions,
and their potential

Potential to change the

PCGP*=1{1, 2,3, 4,

impact on the native Valenti et al.,
P . gene pool of the native 56,7,8,9, 10, 11
species of the . 2018
. community or 12}
surrounding
environment. For a
detailed description of
the criteria, please
refer to Valenti et al-,
2018.
Biological carbon
footprint (B-CF) is used = (CO2-eq removal —
Regulation of P ( ) Potential for global (COz-eq Valenti et al.,
. to measure the net . CO2-eq release)/t or
climate . warming 2018
long-term production ha/yr
of CO2
Temporal and
. ial scale change
Regulation of spatia 8¢ | schernewski
SEEE Change in water pH in water pH (See etal, 2018
acidification Krause-Jensen et
al., 2015)
CO; budget (B-CO)
during the culture cycle
is used as an indicator = (CO2-eq removal
of the impact of LTS on | Ocean Acidification —C02-eq release)/t T6.2.1
ocean acidification. Index or ha/yr -
Includes the short-term
organic COzstored in
the biomass
= (load of N and P
Regulation of e in the inlet water — .
Water purification . Valenti et al.,
coastal water load of N and P in
. (wastewater treatment) 2018
quality the outlet
water)/t/ha/yr
used as indicators of release)/t or ha/yr Valenti et al
the impact of LTS Nutrient cycling e !
aquaculture in N and P = (P removal —N
cycling release)/t or ha/yr
Phosphate equivalents
T6.2.1

(PO4 eq.) budget is
used to measure the
eutrophication
potential

Eutrophication index

= (PO4 eqg. removal
— PO, eq. release)/t
or ha/yr

adapted from
Thomas et al.,
2021
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= (Load of total
suspended
inorganic solids in
source water —

Siltation Load of suspended | Task 6.2.2
inorganic solids
released in
effluents) / mass or
units produced
= (Load of organic
matter in source
water — Load of
Organic Pollution organic matter Task 6.2.2
released in
effluents) / mass or
units produced
Formation, .
. . Schernewski
protection, and Buffering and et al. 2018:
decontaminatio attenuation of mass cm/year v
n of soils and flows Valentietal,
. 2018
sediments
= (kg of organic
matter deposited — .
L . Valenti et al.,
Soil building kg organic matter
. 2018
content in the local
soil) / ha
=Load (mass) of P
accumulated in Task 6.2.2;

Accumulation of
phosphorus

sediment per mass
or units of organism
produced

Valenti et. al.,
2018

Accumulation of organic
matter

=Load (mass) of
organic matter
accumulated in
sediment per mass
or units of organism
produced

Task 6.2.2

Accumulation of
particulate material

=Load (mass) of
Particulate Material
accumulated in
sediment per mass
or units of organism
produced

Task 6.2.2

Regulation of
hazards and
extreme events

Wave Energy
attenuation

Wave height or current
velocity

m or cm/s

Task 6.2.1

24




Food and Feed

Provision of food

(biomass f'or human o] el =t/ha/year or Valenti et al.,
consumption) p t/year 2018
Provision of feed
(biomass for human— Feed production =t/ha/year or Valenti et al.,
consumed animals) p t/year 2018
=mass of ra
Materials, . W .
. . . material (e.g., Valenti et al.,
companionship Raw material
mollusc shell) pert, | 2018
and labour
ha/yr, or yr
= mass of
Medicinal, pharmaceuticals .

. . . Valenti et al.,
biochemical Medicinal resources per mass of 5018
resources organism produced

or /ha/yr or /year

*Potential to change the gene pool of the native community (PCGP): 1 = Farming exotic species, genetically
modified organism (GMO), or hybrids, fertile, in open systems without control of escapes; 2 = Farming exotic
species, genetically modified organism (GMO), or hybrids, fertile, in open systems with control of escapes; 3 =
Farming exotic species, genetically modified organism (GMO), or hybrids, infertile, in open systems without
control of escapes; 4 = Farming exotic species, genetically modified organism (GMO), or hybrids, infertile, in
open systems with control of escapes; 5 = Farming genetically-improved autochthone species, in open systems
without control of escapes; 6 = Farming genetically-improved autochthone species, in open systems with
escapes control or strains incapable of mating in open systems without control of escapes; 7 = Farming exotic
species or genetically modified organism (GMO), fertile, in closed systems; 8 = Farming exotic species or
genetically modified organism (GMO), infertile, in closed systems; 9 = Farming genetically-improved
autochthone species, fertile, in closed systems; 10 = Farming genetically-improved autochthone species,
infertile, in closed systems; 11 = Farming non-genetically-improved local strain, in open systems; 12 = Farming
non-genetically-improved local strain, in closed systems.

4.2 Data collection

Based on the selected indicators (Table 6), a data collection template was developed including all
parameters required to compute the indicators. The file was sent to the CS leaders of the selected CSs
(see section 3.3), and other relevant partners from the AV consortium (i.e., full partners from industry
and industry partners in the industry reference group, IRG). The partners were requested to provide
data with the following priority; 1) data from ongoing work in the CSs, 2) data from previous production
cycles (priority 1 and 2 was referred to as primary data), 3) data from literature (referred to as
secondary data). Partners were asked to provide numbers for each parameter required to calculate
each indicator and the corresponding reference (own data or literature), by species and geographical
region as defined in the AD (Strand et al., 2022). To explain the data collection process and the methods
used to calculate the indicators, a training workshop on ecological indicators was hosted. This was
followed by a series of workshops held throughout the data collection process where participants in
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the data collection had the opportunity to discuss progress and difficulties identified during the data
collection process.

Shortly after starting the data collection process, it was evident that both CS leaders and industrial
partners were struggling to provide the amount of data required to compute all indicators for several
reasons:

e The covid-19 pandemic had a severe impact on the business of the industrial partners, who
had to reorganize and prioritize their activities often with a reduced staff, and consequently
could not put as much effort into the data collection as expected.

e The covid-19 pandemic had delayed the work in CSs, and hence the expected data was not
available.

e Some of the indicators and data required to quantify the NCPs was not anticipated in the
project proposal (as this is an outcome of sub-task Il in this deliverable, see section 4.1), and
consequently there was no time or budget allocated to add this data to the data collection in
the CS activities.

Obviously, this had a significant impact on the availability of primary data for the analysis. Moreover,
access to secondary data (literature) was non-existent or limited for some indicators. Indicators that
could not be documented were hence identified as data deficient (Table 6). In this context, it was
necessary to prioritize and reduce the total number of NCPs to be included in the analysis and in some
cases also reduce the total number of indicators to analyse per NCP. The selection of the NCPs to be
prioritized for the analysis was discussed within the WP6 core team and was decided based on the
following criteria:

e Data availability (both primary and/or secondary data) based on preliminary input from
partners leading the data collection.

e Number of indicators required to assess the NCP.

e  Which NCPs may be more readily integrated in decision making and management plans for LTS
aquaculture.

e  Which NCPs may be closer to provide additional value to LTS aquaculture besides biomass
production.

As a result of this process four NCPs and supporting indicators were prioritized and selected for
quantification, namely: Regulation of climate (Potential for global warming), Regulation of ocean
acidification (Acidification index), Regulation of coastal water quality (Nutrient cycling—N and P), and
provision of Food and feed (Food or feed production). Habitat creation and maintenance was
considered as a fifth alternative, however due to low data availability and the publication of a recent
review of biodiversity effects of LTS aquaculture (The Nature Conservancy 2021), priority was given to
the other four NCPs.
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5. Evaluation of NCPs (sub-task V)

5.1. Methods

5.1.1 Nutrient budget and Eutrophication index

To evaluate the connection between LTS aquaculture and the NCP Regulation of costal water quality,
the indicators Nutrient cycling and Eutrophication index were used. Nitrogen (N) and phosphorous (P)
budgets of the selected LTS systems were estimated as the mass balances between the nutrient input
(released) and output (removal) in each system. For nutrient release the amount of nutrient supplied
through the diet (i.e., abalone), or fertilizers (i.e., macroalgae) was determined based on the content
of N and P in the diet/fertilizer and the total amount of diet/fertilizer provided during the production
cycle per tonne (t) of harvested biomass. This applied only to the co-culture of abalone and macroalgae
in CS3, where 1) the abalone was fed a formulated diet; 2) the Ulva produced in the effluent from
abalone farming was further supplemented with fertilizers, and 3) the Ulva produced in monoculture
was fertilized exclusively with artificial fertilizers. All other production systems included extractive
species where no nutrients or feed were added during the grow-out stage of the value chain.

For nutrient removal, two processes were considered:

e N and P stored in the biomass during the production cycle. This was estimated based on the
biomass weight at seeding and harvesting times and the respective N and P content. In the
case of sugar kelp (CS2), oyster (CS8), and mussel (CS9) aquaculture the biomass weight at
seeding time can be omitted as it has a minor impact on the calculation compared to the final
biomass due to the small size of the organisms at seeding. For shellfish culture the contribution
of the shell and flesh for this process was accessed separately, and then combined.

e The N and P storage linked to biodeposits production, and their subsequent microbial
degradation and preservation in the sediments: N and P in biodeposits were estimated as the
product of the N and P content of faeces and pseudofaeces by the integrated egestion rates
between seeding and harvesting times. These data were provided by AquaVitae partners or
obtained from the literature (see Table S3 in appendix A). The pathways of biodeposits
integration into the nutrient cycles are 1) degradation in the water column and on the
sediments; and 2) burial in the sediments. Only the fraction buried in the sediment contributes
to the net removal of N and P while the rest is recycled back into the ecosystem food webs.

Nutrient budgets are reported in kg N and P per t of fresh biomass, but were also combined and
transformed into PO4 equivalents per t of FW biomass, food and/or proteins to allow comparison with
other food production systems. The eutrophication index, which illustrates the net PO4.cq budget for
the target species is given by:

PO4-eq budget =0.42 * Nbudget+ 3.07 * Pbudget (Equation 1)

Where 0.42 and 3.07 are the stoichiometric factors to transform N and P into PO, equivalents used in
other studies (GHK & BiolS, 2006; Thomas et al., 2021).
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5.1.2 Ocean acidification index and Carbon footprint

The carbon footprint of LTS aquaculture is not only related to the CO; released to the atmosphere
during the production of all the capital goods, consumable materials used, and the operations needed
to perform the culture, but it is also related to the impact of the culture system on the carbonate
chemistry of the water column. Therefore, the biological processes that release to, or remove, CO;
from the water column during LTS growth in aquaculture were considered to estimate both the ocean
acidification index and the biological carbon footprint. While the acidification index measures the
potential to contribute to a decrease in seawater pH, the carbon footprint measures the potential to
contribute to global warming. The acidification index (B-CO,) is estimated as the balance between all
relevant biological processes that remove or release CO,. Whereas only those that involve long-term
CO, release or removal should be considered to estimate the biological carbon footprint (B-CF). These
processes are different for macroalgae (photosynthetic organisms, Figure 5a), and shellfish
(heterotrophic calcifying organisms, Figure 5b).

i, €O, +H,0
2 HCO,™ + Ca?
photosynthesis
calcification
CH,0
) 9 assimilation
’é
o & respiration
2 spiration 2
B 100 egestion CO,+H,0
+
/ / RS mineralisation
€O, +H,0
biiftal burial
S CH,0
a) CO, budget of macroalgae b) CO, budget of shellfish

Figure 5. Processes involved in the estimation of the CO2 budget of the low trophic species studied in AquaVitae.

The biological CO, budget of macroalgae aquaculture (B-CO;) was accessed based on the CO; stored in
the biomass during growth (Figure 5a). The contribution of this process is estimated considering the
biomass weight of macroalgae at seeding and harvesting times and their respective organic carbon
content (Figure 5a). As pointed out in Section 5.1.1, biomass weight of sugar kelp (CS2) at seeding time
can be omitted as it has a minor impact on the calculation. Multiplying the organic carbon content of
the biomass by 3.67 (=44/12), i.e., the ratio between the CO, molecular and C atomic weights, the
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corresponding stored CO,is obtained. This value, in kg CO; per ton of fresh macroalgae can be used as

an acidification index. Note that the CO; removed during growth is released back to the atmosphere

after the consumption or degradation of macroalgae and, consequently, we can assume a balanced

biological carbon footprint for this culture system.

The contribution of the biological processes involved in the carbon footprint of shellfish aquaculture
(Figure 5b) is estimated as follows (Filgueira et al., 2019; Alvarez-Salgado et al., under review):

CO, removal by the carbon stored in the organic components of shell (OS) and flesh (OT) during
shellfish (in this report mussels, oysters and abalone) growth. The contribution of these
processes (in g CO; per individual) is estimated as the product of shell and flesh weight gain
during culture by their respective organic carbon content, which were provided by AquaVitae
partners or obtained from the literature (see supplementary Table S3). This carbon storage is
transformed into CO, removal by multiplying by 3.67 (=44/12). Note that organic shell and
flesh weight at harvest can be used as an estimate of weight gain given that shellfish seeds
weight is negligible in comparison with the weight of market size individuals.

CO; released by calcification. The synthesis of CaCOs during growth comprises the removal of
inorganic carbon (C;s) from the water column in the form of bicarbonate (HCOs’) and a release
of CO; proportional to this HCOs removal. Therefore, the contribution of calcification to the
CO; budget (in g CO, per individual) is estimated as the product of the CO, content of shells
and the CO; release to fixation ratio, ®. The CO; content of bivalve shells is obtained by
multiplying the shell weight by the percentage of CaCOs in the shells and by 0.44 (=44/100),
i.e., the ratio between the molecular weights of CO, and CaCOs. O is estimated as a function
of the seawater temperature, salinity and total alkalinity of the water column assuming a pCO,
of equilibrium with the current atmosphere (412 uatm) following Frankignoulle et al. (1994),
and using the carb function in the seacarb package of R (Gattuso, et al., 2020, R Core Team,
2022).

CO; release by respiration (resp). This parameter was estimated by integration of the oxygen
respiration rate between seeding and harvesting times transformed to CO, units (g CO, per
individual) using a respiration coefficient of RQ = 0.85 mol C mol O,. Oxygen respiration rates
(ml 0, .h1) were provided by AquaVitae partners or obtained from the literature (see
supplementary Table S3). If respiration rates were not available for a given
species/environment, the equation resp = 2.19-(CO; stored in flesh weight) was used as
reference estimator following Schwinghamer et al. (1986).

Net CO; storage linked to faeces egestion and pseudofaeces production, subsequent microbial
degradation and preservation in the sediments (biodeposits). Organic carbon in faeces and
pseudofaeces (in g CO; per individual) was estimated as the product of their carbon content
by the integrated egestion rates between seeding and harvesting times. Data were provided
by AquaVitae partners or obtained from the literature (see supplementary Table S3).
Biodeposits can be 1) degraded in the water column and the sediments; and 2) buried in the
sediments. Since the CO, removed during biodeposit production is released during
degradation, only the fraction buried in the sediments contributes to the net removal of CO..

Considering all these processes, the biological CO, budget of shellfish aquaculture activities (B-CO) is

estimated as the balance between the CO, released by respiration and calcification minus the CO,
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removed through organic carbon storage in shell and flesh and preservation of biodeposits. Some
authors argue that respiration does not contribute to this budget as the CO, release during respiration
is assumed to enter a short-term biological cycle and get recycled through phytoplankton
photosynthesis (Vélez-Henao et al., 2021). To account for both possibilities, two different modes of
calculating the biological CO, budget were used, a lower estimate without the respiration and a higher
estimate including the respiration:

B-COzhigh = CO3, resp + CO2,¢p — (COz, o1 + COz, 05 + CO3, biodeposits) (Equation 2)

B'COZ,IOW = COZ,¢ - (COZ, ot + COZ, os * COz, biodeposits) (Equatlon 3)

This value, initially in g CO; per individual, can be converted to kg CO; per ton of shellfish fresh weight
and used as an acidification index (B-CO,).

