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Summary

Residents of the UK benefit from numerous goods and services provided by nature
valued at £211 billion for UK waters (ONS, 2021). Bivalve cultivation, due to its lowered
ecological impact, and low food-web nutritional requirements, stands out as a prime
example of nature-based intensification supporting blue growth. Bivalves offer
multiple environmental services (habitat and ecosystem engineering, source of
calcium carbonate, catalysts in the production of biodiesel, feed for livestock etc),
including water quality improvement. As they naturally consume algae, they contribute
to the removal of nutrients from the water column. This is particularly valuable in areas
prone to eutrophication’, where additional management of non-point nutrient sources
is needed. Despite these benefits, several questions remain regarding the scale of
national capacity for bivalve nitrogen removal, societal acceptance, and the financial
benefits to be gained. Further, the UK shellfish aquaculture sector is diverse and
comprises quite a few bivalve species including blue mussels, Pacific oysters, Native
oysters, and Manila clam, although the former two dominate the sector. This range
introduces variability to the estimates of extraction volumes and financial forecasts.
To address some of these questions, this research gathered information on the
ecosystem services provided by bivalves in the context of water quality improvement.
The scale of those services for the UK was evaluated using proximate analysis and
simulation through the Farm Aquaculture Resource Management (FARM) model, and
explored options for the valuation of those services for the UK.

The report's methodology involved three key components. First, a comprehensive
literature review employed specific criteria to select relevant publications regarding
bivalves' nutrient removal capacities and assessment methods. Second, data on
nutrient sources in UK waters between 2000 and 2021 were collected, categorising
inputs from various sources. Third, the study investigated bivalve-driven nutrient
removal through proximate analysis and the FARM model, focusing on four
commercially important species. Proximate analysis estimated removal based on
bivalve weight and elemental composition, while the simulation through the FARM
model considered environmental factors and farming approach. Finally, an avoided
cost analysis was used to estimate the value of shellfish farms' nutrient removal. This
value was compared with alternative mitigation methods and explored within a
nutrient credit trading program.

Primarily, the focus of existing bivalve-mediated nutrient removal research was on
bioremediation (83%), targeting water quality issues, eutrophication, and fish farming
impacts, with a strong emphasis (82%) on nitrogen removal over phosphorus. Oysters
and mussels dominated (86% of cases) due to their popularity and scientific

a process in which a waterbody becomes overly enriched with nutrients, resulting in
the overgrowth of simple plant life.
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familiarity. Investigations primarily occurred in commercial aquaculture, using diverse
methods like modelling (35.7%) and field surveys (23.8%). Global interest surged
recently, with the USA leading in research output. According to 81% of publications,
the presence of bivalves has a positive impact on water quality. Findings consistently
showed bivalves' effectiveness in nutrient removal, with some cases reporting high
removal rates of local nutrient loading. However, nuances like biogeochemical
processes and varying efficiencies over time and conditions indicate the need for site-
specific analyses for accurate nutrient removal assessments. Overall, the consensus
strongly supports bivalves' role in enhancing water quality and reducing nutrient
concentrations in aquatic systems.

The UK's nitrogen and phosphorus loadings (OSPAR RID? dataset 2000-2021) revealed
significant variations across regions. England and Scotland emerged as major
contributors, primarily through riverine inputs. Despite challenges in recent-year
analysis due to data gaps, previous reports suggest improvements in water quality due
to governmental measures. The majority of UK coastal waters are non-problem areas
for eutrophication, with around 300 km? of problem and potential problem areas along
the coast, mostly in estuaries with restricted water circulation. However, it is important
to consider that some regions still experience significant nutrient levels that can
impact their Water Framework Directive (WFD) classification, particularly during
seasonal spikes in nutrient or chlorophyll-a levels. Considering ongoing land
development, offshore aquaculture, and environmental shifts, exploring additional
bioremediation approaches such as bivalve bioextraction is recommended for nutrient
management in areas prone to eutrophication as well as high nutrient levels.

The UK shellfish industry is focused on blue mussels, Pacific oysters, and Manila
clams, which constituted 99.8% of the reported industry worth of nearly £22 million in
2019. Despite consistently ranking among the top 20 oyster and mussel producers
globally and top 10 in Europe between 2015-2021, there was an overall decline in UK
bivalve production from 24,149 tonnes in 2015 to 15,936 tonnes in 2019. This decline
was notable for blue mussels in particular, but was also evident for Manila clams and
Native oysters, in contrast to a significant increase of 111.8% in Pacific oyster
production. Scotland has consistently maintained its position as the top shellfish
producer in the UK, contributing between 26.3% and 44.0% of farmed species between
2013 and 2019. Conversely, Wales experienced a stark decline in total shellfish
production, dropping from 31.61% of the total in 2013 to 18.5% in 2019 due to
decreased blue mussel yields. England's contribution ranged from 26.2% to 29.0% in
the same period. Northern Ireland saw a decrease in overall production, mainly due to

2 OSPAR RID - The Riverine Inputs and Direct Discharges (RID) programme has been
established by the OSPAR commission. It aims to monitor and assess all inputs and
discharges of selected contaminants to the OSPAR maritime area and its regions that
are carried via rivers into tidal waters or are discharged directly into the sea.
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a decline in blue mussel yields although there was an increase in Pacific oyster
production. Conservation efforts in England and Scotland might have contributed to
shifts in Native oyster production, with declines in Scotland and increases in England,
reflecting different conservation strategies. Regulatory constraints, market
challenges, access to finance, and biological events, especially in Scotland, have
contributed to production declines, impacting smaller companies and remote regions.

The analysis conducted on shellfish production in 2019 revealed significant nitrogen
and carbon removal at harvest, with mussels accounting for 92.2% and 83.5% of the
total nitrogen and carbon removed by shellfish, respectively. This dominance is due to
both, the higher nitrogen content in mussels compared to other bivalves as well as
their substantial production levels. While a tonne of nitrogen could be removed by 113
tonnes of blue mussels, 270 tonnes of Pacific oysters would be required to achieve
the same result. For Manila clam and Native oysters 312 tonnes and 344 tonnes
respectively would have to be produced in order to remove one tonne of nitrogen at
harvest.

Notably, Scotland and England were the primary contributors to nitrogen and carbon
removal at harvest, aligning with their status as major aquaculture producers. The
trends in removal capacity over time mirror the production decline in Northern Ireland,
Wales, and Scotland, particularly in mussel and Native oyster yields. Despite increased
Pacific oyster production in Northern Ireland, the decrease in mussel production
lessens the nutrient removal in local waters. Recent favourable yields in mussels and
oysters in England have positively impacted nutrient removal services.

The comparison between estimated nitrogen removal from proximate analysis in 2019
and nitrogen loadings in UK waters in 2014 reveals that bivalve aquaculture could
potentially remove 0.034% of the nitrogen loadings. While this percentage may seem
small, in the context of the 15,931 tonnes of bivalves produced in 2019, it holds
significant promise for bivalve bioremediation in UK waters. As there has been a
substantial decline in the overall bivalve production, the most recent removal
estimates do not reflect the capacity of the country and production potential.
Considering the highest harvest on our record (2013), 203 tonnes of nitrogen could be
removed if bivalve production is returned to over 20 thousand tonnes a year. As the
UK has substantial potential for bivalve aquaculture, expansion of the industry would
bring greater benefits in terms of nitrogen removal and other ecosystem services
offered by shellfish. While bivalves alone cannot address all nutrient excess issues,
they play an essential role in nutrient cycling and can be a part of a holistic approach
to water quality management. Bivalve bioremediation could support other nature-
based solutions and enhance the overall effectiveness of nutrient control strategies.
This would be best suited for areas prone to eutrophication and in the removal of
nitrogen from more challenging, non-point sources, such as agricultural or stormwater
runoff.

On a regional scale, Wales and Northern Ireland exhibit the most potential, removing
0.12% and 0.11% of their respective nitrogen loads. For instance, in England, bivalve
harvest-related bioextraction alone could offset 2.5% of industrial effluents, while in
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Northern Ireland, it could more than compensate for the industrial nitrogen (when
considering the reported nitrogen loadings). This signifies a tangible improvement in
water quality, adding to the existing suite of ecosystem services from bivalves and
benefits derived from the food and by-product industry.

In terms of potential saved costs, extrapolating data from water treatment facilities
suggests that the national-scale cumulative avoided costs for nitrogen removal in
2019 could exceed £7 million annually (for 126 nitrogen tonnes removed by bivalves).
Combined efforts for effective catchment management could contribute an additional
£1.1 million in savings. Using regional examples, the average cost of reducing a tonne
of nitrogen could range from between £32,884 and £139 million. These savings
underline the potential for cost-effective nitrogen removal methods and pave the way
for innovative mechanisms like nutrient credit trading (NCT). However, establishing
NCT frameworks would require comprehensive regulatory structures, collaboration
among stakeholders, public awareness, and acceptance. It is crucial to ensure that
consumers perceive bivalve nitrogen removal as safe and reliable, that it does not by
itself impact the quality or safety of products destined for eventual human
consumption and that it does not introduce pollution concerns, but rather is a natural
process that is being expanded through aquaculture. Nevertheless, it is important to
note that any repayments for nitrogen or nutrient removal will most likely be based on
a least-cost comparison and the repayments will not equal the saved costs but rather
a proportion of the costs saved.

This research contributes valuable insights to discussions regarding the significance
of bivalve aquaculture, not only for seafood but also for water quality. The results of
the final report are expected to further the understanding of wider benefits provided
by shellfish aquaculture and to help support the promotion of bivalve cultivation
across the UK. The authors express hope that this report will encourage future work
on including bivalves in nutrient management plans and nutrient credit trading
schemes in the UK.

Commissioned by the Shellfish Stakeholder Working Group, this project is funded by
the Fishmongers Company and has been undertaken in collaboration with the Agri-
Food and Biosciences Institute (AFBI) and the Longline Environment Ltd.
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Introduction

Aquatic ecosystems are under severe strain due to human activities (Poikane et al.,
2019), especially near coastal areas where pollution accumulation is greatest (Aly et
al., 2013; Critchell and Lambrechts, 2016). This poses a significant threat to various
economic activities reliant on good environmental status and water quality, including
seafood production, tourism, recreation and other marine ecosystem services and
societal benefits. Collectively these ecosystem services and societal benefits have
been estimated to be worth over £211 billion in UK waters (Culhane et al., 2019;
Grizzetti et al., 2016; O’Higgins and Gilbert, 2014; ONS, 2021).

