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Abstract

Microencapsulated diets to improve the productivity of bivalve shellfish

aquaculture for global food security

David Frederick Willer

Food is the single strongest lever to optimise human health and environmental sustainability
on earth. However, food production and consumption patterns today threaten both people
and planet. We face a double-burden of malnutrition and overconsumption, with two billion
people micronutrient deficient and over two billion people overweight or obese, and the
global food system is now the single largest greenhouse-gas-emitting sector. Bivalve shellfish
— including mussels, clams, and oysters — could be an invaluable component of our global
food solution. Bivalves are nutrient rich, production has a lower environmental footprint
than that of all other animal foods, and developing just 1% of the coastline suitable for
bivalves worldwide would provide over one billion people with all their protein needs. To
realise global potential there is an urgent need for innovation to enable increased bivalve
production and consumption. This thesis aimed to test whether new innovations in
microencapsulated feeding technology could be used to overcome major bivalve industry
bottlenecks and help drive a step change in our global food system.

The initial research focus was to assess the potential of microencapsulated feeds as a
problem-solving tool in bivalve aquaculture and test viability via laboratory experiments. |
performed a critical review to assess key industry challenges and identify where
microencapsulation technology could most effectively be applied. Experimental tests then
allowed me to demonstrate that microencapsulated feeds could be ingested by a
commercially farmed bivalve, the blue mussel (Mytilus edulis), providing a foundation for
research on specific industry challenges.

The second phase of the thesis assessed the effectiveness of microencapsulated
feeds to tackle major bivalve hatchery bottlenecks in juvenile growth and broodstock
conditioning. | undertook research both in the laboratory and at a commercial hatchery to
reveal that microencapsulated feeds could increase the growth and survivorship of European

oyster (Ostrea edulis) juveniles relative to conventional live algal diets. | then demonstrated
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that the feeds could facilitate improved sexual development in O. edulis broodstock and
enable this stage of bivalve production to become an order of magnitude more sustainable
and economically efficient.

The final phase of the thesis aimed to use both experimental and literature analyses
to explore how microencapsulated diets and bivalve aquaculture could help tackle broader
nutritional problems and contribute towards food security goals. | identified an optimal
dosing strategy to fortify Pacific oysters (Crassostrea gigas) with vitamin A and D, and
outlined how tailoring the micronutrients encapsulated and bivalve species reared could
provide a low cost mechanism to tackle regional nutritional deficiencies directly through the
food supply. | then built on this global perspective and reviewed how expansion of bivalve
aquaculture could help tackle food security challenges in the developing world. Key
components of the value chain requiring further research, industry investment and policy
changes were identified, alongside the importance of a multifaceted strategy to stimulate
increased consumer demand.

To summarise, my work in this thesis has demonstrated how applying new
innovations in microencapsulation technology to bivalve aquaculture can provide powerful
solutions to a range of industry challenges. Scale up and further application of the research
breakthroughs | have made can contribute towards a global revolution in food production

with widespread benefit to human and planetary health.
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Chapter 1: Introduction

1.1. The global food security goal

Food is the single strongest lever to optimise human health and environmental
sustainability on earth. However, food is currently threatening both people and planet
(Figure 1.1.) 1. We face a double-burden of malnutrition and overconsumption; worldwide
800 million people are malnourished and without enough food to meet their energy
demands, two billion people receive adequate or excessive calories but are deficient in key
nutrients, and at the same time over two billion are overweight or obese 2. In parallel, we
have now exceeded the safe limit for four of the nine planetary boundaries that define the
environmental limits within which humans could continue to develop and thrive for
generations to come 3. Agricultural activities emit 35% of greenhouse gases, occupy 40% of
Earth’s land, account for 70% of freshwater usage, and drive deforestation, habitat
fragmentation, environmental eutrophication and biodiversity loss >*. Without concerted
action the environmental impacts of the global food system will increase by 90% by 2050,
and 50% of the global population will be overweight °. The USD $127 trillion yr?* value of our
ecosystems would halve, and the already high economic costs of obesity, 3% of global GDP,
would skyrocket ®7.

The global community now has the urgent goal to provide planetary health diets for
an increased population of 10 billion people by 2050 . Planetary health refers to ‘the health
of human civilization and the state of the natural systems on which it depends’ 8. Planetary
health diets must meet the following requirements; they should contain healthy nutrition,
tackle human health challenges, and be built upon sustainable food production. A strategy

for action to provide these diets is needed 3,
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Figure 1.1. Pressures on planet Earth to tackle by 2050. For 2019, the proportion of the
global human population who are overweight, obese, malnourished, and micronutrient
deficient are shown in the planet centre. The extent to which we have exceeded the nine

environmental planetary boundaries surround the planet. Figure developed from sources 3.

1.2. Global strategies for action

The global strategy to provide planetary health diets has two key objectives. Firstly, a
shift in agricultural priorities from producing large quantities of energy rich-food to
producing healthy nutrient-rich food. Secondly, sustainable intensification of food
production to increase high quality output . Today, unsustainably high levels of red meat,
sugar, and starch consumption are driving human health and environmental problems, and
there is a need to cut consumption of these by at least 50%, while also increasing the
production of vegetables, nuts, legumes and fish 1. Sustainable intensification will require a
minimum 75% reduction in yield gaps, improvements in fertiliser and water use efficiency,
and crucially changes in the human food crops, feed crops, and animal foods we choose to

produce 4>,



In order to meet the objectives and provide planetary health diets we must
understand what the diet looks like at the consumer level. The planetary health diet is
primarily plant-based, containing a diverse mix of vegetables alongside a smaller quantity of
fruit, nuts, legumes, and complete grains (Figure 1.2.) 1. With meat production causing 60%
of agricultural greenhouse gas emissions, this shift to primarily plant-based diets will reduce
environmental impact °. However, consumption trends indicate people prefer meat, limiting
potential impact for purely vegetarian solutions. In addition, nutrients key to human health
are far less bioavailable in plants than meat, and rising atmospheric CO; is reducing the
absolute content of these nutrients in plants %11, Therefore, a smaller but equally important
proportion of the optimal diet will contain animal products to provide a rich and highly
bioavailable source of key nutrients (Figure 1.2.) 1. As a result, there is now an important
need to increase and intensify production of nutrient rich animal products that can be

reared sustainably.
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Figure 1.2. The planetary health diet. Comparing global food consumption today (2020)
with optimal consumption for planetary health. The figure portrays the global
overconsumption of red meat and starchy vegetables and a need to transform our dietary
choices. The size of the wedges indicate consumption level relative to the 100% optimal

health boundary. Figure developed from source *.



1.3. Intensifying production of nutrient rich animal products

In order to sustainably intensify production of nutrient rich animal products, two
important considerations need to be made. Firstly, we must carefully select the variety of
animal products we improve the production of, based upon the health and environmental
merits of each product. Secondly, we must optimise the mechanisms by which we
sustainably improve the production of these products.

Terrestrial meat will remain a large component in the global food system, but
changes are required to provide sustainability. Meats including beef, pork, and chicken are
valuable nutrient sources, containing high levels of protein, zinc, iron, and vitamin A in
particular (Figure 1.3.), with over 315 million tonnes currently produced worldwide 1213,
However, their environmental footprint is also large, with beef having the highest
greenhouse gas emissions, land use, freshwater use and eutrophication potential of all
major food types (Figure 1.4.). Life Cycle Analysis (LCA) is used throughout this thesis in
order to evaluate the environmental impacts of different food systems. An overview of the
practical process of LCA, with specific regard to aquaculture, and the developments which
have occurred since several chapters of this thesis were published, is outlined in Box 1.1.