Note that shellfish flesh is consumed as fresh or processed/canned food and hence the CO; stored in
the flesh is released back to the atmosphere. Therefore, the removal of this flesh organic carbon should
not be considered in biological carbon footprint (B-CF) estimates of shellfish aquaculture. The same is
applicable to the organic carbon stored in mussel shells (OS). Furthermore, as above, in order to
accommodate the different views on the role of respiration, a lower and higher estimate of the
biological carbon footprint (B-CF) of shellfish aquaculture activities was calculated:

Ei jon 4
B'CFhigh= COZ, resp + COZ,¢ - COZ, biodeposits ( quatlon )

B-CF low— C02,¢ - COZ, biodeposits (Equatlon 5)

The B-CF is reported in kg CO; per ton of shellfish fresh weight. It should be noted that the CO, stored
in the form of shell CaCOs; has not been included either in the B-CO, or in the B-CF estimates.
Considering the CaCOs in shells as a CO, removal mechanism has been a common practice in shellfish
aquaculture studies (e.g., Munari et al., 2013; Filgueira et al., 2015; 2019; Jansen and van den Bogaart,
2020) although this practice has been challenged, and changed, recently (Morris and Humphreys,
2019; Warmerdam et al.,, 2021; Alvarez-Salgado et al., under review) in alignment with other
disciplines, which rightly do not include shell CaCOs in CO; budgets. Calcification removes inorganic
carbon (HCOs') but not CO; from the water column and consequently shell CaCOs does not reduce the
carbon footprint because it does not contribute to reduce atmospheric CO,. Furthermore, when
bivalve shells are incinerated together with organic wastes in municipal waste management plants,
they release CO, according to the equation CaCOs -> CO, + Ca0, increasing the overall carbon footprint
of shellfish aquaculture in cradle-to-grave estimates considerably. However, using shell CaCOs in
industrial applications that ensure the inertization of this CaCOs; for prolonged periods of time, will
contribute to avoid this carbon footprint increase (Alonso et al., 2021). In any case, the most effective
way to cancel out the carbon footprint associated to shell synthesis (i.e. the release of CO, during shell
formation, see above) would be returning the shells to sea, where eventual dissolution of the shell
CaCOs; would take place in carbonate undersaturated waters (Alvarez-Salgado et al., under review).

Concerning the cradle-to-farm gate CF associated with capital goods (e.g., ships, mussel rafts, etc.) and
operations in shellfish aquaculture activities, a literature review covering the species, geographical
areas and cultivations methods relevant for AquaVitae CS was performed (see supplementary Table
S4). Estimation of CF associated to capital goods and operations for offshore sugar kelp production
(CS2) was provided by Ocean RainForest. The carbon footprint of fertilizers production should also be
included in the cradle-to-farm gate CF of abalone in IMTA (CS3). Capital goods have rarely been
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estimated, and were therefore excluded from further analysis. These cradle-to-farm gate CF from
operations (O-CF) was added to the biological CF (B-CF) to obtain a total cradle-to-farm gate CF (B-CF
+ O-CF) estimate that can be compared with the CF of other food production systems. All formulas
used in the calculations can be found in Table S5 in appendix A.

5.1.3 Market application and value

Data on biomass production and respective market value (at farm gate) were provided by AquaVitae
partners, primary CS leaders, full industry partners and industry reference group partners, as well as
other external industry partners, or obtained from the literature (see supplementary Table S3). Major
secondary data sources included FAO statistics’ and EUROSTAT®. The market value of the LTS under
study were usually reported in the respective local currency. Exchange rates found on the European
Central Bank webpage were applied to convert all other currencies into euros (EUR). Oyster prices
were typically provided per individual oyster, hence prices were recalculated to EUR/kg FW based on
market sizes for comparative purposes. Prices in EUR/kg flesh (edible part) were also estimated to
obtain its value per unit of food.

5.2. Results and discussion

Based on the obtained data, analyses were done on different geographical scales from local (farm
specific data, CS2 and CS3), to regional (organism groups farmed in different geographical areas, CS8
and CS9) and transatlantic (based on yearly overall production of each organism group). The selected
cases were confronted with different challenges in terms of data acquisition. It was apparent that for
emerging activities such as kelp production and IMTA of abalone and Ulva, literature data were limited
and data were consequently, received primarily on farm level, and there were, not unexpectedly, not
sufficient data to achieve replication on farm level. Consequently, for farm level data, extrapolations
between geographical areas and to transatlantic scale was challenging and the results should be
considered as examples representing unique cases. For well-established organism groups (e.g., oysters
and mussels), this challenge could be addressed by combining data from literature (often based on
production in areas where the species is produced extensively) and local data from areas where the
species is underutilized. Consequently, this approximation resulted in a regional scope in contrast to
the local scope of the farm data analysis.

General characteristics of LTS aquaculture that impacts NCP contributions

Some characteristics of the shellfish aquaculture systems under study (abalone, oysters and mussels)
are expected to have a significant role in their NCP contribution. These parameters were flesh yield,
organic to inorganic shell ratios, culture length and O-CF (Figure 6). Accordingly, the flesh yield
(reported as wet weight of meat in relation to total wet weight) was observed to vary between species,
locations and culture practices. Abalone (40%) and mussels (25-49%) had higher meat content than
oysters (16—29%). These differences, as well as the higher organic content of abalone and mussel shells
(=5%) in comparison with oysters (1%), were, consequently, reflected in the contribution of each
culture system to nutrient removal and in its carbon footprint. Figure 6 (center) shows that abalone
required by far the longest time from initiation of grow-out to market size, almost 1500 days

7 https://www.fao.org/fishery/statistics-query/en/aquaculture
8 https://ec.europa.eu/eurostat/web/fisheries/overview
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(approximately 4 years), however, the culture lengths can vary between locations and culture practices
similarly to the ones observed for mussels and oysters, with shorter cycles in tropical (Brazil) and warm
temperate (southern Europe) areas and longer cycles in colder temperate regions (Scandinavia). These
differences have a significant impact on the biological carbon footprint of bivalves, as the longer the
culture cycle, the larger the CO; release by respiration. The carbon footprint of calcification also
increased with latitude given its dependence on seawater temperature. Finally, operations linked to
oyster aquaculture had a higher carbon footprint (O-CF) than those required for the culture of abalone
and mussels (Figure 6, right).

Mean culture length (days) O-CF (kg CO,/t FW biomass)

W Flesh m Organicshell mCaCO3
HM (SA, LB-IMTA)

CG (Brazil, SC)

PO (Brazil, SC)

PO (SA/Namibia, SC)
PO (N Europe, MC)
PO (S Europe, MC)
EO (N Europe, MC)
EO (S Europe, MC)
ACO (NE USA, MC)
ACO (SE USA, MC)

BrM (Brazil, SC)
BM (Baltic, SC mit)
BM (Skagerrak, SC)

BM (Limfjord, SC)
BM (Limfjord, BC)
MM (Galicia, SC)

20% 40% 60% 80% 100%

Figure 6. Proportions of flesh (FW) and organic and inorganic (CaCOs3) shell content (left), length of the culture
cycle (days) from initiation of grow-out to market size (center), and CO: release per t FW of harvested biomass
associated to operations (O-CF [right]) for the different shellfish aquaculture production systems included in NCP
quantification. HM: Haliotis midae (abalone); CG: Crassostrea gasar; PO: Pacific oyster; EO: European oyster;
ACO: American cupped oyster; BrM: Brown mussel; BM: Blue mussel; MM: Mediterranean mussel. N: northern,
S: southern, NE: northeaster; SE: southeastern; SC: suspended culture, BC: bottom culture; and MC: mixed culture
(SC and BC); mit: mitigation of eutrophication.

5.2.1 Nutrient budget (N and P) and Eutrophication index (POs-eq)

Nutrient budget of offshore kelp cultivation in the Faroe Islands (CS2, farm level data, local and

transatlantic scope)

One of the key environmental services provided by macroalgae farming is the bioremediation of
nutrients. The nitrogen removal by sugar kelp, S. latissima, produced offshore at the Faroe Islands
ranged from 2.46 to 2.57 kg per t of harvested FW biomass (Table S6). Considering the current annual
production of 200 t of sugar kelp, this corresponds to a total N removal of 515 kg per year. Phosphorous
removal was found to be 0.47 kg/t of harvested biomass, which corresponds to a total P removal of
93.6 kg per year at present production figures. Based on the current annual sugar kelp production of
376 t FW around the Atlantic (Araudjo et al. 2021), and extrapolating the nutrient removal quantified in
this report, it can be estimated that a total of 968 kg of N and P 176 kg of P may be removed for the
entire Atlantic area by the current production.
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Nutrient budget of land-based IMTA of abalone and Ulva in South Africa (CS3, farm level data, local
scope)

Abalone culture is the only land-based and fed aquaculture production system analysed in this report.

As for other fed aquaculture systems, analysis of the nutrient budget for the land-based IMTA in CS3
in South Africa showed a net release of N and P. The monoculture Ulva sp. cultured exclusively on
artificial fertilizers presented a net release of nutrients, 21.1 kg of N and 9.2 kg of P per t FW of
produced macroalgal biomass (Table S6). This net production is a result of the large amounts of
fertilizers added to the system during the culture cycle, which is required to sustain the high growth
rates of the macroalga. The abalone unit was responsible for a net release of 65.7 kg N and 15.5 kg P
per t of abalone produced (Table S6). The net release of nutrients in effluents from the Ulva sp. farmed
in the abalone effluent (IMTA) was lower compared to the monoculture of Ulva, and released 11.3 kg
N and 3.4 kg P per t FW of produced macroalgal biomass. Consequently, IMTA culture of Ulva sp.
reduced the net release of nutrients per unit of macroalgal biomass produced by approximately 46%
and 63% for N and P, respectively, compared to the monoculture system of Ulva sp. Based on the
reported annual production of 156 t of abalone, 660 t of Ulva sp. produced in IMTA and 120 t of Ulva
sp. produced in monoculture, an overall net release of 20.3 t of N and 5.8 t of P was estimated for the
entire farm annually.

In contrast to the kelp production analysis (CS2) in which the farm used in this analysis is a major
contributor to the transatlantic production reported by FAO statistics, it should be noted that the
estimations for the IMTA system were based on data from a production system representing 11% and
27% of the total abalone and Ulva production on a transatlantic scale, respectively, and it is unknown
to what extent IMTA systems contribute to this production. There are also various configurations of
land-based IMTA production systems for abalone along the Atlantic which may result in different
outcomes. Consequently, extrapolation of farm data to regional analysis is not possible. It is clear,
however, from the obtained data that significant benefits can be obtained through optimization of the
production processes at farm level, e.g., through optimization of the production to increase the use of
waste nutrients derived from abalone production, reduction of the supplementary use of fertilizers,
and if technically feasible, removal of the use of fertilizers all together. This is also the case for this
specific farm, where the work to optimize the use of nutrients and fertilizers and reduce the release of
waste nutrients is already ongoing. Consequently, more data is needed to describe in more general
terms the nutrient budgets of abalone/Ulva IMTA systems, and this CS should be regarded as a first
example of nutrient budgets in this type of systems. Moreover, this CS also illustrates the applicability
of NCP indicators as a tool to monitor farm development through improved production procedures.

Nutrient budget of oysters (CS8, regional and transatlantic scale)

All analysed oyster culture systems showed a net removal of N and P which indicates a nutrient
biomitigation potential. N removal by harvested Pacific oysters (C. gigas) and American cupped oysters
(C. virginica) farmed in the North Atlantic (i.e., North America and Europe) was very similar and ranged
between 5.67-7.2 kg N per t FW of harvested biomass (meat + shell, Table S6). Nitrogen removal in
Pacific oysters in South Africa and Namibia was also within this range of values (5.84 kg N per t FW
biomass), while the same species cultured in Brazil demonstrated somewhat higher values, 9.37 kg N
per t FW biomass. Similarly, the native oyster C. gazar in Brazil also had a higher N removal compared
to oysters in Northern Atlantic and Africa (8.52 kg N per t FW biomass).
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Similarly, P removal in oysters differed between geographical regions with the highest values obtained
in Pacific oysters in Brazil (1.32 and 1.4 kg P per t FW biomass for Pacific oysters and C. gasar,
respectively), followed by American cupped oysters in North America (1.05-1.06 kg P per t FW
biomass) and Pacific oysters in Europe (0.82 to 0.94 kg P per t FW biomass) to the lowest removal in
oysters in South Africa and Namibia (0.80 kg P per t FW). The high nutrient removal in Brazilian oysters
may be explained by the higher flesh yield reported for oysters farmed in this area (Figure 6, Table S3).
In comparison to the Crassostrea genus, the native European oyster (0. edulis) in North and South
Europe demonstrated lower nutrient removal, 4.68 to 4.87 kg N and 0.75 to 0.76 kg P per t FW biomass,
which was largely explained by the lower burial rates of faeces and pseudofaeces in sediment.

Based on the above stated nutrient removal and total production of these oyster species in the Atlantic
(233 276 t FW, average 2015-2019) as reported by FAO (2022), it was estimated that 1 525 t of N and
231 t of P may be removed from the ocean by oyster aquaculture on a yearly basis.

Nutrient budget of mussels (CS9, regional and transatlantic scope)

Finally, similar to the oyster production, mussel culture systems showed a net removal of N and P
which again indicates a nutrient biomitigation effect (Table S6). The N removal by suspended cultured
mussels was found to increase from Galicia (Spain, M. galloprovincialis, 11.3 kg N per t FW biomass) to
the Limfjord (Denmark, M. edulis, 14.1 kg N per t FW biomass) to Skagerrak (Sweden, M. edulis, 15.1
kg N per t FW biomass) to the Baltic (Sweden, M. trossulus, 22.2 kg N per t FW biomass). Similarly, the
P removal was also found to increase across this latitudinal gradient with 0.63, 0.83, 1.43, and 2.18 kg
P per t FW biomass for mussels in Spain, Denmark, Skagerrak and the Baltic, respectively. Bottom
culture of blue mussels (M. edulis) in the Limfjord, Denmark, removed similar levels of nutrients (11.7
kg N and 0.57 kg P per t of FW biomass) as Mediterranean mussels in Galicia. Finally, the P and N
removal rates reported by Brown mussels (P. perna) cultured in Brazil were similar to those observed
in the Skagerrak. The differences between geographical regions can, as for oysters, be related to
differences in flesh yield and a higher N content in suspended compared to bottom cultured mussels,
and higher P content in the flesh of mussels from the Skagerrak and the Baltic, and to the larger burial
rates of faeces and pseudofaeces in sediment in the Baltic Sea and Brazil. Note that mussels in the
Baltic Sea, which have reported the largest removal potential, are cultured for the sole purpose of
eutrophication mitigation, unlike all other cases discussed in this report which are primary food
production systems.

Based the total aquaculture production of mussels in the Atlantic (535 051 t FW; average 2015-2019)
as reported by FAO (2022) and extrapolating the above stated nutrient removals it was estimated that
8 000 t of N and 623 t of P may be removed from the Atlantic Ocean annually by mussel aquaculture.

Summary of Nutrient budgets

To summarise, the nutrient extraction potential of different LTS increased from macroalgae (S.
latissimia, 2.46—2.57 kg N and 0.47 kg P per t FW biomass), to oysters (Crassostrea genus, 5.67-9.37
kg N and 0.8-1.32 kg P per t FW biomass) and to blue mussels (Mytilus complex, 11.3-22.2 kg N and
0.57-2.18 kg P per t FW biomass). Consequently, organism group had a greater impact on nutrient
extraction potential than within genus differences between species. The nutrient extraction potential
was found to be significantly impacted by flesh yield, although some differences in nutrient content of
the flesh was also observed between geographical regions. The only system not observed to have a
net extraction of nutrients was the land-based IMTA culture of abalone. Again, as state above, CS3
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results were based on the production figures from one single land-based system, and is not claimed to
apply to other system configurations.