Eutrophication, or nutrient pollution, is caused by an overload of nutrients such as
nitrogen and phosphorus. This can further lead to an imbalance in the elemental ratio
in the water and the changes to the natural nutrient cycle, which results in a cascade
of environmental effects (Billen and Garnier, 2007; Defra, 2019; Grizzetti et al., 2016;
Romero et al., 2013). Nutrient excess results in increased algal biomass, which blocks
sunlight from reaching submerged vegetation, such as seagrass beds, preventing their
growth (Burkholder et al., 2007; Han and Liu, 2014). Eutrophication can also lead to the
decline or even loss of native species, as it favours the growth of invasive species that
thrive in such nutrient-rich environments (Alexander et al., 2017; Byers, 2002).
Moreover, as algae die and decompose, they expend more oxygen, causing hypoxia or
‘dead zones’, which have a harmful effect on aquatic organisms, can lead to reduced
biodiversity, and ecological imbalance (Diaz and Rosenberg, 2008; Howarth et al.,
2011; Romero et al., 2013).

Although aquatic systems have the capacity to self-regulate, the rate and volume of
nutrient input can exceed this capacity. Therefore, management systems are required
(wastewater treatment procedures, best management practice guides, investment in
control and prevention measures), which all incur costs and pose difficulties in their
administration. Even with continued improvements in technology and a rise in the eco-
awareness of society, maintaining good ecosystem health on the fundamental level -
water quality - is frequently still challenging and costly. For example, the environmental
protection expenditure incurred by UK businesses (mining and quarrying,
manufacturing, energy production, water supply) reached £2 billion in 2020, including
costs of hiring external organisations for their environmental services (Defra, 2019;
ONS, 2022). Although most of the UK coastal waters are considered non-problem
areas (NPA), there are over 300 km? of problem and potential problem areas for
eutrophication, mainly estuaries with restricted water circulation (Axe et al., 2017).
Moreover, there are many regions that still experience significant nutrient and
chlorophyll-a levels during winter and summer months, which can affect their Water
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Framework Directive (WFD)?3 classification. In these regions, research into innovative
and cost-effective solutions is crucial to maintain and incentivise water quality
improvement processes. The UK also has commitments to the sustainable
development of the blue economy and the implementation of nature-based solutions
such as implementing the 25-Year Environment Plan and the UK Marine strategy, being
a member of the OSPAR commission and the Convention on Biological Diversity.

A bioremediation method that has been gaining momentum is the bioextraction of
nutrient pollution using organisms that directly or indirectly extract and accumulate
nutrients from the water body in an environmentally safe and minimally invasive way.
Bivalves, with their filter-feeding lifestyle and low food-web position, present a
sustainable and multi-faceted solution. As they feed, they remove algae and
suspended organic matter, leading to lower nutrient concentration in the water (Fig.
1). Some of the nitrogen is assimilated into their tissue, while the excess is excreted
back into the water. It is then further transformed by other organisms into nitrogen
gas, completing the nitrogen cycle (Fig. 1). Nitrogen is removed from the system
through shellfish harvest and by background biochemical processes. While the
bivalves alone cannot address all nutrient excess issues, they play a crucial role in
nutrient cycling and can be a part of a holistic approach to water quality improvement.
By integrating bivalves into nutrient management strategies, we could leverage their
natural abilities to support healthier ecosystems and communities.

This path has already been embraced by some states in the United States, where
additional income can be earned by producers through nutrient credit trading schemes
that consider the least avoided cost of water treatment through traditional purification
measures (Bricker et al., 2018, 2020; Ferreira and Bricker, 2016; Wheeler, 2020).
However, it is important to note that these programs are still in their set-up phase. In
Virginia, no payments have been made to the growers yet, despite recognising the
services of bivalves (Wheeler, 2020). In Maryland, two growers have been paid based
on the Chesapeake Bay NCT Program (Wheeler, 2020).

In the UK, shellfish aquaculture of blue mussels, Native oysters (also known as
European flat oysters), Pacific oysters and Manila clams is worth approximately £22
million for the 16 thousand tonnes produced (2019), offering a nutritious, healthy
protein source for humans. Within the blue economy framework, bivalve cultivation is
perceived as a sustainable food production venture, providing a nutritious food source,
a wide range of ecosystem services and economic potential (Bateman and Bishop,
2017; Gallardi, 2014; Lillebg et al., 2017). While within their natural aquatic
environments, bivalves act as habitat and ecosystem engineers, providing sediment

3 The Water Framework Directive (WFD), established by the European Union in 2000,
aims to protect and enhance the quality of water bodies across Europe. The
concentrations of Chlorophyll-a and nutrients are considered under the Ecological
Status and Chemical Status classifications.
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stabilisation, preventing coastline erosion, serving as settlement and nursery areas for
other species (including many of commercial importance) and contributing to the
expansion of hard substrate and increasing biodiversity (Bateman and Bishop, 2017;
McLeod et al., 2019; Sheehan et al., 2019; Smaal et al., 2019; Sousa et al., 2009; zu
Ermgassen et al., 2020). Recent studies in Lyme Bay (UK) show that offshore bivalve
aquaculture structures contribute to the recovery of benthic habitats, increase
biodiversity and boost abundance of mobile taxa (Bridger et al., 2022; Mascorda-Cabre
et al., 2023).
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Figure 1: Simplified illustration of nutrient removal removed by bivalves.

Further down the processing chain, bivalve by-products are used as part of the circular
economy. The discarded shells, for example, can be used as a source of calcium
carbonate in the egg industry and construction, for conditioning and ameliorating
acidic soils, as catalysts in the production of biodiesel, as inorganic fillers in polymers
as bactericidal and dehalogenation agent and medically in artificial bones (Lee et al.,
2008; Spangberg et al., 2013; Summa et al., 2022; Yao et al., 2014). Bivalves that do
not reach the human market can be repurposed as feed for livestock as well as farmed
finish. Mussel meal has become an alternative feed with reduced carbon emissions
and agricultural land use (McLaughlan et al., 2014; Nagel et al., 2014; van der Heide et
al., 2021). However, knowledge gaps still exist on the extent to which these services
affect the ecosystem and their value in the socio-economic context.

There are many unanswered questions regarding the national capacity for bivalve
nitrogen removal, societal acceptance of the approach and resulting seafood
products, and the financial benefits to be gained. The scale and net balance of nutrient
removal through the entire bivalve lifecycle is yet to be fully ascertained. The UK
shellfish aquaculture sector is diverse and comprises quite a few bivalve species
including blue mussels and Native oysters and, to a lesser extent but equally valuable,
scallops, cockles and clams and the non-native species such as the Manila clam or
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Pacific oyster. Shellfish production methods differ substantially, both in methods of
production and scale of the aquaculture farms. This range introduces variability to the
estimates of extraction volumes and financial forecasts. This report aims to address
that by:

i) gathering information on the ecosystem services provided by bivalves in the
context of water quality improvement,

ii) evaluating the scale of those services for England, Wales, Northern Ireland, and
Scotland using proximate analysis and simulation through the Farm
Aquaculture Resource Management (FARM) model and

iii) exploring ways for the valuation of those services using regional examples
from the UK.

Page 12 of 61



oS

seafish

Nutrient removal services of Bivalves in the UK.

Methodology

The project comprised three parts:

1. aliterature review to investigate the knowledge of the nutrient removal services
provided by bivalves and explore methods used for the bioextraction
assessment,

2. a proximate analysis accompanied by modelling to provide the estimation of
Nitrogen and Carbon removal by different bivalve species across the UK and

3. an avoided cost analysis to calculate a possible financial value of nutrient
removal by shellfish aquaculture.

Literature Review

An advanced search within all Web of Science (WoS) databases and collections was
conducted (Web of Science Core Collection, BIOSIS Citation Index, KCI-Korean Journal
Database, MEDLINE®, SciELO Citation Index), encompassing all years (1900 - 2022)
and using TS (topic) field tag which covers title, abstract and keywords. The focus of
the search was the water quality improvement services provided by bivalves through
nutrient reduction. To fulfil this scope, the question was broken down and analysed in
terms of PICO inclusion criteria (Population, Issue, Comparator, Outcome) to
formulate individual substrings (Table 1). The traditional Intervention category was
replaced with the Issue category to better encompass the focus of the study. The Issue
and Outcome categories as well as the Boolean search string (Table 1) were compiled
based on information and keywords from reviews relevant to the field of bivalve
aquaculture ecosystem services. The review had a global coverage and considered all
bivalve species available, not only the ones currently cultivated in the UK as inferences
can be made between species with similar life histories.

For the eligibility of the article, it had to fulfil the following criteria:

e focus on bivalves (P),

e research nutrient removal capabilities of bivalves as a part of field or laboratory
study (1),

e compare the effect of bivalve-mediated water quality improvement (C),

e investigate the effects of bivalve-mediated nutrient removal on water quality
indicators (0),

o for context, the research had to concentrate on bivalve presence in marine and

brackish waters rather than purely freshwater species in ponds or rivers (C).
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Table 1: Search string used in Web of Science (topic fields; all databases; all years).
Publications were required to contain at least one term from each category.

Aquatic term Population Issue term Comparison Outcome term
term term
marine OR shellfish OR eutrophication  improve* OR “water quality
coastal OR bivalve OR ORrestor* OR  change OR effect improvement” OR
catchment OR  mussel OR ecosystem OR impact OR “nutrient
basin OR oyster OR services OR decrease OR removal” OR
estuarine OR scallop OR “wastewater contribute OR “nitrogen
bay OR clam treatment” OR  support OR removal” OR
aquaculture “runoff mitigat* “phosphorus
OR sea treatment” OR removal” OR
bioextraction biodiversity
OR improvement OR
biodeposition “algal bloom
OR mitigation” OR
denitrification “algae removal”
OR “pollution
mitigation” OR
“water clarity” OR
resilience

If the species is freshwater but its presence has been recorded and investigated in the
context of marine or brackish habitat, the article was retained. Only English, peer-
reviewed, primary data publications were retained (reviews and meta-analyses
excluded). Expanded criteria rules are available in Appendix 1.

The WoS search produced 597 articles that were screened in two stages: abstract/title
screening and full-text screening (Appendix 1 Fig. 1). The abstracts and titles of each
article were assessed for compliance with the PICOC criteria using the WoS interface.
Uncertain articles were kept for full-text evaluation to avoid potential false exclusion.
Eighty-five publications accepted for full-text screening were uploaded to Zotero for
review. Exclusion reasons were recorded based on the PICOC category. This resulted
in the final 42 articles for review (Appendix 1 Fig. 1). The process and analysis are
reported following PRISMA. The study information included but was not limited to,
geographic specifications relevant to the research, type of study conducted (field or
lab experiment, modelling), aquatic setting, species or organism groups, issue
addressed, effect measurement approach and observed outcome. For a full scope of
the data extracted, see Appendix 1. Studies covering the analysis of more than one
species or species group (hereafter combined articles) were treated as separate
instances for the analysis.
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Nutrient loading in the UK waters

The primary sources of nutrient influx into water bodies include agricultural activities
(fertilizers, manure runoff), urban runoff (stormwater runoff, pet waste, domestic
wastewater), industrial discharges (manufacturing and mining), and inadequate
wastewater treatment systems.