There are several options to sustainably intensify terrestrial meat production. Efforts
can be made to increase production of insect meat. Insects such as mealworms, crickets, and
termites are rich in protein and vitamin B12 (Figure 1.3.), and have a lower environmental
footprint than all other terrestrial meats (Figure 1.4.). A major challenge here will be in
finding ways to shift consumer preferences towards these foods, with a relative minority of
global cultures traditionally consuming insects 1. Changing the mechanism by which we
produce beef, pork, or chicken is also an option. Laboratory grown meat has been shown to
have a similar or improved nutritional profile to conventional meat. However, studies
currently suggest that the environmental footprint of laboratory meat is indifferent to that
of conventional meat. Significant improvements in production systems will be required to
make sustainable laboratory meat a reality 145,

Aguatic and marine animal meats will also continue to play a vital role in the global
food system. Fish, crustaceans, and bivalves are among the most nutrient-rich food sources,
containing exceptionally high levels of protein, omega-3 fatty acids and key micronutrients
including selenium (Figure 1.3.). However, as with terrestrial meats, the environmental

footprint of aquatic meats can be large. Today 90% of large predatory fish stocks, such as
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sharks, tuna, marlin, and swordfish, have disappeared. Over 80% of the planet’s remaining
wild fish stocks are fully exploited, over-exploited, depleted, or in a state of collapse *°.
Additionally, the farming of species such as shrimp and prawn also results a high level of
carbon emissions and land use compared to other foods (Figure 1.4.).

Sustainable intensification of aquatic food production requires several key steps to
be made. Firstly, there is a need to increase consumption of low trophic level wild fish
species such as sprats, herring, and anchovies in replacement of higher trophic level species
such as tuna and cod. Today just 3% of fish caught come from low trophic levels and there is
significant room for improvement 7. Secondly, with annual catch of wild fish static over the
past 30 years despite a doubling of fishing effort since 1950, there is a major need to change
the mechanism by which we provide aquatic food products . Aquaculture is the alternative
mechanism, and is already the world’s fastest growing food sector, growing at 8% per
annum over the past 30 years 6. There is great potential for further growth; worldwide
there are 13 million km? of currently undeveloped coastline suitable for highly productive
fish or bivalve aquaculture (Figure 1.5.) 8. Developing just 1% of this coastline could yield
340 Mt of fish and bivalve meat annually, enough to meet the annual protein needs of 2.8
billion people 8. There is need for transformation across the aquaculture sector to meet this

potential °.
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Figure 1.3. Nutritional value. Starplot comparing the content of key nutrients in major
global food types. Aguatic and marine meats have exceptionally high levels of protein and
omega-3 fatty acids and are the best source of many key micronutrients. Figure developed

from source 13.
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Figure 1.5. Global potential for aquaculture. Areas of coastline suitable for the development
of productive fish or bivalve farming are shown in red. The quantity of fish meat and bivalve
meat (Mt) that could be produced by developing just 1% of the suitable coastline is shown
for each global region, alongside the number of people (millions) that could be fed with this
meat as their only protein source. Regions are as follows: North America (N.Am), Central
America (C.Am), Caribbean (C), South America (S.Am), Western Europe (W.E), Eastern
Europe (E.E), Northern Africa (N.Af), Sub-Saharan Africa (S.Af), Western Asia (W.As),
Southern Asia (S.As), Eastern Asia (E.As), South-Eastern Asia (SE.As), Oceania (O). Figure

developed from source 18

Box 1.1. Life Cycle Analysis and applications in aquaculture

Life Cycle Analysis (LCA) aims to identify and quantify the environmental impact of a process
or product over the entire life cycle. In the context of food production systems,
environmental impact categories within this analysis commonly include climate change,
aquatic eutrophication, water use and land use 2. LCA is used throughout this thesis and in

the production of display items such as Figure 1.4.
It is important to note that the output values of any LCA should be read with caution, as

there are numerous factors that can influence the value displayed. Factors include the

modelling approach and assumptions made in the analysis, the case-specificity of a given

14



analysis and its relevance for wider application, and importantly potential changes in a

process over time that will affect its environmental impact %%

To illustrate this point with specific regard to aquaculture one can consider Fish in : Fish out
(FIFO) ratios. (FIFO) ratios are a principle metric used in life cycle analysis to assess the
impact aquaculture may have on wild fish stocks. FIFO represents the amount of fish used to
produce 1kg of farmed fish. Numerous calculation approaches have been used over the past
three decades, and several developments have been made since many of the chapters of
this thesis were published. One of the most recent approaches by Kok et al. 2020 is
economic Fish in: Fish out (eFIFO) ratios, which include economic allocation to avoid double
counting of fish resources ?2. In eFIFO, the amount of fish required depends on the amount
of feed needed to support 1kg of growth, the fraction of the feed that is fish meal and fish oil

and the embodied fish per kg of fish meal and fish oil 2.

Consider salmon production, which is referred to in Chapter 2 of this thesis. Using Tacon &
Metian’s 2008 approach, which doesn’t include economic allocation, the FIFO for salmon in
1995 is 7.8 23, yet when using Kok et al.’s 2020 approach the 1995 eFIFO value is 3.8 ?2. These
values differ greatly, and depending on which is reported very different outcomes could
result regarding the selection of food production systems and policies we choose to make,
emphasising the importance of considering the modelling approach. Chapter 2 of this thesis
reports data using the Tacon & Metian approach, using a value of 4.9 for salmon 2. FIFO
values also change over time; the 2020 eFIFO value for salmon is just 1, due to advances in
feeding practices. This emphasises the importance of using comparable approaches and

time-relevant data when assessing global food solutions towards 2050.

1.4. The need to develop sustainable aquaculture

Aguaculture has the potential to play a pivotal role in providing nutrient rich food for
planetary health diets, but must be done with minimal environmental costs ¥>21617.13 To
enable the industry to grow sustainably, improvements are needed across the entire value
chain, from breeding to production to marketing °. Improved selective breeding efforts are
needed, to promote efficient resource use and lower production costs *°. New technologies

and management practices are needed for sustainable disease control 1*2°, Feeding systems
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need to be rethought; today over 3.6 Mt of fishmeal and fish oil, primarily from wild-caught
fish, are used annually, and there is a need to shift to more sustainable sources such as algae
1925727 Better waste management and side stream recycling are needed to reduce resource
usage and cut production costs *°. Finally there is a need for careful selection of the
aquaculture species we choose to farm, with a specific focus on low trophic level fish and
bivalve shellfish, in order to optimise human health and environmental benefits (Figures
1.3, 1.4.). Effective marketing solutions will be needed to facilitate changes in consumer
preferences towards these species /1.

This doctoral thesis focusses on developing bivalve shellfish aquaculture as a key
component of sustainable aquaculture for global food security. Bivalve shellfish have a lower
environmental footprint than all other meats and many plant crops, and are a rich source of
key nutrients including protein, omega-3, selenium, zinc, iron, vitamin A and B12 (Figures
1.3., 1.4.). With over 1,500,000 km? of available coastline suitable for bivalve aquaculture
worldwide there is outstanding potential for industry growth, and developing just 1% of this
area would feed over 1 billion people with all their protein needs 22. In order for the industry
to grow and meet its global potential there is a need to overcome problems and bottlenecks
in bivalve production. New forms of microcapsules, recently developed as a mechanism to
deliver toxins to biofouling shellfish 2°, could have highly valuable application in aquaculture
(Box 1.2.). This thesis explores the exciting opportunity to use these microcapsules to deliver
nutritional products instead of toxins to bivalves, improve the quantity and quality of

bivalves that can be produced, and help provide a solution to key bivalve industry problems.