Eutrophication index (PO 4..q budget)

In accordance with the nutrient extraction potential, all LTS aquaculture systems studied in this report
with the exception of abalone production in land-based IMTA demonstrated negative PO4..q budgets.
In general, mussels presented the highest eutrophication mitigation potential (-16.0 to -6.7 g POu.cq
per kg FW), followed by oysters (-8.0 to -4.3 g PO4.cq per kg FW), and sugar kelp (-2.5 g POas.eq per kg FW
[Figure 7]). The mussels farmed in the highly eutrophicated Baltic Sea for the sole purpose of nutrient
mitigation presented the highest biomitigation potential among all LTS culture systems. When the PO,.
«q budgets were weighted against unit of food produced (edible part of the product only) the mitigation
effect of oysters (-38.1 to -21.8 g PO4.¢q per kg food) was comparable to, and for some species and
locations even higher, than that of mussels (-32.4 to -20.0 g PO4.cq per kg food) [Figure 8]. In contrast,
abalone production in land-based IMTA (CS3) presented a net release of 168.4 g POas.q per kg FW
abalone, the equivalent to 421 g PO..eq per kg food. This can be explained by the input of nutrients and
fertilizers to the system through the formulated diet fed to the abalone throughout the extensive 4-
year production cycle, and by the fertilizers added to the Ulva production units. The production of Ulva
was responsible for about 55% of the net POs.q released. As highlighted in the nutrient (N and P)
analysis section, results from CS3 were obtained based on data from one single land-based IMTA
system, and are not claimed to represent other configurations found around the Atlantic. Additionally,
optimization of production processes may significantly change the results and should be followed up
in future studies.

SK (Faroe Islands, SC)

| PO (S Europe, MC)
| ACO (SE )

BM (Baltic Sea, SC mit)

-10 -8 -6 -4 -2
g POs-eq. per kg FW biomass

Figure 7. Eutrophication index measured in grams of phosphate equivalents (PO4-eq) per kg FW of whole biomass
of sugar kelp (green), oysters (orange), and mussels (blue). CG: Crassostrea gasar; PO: Pacific oyster; EO:
European oyster; ACO: American cupped oyster; BrM: Brown mussel; BM: Blue mussel; MM: Mediterranean
mussel. N: northern, S: southern, NE: northeaster; SE: southeastern; SC: suspended culture, BC: bottom culture;
and MC: mixed culture (SC and BC); mit: mitigation of eutrophication.
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Figure 8. Eutrophication index measured in grams of phosphate equivalents (PO4-eq) per kg of food (edible part,
FW) from sugar kelp (green), oysters (orange), and mussels (blue, Baltic eutrophication mitigation culture
excluded). CG: Crassostrea gasar; PO: Pacific oyster; EQO: European oyster; ACO: American cupped oyster; BrM:
Brown mussel; BM: Blue mussel; MM: Mediterranean mussel. N: northern, S: southern, NE: northeaster; SE:
southeastern; SC: suspended culture, BC: bottom culture; and MC: mixed culture (SC and BC).

All LTS aquaculture systems in this report, with exception of CS3, performed better in terms of
eutrophication potential compared to other food production systems (Figure 9). In fact, sugar kelp,
oyster and mussel aquaculture presented net POs.eq removals ranging from -2.52 to -38.09 g PO4.¢q per
kg food, and thereby, acted as biological nutrient mitigation tools. Production of one kg of sugar kelp
mitigates the equivalent to the PO4.cq released by some vegetables and fruits e.g., root vegetable, citrus
fruit, and apples (1.45-2.43 g PO4.q per kg, Poore & Nemecek, 2018), while the production of one kg
of mussels or oyster (flesh FW) mitigates the equivalent emissions to the production of one kg of rice
or eggs (21.76—35.07 g POa.q per kg), and is close to mitigate the equivalent emissions derived from
poultry meat (48.7 g POa.q per kg). The production of pig meat, farmed prawns and fish, and beef
releases 76.4, 227.2, 235.1, and 301.4-365.3 g PO4.q per kg of food product, respectively (Poore &
Nemecek, 2018).
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Figure 9. Eutrophication index measured in grams of phosphate equivalents (PO4-eq.) per kg of food (edible part,
FW) from abalone (yellow), sugar kelp (green), mussels (blue, Baltic eutrophication mitigation culture excluded),
and oyster (orange) aquaculture, compared to other food production systems (Modified from Poore & Nemecek,
2018). *Based on one single land-based IMTA system for abalone production, not claimed to be representative of
the various abalone land-based IMTA system configurations around the Atlantic.

5.2.2 Ocean acidification index (B-CO2) and Biological carbon footprint (B-CF)

B-CO, and B-CF for Offshore kelp cultivation (CS2, farm level data, local and transatlantic scope)

The estimated B-CO, budget for the offshore cultivation of sugar kelp in Faroe Islands resulted in an
ocean acidification index of -93.1 kg CO,/t FW of harvested biomass (supplementary Table S6),
equivalent to -18.6 t of CO; for the entire farm annually, i.e., a reduction of CO,and consequently the
culture of sugar kelp counteracts ocean acidification.

The B-CF will depend on the fate of the biomass produced. If the biomass is sold for the food/feed
market, which is at present the main application for sugar kelp produced by the industrial partner,
then the C stored in the biomass is released back to the atmosphere in the form of CO, after
consumption, which results in a neutral B-CF (0.0 kg CO/t of biomass). However, a rough estimation
of the biomass lost during cultivation (i.e., fall off) of 5 to 10% has been made by the industry partner
supplying the data. This may impact the B-CF but presently, the extent of production losses in terms
of fall offs, as well as the fate of the fall offs (degraded in water column and/or sediment, preserved
buried in the sediment), is unknown. Therefore, there is a need for empirical evaluation of these
factors so its potential value as a carbon sink can be assessed.

B-CO, and B-CF for Land-based IMTA (CS3, farm level data, local scope)

The estimated B-CO, budget of abalone production resulted in an ocean acidification index of 78.3—
269.6 kg CO; (low—high estimates) per t FW biomass. Additionally, its B-CF was estimated at 181-372
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kg per t FW biomass. In contrast, the B-CO; of Ulva sp. produced in IMTA and monoculture systems
was estimated to be negative at -125.4 and -113.7 kg of CO, per t of fresh biomass, respectively.
However, since this biomass is readily used within the farm to feed the abalone, this CO; goes back to
the atmosphere, and any local changes in water pH during Ulva culture are readily reversed, which
makes both the acidification index (B-CO,) and the B-CF of Ulva sp. production neutral (0.0 kg CO/t of
FW biomass [Table S6]). Consequently, the B-CF for the entire farm was determined by the farming of
abalone. Based on the annual production of abalone, an annual B-CF of 28.2 to 58.0 t of CO, was
estimated for the entire farm. A closer look into the different processes that contribute to the B-CF of
the abalone production showed that calcification and respiration contributed roughly equally to this.
As discussed in Section 3.2 it is possible that the particulate organic material produced in land-based
IMTA systems with abalone could potentially be a source of soil or sediment formation depending on
end use of that product. This in turn affects the potential contribution to carbon sequestration. There
is, today, not enough data to determine the fate of C in sludge from the farm, and this should be
evaluated further for enhanced calculations of the overall B-CF of land-based IMTA systems.
Consequently, as for kelp production, due to data deficiencies C burial from sludge deposits was not
included in the analysis.

B-CO, and B-CF for Oysters (CS8, regional and transatlantic scope)

The balance between CO, storage, burial and calcification (B-CO,.0w) showed a net CO, release for all
oyster production systems. Differences in the acidification index were mostly related with the
geographic culture area, lower B-CO».o,w Were found for Pacific oysters and C. gasar in Brazil (22.0-48.1
kg CO,/t FW biomass), intermediate values (128.3-160.4 kg CO,/t FW biomass) were found for
American cupped oysters from the Northern and Southern Atlantic coast of USA, for European oysters
in Southern Europe, and for Pacific oysters in Southern Europe and South Africa, whereas higher values
(198.5-217.4 kg CO,/t FW biomass) were found for European oysters and for Pacific oysters in North
Europe (Figure 10, Table S6). These results are mostly explained by the shorter production cycle and
the higher burial rates reported for oysters from Brazil compared to the oysters from North Europe
which had longer production cycles and higher calcification rates (Figures 6 and Table S3).
Incorporation of the CO; release linked to respiration (B-CO,, nigh) resulted in a large increase of the B-
CO> budget of all oyster production systems, with the highest impact for Pacific oysters in Brazil (191.8
kg CO,/t FW biomass), and American cupped oysters on the east coast of the northern and southern
parts of North America (300.2-336.6 kg CO,/t FW biomass), followed by C. gasar in Brazil (171.2),
Pacific oysters in South Africa and Namibia (296.0) and southern Europe (276.7), and the lowest for
Pacific oysters from northern Europe (299.9 kg CO,/t FW biomass) and European oysters from the
northern (314.7 kg CO,/t FW biomass) and southern parts of Europe (248.2 kg CO,/t FW biomass).
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Figure 10. Contribution of the different processes for the B-CO: (acidification index, kg COz per t FW biomass;
shell-on) of oyster production systems. CG: Crassostrea gasar; PO: Pacific oyster; EO: European oyster; ACO:
American cupped oyster; N: northern, S: southern, NE: northeaster; SE: southeastern; SC: suspended culture, BC:
bottom culture; and MC: mixed culture (SC and BC).

In the B-CF, CO; release by calcification was larger than CO, removal through the burial of biodeposits
resulting in positive B-CF for all oyster production systems (Figure 10). Culture of Pacific oysters and C.
gasar in Brazil had the lowest B-CF among all studied oyster culture systems, species and geographic
regions (Figure 11). The B-CF increased considerably when the contribution of respiration was added
to obtain the B-CFigh.

39



CG (Brazil, SC)

PO (Brazil, SC)

PO (SA/Namibia, SC)

PO (N Europe, MC)
PO (S Europe, MC)
EO (N Europe, MC)
EO (S Europe, MC)
ACO (NE USA, MC)
ACO (SE USA, MC)

100 150 200 250 300 350 400 450

kg CO, per t FW biomass

H B-CF low Respiration

Figure 11. Lower estimate of the biological carbon footprint (B-CFow [pink]) + respiration (red) from oyster
production systems (kg COzper t FW biomass, shell-on). CG: Crassostrea gasar; PO: Pacific oyster; EO: European
oyster; ACO: American cupped oyster; N: northern, S: southern, NE: northeaster; SE: southeastern; SC: suspended
culture, BC: bottom culture; and MC: mixed culture (SC and BC).

B-CO, and B-CF for Mussels (CS9)

Suspended culture of Mediterranean mussels in Galicia (19.6 kg/t FW biomass) and bottom culture of
blue mussels in the Limfjord (57.9 kg/t of biomass) presented a net CO; release, when the balance
between CO, stored as organic carbon in flesh and shell, burial and calcification was estimated (B-CO,-
low, Figure 12, Table S6). In contrast, the suspended culture of blue mussels in the Limfjord and other
areas (-34.8 to -202 kg/t FW biomass) and brown mussels in Brazil (-66.8 kg/t FW biomass) presented
a net CO, removal. These differences are determined by the low burial rate of biodeposits in Galicia
and the combination of low meat content and a long culture cycle for bottom culture in the Limfjord
(Figure 6). Incorporation of the CO; release linked to respiration (B-COx-nigh) reported a large increase
of the B-CO; budgets, mainly for suspended cultured mussels in the Limfjord (310.5 kg/t of biomass),
Skagerrak (220.6 kg/t of biomass) and Baltic Sea (129.6 kg/t), whereas respiration had a lower impact
on the B-CO; budget of Mediterranean mussels in Galicia (125 kg/t of biomass) and brown mussels in
Brazil (144 kg/t of biomass), as their culture cycles are shorter than those of blue mussel culture in the
Limfjord and Skagerrak.
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Figure 12. Contribution of the different processes for the B-CO2 (acidification index, kg CO2per t FW biomass,
shell-on) of mussel production systems. BrM: Brown mussel; BM: Blue mussel; MM: Mediterranean mussel; SC:
suspended culture, and BC: bottom culture; mit: mitigation of eutrophication.

Focusing on the B-CF, CO; release by calcification was larger than CO, removal through the burial of
biodeposits resulting in positive B-CF, for all mussel production systems, except the eutrophication
mitigation culture in the Baltic that reports a null balance (Figure 12). When respiration is included in
B-CF estimates (Figure 13), B-CF ranges from a minimum of 300 kg CO,/t FW for the culture in the
Galicia to >500 kg CO,-eq/t FW for the suspended culture in Limfjord.
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BM (Baltic, SC mit)
BM (Skagerrak, SC)

BM (Limfjord, SC)
BM (Limfjord, BC)
MM (Galicia, SC)

200 300 400 500 600
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Figure 13. Lower estimate of the biological carbon footprint (B-CFw [pink]) + respiration (red) from mussel
production systems (kg CO: per t FW biomass, shell-on). BrM: Brown mussel; BM: Blue mussel; MM:
Mediterranean mussel; SC: suspended culture, and BC: bottom culture; mit: mitigation of eutrophication
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Summary of ocean acidification index (B-CO,) and biological carbon footprint (B-CF)

In summary, these results report significant differences in acidification index and carbon footprint
between different organism groups and culture systems. Production of sugar kelp, for instance,
resulted in negative B-CO; values, i.e., reduction of ocean acidification, while mussels, oysters and
abalone contributed to ocean acidification, although the contribution differed between species and
geographical regions. Similarly, the B-CF ranged from neutral for kelp and blue mussels in the Baltic
(for the low estimate of B-CF of mussels), to positive for the rest of the cases. These differences are
linked to the biochemical composition of each species and the environmental conditions of the
different culture areas. In this regard, calcification ranged from 176 to 307 kg CO, per t of FW, being
higher for oysters than for mussels and abalone (Table S7). This is related to the lower flesh yield of
oysters (16 to 29%) in comparison to mussels (25 to 49%) and abalone (40%). Respiration ranged from
91 to 345 kg CO, per ton of FW, and increased with latitude in parallel to the increased production
time to market size. Finally, biodeposits burial ranged from 6 to 222 kg CO, per ton of FW, depending
on the estimated burial rate in the different studied ecosystems. The relative contribution of the three
processes to the B-CF ranged from 38 to 97% (calcification), 25 to 100% (respiration) and -2 to -67%
(burial).

Cradle-to-farm gate total carbon footprint (CF)

The CF of operations (O-CF) was found to vary among culture method, e.g., higher O-CF for suspended
than for bottom based culture systems, and across location, e.g., higher O-CF at high latitudes where
production times are longer and require more operation. Based on the CF literature review (Table S4),
an O-CF value of 50 kg CO; per t of FW was identified for the Mediterranean mussels cultured in Galicia
(suspended culture) and abalone cultured in South Africa (land-based culture), 100 kg CO, per t of FW
for suspended culture of blue mussels in Denmark and of brown mussel in Brazil, 290 kg CO; per t of
FW for suspended culture of blue mussels in the Skagerrak, 500 kg CO, per t of FW for suspended
culture of blue mussel for mitigation of eutrophication in the Baltic Sea, 1100 kg CO; per t of FW for
bottom culture of American cupped oyster, Pacific oyster and European oyster, and 1800 kg CO, per t
of FW for the same species in suspended culture. No data was found for bottom culture of mussels in
the Limfjord, Denmark, hence that production type was excluded in further analysis.

Consequently, the relative importance of culture operations (O-CF) and the biological component (B-
CF) of the CF of shellfish aquaculture was found to depend on the species, the culture method and the
geographic location. The biological component was the main contributor to the CF for mussel
aquaculture in Galicia (Mediterranean mussel), Denmark (Blue mussel) and Brazil (Brown mussel),
representing from 58 to 90% of the total cradle-to-farm gate CF (Figure 14, Table S8). Conversely, the
contribution was <40% for the blue mussels grown in the Baltic Sea to remediate eutrophication. For
oyster aquaculture, the contribution of the biological component ranged from 8 to 25% (Table S8),
indicating that most of the cradle-to-farm gate CF of oyster production systems was related to culture
operations. Optimization of production procedures and consideration of climate impact of
infrastructure and logistic solutions is therefore of high importance to improve the performance of
e.g., oyster culture. Biological processes accounted for the 53% (35% if respiration was not included)
of the CF for the IMTA abalone culture in South Africa, where the use of fertilizers was a major
contributor to the O-CF. As highlighted before, results from CS3 were obtained based on data from
one single land-based IMTA system, and are not claimed to representative of other configurations
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found around the Atlantic. Additionally, optimization of nutrient (i.e., fertilizers) use may be
considered and possibly achieved for this specific production system.