The nutrient loadings of the UK waters (Celtic Seas, Channel, Atlantic, Irish Sea and
North Sea) between 2000 and 2021 were sourced from the OSPAR RID dataset
(OSPAR, 2023) and separated based on the source into point sources: aquaculture
discharges, industry effluents, sewage effluents and summarised in total direct
discharges as well as diffuse sources which here comprised total riverine inputs from
monitored and unmonitored sources. Total Riverine Inputs are the contaminants that
are carried via rivers into tidal waters, originating from various sources in the river's
catchment while the Total direct discharges are the contaminants that are discharged
directly into the sea and do not pass through a river system before entering the sea.
These categories followed the data classification utilised by OSPAR in their data
collection.

Nutrient removal

Bivalves filter particles from the water, removing nutrients and utilising the digested
material for tissue and shell growth, while the rest is expelled as faeces, pseudofaeces,
and ammonia (Bricker et al., 2018; Carmichael et al., 2012; Thomsen et al., 2016;
Weihrauch and Allen, 2018). However, their efficiency and filtration rates depend on
environmental factors such as temperature, salinity, dissolved oxygen, food resources
and the species type. Larger species are expected to have higher filtration rates.

In order to assess the nutrient removal capacity of bivalves, two distinct approaches
were employed: proximate nutrient removal analysis and the FARM model. The
proximate analysis is based on data concerning the amounts of carbon (C) and
nitrogen (N) present in the wet weight of bivalve, while the FARM model estimates
removal based on a mass balance of intake and excretion of particulates
(phytoplankton and detritus i.e., food) by the population of bivalves in the farm. The
two approaches are complementary, and the results of both analyses are upscaled to
the level of UK production to show the range of the nutrient removal potential. Our
analysis focused on four bivalve species (Table 2): the blue mussel (Mytilus edulis),
Pacific oyster (Magallana gigas, formerly Crassostrea gigas), Native oyster (Ostrea
edulis), and Manila clam (Ruditapes philippinarum). Due to a lack of information on the
nitrogen content and the parametrisation within the FARM software for common
cockle and Queen scallop and Great Atlantic Scallop, it was not possible to undertake
an analysis for these species.

The corresponding bivalve production between 2013 and 2021 was sourced from
Cefas (Cefas, 2023), and Marine Scotland (Scottish Government, 2023) for national
and, where possible, regional scale. The data was aggregated on a national level for
all countries.
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Figure 2: UK Riverine and Direct Discharges Areas in relation to OSPAR Sea areas.
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Proximate analysis

The first approach in estimating the nitrogen and carbon removal by bivalves was
through a function of their weight and N or C content. The elemental composition of
the bivalves was procured from combustion elemental analysis performed as a part of
the Green Aquaculture Intensification in Europe (GAIN) project (Ferreira et al., 2020).
In the process, the elemental composition is determined for a pre-weighed sample by
flash combustion and separation of the resulting gaseous products. The full
description of the methodology can be found in the project’s report (Ferreira et al.,
2020).

To calculate the removal on a national scale, the percentage value of N content in the
live weight of each species (Table 2) was scaled up to the corresponding national
production (Table 2; Equation 1):

Nremoved(p) = Nbivalves X PrOduCtionNational Equation 1

Table 2: Bivalve species considered in the proximate analysis with the percentage
content of nitrogen (N) and carbon (C) in their shell and flesh (% of live weight, in fresh
mass) presented originally in the Green Aquaculture Intensification in Europe (GAIN)
project report as mean elemental composition. TFW stands for Total Fresh Weight
(live weight).

Species Latin name % of NinTFW % of Cin TFW
Belfast Louch

Blue mussel Mytilus edulis ~ (Northern 0.88 11.1
Ireland)
Dundrum Bay

Pacific oyster I\/;ag:llana (Northern 0.37 10.9

919 Ireland)

Native oyster/ Lough Foyle

European flat  Ostrea edulis (Northern 0.29 8.80

oyster Ireland)

Manila clam/ : .

Japanese R;;I;Iji’taiijrfasrum Xfar}lc;e Lagoon 0.32 8.50

carpet shell philipp y
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FARM model implementation

The second approach utilised was to provide the nutrient removal estimates through
the Farm Aquaculture Resource Management (FARM) model. The FARM local-scale
model has been used previously in diverse scenarios involving different types of finfish
and shellfish species, geographical regions, and aquaculture practices such as bottom
culture, trestles, cages, and suspended culture (Bricker et al., 2020, 2018; Dvarskas et
al., 2020; Ferreira et al., 2020, 20073, 2007b). Based on food supply, aquaculture farm
size, shellfish density and various environmental parameters (e.g., current velocity,
temperature, salinity, concentration of organic particles), the FARM model provides
estimates of the number and biomass of harvestable shellfish and potential levels of
production.

FARM can provide estimates based on two modes: the physiology-based population
dynamic model used in this project or the individual-based model (IBM). First, an
individual bivalve growth model (WinShell) is developed, parametrised and validated
for the individual bivalve species, based on a generic AquaShell™ framework (Bricker
et al., 2015, 2020b, 2018; Ferreira, 2007; Ferreira et al., 2008; Nobre et al., 2010; Saurel
et al., 2014; Sequeira et al., 2008). The AquaShell model operates using WinShell and
FARM. Overall, WinShell checks how well one organism performs and tracks the mass
balance of various substances related to ecosystem services. The FARM model
simulates farming on a larger scale. Individual-based population simulations (IBM) are
created based on the object-oriented paradigm used in ecological modelling (Ferreira,
1995; Silvert, 1993), where each individual in the population possesses various
attributes related to growth performance and interactions with the environment, such
as food consumption, organic waste production and mortality (however, events such
as disease outbreaks were not included). These models are deterministic, but to
accurately simulate the variability within a cultivated population (e.g., some individuals
do not survive to be harvested), individuals are stochastically assigned a fitness
parameter in terms of assimilation efficiency (AE), which introduces genetic diversity
within the cohort determining survival rates. Fitness is determined at runtime, ensuring
a minimal probability of two model runs being identical. The IBM framework operates
with the Net Energy Balance (NEB) approach and uses bioenergetic models to predict
bivalve growth, reproductive effort and mass balance for the culture cycle at the level
of the individual (Ferreira et al., 2014, 2012, 2010). This provides a more accurate
estimation of nutrient removal across a broad range of environments and the
regulatory ecosystem services of bivalves. After integrating the individual bivalve
models into FARM, the production, and environmental effects at the local scale of a
farm are simulated over one culture cycle. Taking into consideration environmental
parameters such as advective water flow, transport of particulate and dissolved
material, temperature and salinity, the model estimates the removal of particulate
suspended particles, particulate organic waste, excretion of dissolved nitrogen,
oxygen consumption as well as the removal of phytoplankton and detrital carbon and
nitrogen by bivalves (Fig. 3). The net removal is calculated by subtracting losses
caused by faeces, pseudofaeces, excretion, mortality, and spawning.
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Figure 3: Conceptual diagram of the FARM model (Ferreira et al., 2007a).

0

The net removal is calculated by subtracting losses caused by pseudofaeces, faeces,
excretion, mortality, and spawning. To be more reflective of realistic shellfish farm
operations, the ‘Harvest When Ready’ option was chosen for the IBM model runs, rather
than assuming that the shellfish would only be harvested at the end of the culture
period. For the regular runs of the model, this option is not available.

Population dynamics in the simulation were defined by culture strategies, with natural
mortality within each national model parametrised using pre-defined "typical farms"
that were chosen to be representative of each species. The data used to parametrise
the models was sourced from governmental reports, scientific literature as well and
data made available by shellfish farms and hatcheries. Due to a wide range of
cultivation approaches, sizes of ventures, and periods of cultivation, each species was
considered on a similar basis in all countries that naturally cultivate it, with average
farm and shellfish practice parameters.

The environmental conditions were distinct for each country. Environmental
parameters driving the models were sourced from scientific publications, personal
communications, openly available data from OSPAR (OSPAR, 2023), EA Water quality
data archive (EA, 2023), as well as satellite data from Copernicus Marine Services
(CMEMS, 2023). However, it is crucial to note that those drivers were not sourced from
the same year or regions and hence the results should be interpreted as a general
potential. For UK waters, particularly data on chlorophyll and particulate matter
concentrations, the datasets available were limited with substantial gaps between the
years and between months which hinders interpolation. It was previously noted by the
2017 report provided by OSPAR, whereby the data availability for the northern North
Sea coast (Norwegian and United Kingdom coasts) was limited, with gaps in the
observations as well as high clusters of observations in space and time.
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The results of the model were scaled up to the national production as below (Equation
2):

Productiony tional

Nremoved(m) = f:;o x Nremoval Equation 2

Where Nremoved(m) represents the total N removed by the estimated live weight

Production in tonnes. Productionnational (tonnes) is the corresponding species
production for each nation, while TPP (tonnes) is the estimated FARM-modelled
production for each species at the farm scale and N removal (kgy ') is the N removed
by each species at the local (farm) - scale.

Avoided cost analysis

The economic value of nutrient removal by shellfish farms can be estimated by
considering it as a water cleaning service. In the avoided or replacement cost analysis
method, the economic value of nutrient removal or eutrophication avoidance is
estimated based on the cost of the alternative mitigation methods such as stormwater
control measures, chemical and manual wastewater treatment, and approved
agricultural Best Management Practices (BMP) (Barrett et al., 2022). It has been
successfully applied in coastal regions of the United States for oysters (Bricker et al.,
2020; Dvarskas et al., 2020; Parker and Bricker, 2020), clams ((Dvarskas et al., 2020))
and for mussels of the Baltic Sea (Gren, 2019). In the UK, such a valuation has been
conducted for oyster populations of the Solent (England) (Watson et al., 2020) and
Dundrum Bay (Northern Ireland) (Ferreira et al., 2020). This method can also provide
an estimate of potential compensation in a nutrient credit trading program.

By applying the cost required to remove one kilogram of N (£/kg N) or C (£/kg C)
through traditional methods, the cost savings achieved through bivalve bioextraction
can be estimated. Only the costs directly related to nitrogen or carbon removal were
used in calculations, rather than more general estimates for eutrophication mitigation
measures or general water improvement costs. These would further increase the value
of bivalve aquaculture, outside of water quality aspect.
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Trends in bivalve-mediated bioremediation research

Bivalve bioextraction, proposed as a nutrient removal method since at least 1994
(Mackie, 1994), has regained attention in scientific and industrial circles. The primary
focus (83%) of reviewed research has been bioremediation, addressing water quality
issues, eutrophication, and mitigating the environmental impact of fish farming.
Nutrient dynamics was another cause behind the research, followed by reef restoration
and associated nitrogen dynamics as motivation for future projects. As noted
previously, the focus in this study is nitrogen though where possible carbon and
phosphorus results will also be included.