Box 1.2. The development of microencapsulation technology

Microencapsulation technology enables compounds to be contained within tiny spheres
known as microcapsules, with each having a diameter as small as 1 um, to several hundred
micrometres. A wide variety of active ingredients can be encapsulated including drugs,
enzymes, vitamins, flavourings, and catalysts, with applications ranging from
pharmaceuticals and food production to hazard control and defence 3°. As discussed in
Chapter 2 microcapsules offer a crucial advantage over other active nutrient delivery
systems, allowing ingredients to be released at a precise and appropriate location and
timepoint dependent upon the formulation 2>3°, Capsules can take a range of forms, from a
matrix formulation, to capsules with multiple cores, to monocore capsules with a single

interior chamber and surrounding envelope .
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The microcapsules used in this thesis are classed as monocore microcapsules, and were first
developed under the name ‘BioBullets’ as a way of safely and effectively controlling invasive
zebra mussels Dreissena polymorpha %°:3°. The capsules contained the active ingredient KCl,
and their specific size, buoyancy, and palatability allowed them to be preferentially filtered
and ingested by the mussels. As a result, the mussels would accumulate a toxic dose of KCI
over time, causing mortality, whilst the surrounding ecosystem would be unaffected due to
the low concentration of the capsules in the water %°. This thesis aimed to leverage the
microencapsulation technology to feed bivalves instead of eliminating them, allowing

intensification of key stages within the bivalve production system 3.

The thesis is presented as a set of published papers, outlined below. | took the lead
on all pieces of work. My supervisor Dr David Aldridge contributed to study design,
interpretation and reviewed each chapter before publication. Dr Samuel Furse performed

the experimental component of the fatty acid and lipid analyses in Chapter 5.

Chapter 2: Microencapsulated diets to improve bivalve shellfish aquaculture for global
food security 3!

There is a global need to sustainably increase aquaculture production to meet the
needs of a growing population. Bivalve shellfish aquaculture is highly attractive from a
human nutrition, economic, environmental and ecosystem standpoint. However, bivalve
industry growth is severely constrained by problems throughout the value chain. New
advances in microencapsulation technology have great potential to tackle these problems.
Microencapsulated diets could efficiently deliver high-quality nutrients, disease control
agents, and quality enhancers to bivalves. Microencapsulation has the potential to drive a
step change in bivalve production, reduce production costs, enhance human nutrition and
minimise impacts on the environment. If 25% of the protein we currently obtain from fish
aquaculture was obtained from bivalves, we could spare an area of land larger than Wales,
annual CO2 emissions equal to half New Zealand's emissions, and annually 11.8 billion litres
of freshwater.

Willer, D. F. & Aldridge, D. C. (2019). Microencapsulated diets to improve bivalve
shellfish aquaculture for global food security. Global Food Security 23, 64—73. doi:
10.1016/j.gfs.2019.04.007
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Chapter 3: Microencapsulated diets to improve bivalve shellfish aquaculture 32

Bivalve production is heavily constrained by problems throughout the value chain, in
particular poor feeding approaches, and new microencapsulation technology can provide a
solution. This study demonstrated that a new formulation of microencapsulated diet we
have developed known as BioBullets could be ingested by a commercially farmed bivalve;
the blue mussel Mytilus edulis. Microparticles could be captured by mussels with similar
efficiency to natural foods. Microparticles too large for ingestion were rejected in
pseudofaeces. Microparticles were successfully ingested and broken down by the gut.
Further work is required to assess the impact of microencapsulated diets on bivalve growth.

Willer, D. & Aldridge, D. C. (2017). Microencapsulated diets to improve bivalve
shellfish aquaculture. Royal Society Open Science 4, 171142. doi:10.1098/rs0s.171142

Chapter 4: Microencapsulated diets to improve growth and survivorship in juvenile
European flat oysters (Ostrea edulis) >3

Oysters represent 54% of the global bivalve market by value, with propagation of
juveniles within hatcheries critical to allow the industry to grow. Growth and survival of
juvenile oysters in hatchery systems is constrained by suboptimal feed. The live algal feed
currently used is expensive, of variable quality, contamination prone, and the high level of
skill and equipment required limits where hatcheries can be located. We demonstrate how a
novel microencapsulated diet can increase the growth and survivorship of Ostrea edulis
(European flat oyster) juveniles in both the laboratory and hatchery setting. O. edulis larvae
fed a combined diet of microcapsules and algae for 8 days had a 46% greater increase in
maximum size, 171% greater increase in minimum size, and 5% higher survival than larvae
fed algae alone. O. edulis spat of 4 mm fed the combined diet for 7 weeks also had
significantly greater survivorship (16% greater in hatchery, 58% greater in laboratory) and
growth comparable (hatchery) or better (laboratory experiments) than algae alone.

Willer, D. & Aldridge, D. C. (2019). Microencapsulated diets to improve growth and
survivorship in juvenile European flat oysters (Ostrea edulis). Aquaculture 505, 256—262. doi:

10.1016/j.aquaculture.2019.02.072
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Chapter 5: Microencapsulated algal feeds as a sustainable replacement diet for broodstock
in commercial bivalve aquaculture 3*

The global bivalve shellfish industry relies upon a supply of juvenile bivalves
produced by adult broodstock in hatcheries. Today large quantities of live algae are grown to
feed broodstock at $220 kg, driving highly unsustainable energy and resource use. New
advances in algal and microencapsulation technology provide solutions. We developed
microencapsulated Schizochytrium algae diets, which can be produced sustainably at < $2 kg
! from organic side-streams, and are shelf-stable to minimise waste. Physiological,
histological, and cutting-edge metabolomic analyses demonstrate that in commercial
settings sustainable microencapsulated diets facilitate improved sexual development and
12x greater omega-3 levels in oysters relative to conventional live algal diets. Further
research into microencapsulated diets could support bivalve industry expansion, and
contribute towards a step-change in sustainable global food production.

Willer, D. F., Furse, S. & Aldridge, D. C. (2020). Microencapsulated algal feeds as a
sustainable replacement diet for broodstock in commercial bivalve aquaculture. Scientific

Reports. doi: 10.1038/s41598-020-69645-0

Chapter 6: Vitamin bullets. Microencapsulated feeds to fortify shellfish and tackle human
nutrient deficiencies 2

Over 2 billion people worldwide are micronutrient deficient, with regionally specific
deficiencies, and a need for targeted micronutrient delivery to people through the food
supply. Bivalve shellfish provide the most sustainable source of animal protein on the planet
and are unique in that nutrients consumed at their end-life stage will be digested by
humans, as humans consume the entire organism including the gut. We developed a novel
microencapsulated vehicle for delivering micronutrients to bivalves to realise the potential
of fortified bivalves to tackle human nutrient deficiencies. We demonstrated that oysters fed
vitamin A and D microcapsules at a 3% initial dosage for just 8 hours had elevated tissue
vitamin content. A serving of just two such bivalves provides enough vitamin A and D to
meet human dietary RDAs. Scale-up of this technology and application to other bivalve
species could provide a low-cost and highly sustainable mechanism to contribute towards

tackling nutrient deficiencies globally.
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Willer, D. F. & Aldridge, D. C. (2020). Vitamin bullets. Microencapsulated feeds to
fortify shellfish and tackle human nutrient deficiencies. Frontiers in Nutrition, 7:102. doi:

10.3389/fnut.2020.00102

Chapter 7: Sustainable bivalve farming can deliver food security in the tropics >°

Suboptimal global food production is directly related to poor diets, nutrition-related
disease and environmental pressure. The tropical regions bear the brunt of this crisis. Bivalve
shellfish production is severely underdeveloped in the tropics, yet bivalves are one of the
most sustainable and nutrient-rich food sources available, and there is outstanding potential
to expand production. Efficient and effective development of bivalve aquaculture in the
tropics will require several key components, with the implementation of new innovations
and technologies across the value chain. New feeding and breeding approaches, grow-out
and food safety investment, and novel approaches to seafood distribution and marketing
will all play vital roles. Applying these approaches to develop just 1% of the potential
production area in the tropics could feed nearly a billion people by 2050.