Combination of the B-CFnign and cradle-to-farm gate O-CF enables a conservative comparison with
other food production systems. The total CF for shellfish aquaculture ranged from 350 to 1 876 kg CO,
per t of FW biomass or from 1 044 to 11 790 kg CO; per t of fresh food (edible part only). The total CF
of mussels ranged from 1 044 kg/t food for the suspended culture of Mediterranean mussels in Galicia
to 1 508 kg/t food for the suspended culture of blue mussels in Skagerrak, which was slightly lower
than the 1 734 kg/t food of the IMTA of abalone in South Africa. The total CF of oysters ranged between
4 830 kg/t for Pacific oysters in Brazil and 11 790 kg/t for European oysters in northern Europe (Figure
14).
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Figure 14. Cradle-to-farm-gate carbon footprint (CF, kg CO: per t FW food, edible parts only) of abalone, mussel
(Baltic mitigation culture and bottom culture in Limfjord excluded), oyster and sugar kelp culture. B-CFiow (pink) +
respiration (red) + operations (O-FC [violet]). HM: Haliotis midae (abalone); CG: Crassostrea gasar; PO: Pacific
oyster; EO: European oyster; ACO: American cupped oyster; BrM: Brown mussel; BM: Blue mussel;, MM:
Mediterranean mussel; SK: sugar kelp (B-CF of kelp is neutral, so emissions come only from O-CF, the value, 16g
COz/t FW, is not visible in the figure due to the scale used). N: northern, S: southern, NE: northeaster; SE:
southeastern; SC: suspended culture; MC: mixed culture (SC and bottom culture); and LB IMTA: land-based
integrated multi-trophic aquaculture.

Compared to other food production systems, sugar kelp (16 kgCO, per t of food) was observed to have
the lowest carbon footprint, just higher than the CF of nuts and smaller than any other primary
production system. Mussels and abalone are within the lowest CF production systems, equivalent to
primary producers, while oysters are comparable to poultry and pig meat, essentially as a consequence
of the low flesh yield of oysters, but lower than other farmed marine species (e.g., fish and prawns,
Figure 15).
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Figure 15. Cradle-to-farm-gate carbon footprint (CFrigh [kg CO2 per t FW food]) of oyster (orange), abalone
(vellow), mussels (blue, Baltic Sea mitigation culture and bottom culture in Limfjord excluded) and sugar kelp
(green) aquaculture, compared to other food production systems (Modified from Poore & Nemecek, 2018).
*Based on one single land-based IMTA system for abalone production, not claimed to be representative of the
various abalone land-based IMTA system configurations around the Atlantic.

5.2.3 Market application and value

Offshore kelp cultivation (CS2)

The majority of the kelp production is sold as a fermented feed ingredient to be incorporated in the
production of commercial feed for the pig industry, due to its ability to reduce diarrhea and the use of
antibiotics in pig production. Fresh biomass is stored in intermediate bulk containers (IBC) where the
fermentation process is initiated using lactic acid bacteria before shipping to customers. The farm gate
price for this biomass was not disclosed by the company, but this is a higher volume/lower value
market (pers. comm. Urd Bak, ORF).

A small fraction of the production is sold to the European food ingredient market where it’s
incorporated in the production of healthy food products. This is still a niche market, but it is growing
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rapidly. This biomass has a farm gate price of 10-20 EUR per kg of dried biomass, corresponding to
1.2-2.3 EUR/kg FW based on a moisture content of 88% (pers. comm. Urd Bak, ORF; Figure 16).

Land-based IMTA (CS3)

Farm gate price for abalone produced in South Africa ranges from 25 to 31 EUR/kg FW whole biomass
(pers. comm. Peter Britz, Rhodes University; Figure 16, left). The current production is mainly exported,
as the domestic market is very small. Most South Africans cannot afford the product, and as abalone
is not a traditional food, consumer demand is not very high. South African abalone production targets
the Asian markets that are willing to pay the premium price, e.g., Hong Kong, Singapore and Taiwan,
where there is a tradition of eating abalone and preparing high-end dishes. Farm gate price converted
to, and expressed, per unit of food (edible part only) reach 62—77 EUR/kg FW (Figure 16, right), which
make abalone an expensive and exclusive delicacy. Ulva sp. biomass produced to supplement the
aquafeed provided to the abalone during the culture cycle is valued at 0.95 EUR/kg FW (pers. comm.
Emmanuel Falade, Rhodes University).

Oysters (CS8)

The market for oysters is very diverse and ranges from mature markets where oysters have been
produced and consumed for a long time, to developing markets where oysters are considered a novel
food. Farmed American cupped oysters are used mainly for the half-shell market or sold unprocessed
as food. The reported farm gate price ranges from 9.4 to 13.5 EUR/kg FW whole biomass (shell-in;
Figure 16, left), which corresponds to a paid price of 46.9 to 67.5 EUR/kg of food if considering only
the edible parts (flesh; Figure 16, right) of the oysters. Farm gate price for Pacific oysters range from
4.0 to 4.4 EUR in southern Europe but can reach up to 7.2-16.7 EUR/kg FW in Skandinavia. In
Skandinavia, production does not meet the market demand and most oysters are used for domestic
markets. Imports come from major oyster producing countries in Europe (the Netherlands and France)
and size 3 (approximately 60-80 g) are favoured. The price in South Africa ranges from 2.8—6.1 EUR/kg
FW, the top selling oysters on the domestic market are about 70-90 gram and realize 0.44 EUR/oyster
at farm gate. The domestic market is small, with the majority of South Africans being economically
disadvantaged and not being traditionally accustomed to seafood. Exports are primarily to the East
(Hong Kong, China, Taiwan) and are priced in USD landed at destination (pers. comm. Toni Tonin,
Saldanha Bay Oyster Company). In Brazil, the price at farm gate ranges from EUR 0.78 to 2.8/kg FW for
Pacific oysters (equivalent to 2.7-9.8 EUR/kg FW food). Consumers often buy the oysters directly from
the farmer reaching a gate price of 2.8 EUR/kg FW (pers. comm. Simone Sihnel).

The European oyster is considered more exclusive compared to Pacific oysters and consequently
acquire a premium price. Farm gate prices usually range from approximately 6 EUR/kg FW in southern
Europe up to 19-31 EUR/kg FW in Sweden (pers. comm. Asa Strand, IVL). This corresponds to a paid
price of 30 EUR/kg FW food for European oysters produced in southern Europe and 121-200 EUR/kg
FW food for European oysters produced in Sweden.

Mussels (CS9)

Mediterranean mussels in Galicia are produced for human consumption. Around 61% of the total
production is consumed unprocessed, with farm gate prices ranging from 0.42 EUR/kg (small mussels,
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5-6 cm) to 0.59 EUR/kg FW whole biomass (large mussels, > 7.5 cm), the remaining 39% is sold to the
food processing industry with a mean price of 0.40 EUR/kg (Pesca de Galicia®).

Farm gate price for mussels produced in suspended culture in Europe ranged from 0.48 EUR/kg FW for
Mediterranean mussels to 1.9 EUR/kg FW for blue mussels from Skagerrak (pers. comm. Anton
Salgado, IIM-CSIC), which corresponds to 1.5 to 3.9 EUR/kg FW food (edible part only), respectively.
Farm gate prices obtained for blue mussels from suspended culture in the Limfjord (Denmark) start at
0.9 EUR/kg FW (pers. comm. Pernille Nielsen, DTU), yielding approximately 2.12 EUR/kg FW food. The
price obtained for the mussels farmed in bottom culture in the Limfjord is lower (0.35-0.4 EUR/kg FW;
equivalent to 1.4-1.6 EUR/kg food) as a result of lower flesh yield proportion (condition index). A large
variation in farm gate prices was reported for brown mussel produced in Brazil ranging from 0.3 to 3.1
EUR/kg FW (pers. comm. Simone Siihnel). It is also common that consumers buy brown mussels
directly from the farmers in which case the paid price usually is around 1.9 EUR/kg FW.

Summary of market application and value

To summarise, the farm gate value of farmed LTS differed greatly among organism groups and
geographical regions (Figure 16, left). Overall, farm gate prices for sugar kelp (1.2—2.3 EUR/kg FW) and
mussels (0.3—3.1 EUR/kg FW) were in the same order of magnitude, and were in the lower end of
values reported to be paid for the different LTS investigated in this report. Generally, oysters presented
significantly higher values but with large variation between species and geographic regions, e.g., Pacific
oysters from southern Europe, Brazil, or South Africa and Namibia was observed to have lower farm-
gate values, whereas the highest prices were paid for the European oyster produced in northern
Europe, as this native species is considered a more excusive product in this region and receives a
premium price. Abalone presented a significantly higher farm gate value compared with all other
production systems, with the exception of European oysters produced in North Europe. Considering
only the edible part of shellfish the estimated corresponding paid prices ranged from 0.92 to 9.5
EUR/kg FW food for mussels, 2.7 to 200 EUR/kg FW food for oysters, and 61.6 to 77.1 EUR/kg FW food
for abalone (Figure 16, right). Thus, sugar kelp and mussels seem to be affordable food sources, some
oyster species from specific geographic regions can represent an affordable food source, while for
other oyster species and locations they can be a rather expensive delicacy. Similarly, abalone produced
in South Africa is a rather expensive food aimed for the exports market. High farm gate prices are
obviously beneficial from a farm perspective, but may reduce the access to the products by local
markets and/or customers. The prices may also be affected by an increase in production according to
general economic principles of access and demand, as well as by economies of scale, which may have
significant impact on farm economics as production is increased.

° https://www.pescadegalicia.gal/Publicaciones/AnuarioAcuicultura2020/indice.html
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Figure 16. Farm-gate price for TLS biomass (EUR/kg FW whole biomass; i.e., shell-on for shellfish [left]), and food
(EUR/kg FW food; i.e., shell-off for shellfish [right])

6. Concluding remarks and future perspectives

Knowledge gaps and data deficiencies

Overall, a high number of NCPs were identified for the LTS systems included in this report. Most of
these were supported by sufficient data to verify the existence of the NCPs, yet some lacked enough
data for quantification, mostly linked to the lack of maturity of these particular industries (e.g., sea
urchin roe enhancement). There were also some ambiguities observed in terms of linkages between
NCPs and different LTS culture systems, indicating either a knowledge gap or a need for additional
clarifications of the definitions of the NCPs adapted to LTS aquaculture. In particular cultural NCPs
specific to LTS production were found to be poorly investigated, with very few studies addressing the
identification of these NCPs, and quantification mostly non-existent. Moreover, the developed
indicator set for NCP quantification highlighted several critical knowledge gaps, including the NCP
indicators required to quantify the role of LTS aquaculture systems for Habitat creation and
maintenance, Regulation, formation, protection, and decontamination of soils and sediments, and
Regulation of hazards and extreme events (see Table 6). In addition to these aspects, the data
collection process for the final NCPs selected revealed additional data deficiencies. These related
specifically to biomass falls offs and its fate (i.e., degraded in water column and/or sediment, or buried
in the sediment) during sugar kelp production, and the fate of sludge/sediment produced in land-based
IMTA systems. This information was lacking for proper quantification of the value of this process as a
nutrient and carbon sink, and the subsequent impact on the biological carbon footprint of these
systems. Data deficiencies were also identified for some shellfish species in specific production areas
with respect to the composition of shell, flesh and biodeposits (faeces and/or pseudofaeces), as well
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as specific respiration and faeces/biodeposit production rates covering the entire production cycles.
This is not unexpected considering that LTS aquaculture is an emerging sector in new geographical
areas, yet these knowledge gaps should be filled through comprehensive studies in order to increase
the robustness of future NCP quantification analysis.

Requlation of coastal water quality

The nutrient removal potential of different LTS production systems was found to increase from
macroalgae (S. latissima, 2.46 to 2.57 kg N and 0.47 kg P per t FW biomass), to oysters (Crassostrea
genus, 5.67-9.37 kg N and 0.8-1.32 kg P per t FW biomass) and to blue mussels (Mytilus complex,
11.3-15.1 kg N and 0.63-2.18 kg P per t FW biomass). Consequently, mussels presented the highest
eutrophication mitigation effect (expressed as PO4-eq per kg FW), followed by oysters, and then by
sugar kelp. Not unexpectedly, the nutrient extraction potential of mussels and oysters was closely
linked to flesh yield and burial rates. Differences in yield were observed between different
geographical regions (for the same species) and between species, indicating the importance of context
relevant data for accurate evaluations of the nutrient remediation potential. The performance of
abalone/Ulva IMTA systems is hard to evaluate in relation to other organism groups and production
systems due to data deficiencies and ongoing improvement work in farm protocols. The results,
however, indicate significant potential for optimization, and it is clear that more research is needed to
evaluate the performance of similar systems.

Compared to other common food production systems, all LTS aquaculture systems in this report, with
exception of CS3, presented negative POs-eq budgets (ranging from -2.52 to -38.09 g POs.q per kg
food), and thus, may act as biological nutrient mitigation tools. In fact, production of one kg of sugar
kelp can e.g., compensate for the POs-eq emissions of some vegetables and fruits such as root
vegetables, citrus fruit and apples (1.45-2.43 g POas.q per kg; Poore & Nemecek, 2018), while the
production of one kg of mussels or oyster (flesh FW) can compensate for the emissions from the
production of one kg of rice or eggs (21.76—-35.07 g PO4q per kg), and is close to mitigating the
equivalent emissions derived from production of poultry meat (48.7 g POas.q per kg).

The results in this report agree with those observed for other species and in other geographical areas
(Nelson et al. 2005, Newell et al. 2005, Higgins et al. 2011, Songsangjinda et al. 2000, Jones and Preston
1999, Gifford et al. 2004, Kotta et al. 2021). This mitigation effect is of great importance considering
the current state of coastal areas, as 60% of these areas are estimated to suffer from eutrophication
(Theuerkauf et al. 2019). Remediation of eutrophication may positively impact water quality, with
direct benefits to nearby habitats, e.g., seagrass meadows, which in turn are important as nursery
areas and for carbon sequestration (Cloern 1982, Cerrato et al. 2004, Newell 2004, Wall et al. 2008,
Sousa et al. 2009, Cerco & Noel 2010). Consequently, extractive aquaculture conforms to the definition
of restorative aquaculture (“when commercial or subsistence aquaculture provides direct ecological
benefits to the environment, with the potential to generate net-positive environmental outcomes”,
The Nature conservancy, 2021). This infers significant values to society, and should consequently be a
priority in present-day food production, especially in areas highly impacted by eutrophication.

Moreover, the uptake and incorporation of nutrients into extractive species has implications for the
biogeochemical cycles of nitrogen and in particular, for phosphorous. While nitrogen can be fixed and
transferred from air to the sea by cyanobacteria, phosphorous is a limited substance whose
biogeochemical process spans thousands of years. Currently, phosphorous is mined from mountains,
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and projections states that given the current use, the phosphorous reserves will be depleted in
approximately 50 years (Cordell et al. 2009, Sverdrup et al. 2013). This is often referred to as “the
phosphorous crisis” as 80% or the phosphorous is used in agriculture (Achary et al. 2017), and then
transported with runoff and nutrient leakage to the sea which acts as a phosphorous sink. The
significance of this is indicated by the eutrophicating emissions from production of one kg of pig meat,
farmed prawns or fish, and beef, ranging from 76.4 to 365.3 g PO4.cq per kg of food product (Poore &
Nemecek, 2018). As apparent in the presented data in this report, extractive culture has the potential
to act as a link between the sea and land, and contribute to loop closure by bringing nutrients back
from the sea to different uses on land (Thomas et al. 2021, Sinha et al. 2022). Adhering to the planetary
boundaries is of uttermost importance for our very existence (Steffen et al. 2015), and the potential of
extractive species to support this objective should therefore be carefully considered and merits
promotion in modern food production systems.

Requlation of climate change impacts and carbon footprint

The lower estimate of the ocean acidification index (B-COz.ow) Was highest for oysters (22.0-217.4 kg
CO,/t FW) and abalone produced in land-based IMTA (78.3 kg CO,/t FW). In contrast, some mussel
production systems (-202.0-57.9) and sugar kelp (-93.1 kg CO,/t FW) presented negative ocean
acidification index values, indicating that these species may contribute to counteracting ocean
acidification. A more conservative estimate of B-CO,, which incorporates respiration, resulted in a
significant increase of the ocean acidification index (B-COxnign) for all shellfish species and,
consequently, led to net emissions of B-CO, for all shellfish aquaculture systems (125-336 kg CO,/t
FW) while kelp net emissions remained unaltered.