There was a clear dominance of nitrogen removal studies (82%), in contrast with
phosphorus, which was not studied independently; it was only examined alongside
nitrogen (18%). While carbon removal was not the main focus of the review, two
publications included consideration for carbon bioassimilation by oysters and
mussels. In the UK context, one publication explored phosphorus and carbon removal
through mussel aquaculture and field surveys. Nitrogen is perceived as the limiting
nutrient for algal growth in marine, brackish and estuarine habitats, particularly if they
are heavily polluted (Fang et al., 1993; Forsberg, 1976; Pedersen and Borum, 1996),
which explains the emphasis being placed on nitrogen rather than phosphorus.
Moreover, considering the focus of the review (water quality improvement), carbon
studies were not as common. However, it is worth noting that regardless of the study’s
focus and removal calculated, bivalves participate in the uptake of both, nitrogen, and
phosphorus, as part of their natural feeding cycle. Moreover, in the absence of
nitrogen, phosphorus fertilisation can exacerbate the algae bloom issues (Carpenter,
2008; Ryther and Dunstan, 1971; Schindler et al., 2008) and the limiting nutrient can
change seasonally, based on freshwater inflow (Malone et al., 1996). As both elements
are important in eutrophication dynamics, estimates inclusive of phosphorus removal
would benefit the understanding of the ecosystem services of bivalves and further
ecosystem dynamics modelling.

Species of interest

A high proportion of oysters (50%) and mussels (36%; mainly Mytilus edulis - 25% of
studies) in the investigated cases reflects the global popularity of these shellfish
groups, contributing 33% and 13% of global production respectively (food and non-
food uses; Wijsman et al., 2019) as well as the relative ease in field and laboratory
work using those organisms. Crassostrea virginica, Magallana gigas and Mytilus edulis
are major contributors to global aquaculture, with annual aquaculture production of
135.7, 643.5, and 164.5 thousand tonnes respectively (FAO, 2023). However much of
the global oyster production is reported under broader categories of ‘cupped oysters’
and ‘sea mussels’ which accounted for an additional 6 million tonnes of oysters and
nearly 1 million tonnes of mussels in 2022 (FAO, 2023).

In the UK, only M. edulis and M. gigas were included, which contribute to the 14,800
and 2,325 tonnes of mussels and oysters produced (Seafish, 2023a, 2023b). In
addition to being in high demand, these species have experienced substantial

Page 21 of 61



oS

seafish

Nutrient removal services of Bivalves in the UK.

scientific coverage concerning their anatomy, habitat preferences and functional
ecology, which facilitates the evaluations of their bioextractive capabilities and use in
modelling studies.

Although commercial aquaculture was the dominant site of investigation, oyster reefs
(Ayvazian et al., 2022; Cerco, 2015; Onorevole et al., 2018; Smyth et al., 2016, 2015;
Westbrook et al., 2019), and to a lesser degree, natural mussel beds (Neves et al., 2020;
Sea et al.,, 2021) were also investigated for their participation in nutrient dynamics and
their extractive capabilities. Three studies considered a comparison between shellfish
aquaculture and natural bivalve populations. This research is also beneficial for the
analysis of farmed shellfish bioextraction, as it focuses on biochemical processes
such as denitrification and biodeposition that are not always considered in some of
the aquaculture models focused on nutrient removal through harvest.

Some studies looked at shellfish more generally, with nine unspecified species from
mussel, oyster, and clam groups investigated (Fig. 4) and the six combined studies
provided 23 combinations of species and locations, (38% of studies). While the
proportion of clam (9.8%) and scallop (1.6%) cases were low compared to their global
production (38% and 17%; Wijsman et al., 2019), they were more common in combined
papers, particularly using modelling. This might be due to the difficulties in conducting
work with species such as clams which bury themselves in the substrate or sediment.

Investigation methods

To assess and compare the outcomes of bivalves for nutrient removal, examined
articles employed variations of field and laboratory studies, historical data analysis
and modelling. Modelling (35.7%) and combined field surveys (23.8%) were the
dominant modes of investigation. Models provide a valuable tool to estimate and
predict changes on wider spatial scales, largely unattainable through field
experiments, and can be applied to more than one species. Amongst the diversified
modelling approaches (numerical models, GIS, 3D models, combinations of
hydrodynamic and ecological modelling), the Farm Aquaculture Resource
Management (FARM) model emerged frequently for bivalve production (Bricker et al.,
2020; Dvarskas et al., 2020; Ferreira et al., 2007b; Parker and Bricker, 2020; Rose et al.,
2015; Silva et al., 2012). Integrating physical, biogeochemical, growth, and
eutrophication models, FARM assessed harvest, eutrophication changes, and costs
(Ferreira et al., 2007a). It featured in 43% of modelling publications and 60% of
individual cases in China, Europe, and the United States. In the UK it has been used for
example in the case of Magallana gigas in Loch Creran (Scotland) in a combined study
of 6 other species across 9 countries (Rose et al., 2015) and provided encouraging
results with annual nitrogen removal at 23 g m?2. FARM software has also been used
in the Green Aquaculture Intensification (GAIN) project, which included examples from
the UK and bioextraction estimates based on the UK mussel industry (Ferreira et al.,
2020). However, the parameters required for FARM are site-specific, other areas of the
UK require separate analysis, and in the case of neighbouring farms, would require a
system-scale rather than a farm-scale model (Rose et al., 2015).
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Elemental analysis of tissue and shell offers a simplified approach for nitrogen
removal estimation and can be appropriately upscaled to the population harvested
from the system (Kotta et al., 2020; Olivier et al., 2021). While lacking consideration for
certain biogeochemical processes (denitrification, biodeposition or excretion) that
contribute to the final net balance of nutrient dynamics, it provides a faster, simpler
and less data-demanding solution. This simplified approach can help identify ventures
of particular value to bioremediation or inform on the minimal harvest necessary for
the improvement of water quality.

Laboratory and field experiments involved repeated water quality monitoring, followed
by calculations of estimated nutrient removal through biodeposition and harvest. One
study used stable isotope analysis to track the journey of anthropogenic nitrogen. A
mixture of nutrient dynamics and harvest balance was also used to estimate the
nutrient removal capacity of bivalves. In field and laboratory studies, the nutrient
removal capacity and nutrient dynamics were compared based on divergent study
designs, while for modelling different scenarios were applied.

Global interest distribution

A surge in interest in bivalve-mediated nutrient bioextraction is evident from the
increased publication activity in the last 7 years (Fig. 6). This growing interest can be
attributed to concerns for food security (Jennings et al., 2016; Pradeepkiran, 2019) and
sustainable protein provision, combined with a growing need for ecologically neutral
or friendly management methods (Ferreira and Bricker, 2016; Olivier et al., 2020; Smaal
et al,, 2019; Vaughn and Hoellein, 2018). Nature-based solutions have also been
gaining traction and have reached the mariculture world not only in terms of
bioextraction but also coastal protection (Zhu et al., 2020), biodiversity enhancement
(Hughes, 2021) and habitat improvement (Nanou et al., 2022). The UK has committed
to OSPAR's Biodiversity and Ecosystems Strategy aims to protect and conserve
marine biodiversity and ecosystems in the North-East Atlantic which can be supported
by implementing nature-based solutions. In this context, shellfish cultivation is being
promoted and contributes to the safeguarding of the UK’s marine ecosystems' natural
capacity to sequester nutrients.

The review had a global scope, identifying 18 countries and one larger study area
(Baltic Sea) which was not country-specific. Most countries had only one or two papers
each between 1996 and 2022. The overall limited amount of research could stem from
the relative novelty of bioremediation research, even though reports of mussel-based
nitrogen bioextraction date back to 1996 (Haamer, 1996) and the concept itself is older
(Goldman et al., 1974; Mackie, 1994). Of the countries identified (Fig. 5), the United
States stood out with the highest number of cases (36%) and consistent annual article
output since 2011. Eastern (Crassostrea virginica) and Pacific oysters (Magallana
gigas) were the primary species investigated in the USA, along with three species of
clams. This spike in academic interest could be linked to the significant role the USA
plays in global marine bivalve production whilst experiencing a decline in bivalve yields
(Wijsman et al., 2019). Particularly, the decline in the US oyster fisheries by nearly 30%
between 1970 and 2015 combined with a nearly 34% increase in aquaculture
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production between 1999 and 2015 (Wijsman et al., 2019) could have sparked more
interest in the additional benefits of oyster farming.
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Figure 4: Sankey diagram of publications’ focus (single, combined species) and the
species investigated. The number of database entries for each group is included in the
brackets. Articles studying multiple species were counted separately. Unspecified
species or shellfish types were labelled as UN.

In contrast, the United Kingdom was involved in only two publications, both originating
in the last 10 years and investigating Mytilus edulis and Magallana gigas (Fig. 5, 6). This
period coincides with an increase in publication output observed since 2015 (Fig. 6).
The highlighted gaps between global efforts and the state of research in the UK on
bivalve bioextraction should stimulate further studies efforts and possibly lead to the
expansion of the bioremediation and nutrient credit initiatives on a wider scale. As the
UK consistently placed in the top 20 oyster and mussel producers in the world and the
top 10 in Europe between 2015-2021 (FAO, 2023c; Seafish, 2023b, 2023a; Wijsman et
al.,, 2019), it is a prime location for research into bivalve bioextraction and nutrient
credit trading.
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Figure 5: Distribution map of publications registered in the literature database between
1996 and 2022. Three shellfish groups, clam, oyster, and mussels are separated with
the size of the bubble representing the number of publications. The map was
generated via Datawrapper (Lorenz et al. 2012).
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Figure 6: Number of publications registered in the literature database between 1996
and 2022 with a focus on bivalve bioremediation. Four shellfish groups, scallops
(purple), clams (yellow), oysters (blue) and mussels (green), are separated together
with the unspecified shellfish (pink).
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Outcomes

The vast majority of the reviewed publications (81%) concluded that the presence of
bivalves, and as such, their commercial cultivation, has an overall positive effect on
water quality and nutrient removal from the system. While some studies reported
mixed results, it is worth noting that none reported a solely negative impact of bivalve
bioremediation - only limited effects.

FARM model assessments from around the world have reported bivalve-mediated
nutrient removal as favourable over best management practices and stormwater
treatment (Rose et al., 2015). Field studies consistently reported net positive nutrient
removal and little to no negative effects observed which is encouraging and reinforces
theoretical and model predictions. Some studies placed the net nitrogen removal of
oysters between 10% to 20% of the total N load to the studied waterbody (Carmichael
et al., 2012; Cerco, 2015; Clements and Comeau, 2019). Higher rates could be found
for clams, with 28.7% and 43.3% of the external nitrogen and phosphorous input being
removed by the manila clam (Zan Xiaoxiao et al., 2014). A minority of studies reported
a higher nutrient removal capacity, that could compensate from 86% up to 100% of the
local nutrient loading if the production site is established at an optimal growth location
and density and if the nutrient load is relatively low (Clements and Comeau, 2019; Kotta
et al,, 2020). In the context of the UK, cultivation of M. gigas has been estimated to
remove 23 g m2 and 74 g m? of nitrogen annually in the Scottish Loch Creran and Irish
Lough Ireland respectively (Rose et al., 2015) and from 5 to 8.50 kg of nitrogen per
tonne (mean) of live M. edulis based on upscaled elemental analysis (Olivier et al.,
2021). The estimates of phosphorus removal for the UK, also important in managing
the health of marine ecosystems (Carpenter, 2008; Ryther and Dunstan, 1971;
Schindler et al., 2008), were placed between 0.43 kg of phosphorus per tonne of M.
edulis from bottom cultures and 0.95 kg of phosphorus per tonne from rope cultures
(Olivier et al., 2021).