Willer, D. F. & Aldridge, D. C. (2020). Sustainable bivalve farming can deliver food
security in the tropics. Nature Food, 1(7): 384-388. doi: 10.1038/s43016-020-0116-8

Chapter 8: Conclusion

The thesis aimed to apply breakthrough microencapsulated feed technology to
research aiming to significantly improve the productivity of bivalve shellfish aquaculture, and
thus help the bivalve industry to grow and play a leading role in meeting global food security
goals. Novel microencapsulated feeds were developed, characterised, and proven digestible
by commercially farmed bivalve species. Feeds enabled increased growth and improved
survivorship in bivalve juveniles, enhanced the quality of broodstock and accelerated sexual
development, and enabled fortification of adult bivalves with key nutrients for improved
human health — results demonstrated in both laboratory experiments and industry trials.
The thesis highlights the outstanding benefit of bivalves as a sustainable food source for a
growing global population and the incredible open opportunity for industry expansion that
could feed billions of people with nutrient rich food. Further research and stakeholder
engagement to scale-up the use of microencapsulation technology, develop the bivalve
value chain, and stimulate increased consumer demand can enable this opportunity to be

realised.
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Appendices

While not at the core of this Thesis, | include as appendices three additional papers
that | authored during the course of this PhD. Appendix 1 explores wider opportunities for
market expansion of bivalve aquaculture, Appendix 2 results from the obligatory BBSRC
Professional Internship for PhD Students placement, and Appendix 3 results from the

obligatory BBSRC Rotation Project.

Appendix 1: From pest to profit — The potential of shipworms for sustainable aquaculture
36

We face a food crisis. Suboptimal diet is the biggest cause of death worldwide, food
production the biggest greenhouse gas emitting sector, and by 2050 an extra 2.5 billion
people need affordable nutrition. Current farming systems will fail to tackle this crisis, and
there is an urgent need to diversify global food production and find effective solutions in
currently underexploited food sectors. Shipworms, or shell-less Teredo clams, could prove a
highly valuable component of such solutions. Historically viewed as a marine pest, they have
unique physiological characteristics which make them an ideal food source, including
exceptionally fast growth rates, the ability to feed on waste wood or sustainable microalgae,
and a high protein and omega 3 content. Today only a select few traditional cultures in the
Philippines consume shipworms, but there is considerable opportunity to develop
mechanisms to farm shipworms and provide a sustainable, nutrient rich, affordable food
source. This will require significant challenges to be overcome, ranging from fundamental
research to industry development to food processing and marketing. Leveraging new
innovations in breeding, aquaculture feeds, growth systems, food processing methodologies
and consumer engagement can however offer powerful solutions, and could help turn what
was once a maritime villain into a nutritional saviour.

Willer, D. F. & Aldridge, D. C. (2020). From pest to profit - The potential of shipworms
for sustainable aquaculture. Frontiers in Sustainable Food Systems, 4:575416.

doi:10.3389/fsufs.2020.575416
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Appendix 2: Matches and Mismatches Between Global Conservation Efforts and Global
Conservation Priorities 3’

Species extinctions are occurring 1000 times faster than background rates and
conservation efforts must focus limited resources on prioritised threats and habitats. To
protect biodiversity conservation organisations mobilise funds; effort realised in staff time,
research and public engagement. There is need to understand whether global conservation
effort is distributed appropriately across Threats and Habitats to protect the greatest
number of high extinction risk species. In this study three major measures of global
conservation effort across Red List Threats and Habitats were assessed; staff time spent by
the largest cluster of conservation organisations in the world - Cambridge Conservation
Initiative, efforts by international NGOs through social media, and global conservation
research publications since the year 2000. We find global conservation effort is generally
aligned with global conservation priorities, but there are important outliers. Shrublands and
rocky areas receive disproportionately little investment across all effort measures relative to
the number of high extinction risk species, threats from residential and commercial
development receive relatively low research and time investment despite social media
attention, while marine areas and climate change receive more attention than expected.
Governments and society must make critical conservation decisions in the context of rapid
global change, and there is potential for key Threats or Habitats to receive less attention
than required. The global conservation community would be wise to carefully consider and
improve its understanding of effort-priority mismatches if the greatest number of high
extinction risk species are to be protected.

Willer, D. F., Smith, K. & Aldridge, D. C. (2019). Matches and Mismatches Between
Global Conservation Efforts and Global Conservation Priorities. Frontiers in Ecology and

Evolution vol. 7 297. doi: 10.3389/fevo.2019.00297

Appendix 3: Feasting on terrestrial organic matter: Dining in a dark lake changes microbial
decomposition 32

Boreal lakes are major components of the global carbon cycle, particularly because of
sediment-bound heterotrophic microorganisms that decompose terrestrially derived organic
matter (t-OM). The ability for sediment bacteria to break down and alter t-OM may depend
on environmental characteristics and community composition. However, the connection

between these two potential drivers of decomposition is poorly understood. We tested how
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bacterial activity changed along experimental gradients in the quality and quantity of t-OM
inputs into littoral sediments of two small boreal lakes, a dark and a clear lake, and
measured the abundance of operational taxonomic units and functional genes to identify
mechanisms underlying bacterial responses. We found that bacterial production (BP)
decreased across lakes with aromatic dissolved organic matter (DOM), but the process
underlying this pattern differed between lakes. Bacteria in the dark lake invested in the
energetically costly production of extracellular enzymes as aromatic DOM increased in
availability in the sediments. By contrast, bacteria in the clear lake may have lacked the
nutrients and/or genetic potential to degrade aromatic DOM, and instead mineralized
photo-degraded OM into CO2 . The two lakes differed in community composition and the
higher concentration of dissolved organic carbon in the clear lake was associated with the
community assemblages in the clear lake. Furthermore, functional genes relating to t-OM
degradation were relatively higher in the dark lake. Our results suggest that future changes
in t-OM inputs to lake sediments will have different effects on carbon cycling depending on
the potential for photo-degradation of OM and composition of resident bacterial
communities.

Fitch, A., Orland, C., Willer, D., Emilson, E. J. S. & Tanentzap, A. J. (2018). Feasting on
terrestrial organic matter: Dining in a dark lake changes microbial decomposition. Global

Change Biology 24, 5110-5122. doi: 10.1111/gcb.14391.2017
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Chapter 2: Microencapsulated diets to improve bivalve

shellfish aquaculture for global food security

Willer, D. F. & Aldridge, D. C. (2019). Microencapsulated diets to improve bivalve shellfish
aquaculture for global food security. Global Food Security 23, 64—73. doi:
10.1016/j.gfs.2019.04.007

There is a global need to sustainably increase aquaculture production to meet the needs of
a growing population. Bivalve shellfish aquaculture is highly attractive from a human
nutrition, economic, environmental and ecosystem standpoint. However, bivalve industry
growth is falling behind fish aquaculture due to critical problems in the production
process. Feed defects, disease, and quality issues are limiting production. New advances
in microencapsulation technology have great potential to tackle these problems.
Microencapsulated diets could efficiently deliver high-quality nutrients, disease control
agents, and quality enhancers to bivalves. Microencapsulation has the potential to drive
improvements in bivalve production, reduce production costs, enhance human nutrition

and minimise impacts on the environment.
2.1. The global importance of bivalve shellfish aquaculture

2.1.1. Bivalves a strategic food source to sustainably feed a growing global population
Over 800 million people worldwide are hungry, one billion have inadequate protein
intake, and an even greater number suffer from nutrient deficiencies 3°. By 2050 these and
2.5 billion additional people will need access to nutritious food %°. Consequently by 2050
both total food demand and animal protein demand are expected to double #%. Terrestrial
meat production has tripled over the last 40 years to keep pace with demand #2. But this
growth is unsustainable; terrestrial meat production is a major driver behind humanity
exceeding safe biophysical thresholds for the planet, and already uses 70% of agricultural
land and 30% of freshwater, and causes 18% of greenhouse gas emissions and 30% of
biodiversity loss 443, Expanding aquaculture is seen as a possible solution and has been

identified as a critical component in securing food for 9.8 billion people by 2050 194445,
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Globally over 3 billion people depend on aquaculture for at least 20% of their dietary
protein 4. Over the last decade animal aquaculture production has grown at 5.6% per year
to 78 million tonnes, was worth USS 160 billion in 2015, and is the world’s fastest growing
food sector 17444647 However, like terrestrial meat production aquaculture is currently
expanding in an unsustainable way #>*¢, Production quantity of carnivorous species such as
salmon, catfish, and shrimp has ballooned, growing 84% over the last decade, and today
salmon is the largest single commodity in aquaculture 478, Production of these species is
reliant upon fish meal and fish oil from wild-caught fish, with 5 kg of wild-caught fish
required to produce 1 kg of farmed salmon 4. Wild fish stocks are suffering; 31% of stocks
are overfished and a further 60% fished to their biological limit *8, Total capture of wild fish
has been static since the 1980s despite increased fishing effort 8,

To sustainably provide food for a growing global population, there is a great need for
aquaculture to focus on species lower in the food web that require little or no fish as feed
4546 Bijvalve molluscs offer one of the most attractive options for meeting this sustainability
need. In 2015 14.8 million tonnes of bivalves were produced globally, and if bivalve
aquaculture was to grow at the same rate as predicted for carnivorous fish aquaculture over
the next decade, an extra 13.1 million tonnes of bivalves would be produced per year,

feeding nearly twice as many people as bivalves do today /.