The total CFhign (B-CF + O-CF) for shellfish aquaculture ranged from 350 to 1 876 kg CO; per t of FW
biomass or from 1 044 to 11 790 kg CO,, per t of fresh food (edible part only). The total CF of mussels
ranged from 1 044 kg/t food for the suspended culture of Mediterranean mussels in Galicia to 1 508
kg/t food for the suspended culture of blue mussels in Skagerrak, which was slightly lower than the 1
734 kg/t food of the IMTA of abalone in South Africa. The total CF of oysters ranged between 4 830
kg/t for Pacific oysters in Brazil and 11 790 kg/t for European oysters in northern Europe.

As detailed above, the conservative estimates (CFnign) of cradle-to-gate carbon footprints of
macroalgae and shellfish aquaculture reported net GHG emissions for all the species and culture
practices under study, but with large differences between species and geographic areas. However, in
comparison with other food production systems, LTS aquaculture has a low carbon footprint. In
particular the carbon footprint of sugar kelp is one order of magnitude lower than the CF of vegetables
(16 kg CO,/t food vs more than 200 kg CO,/t food). Mussel and abalone aquaculture, with a CF in the
range of primary producers, provide nutrient rich food with much lower GHG emissions than any meat
production industry. Finally, although the CF of oyster culture is larger than that of the other bivalve
culture systems in this study, and comparable with poultry or pig farming, the large contribution of
operations to this CF leaves room for managers to adapt their practices in order to improve the
sustainability of this production system.

Food and Feed

Harvest of seafood that, on average, is from a lower trophic level has been recognized as a promising
way to significantly increase food and biomass production (> 100 Mt) from the ocean. LTS production
through marine aquaculture seems to have the highest potential to achieve such a realisation (SAPEA
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2017). Farm gate prices converted to, and expressed, per unit of food produced (edible parts only)
ranged from 1.2 to 2.3 EUR/kg FW for sugar kelp, 0.92 to 9.5 EUR/kg FW food for mussels, 2.7 to 200
EUR/kg FW food for oysters, and 62 to 77 EUR/kg FW food for abalone. Additionally, the Ulva sp.
produced to feed to the abalone in land-based IMTA was priced at 0.95 EUR/kg FW. Variations in value
are determined by geographic regions and species particularly for oyster production, e.g., Pacific
oysters from southern Europe, Brazil, or South Africa and Namibia had the lowest values, while the
highest prices were achieved for native European oysters from North Europe, which are considered a
more exclusive product compared to the Pacific oysters. Thus, the LTS production system presented in
this report have the capacity to provide affordable food (sugar kelp, mussels and to some extent
oysters) and feed biomass (sugar kelp and Ulva sp.), but some LTS are also considered a delicacy food
(oysters and abalone) usually exported to markets that are willing to pay the premium to supply e.g.,
high-end restaurants and hotels.

At present, the combined annual aquaculture production for the entire Atlantic region for the LTS
included in this report reach 770 253 t FW biomass (average 2015-2019; FAO 2022), the equivalent to
approximately 261 700 t FW of food (edible parts only). The highest production is presently mussels
(214 020 t FW food), followed by oysters (46 655 t FW food), abalone (590 t FW food), and at last
brown macroalgae (mostly kelp species; 450 t FW food). It should be noted that aquaculture
production of kelp is still an emerging activity in the North Atlantic region, which gained increasing
attention over the last decade and has the potential develop rapidly, and thereby, provide more food.
The other LTS production systems are better established, and have the potential to further expend and
provide more food.

Conclusions

Of the LTS evaluated in this report, sugar kelp production showed lower eutrophication mitigation
potential than mussels and oysters and had a much lower farm-gate price compared to oysters and
abalone, yet was found to be the only LTS to counteract ocean acidification. Bivalve production (mussel
and oyster culture), on the other hand, was found to have a significant bioremediation capacity, with
mussels displaying a higher capacity compared to all organism groups in this report. Compared to
mussels, oysters obtained a higher farm-gate price, but also demonstrated a higher ocean acidification
index, and the highest carbon footprint per unit of food produced among all LTS culture systems
studied. In comparison, most mussel production systems had a lower ocean acidification index and a
lower total carbon footprint per unit of food produced, than abalone and oysters. Abalone was the
only LTS production system that showed a net release of nutrients, its ocean acidification index was
set at the mid-range of values reported for oysters and at the upper range for mussels, and its carbon
footprint per unit of food was similar to that reported for mussels, while its farm-gate-price was
considerably higher and only comparable to premium price oysters from Northern Europe. In terms of
the total carbon footprint, mussels and abalone were found to have the lowest CF reported for other
food production systems, equivalent to primary producers, oysters were found to be comparable to
poultry and pig meat, essentially because the low flesh yield of oysters, but lower than e.g., lamb, beef,
or other farmed marine species (e.g., fish and prawns), while sugar kelp had a residual carbon footprint
and consequently may support climate change mitigation.

The quantification of the selected list of NCPs offered by LTS aquaculture identified significant
contributions to society, e.g., in terms of Regulation of coastal water quality, as well as sustainable
feed and food supply. Some disservices were also identified, e.g., linked to the NCP Regulation of
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climate as the carbon footprint of bivalve culture was found to be in line with other traditional food
sources, but lower compared to other meat food products. As illustrated in Table 7, the only
production system providing only services (i.e., no disservices) in this study was sugar kelp production,
while all other systems were found to have some services and some disservices. Based on the NCPs
evaluated in this study, kelp production show great promise for future expansion, yet a full evaluation
including additional sustainability indicators (i.e., also social and economic) should be performed to
ensure that an expansion does not infer any unwanted, and unpredicted, negative effects. The results
for the other organism groups are not unexpected. It is well established that all food production entails
positive, as well as negative, impacts. As noted, both oyster and mussel production compared well to
other food production sectors, and perform better than other meat production industries, and it is
plausible that the impact from the production can be reduced by strategic investments in improved
culture practices, infrastructure and logistics. Moreover, as stated previously, the results for land-
based IMTA (abalone/Ulva co-culture) should be interpreted with caution. A more comprehensive
analysis of the joint effects of services and disservices of different LTS aquaculture systems will be
presented in D6.3 — sustainability analysis.

It is important to note that the services discussed in this report are primarily direct services. The
contribution of LTS aquaculture to the NCPs from a larger perspective, i.e., including indirect services
such as replacement of food products with higher CF or eutrophication index, has not been evaluated.
This may, however, be an important aspect that although being complicated, should be studied
further.

Table 7. lllustration of services (green) and disservices (orange) produced by LTS. For NCPs Regulation of costal
water quality and Regulation of climate, the colours indicate a positive or negative contribution, while for Food
and feed the colours represent value (farm perspective) and market application (consumer segment, i.e., low-end
or high-end market.

Abalone/Ulva

NCP Organism group Kelp IMTA® Oysters Mussels
Regulation o tal
g fc.oas a N and P removal

water quality
Eutrophication
potential

Regulation of Ocean acidification

climate index

B-CF

Food and feed Farm perspective
(price)
Costumer
perspective (price)

*Based on one single land-based IMTA system for abalone production, not claimed to be representative of
the various abalone land-based IMTA system configurations around the Atlantic.
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As evident, the LTS studied demonstrated both services and disservices, and production should
consequently be developed to promote the beneficial contributions while minimizing the negatives. It
is worth mentioning that in addition to the above mentioned aspects, benefits from the LTS
aquaculture systems presented in this report in relation to other common land-based food production
systems include the lack of dependencies of large land areas for production and fresh water resources.
In view of these results, a well-planned expansion of macroalgae and shellfish aquaculture together
with campaigns that promote the consumption of these products may contribute to cover the
increasing demand for food in the world while mitigating eutrophication effects and reducing the
current contribution of food production systems to the global GHG emissions (29%, IPCC, 2021). This
includes developing context-dependent recommendations for expansion of LTS aquaculture where
regional differences related to species and system performance are accounted for. Moreover, future
research efforts should focus on filling the identified knowledge and data gaps in order to allow for a
more holistic assessment of NCPs provided by LTS aquaculture systems in relation to other food
production systems.
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Appendix A. Supplementary Tables

Table S1. Definitions of NCPs adapted from Diaz et al. (2018) to the Low Trophic Systems (LTS) in the
context of the AquaVitae project

Reporting categories

Number of NCPs

1 Habitat creation and
maintenance
Pollination and
dispersal of seeds

2
and other
propagules

3 Regulation of air
quality

a Regulation of

climate

A brief explanation and some
examples

The formation and continued
production, by ecosystems or
organisms within them, of

ecological conditions necessary
or favorable for living beings of

direct or indirect importance
to humans. E.g. growing sites
for plants (12), nesting,
feeding, and mating sites for
animals, resting and
overwintering areas for
migratory mammals, birds, and
butterflies (12, 13), roosting
places for agricultural pests
and disease vectors (14),
nurseries for juvenile stages of
fish (15-18), habitat creation at
different soil depths by
invertebrates (19).

Facilitation by animals of
movement of pollen among
flowers (20-22), and dispersal
of seeds, larvae or spores of
organisms beneficial or
harmful to humans (20, 23-28)

Regulation (by impediment or
facilitation) by ecosystems, of
C02/02 balance, 03, sulfur
oxide, nitrogen oxides (NOx),
volatile organic compounds
(VOC), particulates, aerosols,
allergens (29-34) Filtration,
fixation, degradation or
storage of pollutants

Climate regulation by
ecosystems (including
regulation of global warming)
through positive or negative
effects on emissions of
greenhouse gases (e.g.

57

Adapted Description of NCPs
for LTS in the AquaVitae
project

The creation of the ecological
conditions necessary or
favorable for the living being
direct or indirect by Low
trophic Species Cultivation
Systems deployment. E.g. An
Open-ocean macroalgae
farm provides a similar
ecological structure as a
natural macroalgae forest
and may act as a habitat for
other living beings.

Facilitating the movement of
propagules of organisms
beneficial or harmful to
humans. E.g., the presence of
a cultivated species in an
area might enhance the
distribution of that species.
(with positive or negative
consequences)

Regulation of the
composition and particles in
the air. Related to the
production or assimilation of
volatile compounds.

Climate regulation by Low
Trophic Systems Production
(including regulation of
global warming) through
positive or negative effects
on emissions of greenhouse



Regulation of ocean
acidification

Regulation of
freshwater quantity,
location, and timing
(59)

Regulation of
freshwater and
coastal water quality

biological carbon storage and
sequestration; methane
emissions from wetlands) (32,
39-41)

Regulation, by photosynthetic
organisms (on land or in
water), of atmospheric CO2
concentrations and so
seawater pH, which affects
associated calcification
processes by many marine
organisms important to
humans (such as corals) (56-
58)

Regulation, by ecosystems, of
the quantity, location and
timing of the flow of surface
and groundwater used for
drinking, irrigation, transport,
hydropower, and as the
support of non-material
contributions (NCP 15, 16, 17)
(60-62) Regulation of flow to
water-dependent natural
habitats that in turn positively
or negatively affect people
downstream, including via
flooding (wetlands including
ponds, rivers, lakes, swamps)
(63-67) Modification of
groundwater levels, which can
ameliorate dryland salinization
in unirrigated landscapes (68-
71)

Regulation — through filtration
of particles, pathogens, excess
nutrients, and other chemicals
— by ecosystems or particular
organisms, of the quality of
water used directly (e.g.
drinking, swimming) or
indirectly (e.g. aquatic foods,
irrigated food and fiber crops,
freshwater and coastal
habitats of heritage value) (60,
72-76)

58

gases (e.g. biological carbon
storage and sequestration)

Regulation, by
photosynthetic organisms
(onland or in water in
Cultivation Systems), of
atmospheric CO2
concentrations and so
seawater pH, which affects
associated calcification
processes by many marine
organisms important to
humans (such as corals) (56-
58)

Regulation, by Low Trophic
Cultivation Systems
deployments, of the
guantity, location, and timing
of the flow of surface and
groundwater. Regulation of
flow to water-dependent
natural habitats.
Modification of groundwater
levels.

Regulation through filtration
of particles, and natural
processes, the excess
nutrients, other chemicals or
pathogens by Low Trophic
Cultivation Systems and the
particular organisms, that
affects the quality of water
used directly or indirectly
(e.g. aquatic foods
produced/cultivated,
freshwater and coastal
habitats of heritage value:
Cultural value component)



10

Formation,
protection, and
decontamination of
soils and sediments

Regulation of
hazards and extreme
events

Regulation of
detrimental
organisms and
biological processes

Formation and long-term
maintenance of soil structure
and processes by plants and
soil organisms. Includes:
physical protection of soil and
sediments from erosion (77,
78), and supply of organic
matter and nutrients by
vegetation; processes that
underlie the continued fertility
of soils important to humans
(e.g. decomposition and
nutrient cycling) (79-81);
filtration, fixation, attenuation
or storage of chemical and
biological pollutants
(pathogens, toxics, excess
nutrients) in soils and
sediments (81-85)

Amelioration, by ecosystems,
of the impacts on humans or
their infrastructure caused by
e.g. floods, wind, storms,
hurricanes, heat waves,
tsunamis, high noise levels,
fires, seawater intrusion, tidal
waves (86-90) Reduction or
increase, by ecosystems or
particular organisms, of
hazards like landslides,
avalanches (91-94)

Regulation, by organisms, of
pests, pathogens, predators, or
competitors that affect
humans (materially and non-
materially), or plants or
animals of importance for
humans. Also the direct
detrimental effect of
organisms on humans or their
plants, animals or
infrastructure

59

Formation and long-term
maintenance of marine
sediments and marine
bottom by organisms that
are on Low Trophic
Cultivation Systems, by
supplying organic or
inorganic matter in a process
that underlies the formation
of sediments that might be
important to humans. Also,
filtration, fixation,
attenuation, or storage of
chemical and biological
pollutants in the newly
formed soil and sediments.
(E.g., Shells from mollusc
cultivation can contribute to
the formation of sands, that
can be extracted, have a role
in the ecosystem or natural
form sandy areas in the
coastal line)

Amelioration, by the Low
Trophic cultivation Systems,
of the impacts on humans or
their infrastructure caused by
e.g. floods, wind, stormes,
hurricanes, heat waves,
tsunamis, high noise levels,
fires, seawater intrusion,
tidal waves Reduction or
increase, by Low Trophic
Cultivation Systems of
particular organisms, of
hazards like landslides,
avalanches.

Regulation, by Low Trophic
Cultivation Systems
organisms, of pests,
pathogens, predators, or
competitors that affect
humans (materially and non-
materially), or another
biodiversity of importance
for humans. Also the direct
detrimental effect of Low
Trophic Cultivation Systems
and its infrastructure on
humans or other
infrastructure or the



11

12

13

14

Energy

Food and feed

Materials,
companionship, and
labor

Medicinal,
biochemical
resources

Production of biomass-based
fuels, such as biofuel crops,
animal waste, fuelwood,
agricultural residue pellets,
peat (119-123)

Production of food from the
wild, managed, or
domesticated organisms, such
as fish, bush meat and edible
invertebrates, beef, poultry,
game, dairy products, edible
crops, wild plants, mushrooms,
honey (22, 124-138)
Production of feed (forage and
fodder) for domesticated
animals (e.g. livestock, work
and support animals, pets) or

for aquaculture, from the same

sources (127, 128, 130, 139,
140)

Production of materials
derived from organisms in
cultivated or wild ecosystems,
for construction, clothing,
printing, ornamental purposes
(e.g. wood, peat, fibers, waxes,
paper, resins, dyes, pearls,
shells, coral branches) (119,
128, 141- 146) Live organisms
being directly used for
decoration (i.e. ornamental
plants, birds, fish in
households and public spaces),
company (e.g. pets), transport,
and labor (including herding,
searching, guidance, guarding)
(141, 147-157)

Production of materials
derived from organisms
(plants, animals, fungi,
microbes) used for medicinal,
veterinary, and
pharmacological (e.g.
poisonous, psychoactive)
purposes. Production of genes
and genetic information used

60

biodiversity of importance to
humans.