The denitrification process is also important for net positive nitrogen removal and in
live oysters, denitrification can be three times higher than nitrification (Caffrey et al.,
2016), supporting the positive net effect of restored oyster reefs as well as oyster
aquaculture. Studies conducted in the Chesapeake Bay reveal that bivalve-mediated
denitrification can remove significantly more nitrogen than is achieved solely through
bivalve harvest (Golen, 2007; Mykoniatis and Ready, 2020). The stimulation of
denitrification has been also demonstrated in a recent meta-analysis of oyster habitats
in comparison to bare sediments (Ray and Fulweiler, 2021). Denitrification efficiency
of 50% to 75% was reported for oyster reefs which indicates net nitrogen removal
(Onorevole et al., 2018). High denitrification rates have also been reported within and
between natural green-lipped mussel beds (Sea et al., 2021), suggesting a wider
spatial impact of bivalve presence. Whilst comparing natural reefs and beds to
cultivated ones, it is important to take into account the higher tissue:shell ratio of
farmed bivalves which translates to a higher level of nitrogen removal (Ayvazian et al.,
2022).
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However, not all ventures have the potential to maintain the same efficiency in nitrogen
removal within or across the years. Consideration of biogeochemical dynamics
(biodeposition and excretion) is necessary to avoid overestimating nutrient removal
potential (Olivier et al., 2021). For example, the removal of nitrogen through oyster
harvesting may be offset through the excretion of ammonia (NH4), as was noted
through studies of combined seaweed-bivalve aquaculture of Magallana gigas in China
(Liu et al., 2021; Yu and Gan, 2021). Another study placed the return of the ingested
nitrogen through excretion and elimination between 40% and 73% (Ferreira et al.,
2007b). Moreover, the biodeposition process has the potential to further offset the
nutrient removal potential (Silva et al., 2012). Holmer et al (2015) observed that the net
removal of nitrogen from the blue mussel was maintained only through the first year,
with the mussels converting into a nitrogen source thereafter. This time dependency
was not recorded in other studies but could be attributed to the increased
biodeposition outweighing denitrification stimulation and an increase in excretion rate
with growth, which lowers the net removal efficiency. In areas characterised by little to
no tidal currents or where bivalve stocking densities are high, over-enrichment and
biodeposition can lead to dissolved oxygen depletion and eventually, the release of
nitrogen into the water column as organic matter decomposes (Bricker et al., 2020;
Higgins et al., 2013; Lindahl et al., 2005; Ritzenhofen et al., 2021).

Variability in nutrient removal estimates is due to site- and species-specificity and the
true potential of any farm can only be ascertained with the inclusion of the particular
circumstances of the planned venture (Rose et al., 2015). Nutrient removal further
varied between culture systems, with rope-cultured blue mussels capturing more
nitrogen and phosphorus than bottom-cultured ones (Olivier et al., 2021). However,
cultivation on ropes and longlines can cause higher mineralization rates in the
sediment below, where nitrate is converted to ammonium which would conserve the
nitrogen within the system rather than remove it (Christensen et al., 2003). Climate
change impacts can alter the capacity of a farm for nutrient extraction. On one hand
ocean acidification will have a negative impact on bivalve growth and survival
(Waldbusser et al., 2015) while higher water temperatures were associated with
reduced phosphorus content in the tissue (Olivier et al., 2021), which would reduce the
nutrient removal capacity of bivalves. However, this could be balanced by a faster
production cycle expected with the increase in the seawater temperatures and
therefore a higher nutrient removal (Olivier et al., 2021).

While there may be some variability in the efficiency and levels of nutrient removal by
bivalves depending on specific circumstances, the overarching consensus is clear:
bivalve bioremediation positively impacts nutrient removal from aquatic systems. At
the same time, the process of nitrogen uptake and assimilation or enhanced
denitrification was not directly connected to the safety of bivalve consumption. The
safety of consuming bivalves is more related to their potential to accumulate bacteria,
viruses, and toxins in their bodies due to their filter-feeding behaviour (Seafish, 2024).
Overall, the majority of reviewed publications demonstrate the substantial potential of
bivalves in enhancing water quality and reducing nutrient concentrations and
eutrophication.
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Bivalve-mediated bioremediation in the UK waters

This section considers the state of the UK's bivalve industry, aquatic ecosystems, and
the capacity of the farmed populations to remove nitrogen and carbon from the water
based on two estimates: proximate analysis and modelling, with the potential
implications of bivalve cultivation for nutrient management in the future.

Nutrient loadings in UK waters

The data for the total mean nitrogen and phosphorus loadings (Table 3, 4) into the UK
waters were sourced from the OSPAR RID dataset between 2000 and 2021 although
the analysis involves only data from 2014. This was the most recent year with most
regions reporting their total nitrogen and total phosphorus loads. A considerable
limitation of the dataset was the gaps in the records, resulting from the changes in
sampling and record-keeping across the different administrations as well as
interruption caused by COVID-19 (2020-21). Although total riverine inputs (RIN), as well
as total direct discharges (TDD), were recorded for nearly every year between 2000-
2021, the individual sources were not always provided (sewage, industry, and
aquaculture effluents). This was particularly evident for aquaculture discharges and
reports for Welsh waters, which recently comprised only the information on RIN. The
most recent data (2015 onwards) has experienced reduced reporting spatially in
England and Wales and changes in the way of reporting the measurements for
Northern Ireland and as such was not deemed suitable for this analysis.

Nutrient types considered in the OSPAR reporting system were aquaculture discharges
(mainly from fish farming), industry effluents (wastewater discharges) and sewage
effluents (domestic and municipal wastewater) which come under the direct
discharges, as well as monitored and unmonitored riverine inputs.

There are marked variations within the UK loadings of both, nitrogen, and phosphorus.
The biggest UK contributors to nitrogen and phosphorus loadings are England and
Scotland. Riverine inputs dominate over direct discharges, with 2014 nitrogen data
indicating loadings of 305.22 x10° tonnes and 63.94 x103 tonnes, respectively.
Phosphorus loadings were more closely matched, with 10.40 x102 tonnes of RIN and
9.47 x10° tonnes of TDD. In 2014, the highest nitrogen loadings were recorded for the
North Sea South (106.67x103 tonnes y' for RIN), Celtic Sea (58.28x102 tonnes y' for
RIN) and Irish Sea (44.79.x103 tonnes y' for RIN). At the same time, in terms of
phosphorus, the highest loadings were received by the North Sea South (3.22x103
tonnes y' for TDD, 3.2x102 tonnes y' for RIN), the North Sea north 2.8x103 tonnes y’
for TDD) and the Irish Sea (2.13x102 tonnes y for RIN).

Although the analysis of recent years and trends in nitrogen and phosphorus loadings
is difficult to perform due to data limitations, there have been reports of improvements
in the water quality and issues of elevated loadings (Defra, 2019; DEFRA, 2012; Maier
et al., 2009; Painting et al., 2018). The number of problem areas for eutrophication has
decreased from 23 to 21 (2006-2014), which represents 0.41% of UK transitional and
coastal waters (Axe et al., 2017). This has been attributed to the measures taken by
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the UK government to reduce nutrient loadings into surrounding waters (Defra, 2019;
DEFRA, 2012; Maier et al., 2009; Painting et al., 2018). Analysis conducted by OSPAR
also revealed a significant reduction in nutrient inputs to the OSPAR Maritime Areas,
particularly in the Greater North Sea area (Axe et al., 2022). However, inputs of nitrogen
oscillate year to year, and a lag resultant from nitrogen reservoirs in soils and
sediments as well as confounding effects of environmental change could lead to
future changes (Carpenter et al., 1998; Foden et al., 2011; Worrall and Burt, 2001).
Considering further land developments, offshore aquaculture farms and
environmental changes, implementing more bioremediation methods such as bivalve
bioextraction should be considered.

Table 3: Nitrogen (N) and phosphorus (P) loadings* and sources for England, Northern
Ireland, Scotland, and Wales for 2014. Loadings in 103 tonnes y-1. Total direct
discharges are the sum of Aquaculture discharges, Industry and Sewage effluent.

Country Source N-Total P-Total \
Industry effluents 1.20 0.11
Sewage effluents 35.35 4.71
England
Total direct discharges 36.25 4.80
Total Riverine Inputs (monitored and unmonitored) 229.84 6.62
Industry effluents 0.001 0.0008
Northern Sewage effluents 0.96 0.11
Ireland Total direct discharges 0.99 0.45
Total Riverine Inputs (monitored and unmonitored) 8.22 0.98
Aquaculture discharges 11.11 1.53
Industry effluents 2.11 1.25
Scotland Sewage effluents 12.21 1.33
Total direct discharges 25.32 4.00
Total Riverine Inputs (monitored and unmonitored) 46.99 2.10
Industry effluents 0.002
Wales Sewage effluents 0.99 0.41
Total direct discharges 1.39 0.22
Total Riverine Inputs (monitored and unmonitored) 20.17 0.69
UK Total direct discharges 63.94 9.47
Total Riverine Inputs (monitored and unmonitored) 305.22 10.40

*The data in Table 3 should be considered with caution. Although it is supplied by OSAPR RID, the data is collected
by many bodies across the UK and collated on many levels, which could introduce error. Some nations do not
collect and report data on certain sources which is reflected in the gaps within the table and the graphs. Moreover,
certain regions are not always included in the reporting, depending on the yearly monitoring capabilities of the
country, as such not all OSPAR regions might be included in this summary.
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Table 4: Nitrogen (N) and phosphorus (P) loadings* into the UK waters for 2014.
Loadings in 103 y-1. Total direct discharges are the sum of Aquaculture discharges,
Industry and Sewage effluent.