2.1.2. Nutritional, economic and environmental benefits of bivalve aquaculture

Bivalve shellfish aquaculture is highly attractive from a human nutrition, economic,
environmental and ecosystem standpoint and deserves a concerted research-led industry
focus to increase production. Bivalves have a higher protein content than beef (140 vs 85 mg
protein kcal?), and are a rich source of essential omega-3 fatty acids including
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), needed for infant
development, cognitive function and cardiovascular and neural disease prevention /4%, DHA
and EPA levels in bivalves (1.76 and 2.12 mg g respectively) are comparable with oily fish
(2.61 and 2.27 mg g!) and far exceed that of terrestrial meats (0.02 and 0.03 mg g*) *’.
Bivalves are highly affordable, with a global average farm gate price of $1.10 kg, compared
to $4.70 kg™ for salmon and $2.10 kg™ for aquaculture in general *°.

The environmental footprint of bivalve aquaculture is also far lower than all other
forms of meat or fish production and many arable crops, in terms of greenhouse gas

emissions, land use, freshwater use, and eutrophication potential per unit protein (Figure
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2.1.). To help appreciate just how significant this is, if just 25% of carnivorous fish
aquaculture was replaced with an equivalent quantity of protein from bivalve shellfish
aquaculture, 16.3 million tonnes of CO; emssions could be saved annually, equivalent to half
the annual emissions of New Zealand °°°. An area of land larger than Wales (2.7 million ha)
could be spared from conversion to farmland, 11.8 billion litres of freshwater could be saved
each year, and a net 21.1 million kg of P could be removed from eutrificated waters globally
19 Bivalve farming also provides a wide array of marine ecosystem benefits, including the
provision of nursery habitats for fish, filtration of the water column, enhanced denitrification
rates, coastal protection, buffering against harmful phytoplankton blooms, and even
restoration of coastal and estuary ecosystems °°2, Caution should of course be taken when
expanding bivalve aquaculture to avoid some of the potentially deleterious environmental
effects; species native to a region are best selected for aquaculture to avoid ecosystem
damage caused by the introduction of non-indigenous species, and the potential risks of
increased sedimentation from bivalve excrement should be assessed case by case >>°4. With
careful planning, a concerted effort to increase bivalve production could make up an
invaluable component of global goals to provide nutritious and sustainable food to people

over the coming decades.
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Figure 2.1. The lower environmental footprint of bivalve aquaculture compared to other
plant and meat food sources. Raw data for animal meats from 1°. Freshwater consumption
data for plant crops from 2° and converted from tonnes food to tonnes protein using 3.
Greenhouse gas emissions, land use, and eutrophication potential data for plant crops from

4. Note the broken axes due to high values for beef.

2.1.3. Global bivalve aquaculture production, management, distribution and consumption
The bivalve shellfish sector is an important growing global industry. Production

quantity has grown at 2.7% per year over the last decade and in 2015 14.8 million tonnes of
the major bivalve species (oysters, clams, mussels and scallops) were produced with a farm
gate value of US$17 billion (Figure 2.2) #’. Over 93% of bivalve production occurs in Asia, and
over 90% of Asia’s production is in China, with the remainder in coastal areas of Europe, the
Americas, and Oceania (Figure 2.2) #’. Production per capita varies significantly between
countries and is highest in New Zealand at 16.8 kg per capita *’>°. Historical farming culture

and species site preferences strongly influence the range of species farmed within a given
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region, for example in Asia clams are the primary farmed species and in Europe mussels 476,

In China Shandong Province in particular is a highly productive region and produces 68% of
the world’s bivalves #’. A case study on shellfish production in China, where bivalve
consumption has increased nearly 7-fold over the last 25 years, is provided in Figure 2.3 %',

Worldwide the bivalve shellfish industry has a distinctive structure with fragmented
hatcheries and grow-out operators, overseen by regional and national governing bodies
covering the value chain. The production process starts with bivalve juveniles (‘spat’, ‘seed’)
which are hatched, reared and fed in hatcheries on land before being grown out in the sea
>’ Hatcheries are small-scale, and continue to operate mostly by ‘feel’ rather than by
‘science’ *’. On a local level strong relationships exist between hatcheries and grow-out
operators. Worldwide the producer industry remains fragmented and grow-out operators
commonly farm bivalves as a sideline to other aquaculture species, in China represented by
20000 privately operated farms and 1200 state run farms °8 (Figure 2.3). In China the state-
run Chinese National Fisheries Corporation oversees the entire value chain from production
to retail. In Europe and Oceania the European Commission on Fisheries, the Australian
Fisheries Management Authority and the New Zealand Ministry for Primary Industries
oversee production, and in the United States and Canada large vertically integrated shellfish
businesses and governmental departments link hatchery and grow-out operations.

Bivalves are mainly consumed domestically providing an inexpensive food for
millions of people °°. Less than 5% of world production is traded. Currently suboptimal
transportation pathways and a desire for bivalves to be consumed fresh are a technical
constraint, but long distance distribution is possible, and typically used for the small
proportion of higher value bivalves sold in quality restaurants #°6°9, The market price varies
widely, averaging $1.10 kg* across all bivalve species in China, whilst in Europe the average
is $3.36 kg™ (2017). This is significantly less than fish such as salmon at $8.00 kg?, although
in Europe some oyster species can fetch $6 - 22 kg™ 47, In Asia bivalves provide millions of
people with an inexpensive source of food rich in amino acids, essential fatty acids, essential
minerals, and vitamins ®. In the developed world where over 2 billion consume too many

calories but do not get the nutrients they need, bivalves provide an affordable healthy food

61,62

28



(a)

Quantity (kt)
[] 0.0-10.0
[ 10.0-25.0
[ 25.0-50.0

* [ 50.0 - 150.0
[ 150.0 - 250.0
I 250.0 - 450.0
Bl 450.0 - 12600.0

i
(b) Quantity (kt) (c) Quantity per Capita (kg)
100000 10000 1000 100 10 0 2 4 6 8 10 12 14 16
(— China S E—
I |apan [ 1
—_— Korea, Republic of | —
Spain 1
Chile
[ mm—— Thailand - .
IS United Statesof America M
== France [
[ m— taly -
I Taiwan Province of China
I New Zealand
[ Netherlands 1
m— (ndonesia 1
- Canada [ ]
s Philippines
M Other Bivalves o reland
. Peru
m Sallops . .
1 United Kingdom
M Oysters . Brazil
= Malaysia
Mussels
Greece
= Clams m Australia
B India
I Germany
Mexico
(o) e *
14 16
12 14
12
10
Quantity Value 10
(Mt) (Billion USS) 8
o 6
4 4
2 i 2
) ——r— 0
1984 1988 1992 1996 2000 2004 2008 2012 1984 1988 1992 1996 2000 2004 2008 2012

Year

Year

18

B Other Bivalves
H Saallops
W Oysters

Mussels

 Clams

Figure 2.2. A synthesis of the global production of bivalves, highlighting the importance of