Production of biomass-based
fuels, such as biofuel from
macroalgae or animal waste.

Production of food from the
cultivation of Low Trophic
organisms for human
consumption. Production of
feed for domesticated
animals (e.g. livestock, work
and support animals, pets) or
aquaculture, from the
cultivation of Low Trophic
organisms.

Production of materials
derived from Low Trophic
Cultivated organisms, for
construction, clothing,
printing, ornamental
purposes (e.g. any material
that is not edible: peat,
fibers, waxes, paper, resins,
dyes, pearls, shells, bio-
plastics, alginates, pigments).
Live organisms being directly
used for decoration (i.e.
ornamental plants of
aquarofilia materials for
households and public
spaces).

Production of materials
derived from Low trophic
Cultivated organisms
(Macroalgae, shellfish, sea
urchins, sea cucumbers,
shrimp, and fin-fish) used for
medicinal, veterinary, and
pharmacological (e.g.
poisonous, psychoactive)



15

16

17

Learning and
inspiration

Physical and
psychological
experiences

Supporting identities

for plant and animal breeding
and biotechnology (12, 158-
164)

Provision, by landscapes,
seascapes, habitats or
organisms, of opportunities for
the development of the
capabilities that allow humans
to prosper through education,
acquisition of knowledge and
development of skills for well-
being, information, and
inspiration for art and
technological design (e.g.
biomimicry) (165-174)

Provision, by landscapes,
seascapes, habitats or
organisms, of opportunities for
physically and psychologically
beneficial activities, healing,
relaxation, recreation, leisure,
tourism and aesthetic
enjoyment based on the close
contact with nature (e.g.
hiking, recreational hunting
and fishing, birdwatching,
snorkeling, diving, gardening)
(175-187)

Landscapes, seascapes,
habitats or organisms being
the basis for religious, spiritual,
and social-cohesion
experiences: ® Provisioning of
opportunities by nature for
people to develop a sense of
place, belonging, rootedness
or connectedness, associated
with different entities of the
living world (e. g. cultural,
sacred and heritage
landscapes, sounds, scents and
sights associated with
childhood experiences, iconic
animals, trees or flowers) (187-

61

purposes. Production of
genes and genetic
information used for
breeding and biotechnology
for the cultivated organisms
and further applications.
Provision, by Low Trophic
Cultivation Sites of
opportunities for the
development of the
capabilities that allow
humans to prosper through
education, acquisition of
knowledge and development
of skills for well-being and
thriving (capacity building),
information, and inspiration
for art and technological
design. Allowing the further
development of aquaculture
and the inclusion of new
species.

Provision, by Low Trophic
Cultivation Sites of
opportunities for physically
and psychologically beneficial
activities, healing, relaxation,
recreation, leisure, tourism,
and aesthetic enjoyment
based on the close contact
with Low Trophic Cultivation
Sites.

Low Trophic Cultivation
Systems as the basis for
social-cohesion experiences:
* Provisioning of
opportunities by nature for
people to develop a sense of
place, belonging, rootedness
or connectedness, associated
with different entities of the
living world included the
organism cultivated in LTS
Basis for narratives, rituals,
and celebrations provided by
landscapes, seascapes,
habitats, species or
organisms that are cultivated



18

Maintenance of
options (202)

198) e Basis for narratives,
rituals, and celebrations
provided by landscapes,
seascapes, habitats, species or
organisms (13, 21, 169, 188,
189, 191, 199) * Source of
satisfaction derived from
knowing that a particular

landscape, seascape, habitat or

species exists (200, 201)

The capacity of ecosystemes,
habitats, species, or genotypes
to keep options open in order
to support a good quality of
life. Examples include Benefits
(including those of future
generations) associated with
the continued existence of a
wide variety of species,
populations, and genotypes.
This includes their
contributions to the resilience
and resistance of ecosystem
properties in the face of
environmental change and
variability (6, 7, 203-206)
Future benefits (or threats)
derived from keeping options
open for yet unknown
discoveries and unanticipated
uses of particular organisms or
ecosystems that already exist
(e.g. new medicines or
materials) (5) ® Future benefits
(or threats) that may be
anticipated from ongoing
biological evolution (e.g.
adaptation to a warmer
climate, to emergent diseases,
development of resistance to
antibiotics and other control
agents by pathogens and
weeds) (5, 207)

62

in LTS e Source of satisfaction
derived from knowing that a
particular Production system
exists, and also proudness of
having that type of
cultivations systems.

The capacity of Low Trophic
Cultivation Systems to keep
options open in order to
support a good quality of life.
Examples include e Benefits
(including those of future
generations) associated with
the learning and developing
experience of this cultivation
activity and the knowledge of
these genotypes. This
includes their contributions
to the resilience and
resistance of future
cultivation systems in the
face of hazardous events,
disease outbreaks, or
environmental change and
variability. e Future benefits
(or threats) derived from
keeping options open for yet
unknown discoveries and
unanticipated uses of the
cultivated organisms that
already exist (e.g. new
medicines or materials)e
Future benefits (or threats)
that may be anticipated from
ongoing biological evolution
(e.g. adaptation to a warmer
climate, to emergent
diseases, development of
resistance to antibiotics and
other control agents by
pathogens and weeds)



Table S2. Nature's Contributions to People Equivalencies to other ES frameworks (from CICES V 5.1).

* More than one equivalency as it several services in one NCP; **! Suggested being added, as this
Habitat and Biodiversity has an important cultural component as well; **2Suggested as Food also has
a cultural component; **3 Suggested as some materials from nature can also have a cultural value and
represent a benefit. E.g. Using shells for church constructions (Galicia) or using macroalgae for roof
isolation (Denmark); ***Suggested as there are no equivalencies (Ocean acidification, Maintenance of
options) or equivalencies were not clear for the scope of LTS (Materials, companionship, and labour).
Regulating (blue), Material (green), and Non-material (orange) categories are highlighted with the
respective colour.

IPBES IPBES Name MA TEEB
TYp | Code
e CICES Section | CICES Division
1 | Habitat creation No Biological control | Regulation & | Regulation of
and equivalent Maintenance | physical,
maintenance (Biotic) chemical,
biological
conditions
1*%*1 Habitat **Cultural Direct, in-situ
creation and (Biotic) and outdoor
maintenance interactions
with living
systems that
depend on the
presence in
the
environmental
setting
2 Pollination and | Pollination | Pollination/Biologic | Regulation & | Regulation of
dispersal of al Control Maintenance | physical,
seeds and other (Biotic) chemical,
propagules biological
conditions
3* Regulation of Water Waste treatment | Regulation & | Transformatio
air quality purification | (water purification), | Maintenance |n of
and water air quality (Biotic) biochemical or
treatment, regulation physical inputs
air quality to ecosystems
regulation
3* Regulation of | Atmospheri | Climate regulation |Regulation & | Regulation of
air quality c regulation Maintenance | physical,
(Biotic) chemical,
biological
conditions
4 Regulation of | Atmospheri | Climate regulation |Regulation & | Regulation of
climate c regulation Maintenance | physical,
(Biotic) chemical,
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biological
conditions

No No equivalent ***Regulation | ***Regulation
equivalent & of physical,
Regulation of Maintenance |chemical,
ocean (Biotic) biological
5*** | gcidification conditions
6 Regulation of Water Regulation of water | Regulation & | Regulation of
freshwater regulation | flows, regulation of | Maintenance | physical,
quantity, extreme events (Biotic) chemical,
location, and biological
timing conditions
6**1 | Regulation of **Cultural Direct, in-situ
freshwater (Biotic) and outdoor
quantity, interactions
location, and with living
timing systems that
depend on the
presence in
the
environmental
setting
7 Regulation of Water Water Regulation & | Regulation of
freshwater and | regulation Maintenance | physical,
coastal water (Biotic) chemical,
quality biological
conditions
8* Formation, Erosion Erosion prevention | Regulation & | Regulation of
protection, and | regulation Maintenance | physical,
decontaminatio (Biotic) chemical,
n of soils and biological
sediments conditions
8* Formation, Soil Maintenance of soil | Regulation & | Regulation of
protection, and | formation fertility Maintenance | physical,
decontaminatio | (supporting (Biotic) chemical,
n of soils and service) biological
sediments conditions
8* Formation, Water Waste treatment | Regulation & | Transformatio
protection, and | purification | (water purification), | Maintenance |n of
decontaminatio | and water air quality (Biotic) biochemical or
n of soils and | treatment, regulation physical inputs
sediments air quality to ecosystems
regulation
9* Regulation of Water Water purification | Regulation & | Transformatio
hazards and | purification and water Maintenance |n of
extreme events | and water treatment, air (Biotic) biochemical or
treatment, | quality regulation? physical inputs
air quality to ecosystems
regulation?
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9* Regulation of Erosion Erosion prevention | Regulation & | Regulation of
hazards and regulation Maintenance | physical,
extreme events (Biotic) chemical,
biological
conditions
9* Regulation of Natural Regulation of water | Regulation & | Regulation of
hazards and hazard flows, regulation of | Maintenance | physical,
extreme events | regulation extreme events (Biotic) chemical,
biological
conditions
10* Regulation of Pest Biological control | Regulation & | Regulation of
organisms regulation Maintenance | physical,
detrimental to | and disease (Biotic) chemical,
humans control biological
conditions
10* Regulation of Water Waste treatment | Regulation & | Transformatio
organisms purification | (water purification), | Maintenance | n of
detrimental to | and water air quality (Biotic) biochemical or
humans treatment, regulation physical inputs
air quality to ecosystems
regulation
11 Energy Fibre, Raw materials, Provisioning Biomass
Timber, medicinal resources | (Biotic)
Ornamental
Biochemical
12 Food and feed Food Food Provisioning Biomass
(Biotic)
12**2 | Food and feed **Cultural Direct, in-situ
(Biotic) and outdoor
interactions
with living
systems that
depend on the
presence in
the
environmental
setting
13 Materials, Natural Regulation of water | Regulation & | Regulation of
companionship, hazard flows, regulation of | Maintenance | physical,
and labor regulation? | extreme events? | (Biotic) chemical,
biological
conditions
13** Materials, **Cultural Direct, in-situ
3 | companionship, (Biotic) and outdoor
and labor interactions

with living
systems that
depend on the
presence in
the
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environmental
setting

13%* Materials, Fibre, Raw materials, ***Provisionin | Biomass
* companionship, Timber, medicinal resources | g (Biotic)
and labor Ornamental
Biochemical
14 Medicinal, Genetic Genetic materials | Provisioning Genetic
biochemical and | materials (Biotic) material from
genetic all biota
resources (including
seed, spore or
gamete
production)
15 Learning and | Knowledge Information and | Cultural Direct, in-situ,
inspiration systems cognitive (Biotic) and outdoor
and development interactions
educational with living
values, systems that
cultural depend on the
diversity, presence in
aesthetic the
values environmental
setting.
16 Physical and Recreation Recreation and Cultural Direct, in-situ,
psychological and ecotourism (Biotic) and outdoor
experiences ecotourism interactions
with living
systems that
depend on the
presence in
the
environmental
setting.
17 Supporting Spiritual Inspiration for Cultural Indirect,
identities and culture, art and (Biotic) remote, often
religious design, aesthetic indoor
values information interactions

with living
systems that
do not require
presence in
the
environmental
setting.
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18**

Maintenance of
options

No
equivalent

No equivalent

***Cultural
(Biotic)

Indirect,
remote, often
indoor
interactions
with living
systems that
do not require
presence in
the
environmental
setting.
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Table S3 (a). Data from mussel production systems around the Atlantic

. Mediterranean Brown
Species common name Blue mussel
mussel mussel
Mytilus .
. - N . . Mytilus
Species scientific name galloprovinciali Mytilus edulis Perna perna
< trossulus
Production area Galicia Denmark (Limfjord) Skagerrak Baltic sea Brazil
Culture methods SC BC e SC SC SC
Culture length (days) 6-11 18-24 12-14 12-22 21-30 12-14
Mean culture length (days) 226 640 395 547.5 780 395
Annual production (t) 225 000 4500 6 500 1811 50 14 603
Productivity (t/ha/year) 68 18.6 19.0 11.25 180
Har | Shell length (mm) 75 >45 45-55 61 20 80-100
v:-s Total fresh weigth (g) 16.6 14 16.25 29.2 1.6 72.83
size | Flesh yield (%) 33.5 24.5 42.4 48.8 39.00 32.53
Fresh shell weight (g) 11.0 10.6 9.4 13.9 1.0 49.1
% organic dry weight 4.53 4.53 4.53 4.53 4,53 4,53
She -
I % organic C 2.30 2.86 2.77 1.94 2.30 2.124
% organic N 0.80 1.00 0.97 0.68 1.00 0.84
% organic P 0.004 0.004 0.004 0.02 0.004 0.05
Fresh flesh weight (g) 5.6 3.4 6.9 6.1;8.9 0.6 23.7




DW/FW ratio 0.211 0.221 0.221 0.23 0.23 0.279
::; % organic C 45.5 46.0 46.0 46.0 46.0 45.75
t::-" % organic N 7.92 5.85 8.57 9.93 9.83 8.23
% organic P 0.81 0.81 0.81 1.15 141 0.89
Total weight (g) 4.3 9.2 5.7 7.9 3.8 77.1
% organic C 10.0 8.82 8.82 8.82 12.88 9.43
Fae —; -
ces % organic N 1.75 1.04 1.04 1.04 1.54 1.39
% organic P 0.17 0.10 0.10 0.10 0.19 0.13
% C buried in sediment 8 15 15 15 20 15
Respiration (ml O3) 1056 1673 3361 4950 318 9184
Calcification ratio (®) 0.72 0.82 0.82 0.82 0.87 0.68
e || | | e | e [
:li;:f:)c:)(EUR/kg FIV biomass, 0.48 0.35-0.4 0.9 1.9 NA (mit) 0.3-3.1
FG-price (EUR/kg FW food, 1.47 1.43-1.63 2.12 3.89 NA (mit) 0.92-9.5

shell-off)

SC: Suspended culture; BC: bottom culture; FW: fresh weight; DW: dry weight; Calcification ratio: CO: release/CaCO:z production
ratio (molar); FG: farm gate; NA: not applicable; mit: eutrophication mitigation mussel culture in the Baltic Sea
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Table S3 (b). Data from oyster production systems around the Atlantic

American cupped oyster Mangrove
Species common name PP v European oyster Pacific Oyster 8
Oyster
. . Crassostrea
Species scientific name . . .
Crassostrea virginica Ostrea edulis Crassostrea gigas gasar
. Southeaster | Northeaster Southern Northern Southern Northern South Africa . .
Production area Brazil Brazil
n US n US Europe Europe Europe Europe Namibia
Culture methods MC MC MC MC MC MC SC SC MC
Culture length (months) 18-36 18-36 24 36 24-36 36 6-24 5-10 12
M Iture length
an culture leng 821 821 730 1095 913 1095 456 228 365
(days)
Annual production (t) 148 021 2268 88 125 543 2579 183
Productivity (t/ha/year) 13.3 13.3 - - - - 7to 10 55.4 173
Shell length (mm) 76-85 76-85 - 78-85 80-100 65 approx. | 50; 100-150; 90-100 60-70
Har
Total fresh weigth
ves | 'otallreshwelg 47 47 90 75.5 76 85 90 82 37.9
t (g
size
Flesh yield (%) 20 20 20 15.6 20 17.3 20 28.6 20.7
Fresh shell weight
(&) welg 37.6 37.6 72.0 63.7 60.4 70 72.0 58.8 30.1
She
o, H d
y  eorganicdry 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
weight
% organic C 0.73 0.50 0.613 0.613 0.5 0.5 0.5 0.5 0.5