Area Source N-Total P-Total
Aquaculture discharges 7.28 1.00
Industry effluents 0.94 0.33
Atlantic Sewage effluents 5.64 0.60
Total direct discharges 13.86 1.93
Total Riverine Inputs (monitored and unmonitored) 16.27 1.47
Industry effluents 0.002 0.002
. Sewage effluents 1.36 0.41
Celtic Sea
Total direct discharges 3.71 0.37
Total Riverine Inputs (monitored and unmonitored) 58.28 1.40
Industry effluents 0.02 0.002
Sewage effluents 7.03 0.68
Channel
Total direct discharges 7.04 0.69
Total Riverine Inputs (monitored and unmonitored) 40.00 0.82
Industry effluents 0.09 0.05
. Sewage effluents 3.71 0.37
Irish Sea
Total direct discharges 1.45 0.46
Total Riverine Inputs (monitored and unmonitored) 44.79 2.13
Aquaculture discharges 3.84 0.53
Industry effluents 2.26 0.99
:‘:‘?;:rhfea Sewage effluents 13.26 1.29
Total direct discharges 19.35 2.80
Total Riverine Inputs (monitored and unmonitored) 39.22 1.37
Industry effluents 0.01 0.001
North Sea Sewage effluents 18.51 3.22
(South) Total direct discharges 18.52 3.22
Total Riverine Inputs (monitored and unmonitored) 106.67 3.20
Agquaculture discharges 11.11 1.53
Industry effluents 3.32 1.37
UK Sewage effluents 49.51 6.56
Total direct discharges 63.94 9.47
Total Riverine Inputs (monitored and unmonitored) 305.22 10.40

* The data in Table 4 should be considered with caution. Although it is supplied by OSAPR RID, the data is collected
by many bodies across the UK and collated on many levels, which could introduce error. Some nations do not
collect and report data on certain sources which is reflected in the gaps within the table and the graphs. Moreover,
certain regions are not always included in the reporting, depending on the yearly monitoring capabilities of the
country, as such not all OSPAR regions might be included in this summary.
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Shellfish Production

Scotland remains the top shellfish producer within the UK, contributing between
26.27% (6,935 tonnes; 2013) and 44% (7,061 tonnes; 2019) of farmed species. Wales
experienced the most visible decline in total shellfish production, dropping from 8,344
tonnes in 2013 (31.61% of total shellfish production) to 2,946 tonnes in 2019 (18.5%),
primarily due to a decline in blue mussel yields. England contributed between 29.02%
(7,648 tonnes; 2013) to 26.20% (4,181 tonnes; 2019) of total shellfish production.
However, it is important to notice that in 2019, the reported production did not include
cockles, which have been a substantial component of English shellfish production
(50.90% - 60.70% between 2015 and 2018). The decline in the overall Northern Ireland
production from 3,464 tonnes in 2013 (13.12%) to 1,747 in 2019 (11.00%) was caused
by the decline in blue mussel yields, although the country has increased its Pacific
oyster production by 484 tonnes.

The United Kingdom's for-consumption production focused on the blue mussels,
Pacific oyster, Native oyster, Manila clam, queen scallop, Great Atlantic scallop,
common cockle, and hard clam, with a combined worth of nearly £22 million in 2019
(CEFAS, 2023). Here, the analysis focuses on the mussels, oysters, and Manila clams,
which were responsible for 99.77% of this reported value. Over the past decade, the
UK's shellfish industry has consistently placed in the top 20 oyster and mussel
producers in the world and the top 10 in Europe between 2015 and 2021 (FAO, 2023;
Seafish, 2023b, 2023a; Wijsman et al., 2019). This was achieved despite the overall
decline in bivalve production, from 24,149 tonnes in 2015 to 15,936 tonnes in 2019,
which was largely due to decreased yields of mussels, particularly in Wales (Fig. 7, 8).
Between 2013 and 2019, blue mussel, Manila clam and Native oyster production
experienced an overall decline of 41.26%, 36.36% and 62.00% respectively, contrasting
with the increase of 111.78% for Pacific oyster production (Fig. 7). However, while
discernible patterns were evident for blue mussels, Pacific oysters and Native oysters,
production of Manila clam exhibited greater variability in the year-to-year yields. This
variability was more pronounced due to the comparatively lower overall production
levels of Manila clams, which has only been recorded for England. Native oysters
experienced a great decline in Scotland, with a simultaneous increase in yields
originating in England. This could be attributed to the widespread conservation and
restoration efforts forming part of the restoration works across the country which lead
to the expansion of the natural beds and can contribute to greater success of
commercial production in England while in Scotland the approach involves restricting
fishing to only Loch Ryan, allowing for slow and steady growth of the seabed (Baggett
et al., 2014; Kaspar, 2014; NatureScot, 2023; Preston et al., 2020; Zu Ermgassen et al.,
2020). Overall production of Pacific oysters was largely consistent, with England and
Northern Ireland remaining the top producers and limited yields harvested in Scotland
and Wales. Although still the dominant species in UK aquaculture, blue mussels have
experienced a 41.23% decline in yields (22,570 - 13,264 between 2015 and 2019),
largely due to the decline of production in Welsh waters.
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Figure 7: Total aquaculture production (tonnes) of UK all bivalves (mussels, oysters,
scallops, clams, and cockles as well as marine molluscs not else identified) between
2013-2020 (note the different scales). The red dashed line indicates 2019, after which
the reported production might be biased due to Covid-19 pandemic and should be
considered with caution.
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Figure 8: Aquaculture production (tonnes) of UK bivalve species across the countries
between 2013-2020 (note the different scales). The red dashed line indicates 2019,
after which the reported production might be biased due to Covid-19 pandemic and
should be considered with caution.
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The decline in production can be related to administration and technical issues such
as hindered access to finance for smaller companies due to a long wait (can be as
much as three years) before a company starts gaining revenues, exacerbated by
unexpected costs, slow domestic market, difficulty in finding employees (particularly
in the remote regions of Highlands) and regulatory constraints. Moreover, biological
events have contributed to the closing of mussel ventures in locations across Scotland
(Crown Estate Scotland and Maritek, 2019).

Nitrogen removal estimates
Proximate analysis on the national level

For nutrient removal, data from shellfish production for 2019 was used to represent
the most recent valid year. The estimated removal volumes for nitrogen and carbon
using the proximate analysis are available in Table 6. Based on the 126.57 tonnes of
nitrogen removed in 2019, mussels were responsible for 92.19% of the nitrogen
removed by shellfish, followed by 7.72% removed by Pacific oysters. The dominance
of blue mussels in nitrogen removal (Fig. 11; Table 6) can be attributed to their high
nitrogen content compared to oysters or clams (Table 3) and higher levels of
production (Fig. 7, 8). Although not the primary focus of the study, the removal of
carbon was also estimated (Fig. 10, 12). However, it is important to note that this
number represents the removal of carbon from the water column following harvest,
rather than long-term overall sequestration. Several factors such as bivalve respiration,
local conditions and shell dissolution affect the effectiveness of the sequestration and
contribute to offsetting it. As such the 1762.49 tonnes removed in 2019 should be
considered as an indication of the effect, rather than precise estimates. Similarly to
nitrogen, mussels dominated in terms of the proportion of total carbon removed by
shellfish (83.51%), with Pacific oysters removing nearly five times less (16.32%). The
removal of both elements was not distributed evenly across the UK, with the main
aquaculture producers, Scotland, and England, remaining the top contributors in
nitrogen and carbon removal (47.68% and 24.09% of nitrogen and 44.35% and 26.14%
of carbon removed respectively).

The nitrogen and carbon removal follows the trends in UK production, with lowered
capacity in Northern Ireland, Wales, and Scotland in recent years, attributed to the
decline in mussel and Native oyster production (Fig. 9, 10). Despite the increase in
Pacific oyster production in Northern Ireland, the decline in mussels outweighs it,
reducing the nutrient removal capacity of Irish waters. Concomitant favourable mussel
and oyster yields in the past two to three years are also reflected in increasing nutrient
removal services provided by the English shellfish industry. Comparable results have
been seen for the UK based on mussel production in the UK (2018), where 14,247
tonnes of mussels removed 125 tonnes of nitrogen (Ferreira et al., 2020). The removal
efficiency is 0.0088 tonnes of nitrogen per tonne of mussel, which is slightly higher
than the removal proposed by Olivier et al. (2020), but still shows the greatest
bioremediation potential per tonne of shellfish. Comparably, the average oyster
removal here was 0.0037 tonnes of nitrogen per tonne of oysters, higher than the
estimated 0.00233 tonnes based on global data (Olivier et al., 2020).
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Figure 9: Nitrogen removal (tonnes) estimates based on aquaculture harvest of UK
bivalve species (blue mussel, European flat oyster, Pacific oyster, Manila clam) for
England, Northern Ireland, Scotland, and Wales between 2013-2020, estimated by
proximate analysis (note the different scales). The red dashed line indicates 2019,
after which the reported production might be biased due to Covid-19 pandemic and
should be considered with caution.
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Figure 10: Carbon removal (tonnes) estimates based on aquaculture harvest of UK
bivalve species (blue mussel, European flat oyster, Pacific oyster, Manila clam) for
England, Northern Ireland, Scotland, and Wales between 2013-2020, estimated by
proximate analysis (note the different scales). The red dashed line indicates 2019,
after which the reported production might be biased due to Covid-19 pandemic and
should be considered with caution.
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Figure 11: Nitrogen removal (tonnes) estimates based on aquaculture harvest of UK
bivalve species for England, Northern Ireland, Scotland, and Wales between 2013-
2020, estimated by proximate analysis (note the different scales). The red dashed line
indicates 2019, after which the reported production might be biased due to Covid-19
pandemic and should be considered with caution.
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Figure 12: Carbon removal (tonnes) estimates based on aquaculture harvest of UK
bivalve species for England, Northern Ireland, Scotland, and Wales between 2013-
2020, estimated by proximate removal (note the different scales). The red dashed line
indicates 2019, after which the reported production might be biased due to Covid-19
pandemic and should be considered with caution. Note should be taken of the different
carbon removal scales.
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FARM model

Similarly, to the proximate analysis, in the scaling up of the FARM estimates, data from
2019 for shellfish production was used. The estimated removal volumes for nitrogen
using the scaled-up FARM outputs are available in Table 6. Before considering the
data, it is important to note that the outputs are generated based on general and
averaged farm and environmental parameters and as such provide an overview of
potential rather than a detailed estimate for each country. Outputs are presented for
the regular model and the IBM model. The estimates for both, diploid Pacific oysters,
and triploid Pacific oysters are available in Table 6.

After summarising the data, FARM estimated the removal of between 285.15 (IBM)
and 362.65 tonnes of nitrogen. Similar to the proximate analysis, mussels were
responsible for most of the removal (91.23% - 92.66%), followed by Pacific oysters
(7.35% - 8.71%), which reflects their high production in Scotland, England, and Wales.
In comparison to the proximate analysis, the estimated N removal is universally higher
for FARM outputs, between 2 to 4 times higher, which has been observed before
(Ferreira et al., 2020). The proximate analysis considers only harvested individuals
using nitrogen content based on an average individual. In contrast, the model
considers the N removal contribution of the entire population (harvestable and
undersized individuals) as well as the individuals that were not harvested and did not
survive which contributes to the higher estimates.