Pacific and western European nations. The total quantity of bivalves produced in 2015 by

country is shown on the cartogram in (a); the relative size and shading of countries is scaled

according to production quantity 3. A breakdown of bivalve production quantity by species

for the top 25 countries is shown on a logarithmic scale in (b), and the production quantity

per capita for these countries in (c). The global growth in bivalve production quantity and

value is displayed in (d) and (e) re

spectively. Raw data from 475,
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Figure 2.3. Shandong: a major shellfish production centre in China. The flow diagram

provides an overview of the production value chain in China. Raw statistics from 4786465,

2.2. Factors limiting industry growth in bivalve aquaculture

2.2.1. Production problems are a major driver to the falling share of bivalves in global
aquaculture

Growth in the bivalve industry growth is falling behind the rest of aquaculture. Of the
78 million tonnes of animal aquaculture produced globally in 2015, bivalve shellfish made up
19%, down from 25% in 1990, and production has increased just 2.7% per year over the last
decade, compared to 8.4% for carnivorous fish aquaculture #’. Lower growth rates have a

number of probable drivers, in which consumer taste, consumer access and marketing, food
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processing, distribution, supplier fragmentation, expertise and research and development
investment all have a part to play **°’. However, it is clear that today several major
problems specifically in the bivalve production process are contributing to low industry

growth, outlined in Figure 2.4. and explained below *’.

2.2.2. Microalgae feed problems

Multiple defects in live microalgae feed increase costs and reduce bivalve growth and
maturation rates yet so far no solutions or satisfactory alternatives have been found.
Growing live microalgae to feed bivalves in hatcheries and nurseries takes up 50% of
production costs at $160-400 per kg biomass ¢®¢. The microalgae produced are of highly
variable and often poor quality, and susceptible to frequent contamination and population
crashes 2>, Even the highest quality microalgae do not have the optimal nutrient
composition for all stages of bivalve development, so multiple genera and cultures have to
be grown on each site (e.g. Isochrysis, Tetraselmis, Chaetoceros, Thalassiosira,
Nannochloropsis) %8, To ensure reasonably consistent culture quality, microalgae have to
be grown in controlled indoor environments, creating an expensive and major bottleneck
limiting bivalve production . Since 1990 commercial and research bivalve hatcheries
worldwide have repeatedly identified a strong need for alternative diets to replace live

microalgae, but to date no satisfactory product has been developed 67:697°,

2.2.3. Disease losses in the hatchery

Disease causes significant losses, prevention is costly and often it generates
environmental damage and human health risk. Complete bivalve batches including juveniles
and breeding adults are often lost, leading to hatchery closure 7. Vibrio sp. bacteria are the
major disease problem; mortality of infected bivalves can be 90-100% within 24 hours and
industry losses are typically 60% 71773, Contaminated algal feeds are a major vector of Vibrio
sp and current disease management is primarily dependent upon chemotherapy in the form
of antibiotics 7%7374, Streptomycin, penicillin, florfenicol, erthromycin, and chloramphenicol
are routinely applied to and circulated around hatchery water supplies to prevent and treat
disease "%73, This is inefficient, and the economic costs can be equal to the cost of bivalve
stock ’1. More importantly, far from optimising the success of larval and juvenile bivalve
cultures, this level of widespread antibiotic use is driving the proliferation of antibiotic

resitant Vibrio in hatcheries 73. Furthermore, water effluents and bivalve exports then act as
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a delivery mechanism for resistant bacteria to different geographical locations or aquatic
environments 7. There is a need for alternative solutions to manage disease, or at the bare
minimum a more efficient delivery mechanism of antibiotics to bivalves to reduce overall

antibiotic usage 17374,

2.2.4. Genetic bottlenecks

Genetic bottlenecks and inbreeding depressions are occurring in adult bivalve
broodstock due to the selective breeding of ‘high quality’ adults in hatcheries, reducing
yield. Declines in performance characteristics including yield, growth rate, and survival have
been documented across bivalve species, alongside reduced disease resistance and
adaptability to environmental changes °®7>76, Dietary intervention can improve gonadal
nutrient reserves and gamete quality, quantity and viability in bivalve broodstock without a
need for selective breeding 778, Such intervention is needed in combination with improved
breeding protocols that draw from a more diverse pool of individuals to improve broodstock

quality without reducing genetic variation >*7°.

2.2.5. Meat quality and taste

There is a need to improve the palatability and quality of adult bivalves for human
consumption. There remain consumer perceptions that bivalves do not taste as good as fish,
and this has a negative impact on market value and demand *°. For some farmed bivalve
species, highly nutritious flesh is even discarded while the shells are used for industrial
applications and road surfacing 8. Dietary supplementation to improve the nutritional
guality and taste of bivalves is needed to increase consumer uptake of bivalves and reduce

food waste.
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Figure 2.4. The four key stages in bivalve production, illustrating the primary factors

limiting yields.

2.3. Harnessing microencapsulated diets to solve bivalve production

problems

2.3.1. An opportunity for industry growth

There is major potential for bivalve industry growth from solutions which tackle
current problems in the production process. To date, bivalve aquaculture has not received
the same levels of research or investment as fish aquaculture, and there is a great need for
science to complement traditional knowledge and help the industry become more efficient
19,6769 Even modest increases in production could have a large impact; for example if just
the United Kingdom were to increase its production per capita to the level of New Zealand,
an extra 1.1 million tonnes of bivalves could be produced annually 4>>. There is an

opportunity to realise such increases in production by developing microencapsulated diets.
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2.3.2. Potential from new advances in microencapsulation technology

New advances in microencapsulation technology offer great potential to tackle key
problems in bivalve shellfish production (Table 2.1.). A microencapsulated diet consists of a
formulation of nutrients and agents surrounded by a digestable capsule. The concept of
delivering microencapsulated artificial diets to aquatic filter feeders has been present since
the 1970s ©’. Since then a very limited number of studies have trialled the use of
microencapsulated feeds including ‘MySpat’ (INVE Technologies, Dendermonde, Belgium)
and ‘Frippak’ (Frippak Feeds, Basingstoke, Great Britain) to feed bivalves 6707782 These
feeds are not directly representative of a natural bivalve diet; MySpat contains lipids
originating from fish oils and protein from land vegetable origin, and Frippak is designed for
shrimp and fish feeding 8223, Microencapsulated feeds are still yet to be adopted for large
scale commercial use in the bivalve shellfish industry.

However new advances in microencapsulation technology could change this
situation. A novel form of microparticles have recently been developed for the targeted
delivery of chemical control agents to invasive bivalve species, and are known as BioBullets
(BioBullets Ltd, Cambridge, UK) 2°. To manufacture the particles, a slurry of lipid encapsulant
and powdered diet is pumped into an ultrasonic atomising nozzle, before the particles form
perfect spheres in specialised cooling chambers and are then coated in a propreitary
surfactant to aid dispersion in water 2°. A comparable encapsulation system is already being
used at scale and is highly cost effective in other food sectors. It was recently demonstrated
that the blue mussel Mytilus edulis could ingest BioBullets particles containing a formulated
diet including Schizochytrium algae, opening a new direction for this emerging technology in
feeding desirable products to bivalves 2. New microencapsulated diets offer many critical
advantages over alternative strategies that could be used to tackle production limitations,

and offer a solution to tackle problems with bivalve feed, disease, and quality (Figure 2.5.).
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Problems Addressed Potential Outcomes

Characteristic ofDI\_lIi::roencapsulated Microalgae  Disease Genetic Meat Increased Reduced Improved
& Feed Bottlenecks  Quality Growth Costs Bivalve
Problems and Taste Quality

Physical characteristics optimised for
maximum uptake and cost efficiency (3.3) v v v v

Optimal formulation of high quality cost
effective nutrients (3.4)

Targeted delivery of disease control
agents including antibiotics and probiotics v v v v v
(3.5)

Quality enhancers including flavourings
(3.6) v 7
Table 2.1. How new microencapsulated diets could tackle bivalve production problems.