% organic N 0.20 0.13 0.19 0.19 0.21 0.21 0.21 0.21 0.21
% organic P 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
(Fgr)e sh flesh weight 9.4 9.4 18.0 11.8 15.1 15 18.0 23.6 7.8
;'/e: DW/FW ratio 0.21 0.21 0.194 0.222 0.21 0.166 0.19 0.168 0.17
1
ssu | % organic C 44.5 44.5 443 443 44.0 44.0 44.0 44.0 443
® S organicN 8.57 7.5 8.15 8.15 9.65 9.65 9.65 9.65 8.82
% organic P 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.30
Total weight (g) 95.0 90.3 211 26.6 913 109.5 45.6 296 160
% organic C 5.5 4.94 46 46 5.0 5.0 5.0 5.0 5.0
Fae | % organic N 0.66 0.59 0.552 0.552 06 06 06 06 0.6
ces
% organic P 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
i:ifn‘;r;‘:d in the 15 15 15 15 15 15 15 15 15
Respiration (ml O2) 5090 4610 4910 4400 6710 5166 7313 8374 2793
Calcification ratio (®) 0.88 0.78 0.70 0.82 0.70 0.82 0.72 0.68 0.68
FG-Market value
(reported Uos.sDc;;o.n 0.50-0.72 15 to 25 6.5-15 45-10 | 5-18 BRL/12 | up to 25 BRL/12
currency/oyster) yster | USD/oyster SEK/oyster SEK/oyster ZAR/oyster oysters oysters
FG-price (EUR/kg FW 9.4-13.5 9.4-13.5 6 18.8-31.3 4.0-4.4 7.2-16.7 2.8-6.1 0.78-2.8 8.5

biomass, shell-on)
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FG-price (EUR/kg FW food,
shell-off)

46.9-67.5 46.9-67.5 30 120-201 20-22 41.8-96.4 13.8-30.6 2.7-9.8 41

SC: Suspended culture; MC: SC and bottom culture; FW: fresh weight; DW: dry weight; Calcification ratio: CO2 release/CaCOs production ratio (molar); FG: Farm gate

Table S3 (c). Data from CS2 Offshore macroalgae production and CS3 Land-base IMTA

CS3 Land-based IMTA CS1 Offshore macroalgae

Production area South Africa Faroe Islands
Species common name South African Abalone Sea lettuce Sugar kelp
Species scientific name Haliotis midae Ulva sp. Saccharina latissima
Production mode IMTA IMTA Monoculture Monoculture
Culture methods LB LB LB SC
Culture length (month) 48 1 1 6*
Mean culture length (days) 1460 30 30 183
Annual production (t) for the region 1 500 2 884 - 210
Annual production (t) for the farm 156 660 120 200
Productivity (t/ha/year) 242 446 556 12.5

Shell length (mm) 95-110 NA NA NA
Harv
est | Total fresh weigth (g) 150 NA NA NA
size

Flesh yield (%) 40 NA NA NA
Shell | Fresh shell weight (g) 90 NA NA NA
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% organic dry weight 5 NA NA NA
% organic C 1.51 NA NA NA
% organic N 0.51;0.24 NA NA NA
% organic P 0.03;0.01 NA NA NA
Fresh flesh weight (g) 60 NA NA NA
DW/FW ratio 0.114 0.099 0.100 0.117
Fles
h/tis | % organic C 41.28 34.51 30.87 21.7
sue
% organic N 9.51 4.79 3.95 2.2
% organic P 0.5 0.38 0.25 0.4
Respiration (ml0O2) 17 183 - - -
Calcification ratio (®) 0.72 NA NA NA

FG-price (reported currency/kg)

USD 28-35/Kg

ZAR 15.61/kg

ZAR 15.61/kg

FG-price (EUR/kg FW biomass [shell-
on for abalone])

24.7-30.8

0.96

0.96

EUR 1.2-2.3/kg FW (EUR
10-20/kg DW)

FG-Market value (EUR/kg FW food
[shell-off for abalone])

61.6-77.1

0.96

0.96

EUR 1.2-2.3/kg FW (EUR
10-20/kg DW)

IMTA: integrated multi-trophic aquaculture; LB: land-based; SB: sea-based; FW: fresh weight; DW: dry weight; Calcification ratio: CO:
release/CaCOs production ratio (molar); FG: Farm gate; NA: Not applicable

*Multiple harvests, every 6 months over three years, from one single batch deployed at sea
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Table S4. Cradle-to-farm gate carbon footprint (CF, kg eq-CO,/t FW whole biomass) associated to capital goods (CG-CF) and operations (O-CF) from LTS
aquaculture activities.

Name Species Culture methods Cradle to Gate CG-CF O-CF Reference Comments
Mediterranean | Mytilus suspended culture Iribarren et al.
mussel galloprovincialis | (mussel raft) Galicia 480 34 (2011)
Mediterranean | Mytilus suspended culture Tamburini et al. flesh yield
mussel galloprovincialis | (longline) Adriatic 89 48 (2020) =137/391
Mediterranean | Mytilus Lourguioui et al.
mussel galloprovincialis Algeria 141 (2017)
suspended culture
Blue mussel Mytilus edulis (longline) Scotland 252 Fry (2012)
suspended culture SINTEF (2009),
Blue mussel Mytilus edulis (longline) Norway 24 274 Ziegler et al (2013)
Blue mussel Mytilus edulis Bouchot France 165 Aubin et al. (2018)
suspended culture Spangberg et al. 20 mm
Blue mussel Mytilus edulis (nets) Baltic proper 505 (2013) individuals
Net > suspended
Blue mussel Mytilus edulis culture (ropes) Skagerrak 120 to 460 Frossel (2019)
Bouchot, suspended
Blue mussel Mytilus edulis (review) Europe avg: 95, sd:89 Runneson (2021)
Greenshell suspended Aquaculture NZ
mussel Perna canaliculus | (longline) New Zealand 285 (2021)
Pacific Oyster Crassostrea gigas | Intertidal Scotland 1281 Fry (2012)




Aguaculture NZ

Pacific Oyster Crassostrea gigas | Intertidal New Zealand 651 (2021)
suspended culture Tamburini et al.
Pacific Oyster Crassostrea gigas | (floating cages) Adriatic 1850 (2019)

Suspended Santa Catarina Alvarenga et al.
Pacific Oyster Crassostrea gigas | (longline) (Bazil) (2012)
beach grown, tide Washington 0.11to 0.12 kg 12 oysters =
Pacific Oyster Crassostrea gigas | tumbled (Pacific) CO,/12 oysters Pucylowski (2017) 1kg
48 (monoculture),
Abalone Haliotis midae Land-based culture | South Africa 47 (IMTA) Nobre et al. (2009)

CG-CF: capital goods’ carbon footprint; operations’ carbon footprint: O-CF operations.
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Table S5. Formulas used to calculate the different parameters and indicators.

Parameter or indicator

Expression

N removal kgN/t FW biomass

103[Nshen (1-Rflesh) +
NﬂeshRﬂesh(DWt/FWt)"’RburialNfaeces(DWFaeces/TFW)]

N removal in shell (%)

10 Nspen (1-Rflesh)/Nremoval

N removal in flesh (%)

10 NfesnFflesh(DWt/FWt)/Nremoval

N removal in faeces (%)

10»1RburiaINfaeces( DWFaeces/TFW)/N removal

P removal kgN/t FW biomass

103[P5he|| (1—Rf|esh) +
Plfesh RﬂeSh(DWt/FWt)"‘RburiaIPfaeces( DWFaeces/TFW)]

P removal in shell (%)

107*Pshen (1-Rflesh)/Premoval

P removal in flesh (%)

107 *PgeshRflesh(DWt/FWt)/Premoval

P removal in faeces (%)

10-1Rburialpfaeces(DWFaeces/TFW)/Premova|

CO; as CaCOs (Kg/t)

10344Rlshell( 1—Rf|esh)

Organic (shell + flesh) CO, (kg/t)

103[Roshell(1-Rflesh)Coshei+Rflesh(DWt/FWt)Csiesh)44/12

Calcification (kgCOy/t)

Calc_rate (®)*CO,in CaCOs

Respiration (kgCO,/t)

(0.85*44/22.4)ml0,/TFW

Burial (kgCO,/t)

Rburialcfaeces( DWFaeces/TFW)44/1 2

B-CO; acidification (low, kg/t)

COanIc'(Cozflesh+cozburial)

B-CO; acidification (high, kg/t)

COZresp + COanIc'(COZersh+C02burial)

Biological-CF (low, kg/t)

Cozcalc'cozburial

Biological-CF (high, kg/t)

COZresp + COanIc'COZburial

Operations-CF (kg/t)

Cradle to gate (other studies)

Total CF (low, kg/t)

Biological-CF (low) + Operations-CF

Total CF (high, kg/t)

Biological-CF (high) + Operations-CF

N removal (kg/ha/year)

N removal*Productivity

N removal (kg year for entire
region/country)

N removal*TotalProd

P removal (kg/ha/year)

P removal*Productivity

P removal (kg year for entire
region/country)

P removal*TotalProd
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B-CO; acidification (low, t year
per region/country)

COzacidif_low*TotalProd/1000

B-CO; acidification (high, t year
per region/country)

COzacidif_high*TotalProd/1000

B-CF low (kg/ha/year)

Carbon Footprint_low (kg/t)*Productivity(t/ha/year) (c)

B-CF high (kg/ha/year)

Carbon Footprint_high*Productivity

B-CF (low, t year per
region/country)

CarbonFootprint_low *TotalProd/1000

B-CF (high, t year per
region/country)

CarbonFootprint_low *TotalProd/1000

78



Table S6. Nitrogen (N) and Phosphorous (P) net removal or release (kg/t FW of whole biomass), ocean acidification index (B-CO;) and biological carbon footprint
(B-CF) in Kg CO,/t FW of whole biomass [low—high estimates] for the analysed LTS aquaculture systems.

Species common name | Production | Production Production | N net P net removal | B-CO: B-CF
(scientific name) mode area method removal or or release
release
Offshore kelp Sugar kelp Mono Faroe Islands SB, SC -2.46- (-2.57) | -0.468 -93.1 0.0—(-93.1)
production (CS2) | (Saccharina latissima)
Land-based IMTA | South African abalone IMTA South Africa LB, TC 65.7 15.5 78.3-269.6 180.6-371.8
(Cs3) (Haliotis midae)
Sea lettuce IMTA South Africa LB, TC 11.3 3.43 0.0 0.0
(Ulva sp.)
Sea lettuce Mono South Africa LB, TC 21.1 9.20 0.0 0.0
(Ulva sp.)
Oysters (CS8) American cupped Mono Northeastern | SB, MC -5.90 -1.05 136.4-300.2 219.6-383.4
oyster (C. virginica) us
Mono Southeastern SB, MC -7.20 -1.06 155.7-336.5 245.5-426.3
Us
European oyster Mono Northern SB, MC -4.68 -0.75 217.4-314.7 292.6-389.9
(0. edulis) Europe
Mono Southern SB, MC -4.84 -0.76 157.1-248.2 238.0-329.1
Europe
Pacific Oyster Mono Northern SB, MC -5.67 -0.82 198.5-299.9 260.0-361.4
(C. gigas) Europe
Mono Southern SB, MC -6.82 -0.94 128.3-276.7 210.7-359.1
Europe
Mono South Africa SB, SC -5.84 -0.80 160.4-296.0 237.0-372.6
and Namibia
Mono Brazil SB, SC -9.37 -1.32 22.0-191.8 112.6-282.4
Mangrove Oyster Mono Brazil SB, MC -8.52 -1.40 48.1-171.2 118.8-241.9
(C. gasar)
Mussels (CS9) Mediterranean mussel | Mono Galicia SB, SC -11.3 -0.63 19.6-125.8 193.5-299.7
(M. galloprovincialis)
Blue mussel Mono SB, BC -11.7 -0.57 57.9-257.5 228.1-427.7
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(Perna perna)

(Mytilus edulis) Denmark
Mono (Limfjord) SB, SC -14.1 -0.83 (-34.8)-310.5 181.4-526.8
Mono Skagerrak SB, SC -15.1 -1.43 (-62.7)-220.6 163.1-446.4
Blue mussel Mono Baltic Sea SB, SC -22.2 -2.18 (-201.8)-129.6 0.90-332.2
(Mytilus trossulus)
Brown mussel Mono Brazil SB, SC -15.3 -1.33 (-66.8)-143.7 137.8-348.4

Mono: monoculture; SB: sea-based culture; TC: tank-based culture; SC: suspended culture; BC: bottom culture; MC: mixed culture (SC and BC)
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Table S7. Proportion of Nitrogen (N) and Phosphorous (P) stored in the different components considered for the nutrient budget— shell (for shellfish),

flesh/tissue, and biodeposit burial (%), and the contribution of different processes for the ocean acidification index (B-CO;) and biological carbon footprint (B-
CF) of the LTS analysed: CO, storage (organic carbon), calcification, respiration, and biodeposit burial (kg CO; per t FW of whole biomass).

Species Prod. Prod. Prod. %Nin | %Nin | %N %Pin | %Pin | %Pin | CO2 Calcificat | Respiration | Burial | CO:as
common mode area method | shell flesh/t | in shell flesh/t | burial storage ion CaCOsin
name issue burial issue the shell
(scientific (*)
name)
Offshore kelp Sugar kelp Mono Faroe SB, SC NA 100 ND NA 100 ND NA NA - ND
production (Saccharina Islands
(Cs2) latissima)
Land-based South IMTA South LB, TC 41.4 58.6 ND 42.2 57.8 NA -102.3 180.6 191.3 ND (-250.8)
IMTA (CS3) African Africa
abalone
(Haliotis
midae)
Sea lettuce IMTA South LB, TC NA 100 NA NA 100 NA NA NA - NA NA
(Ulva sp.) Africa
Sea lettuce Mono South LB, TC NA 100 NA NA 100 NA NA NA - NA NA
(Ulva sp.) Africa
Oysters (CS8) American Mono Northe | SB, both | 17.6 53.4 29.0 30.6 41.8 27.6 -83.2 271.8 163.8 -52.2 (-348.5)
cupped astern | SCand
oyster (C. us BC
virginica) Mono | Southe | SB,both | 22.2 | 500 |27.8 |302 |412 |286 |-89.8 306.7 180.8 61.2 | (-348.5)
astern | SCand
us BC
European Mono Northe | SB, both | 33.4 60.4 6.23 45.0 48.0 7.03 -75.2 301.5 97.3 -8.9 (-367.6)
oyster (O. rn SC and
edulis) Europe | BC
Mono Southe | SB, both | 30.6 65.4 4.02 42.2 53.2 4.64 -80.9 243.9 91.1 -5.9 (-348.5)
rn SCand
Europe | BC
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Species Prod. Prod. Prod. %Nin | %Nin | %N %Pin | %Pin | %Pin | CO2 Calcificat | Respiration | Burial | CO:z as
common mode area method | shell flesh/t | in shell flesh/t | burial storage ion CaCOsin
name issue burial issue the shell
(scientific (*)
name)
Pacific Mono Northe | SB, both | 30.6 48.9 20.46 | 40.21 36.3 23.49 -61.5 295.4 101.5 -35.4 (-360.2)
Oyster rn SCand
(C. gigas) Europe | BC
Mono Southe | SB, both | 24.6 59.4 1595 | 34.1 46.6 19.33 -82.4 243.9 148.4 -33.2 (-348.5)
rn SCand
Europe | BC
Mono | South SB, SC 28.8 63.4 7.81 40.2 50.2 9.56 -76.6 250.9 135.7 -13.9 (-348.5)
Africa
and
Namibi
a
Mono Brazil SB, SC 16.0 49.5 34,52 | 21.6 37.7 40.7 -90.6 211.5 169.8 -98.9 (-311.0)
Mangrove Mono Brazil SB 19.5 35.9 44.60 | 22.66 32.1 45.23 -70.7 235.0 123.1 -116.1 | (-345.5)
Oyster
(C. gasar)
Mussels (CS9) | Mediterrane | Mono | Galicia | SB, SC 47.3 49.5 3.19 4.23 90.3 5.46 -173.9 201.1 106.2 -7.6 (-279.3)
an mussel
(M.
galloprovinci
alis)
Blue mussel | Mono Denma | SB, BC 64.3 26.9 8.75 5.37 77.2 17.42 -170.2 260.1 199.5 -31.9 (-317.2)
(Mytilus rk
edulis) Mono | (Limfjo | SB, SC 39.5 56.6 3.86 2.80 90.9 6.34 -216.2 198.4 345.3 -17.0 (-242.0)
rd)
Mono | Skager | SB, SC 23.1 74.1 2.80 7.13 90.0 2.83 -225.9 176.2 283.3 -13.1 (-214.9)
rak
Blue mussel | Mono Baltic SB, SC 27.5 39.8 32.68 | 1.20 57.9 40.90 -202.7 222.9 331.3 -222.0 | (-256.2)
(Mytilus sea
trossulus)
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Species
common
name
(scientific
name)