Mass balance and financial valuation

The estimated nitrogen removal for 2019 compared against the nitrogen loadings for
2014 in the UK waters is available in Table 5. Although the changes in loadings can be
significant year-to-year, and shellfish production also changed between 2014 and
2019, this comparison allows for the use of the most recent complete data. Based on
that, bivalve aquaculture would have been able to remove between 0.034% to 0.098%
(FARM) of the nitrogen loadings in the UK waters. The nitrogen removal capacity
reflects the size of the industry in each of the countries (Figure 10; Table 6). However,
in terms of removal of their individual nitrogen loads, Wales (0.12% and ca. 0.30%
(FARM) of N loading into local waters) and Northern Ireland (0.11%; ca. 0.29% FARM)
have shown the biggest potential.

Although 126.57 tonnes of nitrogen (ca. 324.12 tonnes, FARM), or 0.03% (0.09%;
FARM) of nitrogen load removed, might not appear as substantial, in the context of the
15931 tonnes of bivalves produced in 2019, that removal level highlights the great
potential for bivalve bioremediation in UK waters. Current production levels are at least
eight thousand tonnes below the potential 2013 harvest, due to a combination of
socio-economic and political challenges. As such, the 2019 removal estimates do not
reflect the capacity of the country and production potential. By expanding current
production to at least 2013 levels, 203 tonnes of nitrogen could be removed.
Considering that the UK has substantial potential for bivalve aquaculture (MMO, 2019),
expanding the industry would bring greater benefits in terms of nitrogen removal and
other ecosystem services offered by shellfish. While not a complete solution on its
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own, our estimates illustrate that bivalve bioremediation could support other nature-
based solutions and enhance the overall effectiveness of nutrient management
strategies. In England, just the harvest-related bivalve bioextraction would offset
2.50% of industrial effluents (ca. 6.52%; FARM), while in Northern Ireland it would more
than compensate for them. This translates to tangible benefits for water quality
improvement, which already stand on top of other ecosystem services of bivalves and
gains from the food and by-product industry (Olivier et al., 2020). Moreover, it is a cost-
efficient mitigation measure compared to most of the other mitigation or purification
measures (Petersen et al., 2014, 2012; Pretty et al., 2003; Watson et al., 2020).

Table 5: Nitrogen loadings (tonnes) in the UK waters (2014) and nitrogen removal
(tonnes) by each of the countries (with the percentage of the total nitrogen loads for
the respective UK waters in brackets) calculated through proximate analysis and
FARM software (t stands for estimates where triploid oysters were used for Pacific
oyster instead of diploid oysters) using 2019 production data.

N-removal

Country N-Total input .

AT FARM FARM IBM
analysis

England 30.47 88.00 (t) - 88.17 68.87 () - 68.31
266 088.31 (0.01%) (0.03%) (0.03%)
Northern 10.01 29.82 (t) - 29.97 22.48 (t) - 21.99
Ireland 9 206.83 (0.11%) (0.32% - 0.33%) (0.24%)
Scotland 60.27  171.26 (1) -171.31  136.53 (t) - 136.36
72 305.60 (0.08%) (0.24%) (0.19%)
Wales 25.82 73.20 (t) - 73.20 58.51 () - 58.50
21 561.33 (0.12%) (0.34%) (0.27%)
Total 126.57 362.28 (t) - 362.65 286.39 (t) — 285.15
369 162.10 (0.03%) (0.10%) (0.08%)
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Table 6: Nitrogen and carbon removed (tonnes) by each species in the UK, estimated through scaling up of proximate analysis
and FARM results based on production from 2019 reported by Cefas. For FARM, the results are based on the regular and IBM
versions of the model and provide only nitrogen estimates. For Pacific oysters, the estimates are available for diploid and triploid

organisms (t).

Proximate analysis

Blue mussel Pacific oyster Native oyster Manila clam
C N C
England 25.90 326.73 4.51 132.94 0.03 0.96 0.02 0.60 30.47 461.22
Northern Ireland 6.12 77.15 3.89 114.61 - - - - 10.01 191.76
Scotland 58.95 743.59 1.30 38.26 0.02 0.70 - - 60.27 782.55
Wales 25.75 324.79 0.07 2.18 - - - - 25.82 326.97
UK Total 116.72 1472.25 9.78 287.99 0.05 1.66 0.02 0.60 126.57 1762.49
FARM
Blue mussel Pacific oyster Native oyster Manila clam Total N
Regular IBM Regular IBM Regular IBM Regular IBM Regular IBM
England 14.66
9.43 88.17 68.31
. . 14. . 1 . .
73.40 56.69 t:tt)w 10.00 (t) 0.06 0.10 0.05 0.08 88.00 (1) 68.87 (1)
Northern Ireland a3 - 15‘61;1 813 _ _ _ _ 59.97 21.99
) ' (é) 8.62 (t) 29.82 (t) 22.48 (t)
Scotland 4.22 2.71 171.31 136.36
167.05 133.57 4.17 (t) 2.88 (t) 0.04 0.07 i i 171.26 (t) 136.53 (t)
Wales 0.24 0.15 73.20 58.50
7296 >8.34 0.24 (t) 0.16 (t) ] i i i 73.20 (t) 58.50 (t)
UK Total 31.75
20.43 362.65 285.15
330.74 264.46 3138 21.66 (1) 0.10 0.18 0.05 0.08 362.28 (t) 286.39 (1)
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Economic valuation and credit trading potential

Having analysed the nutrient removal capabilities of bivalves, and the variability
involved in their efficiency, the question of financial value remains. The approach with
the highest potential, due to its simplicity and wider availability of necessary data, is
the avoided or replacement cost method, where the economic value is estimated
based on the cost of the alternative, least-cost mitigation methods and nutrient
removal strategies such as stormwater control measures, chemical and manual
wastewater treatment and approved agricultural Best Management Practices (BMP)
(Barrett et al., 2022). It has been successfully applied before in coastal regions of the
United States for oysters (Bricker et al., 2020; Dvarskas et al., 2020; Parker and Bricker,
2020), as well as for mussels of the Baltic Sea (Gren, 2019). In the UK, such valuation
has been conducted for oyster populations of the Solent (Watson et al., 2020) and
Dundrum Bay (Northern Ireland) (Ferreira et al., 2020).

The assessment of nitrogen removal costs, as outlined in Table 7, provides valuable
insights into potential cost savings and the viability of nutrient credit trading. By
extrapolating data from the Poole Harbour water treatment facility, which indicates a
cost of approximately £58,000 per tonne of nitrogen removed through methanol
dosing and tertiary denitrifying sand filters (Wessex Water, 2023), the cumulative
savings on a national scale could surpass £7 million (or £16 - 21 million; FARM)
annually for the 126.57 tonnes (ca. 285.77 - 362.46 tonnes; FARM) of nitrogen
removed in 2019. Further collaborative efforts with local farmers, landowners, and
businesses for effective catchment management aimed at reducing nitrogen influx
(improving farming practices, reducing fertiliser wastage, improving biodiversity,
reducing runoff) could contribute an additional £1.1 million (£2.5 - 3.2 million; FARM)
in savings. Using another regional valuation example from data based on Solent
replacement and abatement costs, the average cost of reducing a tonne of nitrogen
could be around £295,000 (Watson et al., 2020), suggesting over £37 million (£84 -
106 million; FARM) in savings, but could reach as much as £139 million (£398 million;
FARM) considering the highest potential avoided cost of £1,100,000 per tonne of
nitrogen. This substantial range, between £32,884 and £139 million (£74,300 and £398
million; FARM) underscores the significant potential for cost savings in nitrogen
removal. However, it is crucial to remember that any potential remuneration for the
services provided by bivalves would most likely be based on the least cost approach
(i.e. method of nitrogen removal or mitigation that is the lowest cost alternative) and
adjusted for the needs of the market. Quantifying cost-saving implications of including
bivalve aquaculture as means of nitrogen removal in water quality management
schemes are pivotal in laying the groundwork for innovative mechanisms like nutrient
credit trading, a concept advocated by the Aquaculture Advisory Council (AAC, 2023)
and explored by projects such as GAIN (Ferreira et al., 2020). It would not only help
achieve substantial cost savings in water management efforts but also address critical
environmental concerns, propelling the UK towards a more sustainable and
economically efficient future. UK has also committed to promoting nature-based
solutions to protect the marine environment, including nutrient removal, through
joining the OSPAR Convention.
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Table 7: Costs for various aspects of nitrogen and eutrophication removal, monitoring and mitigation measures. Values are
provided for the UK nitrogen (N) removal: 126.57 tonnes from proximate analysis (PA), 362.46 tonnes from FARM and 285.77
FARM IBM estimates.

Issue

Method Source Location Value (PA) Value (FARM; FARM IBM)
addressed
Methanol dosing; tertiary ~ £58,300/tonne of N £7,378,051 £21,131,460 yr™;
denitrifying sand filters yr' yr' £16,660,391 yr' (IBM)
Wessex Water, Poole
2023 Harbour
Catchment management £8,750/ tonne of N £1,107,487 £3,171,531 yr’;
9 yr yr £2,500,487 yr' (IBM)
Brink et al., 2011
. P (adapted from England £94,239
Mixed methods £0.26 kg™ N Pretty et al., and Wales £s2884 £74,300 (IBM)
2003)
Nitrogen Change of agricultural
arass production through e37asts0- . £106925913- 324402346
- -1 991, -
direct land purchase or £295-895kg™N 113,325,150 £84,302,150 - 255,764,150 (IBM)
Payments for Ecosystem
Services schemes
Upgrades to existing Watson et al., Solent
wastewater treatment £989-1100 kg N 2020 £35,781,540 - £102,213,923 - 398,706,794
plants and associated 9 139,227,000 £80,587,140 - 314,347,000 (IBM)
drainage infrastructure
gbplication of Gatchment i £632,850 - £1,812,303 - 8,336,596
measures g g 2,913,110 £1,428,850 - 6,572,710 (IBM)
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Treatment of algal blooms and in-water preventative measures £0.5m yr
Adopti f ti that it f trient £3.39 1
opting new farm practices that emit fewer nutrients m yr England and
Pretty et al., 2003 Wales
Monitoring costs for water and air £0.44myr’
Not . - - . 4
Eutrophication Developing eutrophication control policies and strategies £0.2myr
Stormwater control measures £2914kg™" N
Approved agricultural BMP £374kg' N Rose etal, 2015 USA-based
estimates
Wastewater treatment £7047 kg N
upgrades
Costs tp the agricultural sector of complying with the NVZ £44m - £65m yr .
. regulations Environment
Nitrate . UK
Company led catchment schemes to reduce nitrate 1 Agency, 2021
) : . . . £95m - £115m yr
concentrations in their abstractions in SgZ
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The research from the GAIN project can be translated into additional, innovative
revenue streams for aquaculture resulting in a nutrient credit trading policy framework
for Europe and could provide an evaluation of the water quality improvement services
provided by commercially important bivalve species present in the EU waters,
including blue mussels in the UK (Ferreira et al., 2020). The use of nutrient credit
trading has been considered for the USA and implemented in some states (Ferreira et
al., 2007b; Jones et al., 2010; Newell and Mann, 2012; Rose et al., 2015; Stephenson et
al., 2010; Wheeler, 2020). It has the potential for profitable aquaculture ventures as
well as in areas where bivalve cultivation might not be profitable on its own
(Ritzenhofen et al., 2021). There, the economic value for bivalve aquaculture nitrogen
removal was placed between £82,522 (current) and £318,299 (prospective) for oysters
in the Great Bay Piscataqua (Bricker et al., 2020), with annual revenue between
£439.92 to £9.82 million in Chesapeake Bay (Parker and Bricker, 2020) and £129 to
£325 per kilogram of nitrogen annually at Greenwich Bay (USA) (Dvarskas et al., 2020).
In the Long Island Sound, 1.3% of the nutrients entering the system could be removed
by the present shellfish reefs, with avoided costs placed between £6.68 million and
£180 million annually (Bricker et al. 2018). Mussel farming in Limfjorden (Denmark)
provided avoided costs in the range of £1.34 million to £1.62 million (Filippelli et al.,
2020) whilst in the Solent area (UK) Native oysters were estimated to have provided
an annual bioextractive value of £37.44 million for nitrogen and £6.77 million for
phosphorus (Watson et al., 2020). Moreover, there is also a consideration for the
damage costs associated with nutrient enrichment and eutrophication (i.e.: reduced
value of waterside dwellings and of the water bodies for commercial uses, losses for
tourist industry and aquaculture etc.), placed at £82.52 million to £125.75 million
annually for England and Wales (Pretty et al., 2003). Visibly, the valuation estimates
are varied (Table 7) and show a vast range of magnitude. As such it is imperative to
provide bioextraction and economic value analysis on a regionalised basis.