Numbers represent relevant sections in the main text.

2.3.3. Beneficial physical characteristics of microencapsulated feeds

The physical characteristics of microencapsulated feeds can be optimised for
maximum ingestion by bivalves and cost advantage relative to algal cultures. Microparticle
size can be tailored to bivalve species or life stage preferences to maximise feeding
efficiency, and buoyancy can be optimised to ensure particles remain within reach of filter
feeding bivalves ?°. This is a key advantage over nutrient delivery systems such as freeze-
dried algal powders, which tend to float on the water surface, and can clump into particles
too large to be accessed by bivalves. Pre-ingestive nutrient loss can be minimised by using an
encapsulant that allows particles to remain stable and retain nutrients in seawater, but also
be rapidly digested on entry to the bivalve gut ®’. Lipid coatings allow delivery of low
molecular weight, water soluble compounds with minimal leaching to the surrounding water
83, This is a significant advantage over non-encapsulated artificial diets, which tend to leach
nutrients to the surrounding water, and could further reduce the small eutrophication risk
that bivalve hatcheries can pose to marine ecosystems °3¢7, The stability of the
microparticles in air also enables cost efficient mass production and long term storage of
feeds, for example in distribution centres or on hatchery sites 2°. This is a major advantage
over simply growing higher quality algal cultures; stored microparticles are more resistant to
bacterial contamination than live algal cultures, and the costly process of synchronising
microalgal feedstock with bivalve production is avoided 2>¢’. This could make small scale

farms more economic, and reduce the need for skilled labour to grow algae.
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2.3.4. Nutrient delivery

A single microencapsulated feed particle can contain an optimal formulation of high
quality, cost effective nutrients to increase yield and growth rates. Powdering and
encapsulation processes enable high quality natural food sources not traditionally used in
bivalve aquaculture to be delivered to bivalves. This includes strains of algae that can be
grown rapidly and efficiently under optimised mass production systems and that are
incredibly rich in DHA and EPA. DHA can make up 50% of the algal lipid content of these
strains, compared to <10% for microalgae used in hatcheries today #%°884 This offers a far
more cost efficient method to improve bivalve nutrition than trying to grow higher quality
microalgae on each individual hatchery site 4®7. Other nutrients can be added to the
microparticles to tailor diets to to specific bivalve species, or specific geographies where key
nutrients are lacking, and even the lipid encapsulant itself can be of high nutritional value .
Such microencapsulated feeds could improve bivalve broodstock quality; broodstock quality
is influenced heavily by dietary DHA intake, and DHA supplementation increases broodstock
glycogen and lipid reserves, egg size, egg quantity, larval growth rate, and larval survivorship
85-87 Juvenile growth could be improved; juvenile bivalves will grow more rapidly on diets
high in DHA and EPA 83° Combining these improvements promises to result in greater total

production volume in hatcheries.

2.3.5. Disease control

Encapsulation enables targeted delivery of disease control agents such as antibiotics
or probiotics to filter feeding bivalves, to improve disease control, and reduce costs,
environmental damage, and human health risk 2°. Antibiotic encapsulation could improve
effectiveness, reduce overall antibiotic usage, and reduce proliferation of antibiotic resistant
bacteria; a considerable advantage over simply applying more antibiotics to hatchery water
supplies to solve the disease problem. However, disease management in aquaculture using
antibiotics in any form remains an environmental and human health concern °°. Probiotics
such as Phaeobacter inhibens and Bacillus pumilus, or antimicrobial peptides such as
Tachyplesin are known to protect bivalves against bacterial infection and are a more
sustainable disease management option than antibiotics °*=3. Microencapsulation provides
a more direct and protected mechanism to deliver probiotics to the bivalve gut compared to
liquid treatment systems ®*. Microparticle components aside from probiotics can also be

made sterile during production, mitigating the risk of introducing disease into bivalve
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cultures through feed ®’. Recent studies demonstrate that mortality in juvenile Ostrea edulis
oysters reared on microencapsulated sterile algal powder is up to 60% lower than in
juveniles reared on live algae or liquid algal concentrate, and reduced disease is identified as
the likely cause 33. With further research and development microencapuslated diets could
enable reduced disease incidence in bivalve broodstock, larvae, and juveniles, increase
production output and improve bivalve quality, while minimising risk to the environment

and human health.

2.3.6. Quality

Quality enhancers such as flavourings can be incorporated into microparticles fed to
bivalves, which could strengthen consumer demand for bivalves and encourage a diet-shift
towards more sustainable seafood. Flavourings fed during the purging stage (when bivalves
are kept in purification tanks for a few days before retail) (Figure 2.4.) would persist within
the gut tissue once the bivalves are harvested. This could improve the taste of some
bivalves, and be a more effective method than flavouring the exterior of the tissue after
harvest 8. More importantly, flavouring could be a highly effective way of disguising a diet-
shift away from high trophic level fish and towards more sustainable seafood. We know
when marketing low trophic farmed seafood species to consumers, it is most effective to
highlight attributes such as taste, affordability, and health benefits, rather than
environmental sustainability 1°. A resounding result could be improved consumer uptake of

bivalves, at the expense of less sustainable forms of meat production.

2.3.7. Challenges for the future

Clearly new microencapsulated diets present an opportunity to improve bivalve
aquaculture, but several challenges need to be overcome in order to make them a
commercially viable option. The scalability of these new diets must be formally assessed; we
know the microencapsulation technology is cost effective at scale in other food sectors, but
not yet for bivalve aquaculture °°. The physical characteristics of diets need to be optimised
for long term storage in distribution networks and in hatcheries. The palatability, digestibility
and composition of microencapsulated feeds needs to be tailored to specific bivalve species
and growth stages 32. The environmental impact of using microencapsulated diets in bivalve
aquaculture needs to be formally assessed. Researchers will be required to work

collaboratively with industry partners to bring technological innovation into practice.
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Researchers also need to work with policy makers, retailers and the media to stimulate
demand and change food preferences towards bivalves in place of less sustainable meat and

fish products *°.

Quality enhancers
Flavourings and additional nutrients.
Improves palatability and nutritional
value of bivalves for human
consumption

High quality nutrition

Cheap, sustainable, and rich in DHA
and EPA. Reduces or removes need to
grow microalgae cultures in hatcheries

Disease control agents
Encapsulation targets delivery to
bivalves, improving effectiveness,
reducing antibiotic usage, and
reducing proliferation of antibiotic
resistant bacteria.

Encapsulant

Retains water soluble
compounds until release

by bivalve digestive
processes. Gives feed long
shelf life

Surfactant
Aids dispersion in water
and avoids particle clumping

Tailored size, shape, surface

texture and buoyancy
Enables maximal uptake and retention
and that particles float within reach of
feeding bivalves

Figure 2.5. Schematic of a microencapsulated food particle demonstrating the desirable

characteristics that could result in enhanced commerciality of bivalves.

2.4. Conclusion

Increasing production of bivalves through aquaculture offers an important
opportunity in meeting global food security. There is great potential for new advances in
microencapsulated feeds to offer an efficient way to deliver replacement or supplementary
diets to bivalves that can tackle problems with bivalve feed, disease, and quality, enabling
increased quality production output, increased industry growth and reduced costs. New
microencapsulated diets could be deployed in major areas of potential production growth
including Asia, as well as high-value markets such as Europe. Resulting growth
improvements in the bivalve shellfish sector could dramatically improve food supply, and

within the next decade twice as many people could be fed by bivalves as today if we could
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enable bivalve aquaculture to grow at the same rate as predicted for fish aquaculture #’. If
25% of the protein we currently obtain from fish aquaculture was obtained from bivalves,
we could spare an area of land larger than Wales, annual CO; emissions equal to half New
Zealand’s emissions, and annually 11.8 billion litres of freshwater 1°°°, There is now an open
opportunity for research and industry to overcome remaining hurdles in microencapsulated
feed development and to realise the great benefit improved growth in bivalve aquaculture

can have for the global population and our planet.