Prod.
mode

Prod.
area

Prod.
method

% N in
shell

%N in
flesh/t
issue

%N
in
burial

% P in
shell

% P in
flesh/t
issue

% P in
burial

Cco2
storage

Calcificat
ion

Respiration

Burial

CO: as
CaCOsin
the shell
(*)

Brown
mussel
(Perna
perna)

Mono

Brazil

SB, SC

36.9

48.7

14.42

23.3

60.7

16.0

-204.7

192.7

210.5

-54.9

(-283.4)

Mono: monoculture; SB: sea-based culture; TC: tank-based culture; SC: suspended culture; BC: bottom culture; MC: mixed culture (SC and BC); NA: not applicable; ND:
no data; *Only to allow comparison with previous studies, CaCOs is not considered a CO, removal mechanism in this study in line with other recent shellfish
aquaculture studies (for a detailed explanation please refer to the method section —5.1.2); variation coefficient around 25%.
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Table S8. LTS aquaculture cradle-to-farm gate carbon footprint (CF) associated to biological processes (B-CF) and operations (O-CF) expressed in kg CO>/t FW
food (shell-off [low—high estimates]) and in kg CO./t of protein (low—high estimates), and contribution of B-CF (%) to the total CF (B-CF + O-CF [low—high

estimates]).
Species common Production | Production Production | B-CF pert | O-CF per | B-CFpert | O-CFpert Total CF | Total CF | B-CF (%
name (scientific mode area method of food t of food | of protein | of protein per t of per t of total CF)
name) food protein
Offshore Sugar kelp Mono Faroe Islands | SB, SC 0.0 16.4 0.0 1272.7 16.4— 1272.7- | 0.0-
kelp (Saccharina (-76.8) (-5963.7) | 121.3
production | /atissima)
(Cs2)
Land- South African IMTA South Africa LB, TC 451.4— 125.0 6650.8— 1841.5 576.4—- 8492.3—- 78.3
based abalone 929.6 13695.2 1054.6 15536.8 | 88.1
IMTA (CS3) | (Haliotis midae)
Sea lettuce IMTA South Africa LB, TC 0.0) ND 0.0 ND ND ND 0.0
(Ulva sp.)
Sea lettuce Mono South Africa LB, TC 0.0 ND 0.0 ND ND ND 0.0
(Ulva sp.)
Oysters American cupped Mono Northeastern | SB, both SC | 1098.0— 7250.0 11153.9- 73650.8 8348.0—- | 84804.7— | 13.2—-
(Cs8) oyster (C. virginica) us and BC 1916.8 19472.2 9166.8 93123.0 | 20.9
Mono Southeastern | SB, both SC | 1227.5— 7250.0 10919.3- 64492.8 8477.5— | 75412.1- | 14.5-
us and BC 2131.6 18961.7 9381.6 834545 | 22.7
European oyster Mono Northern SB, both SC | 1875.4— 9294.9 16584.8— 82196.4 11170.3- | 98781— 16.8—
(0. edulis) Europe and BC 2499.2 22100.6 11794.0 | 104297 21.2
Mono Southern SB, both SC | 1190.0- 7250.0 12042.3 73366.6 8440.0 85409.0- | 14.1—-
Europe and BC 1645.5 -16651.2 —8895.5 | 90017.8 | 18.5
Pacific Oyster Mono Northern SB, both SC | 1502.7— 8381.5 15009.4 83715.6 9884.2 98725.0 | 15.2—-
(C. gigas) Europe and BC 2089.2 —-20867.6 -10470.7 | - 20.0
104583.2
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Mono Southern SB, both SC | 1053.5— 7250.0 8317.8— 57241.5 8303.5—- | 65559.3 12.7-
Europe and BC 1795.5 14175.9 9045.5 -71417.5 | 19.8
Mono South Africa SB, SC 1184.9- 5500.0 10232.0- 47495.7 6684.9— | 57727.6— | 17.7-
and Namibia 1863.2 16090.1 7363.2 63585.8 | 25.3
Mono Brazil SB, SC 393.5—- 3844.8 3884.0 37945.3 4238.4 41829.3— | 9.3—
987.1 9742.1 4831.9 47687.4 | 20.4
Mangrove QOyster Mono Brazil SB 574.6—- 7011.6 6223.0—- 75937.1 7586.2— | 82160.1- | 7.6—
(C. gasar) 1169.8 12668.8 8181.4 88606.0 | 14.3
Mussels Mediterranean Mono Galicia SB, SC 577.8- 149.3 5531.6— 1429.0 727.0— 6960.6— 79.5—-
(Cs9) mussel 894.8 8566.7 1044.0 9995.7 85.7
(M.galloprovincialis)
Blue mussel Mono Denmark SB, BC 931.1- 204.1 11549.8— 2531.4 1135.2— | 14081.2—- | 82.0—-
(Mytilus edulis) (Limfjord) 1745,6 21652.5 1949.7 24183.9 89.5
Mono SB, SC 427.9—- 235.8 3624.4— 1997.7 663.7—- 5622.1- 64.5—
1242.4 10523.3 1478.2 12521.0 84.0
Mono Skagerrak SB, SC 334.0- 593.8 2339.7- 4159.7 927.7- 6499.4— | 36.0—
914.0 6403.3 1507.8 10563.1 | 60.6
Blue mussel Mono Baltic Sea SB, SC NA (Mit) NA (Mit) | NA (Mit) NA (Mit) NA (Mit) | NA (Mit) | 0.2—
(Mytilus trossulus) 39.9
Brown mussel Mono Brazil SB, SC 423.7- 307.4 2953.5—- 2142.7 731.1- 5096.2— | 58.0—
(Perna perna) 1071.0 7464.9 1378.4 9607.7 77.7

Mono: monoculture; SB: sea-based culture; SC:

food production

suspended culture; BC: bottom culture; NA: not applicable; ND: no data; Mit: Eutrophication mitigation not
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Appendix B. List of ecologic sustainability indicators presented in D6.1

The table below shows the connection between the desired state and proposed ecologic sustainability
indicators. To each indicator there is also some extra information to bring context to it.

Desired state:
Specific
sustainability
aspects

Tentative
selection of
sustainability
indicators

Unit or description

Quantitativ
eor
Qualitative

Geographi
c scope

Reference

Low use of
natural
resources

Use of Space

This indicator measures
the area used (ha, m2)
per unit of production
(kg, t, units)

Quantitative

Farm, Sector

Valenti et
al., 2018

Use of Energy

This indicator measures
the total energy applied
to the system in its
various forms, such as
food, fertilizer,
electricity, fossil fuels,
and others, per unit of
production.

Quantitative

Farm, Sector

Valenti et
al., 2018

Dependence of
water

This indicator measures
the volume of water
used per unit of
production. Only the
consumed water should
be considered. The water
that returns to the
environment in a similar
condition to which it was
withdrawn is not
considered consumed,
but if it returns polluted,
it should be considered
consumed.

W = consumed
volume/production

Qualitative

Farm, Sector

Valenti et
al., 2018

Use of Energy

This indicator measures
the total energy applied
to the system in its
various forms, such as
food, fertilizer,
electricity, fossil fuels,
and others, per unit of
production.

Quantitative

Farm, Sector

Valenti et
al., 2018

Use of Nitrogen

A measurement of the
mass of nitrogen applied
per unit of production

Quantitative

Farm, Sector

Valenti et
al., 2018

Use of
Phosphorus

A measurement of the
mass of phosphorus
applied per unit of
production

Quantitative

Farm, Sector

Valenti et
al., 2018




Use renewable

Proportion of

Measures the relative
amount of renewable
energy applied in the
system, relative the total
applied energy.
Renewable energy
sources include food,
organic fertilizer,

enerey and Renewable ethanol, biodiesel and Quantitative Farm. Sector Valenti et
gY other energy obtained ’ al., 2018
materials Energy from live organisms, and
solar (photovoltaic),
wind, tidal and
geothermal energy.
Hydropower is not
considered renewable
because water reservoirs
have a limited life span.
Releases little )
Potential of Load of greenhouse Farm, .
tono effect gases released to N . Valenti et
Global Quantitative Regional,
greenhouse - X the atmosphere per Global. Sector al., 2018
gases il mass or units produced !
e . Energy recovered in
Efficiency in the Valenti et
U f Ey production divided by Quantitative Farm, Sector al. 2018
se ot tnergy energy applied Y
Proportion of mass of
e . nitrogen recovered in
Efficiency in the Valenti et
Use natural T ] NYt production relative to Quantitative Farm, Sector L
resources S€ OT NItrogen | +1e mass of nitrogen v
efficiently apilize
Proportion of mass of
Efficiency in the | phosphorus recovered in el
Use of production relative to Quantitative Farm, Sector Al 2018
Phosphorus mass of phosphorus !
applied
Potential of Load (mass) of o.rganlc Farm, .
. matter released in N . Valenti et
Organic Quantitative Regional,
) effluents per mass or Global. Sector al., 2018
Pollution units produced !
Generate low Load of applied chemical
quantity of products = mass of
ollutants and General herbicides, insecticides, Farm, Valenti et
P Chemical anti-algals, antibiotics, Quantitative Regional, Al 2018
unused by- Pollution and other chemicals Sector v
products applied per mass or units
produced
Pollution by Load (mass) of hormones Farm, Valenti et
H applied per mass or units | Quantitative Regional, al. 2018
ormones produced Sector v
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Pollution by
Heavy Metals

Load (mass) of heavy
metals applied per mass
or units produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2018

Potential of
Organic
Pollution

Load (mass) of organic
matter released in
effluents per mass or
units produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Production
Actually Used

Proportion of unused
wastes in the biomass of
the farmed species
relative to total mass
produced. Examples of
wastes are fish guts and
heads, shrimp heads and
shells, mollusk shells and
others.

Quantitative

Farm, Sector

Valenti et
al., 2018

Shows little to
no intrinsic
pollution and
accumulation of
by-products

Production
Actually Used

Proportion of unused
wastes in the biomass of
the farmed species
relative to total mass
produced. Examples of
wastes are fish guts and
heads, shrimp heads and
shells, mollusk shells and
others.

Quantitative

Farm, Sector

Valenti et
al., 2018

Accumulation
of Phosphorus

Load (mass) of
phosphorous
accumulated in sediment
per mass or units of
organism produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2018

Accumulation
of Organic
Matter

Load (mass) of Organic
Matter accumulated in
sediment per mass or
units of organism
produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2018

Accumulation
of Particulate
Material

Load (mass) of
Particulate Material
accumulated in sediment
per mass or units of
organism produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2018

Shows capacity
of recycling and
reusing
materials

Rate of
circularity

Measures the rate use of
the Circular Economy in
the farm

Qualitative

Farm

Valenti et
al., 2020

Produce little
changes in the
surrounding
environment,

Changes in
water flow

Changed patterns in
current speed or
direction as a
consequence of the
culture units

Qualitative

Farm,
Regional,
Sector

Valenti et
al., 2020
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including biotic
communities

Shading

Light attenuation may be
an important
environmental impact in
coastal and oceanic areas
as well as in freshwater
lakes. Shading is
produced by net-cages,
trays, long-lines, and
other floating structures,
as well as, most of the
submerged systems.

Qualitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Risk of Farmed
Species

Risk of genetic effects on
wild populations from
escapees

Qualitative

Regional,
Sector

Valenti et
al., 2018

Change in
alpha-
biodiversity

Shannon-Winner
diversity index is used to
measure the difference
of environment impacted
by the farm and a similar
environment unimpacted
by the farm, which is
then divided by the mass
or units produced.

Qualitative

Regional,
Sector

Valenti et
al., 2020

Potential to
change water
environment

Linear combination of
eutrophication, oxygen
depletion, organic
pollution, siltation, global
warming, chemical
pollution, and pollution
by heavy metals.

Qualitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Impacts of seed
acquisition

Classification of seed
stock according to a set
of defined characteristics
and its impact on the
surrounding
environment.

Qualitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Potential to
change the
gene pool of
the native
community

Classification of farmed
animals according to a
set of defined
characteristics and
culture conditions, and
their potential impact on
the native species of the
surrounding
environment.

Qualitative

Regional,
Sector

Valenti et
al., 2020

Shows low risk
of damaging
genetic

Risk of farmed
species

Risk of genetic effects on
wild populations from
escapees

Qualitative

Regional,
Sector

Valenti et
al., 2018
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diversity and
biodiversity

Mitigates
environmental
degradation

Shannon-Winner
diversity index is used to
measure the difference
of environment impacted

Changing alpha- Regional, Valenti et
) .g g. P by the farm and a similar | Qualitative &
biodiversity ) ) Sector al., 2020
environment unimpacted
by the farm, which is
then divided by the mass
or units produced.
Linear combination of
eutrophication, oxygen
Potential to depletion, organic
change water oﬁution Isiltition lobal | Qualitative AR VIR
g P o o & Sector al., 2020
environment warming, chemical
pollution, and pollution
by heavy metals
Classification of seed
stock according to a set
Impacts of seed | of defined characteristics L Farm, Valenti et
.. o Qualitative .
acquisition and its impact on the Regional al., 2020
surrounding
environment.
Classification of farmed
animals according to a
Potential to set of defined
change the characteristics and Farm, .

. o . Valenti et
gene pool of culture conditions, and Qualitative Regional, R ——
the native their potential impact on Sector !
community the native species of the

surrounding
environment.
Eutrophication potential
= (Load of nitrogen in
Farm, X
.. source water - Load of o . Valenti et
Eutrophication . . Quantitative Regional,
nitrogen released in al., 2020
. Sector
effluents) / mass or units
produced
(BODS in source water — Farm
Oxygen BODS5 released in T o iolnal Valenti et
depletion effluents) / mass or units g ! al., 2020
Sector
produced
(Load of organic matter
. in source water — Load of Farm, .
Organic ) L . Valenti et
. organic matter released Quantitative Regional,
Pollution . al., 2020
in effluents) / mass or Sector
units produced
(Load of total suspended
. . Son Farm, .
. inorganic solids in source o . Valenti et
Siltation wElEr— Lo af Quantitative Regional, al,, 2020
Sector

suspended inorganic
solids released in
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Complies with
principles of
animal welfare

effluents) / mass or units
produced

Global
Warming

(Load of greenhouse
gases absorbed — load of
greenhouse gases
released to the
atmosphere) / mass or
units produced
Greenhouse gases =
mass of CO2 + CH4 +
N20, measured in CO2
equivalents

Quantitative

Farm,
Regional,
Global, Sector

Valenti et
al., 2020

Chemical
Pollution

(Load of chemicals in
source water — Load of
chemicals in effluents) /
mass or units produced
Chemical products =
mass of herbicides,
insecticides, anti-algals,
antibiotics, and other
chemicals applied

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Pollution by
Heavy Metals

(Load of heavy metals in
source water — Load of
heavy metals in
effluents) / mass or units
produced

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Changing alpha-
biodiversity

Shannon-Winner
diversity index is used to
measure the difference
of environment impacted
by the farm and a similar
environment unimpacted
by the farm, which is
then divided by the mass
or units produced.

Quantitative

Farm,
Regional,
Sector

Valenti et
al., 2020

Environmental
comfort

The indicator is
measured as Number of
water variables suitable
for the farmed species /
total measured variables.
The minimum measured
variables are dissolved
oxygen, temperature,
ammonia, nitrite, pH,
and salinity.

Quantitative

Farm,
Regional

Valenti et
al., 2020

Animal Health

Number individuals with
of body damaged
+number of diseased
individuals / total
individuals harvested

Quantitative

Farm,
Regional

Valenti et
al., 2020
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Appendix C. Reference list for the identification of NCPs provided by
LTS

List of references (articles and reports) provided by the consulted experts to verify the identified NCPs.
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