In the case of the UK, implementation of any nutrient credit trading (NCT) would be
dependent on the availability of information on removal costs through methods
currently available in specific regions. Moreover, due to the intricate dynamics of
aquatic ecosystems and biochemical processes involved in nitrogen cycles, a national
NCT would most likely be based on harvestable biomass such as the Chesapeake
example (Ferreira and Bricker, 2019; Rose et al., 2021). However, the inclusion of
processes such as denitrification and burial can be implemented on a regional,
catchment basis using modelling approaches outlined in the GAIN framework (Ferreira
and Bricker, 2019; Ferreira et al., 2020). Nevertheless, it still requires a comprehensive
regulatory framework, encompassing credit calculations, monitoring protocols, and
enforcement mechanisms, which demands the collaboration of governmental bodies,
aquaculture operators and environmental advocates. Furthermore, fostering public
awareness and acceptance is necessary to maintain interest in the food provisioning
services of bivalves. It is crucial to ensure that consumers understand that bivalve
nitrogen removal stands as a safe and reliable approach, assuring the suitability of
these bivalves for eventual human consumption and does not in itself introduce
concerns related to pollution through heavy metals or other contaminants. Once NCT
frameworks in the UK take hold and encompass bivalve producers, the result would be
the eco-intensification of existing sites, enhanced yields, improved profitability, and
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the generation of employment opportunities across the country with concomitant
benefits for the ecosystem reaching through multiple industries and cultural services.
It is important to note that any potential repayments for the removal of nitrogen or
nutrients would be based on a least-cost comparison, rather than the range of avoided
costs from different measures. Moreover, regional demand of the market and the
availability of bivalve-related credits would factor into the final value of the nitrogen
credit (Bricker et al., 2015, 2020b, 2018). Additionally, farmers should be aware that
the repayments would not be equal to the saved costs, but rather a proportion of the
costs saved from the least cost analysis.

Table 8: Summary of nitrogen removal valuations based on costs saved.

Nitrogen Removal Value Location Source

£82,522 - £318,299 Great Bay Piscataqua (USA) Bricker et al., 2020
£439.92 - £9.82 million Chesapeake Bay (USA) Parker and Bricker, 2020
£1.34 million - £1.62 million Limfjorden (Denmark) Filippelli et al., 2020
£129 - £325 annually Greenwich Bay (USA) Dvarskas et al., 2020
£6.68 million - £180 million Long Island Sound Bricker et al., 2018
annually

£37.44 million Solent area (UK) Watson et al., 2020
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Conclusions

As nutrient enrichment and elemental imbalance promote eutrophication, bivalve
bioextraction offers a promising nature-based solution to address this issue. While
bivalves alone cannot mitigate nutrient pollution, they could play a critical role in
removing nitrogen from the system, particularly in relation to the more challenging,
non-point diffuse sources, such as agricultural or stormwater runoff. This
bioremediation strategy has gained more academic attention, particularly in the last
seven years, focused on the nitrogen and phosphorous balance. Oysters (C. virginica,
M. gigas) and mussels (M. edulis) are the predominant study species, with clams and
scallops contributing to a lesser extent. Modelling approaches have gained more
popularity in the analyses of nutrient removal. Particularly the FARM model, which
combines several biogeochemical, physical and growth models to provide
eutrophication and financial benefits estimates.

Our analysis using the FARM model and proximate analysis provides encouraging
results for the bioextraction potential of UK bivalves — 126.57 tonnes (285.77 - 362.46
tonnes; FARM) of nitrogen removed in 2019. This aligns with reviewed research,
highlighting positive effects on water quality and net nutrient removal from the system.
The range of provided estimates is wide, indicating the importance of site and species-
specific variables. However, bivalve-mediated nutrient removal compared favourably
with best management practices and stormwater treatment. Nitrogen removal cost
assessments reveal substantial savings potential, ranging from £32,884 to £139
million (£74,300 and £398 million; FARM) based on the cost of alternatives such as
improved catchment management, wastewater treatments and changes in
agricultural land use.

Important aspects for consideration when estimating the removal capacity of shellfish
farms are biochemical processes, denitrification, nitrification, biodeposition and
excretion. These factors contribute to the net balance of nutrients removed and can
tip the scale from positive to negative net removal. Research points to the stimulation
of denitrification through bivalve presence, yet high densities and biodeposition can
offset nutrient removal. The choice of the right cultivation method and location for the
farm is imperative to offset the potential negative environmental effect of
biodeposition, salinity and pathogen spread, in order to create a net positive nutrient
removal effect. When considering frameworks for implementing bivalve
bioremediation into market mechanics such as nutrient credit trading on a national
scale, it will be important to focus on the quantifiable removal pathways such as
removal via harvest whilst local management efforts should assist in estimating the
potential of burying and denitrification removal.

As the UK remains in the top 20 global aquaculture producers for bivalves, it is well-
positioned for research into bivalve bioextraction and nutrient credit trading. While
bivalves alone cannot fully resolve the problem of excess nutrients, they are an integral
part of a multifaceted approach, particularly in areas experiencing high nutrient influx
and eutrophication. Bivalve bioremediation complements other strategies aimed at
improving water quality and ecosystem health and offers additional benefits, such as
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habitat enhancement and carbon sequestration, which also build ecosystem
resilience.

This research illustrates the potential of this bivalve nutrient management approach
by quantifying the water quality benefits on a national scale. By recognising and
harnessing the full capacity of bivalve ecosystem services, we can advance
environmental sustainability and economic resilience while contributing to a
sustainable food source. There is potential in using harvest removal estimates,
followed by widely tested methods like the FARM model, for a more comprehensive
understanding of site-specific nutrient removal capacity. Expanding this knowledge
and financially evaluating nutrient bioextraction in the context of nutrient trading is
necessary to fully realise the potential of the UK's shellfish sector. However,
successful implementation hinges on robust regulations, stakeholder collaboration,
and public awareness, fostering economic benefits and sustainable practices. Future
work in this direction will require collaborating with aquaculture producers to perform
case studies on individual farms across the nation and adapting the NCT schemes
implemented around the globe to fit the unique socio-economic and environmental
conditions of the UK.
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Appendices
Appendix 1 - Literature Review methodology expanded
Database creation

Identification of studies via databases and registers
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Appendix 1 Figure 1: Diagram of the review process: search, screening, and full-text
assessment. Steps followed were based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) reporting protocol.
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Eligibility criteria
For the eligibility of the article, screening had to identify the following points of interest:

Population: Focus on (non-freshwater) bivalves, preferably with current or potential
commercial aquaculture use. No species-specific limitation was imposed to provide a
comprehensive overview of bivalve capabilities, regardless of cultural, commercial, or
environmental importance which is not constant through time.

Issue: Research nutrient removal capabilities of bivalves as a part of field or laboratory
study.

If it was not immediately clear based on the title or abstract if the paper
investigated nutrient removal or for example other aspects of water quality, the
publication was retained for full-text analysis.

Comparator: Compare the effect of bivalve-mediated water quality improvement.

Outcome: Investigate the effects of bivalve-mediated nutrient removal on water quality
indicators (direct nutrient content, Chl a concentration, phytoplankton concentration
etc.).

Context (aquatic): Concentrate on bivalve presence in marine and brackish waters.

If the species is freshwater but its presence has been recorded and investigated
in the context of marine or brackish habitat, the article was retained for full-text
analysis and could be included in the review.

Study design: Must be an English-language, peer-reviewed, primary data publication
(reviews and meta-analyses excluded). If it was not immediately clear based on the
title or abstract if the paper was a review or primary study, it was retained for full-text
analysis.

Data extraction and analysis

The study information included but was not limited to, geographic specifications
relevant to the research, type of study conducted (field or lab experiment, modelling)
and elements of the PICO inquiry: aquatic setting investigated, species or organism
group, issue addressed, effect measurement approach and observed outcome.
Studies covering the analysis of more than one species or species group (hereafter
combined articles) were treated as separate instances for the analysis. When a
specific site was not given by the authors, the study was assigned to the ‘Unspecified’
category. The issue and outcome data were extracted and categorised based on
information sourced from literature reviews published in the field. The study data and
bibliographic information from articles retained after the full-text screening were
extracted, with a focus on the issue addressed and observed or predicted results
based on fieldwork, laboratory experiments or simulation. Extracted research data and
publication information were analysed and visualised using RStuido software (R Core
Team, 2023). The process and analysis are reported following PRISMA.
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Appendix 2 - FARM input data

Appendix 2 Table 1: General information on culture practice for the typical UK shellfish
farms across different species. The data were used as a basis to parameterise FARM
models for all the species-country combinations in addition to environmental drivers
that were specific to each country within the UK.

Species Blue mussel Pacific Native Manila
oyster oyster clam

g
2
3 S  Stocking
< S density 350 75 100 600
£ 5 (indiv./m?)
£
(%)
3
& Cultivation Longlines, Bottom Bottom Bottom
£ method bottom
&
oS Mortality (%) 10 20 30 20
£ §  Culture period 1120 700 1500 1220
2 Z (days)
w 3 i

3 I(—gl;)lrvest weight 20 80 90 17
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