2.5. Footnotes

Data availability: All datasets for this study are included in the chapter above and the
supplementary files available at https://doi.org/10.1016/j.gfs.2019.04.007.
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Chapter 3: Microencapsulated diets to improve bivalve

shellfish aquaculture

Willer, D. & Aldridge, D. C. (2017). Microencapsulated diets to improve bivalve shellfish
aquaculture. Royal Society Open Science 4, 171142. doi: 10.1098/rso0s.171142

Aquaculture is the fastest growing food sector and feeds over 3 billion people. Bivalve
shellfish aquaculture makes up 25% of global aquaculture production and is worth
annually US $19 billion, but continued growth is currently limited by suboptimal diets and
limited tools for disease control. New advances in microencapsulation technology could
provide an effective way to overcome these biological limitations. This study
demonstrated that a new formulation of microencapsulated diet known as BioBullets
could be ingested by a commercially farmed bivalve; the blue mussel Mytilus edulis.
Microparticles could be captured by mussels with similar efficiency to natural foods.
Microparticles too large for ingestion were rejected in psuedofaeces. Microparticles were
successfully ingested and broken down by the gut. Further work is needed to assess the
impact of BioBullets diets on bivalve growth. There is now an exciting opportunity to
tailor the composition of microencapsulated diets for specific applications to improve

production output and efficiency in the commercial bivalve shellfish industry.
3.1. Introduction

Aguaculture is the fastest growing food sector and continues to expand alongside
terrestrial crop and livestock production #*. Globally over 3 billion people depend on
aquaculture for at least 20% of their dietary protein 4. Expanding aquaculture has been
identified as a critical component in securing food for 9 billion people by 2050 . Bivalve
shellfish aquaculture makes up nearly 25% of global production, and over the last decade
has grown at 10% per year to a value of USS$ 19 billion in 2014 *8. However, the continued
growth of bivalve aquaculture is limited by suboptimal feeding protocols and disease control
methods. Currently, lipid-rich cultures of microalgae are grown to feed bivalves whilst they

are in the hatcheries. However, growing these cultures is expensive, equating to over 30-
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50% of total production costs ©®, and cultures are highly subject to contamination and have
variable nutritional value 2°. Bivalve aquaculture suffers also high losses due to frequent
outbreaks of infectious disease °°. New advances in microencapsulation technology through
chemical engineering can provide a way to overcome current biological limitations in bivalve
shellfish production. A novel form of microparticles have recently been developed by
BioBullets (BioBullets Ltd, Cambridge, UK) for the targeted delivery of chemical control
agents to invasive bivalve species 2°. The BioBullets delivery system is highly effective and
cheap to manufacture, opening a new direction for this emerging technology in feeding
desirable products to bivalves.

Microencapsulation technology offers many critical advantages over alternative
strategies that could be used to tackle production limitations. First, a single
microencapsulated feed particle can contain an optimal formulation of key nutrients for
bivalve growth, specifically high levels of protein and polyunsaturated fatty acids including
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), alongside disease control
agents. The microencapsulated diet could be tailored to specific species, or specific
geographies where certain nutrients are lacking. Even the highest quality live microalgae will
rarely have an optimal nutrient composition %, and so currently multiple cultures of
different microalgal species are grown, which increases production costs and commercial
risk in the case of contamination. Second, maximal particle capture can be ensured by
customising microparticle size and buoyancy. Size can be tailored to bivalve preferences for
maximum retention efficiency, and buoyancy can be optimised to ensure particles remain
within reach of feeding bivalves 2. This is a key advantage over nutrient delivery systems
such as powders, which tend to float on the water surface, and can clump into particles too
large to be retained by bivalves. Third, pre-ingestive nutrient loss can be minimised by using
an encapsulant that retains particle nutrients until they are released by the digestive
processes of the bivalve. Lipid coatings allow delivery of low molecular weight, water soluble
compounds with minimal leaching to the surrounding water 83, Fourth, storage of high
guality feeds for long time periods is made possible by the stable nature of microparticles in
air 2. This is a major advantage over simply growing higher quality algal cultures; stored
microparticles are less likely to become contaminated over time by bacteria than live algal
cultures, and the costly process of synchronising microalgal feedstock with bivalve
production is avoided . Therefore, new microencapsulation technology can offer an

efficient way to deliver replacement or supplementary diets that could improve bivalve
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nutrition, growth, and production output, whilst reducing bivalve mortality, production
costs, and financial risks.

The capture and ingestion of food particles by bivalves in aquaculture or the wild is
highly influenced by particle characteristics. Food particles are collected through the
inhalant siphon and sorted on the labial palps and gills using size, shape and other physical
attributes. Unwanted particles, particularly sharp edged or inorganic particles such as SiO»,
are preferentially rejected in pseudofaeces. Larger bivalves including oysters ingest organic
particles up to 400 um diameter. Blue mussels (Mytilus edulis) will select diatoms and
dinoflagellates up to 200 um °’. Particle size selectivity increases when food is more
plentiful; blue mussels will preferentially select particles of between 20 — 40 um, and reject a
greater proportion of particles larger than 40 um as food availability increases 7 . Once
ingested, food particles are swept along ciliated sorting areas in the stomach towards the
digestive glands. Particles too large for digestion are rejected down deep grooves in the
stomach to the intestine, although a small number to remain aid food grinding in the
stomach °7 6, Any microencapsulated diet fed to bivalves will be subjected to these same
sorting processes, and therefore the development of effective microencapsulated diets
requires a sound understanding of microparticle ingestion by bivalves.

This study aimed to demonstrate that a new form of BioBullets microparticles
containing a microalgal food could be successfully captured and ingested by a commercially
farmed bivalve; the blue mussel Mytilus edulis. Blue mussels have great commercial
importance, and with a value of USS 3.6 billion make up 20% of the global bivalve
aquaculture market 2. In 2015 2.3 million tonnes were produced, primarily in coastal
Western Europe and Canada. Three components of microparticle digestion were
investigated as outlined in Figure 3.1. Firstly, particle capture, to assess whether and how
rapidly microparticles could be cleared from water by mussels. Secondly, preingestive
particle processing, to assess which sizes of microparticles were preferentially ingested or
alternatively rejected in pseudofaeces. Thirdly, postingestive particle processing, to confirm
successful ingestion and assess how well microparticles were broken down by the gut. By
demonstrating successful ingestion of BioBullets microparticles, this study opens a gateway
to further optimise the composition of microparticles for specific applications in bivalve

aquaculture.
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Figure 3.1. Schematic diagram of microparticle digestion in the blue mussel Mytilus edulis.
The boxes outline the analytical techniques used to characterise each digestion stage
investigated during the study; particle capture, preingestive, and postingestive particle

processing.

3.2. Methods

3.2.1. Microparticle Production

Lipid-walled microparticles containing Schizochytrium microalgae were manufactured
by BioBullets Ltd. (Cambridge, UK). A premix slurry was prepared containing the encapsulant
and powdered microalgae under conditions of controlled shear. The slurry was pumped into
an ultrasonic atomising nozzle at the top of a cooling chamber. The atomized particles
formed perfect spheres as they cooled and fell to the chamber base. Further particle cooling
was achieved with an air-conveying system before discharge via cyclone to a fluid bed
processor. The encapsulated particles were then coated with a proprietary non-ionic
surfactant to aid dispersion in water. Further cooling in the fluid bed removed all heat of

crystallization from the microparticles before packaging.
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3.2.2. Mussel Husbandry

The blue mussel Mytilus edulis was selected as the model bivalve species to establish
whether BioBullets microparticles could be successfully digested. Mussels were collected at
low tide from the shore at Old Hunstanton, Norfolk, England (52°56’56 N, 0°29’27 E) on 1°
February and 1%t March 2017. Mussels were kept in constantly aerated aquaria at 10 2C in

seawater from Old Hunstanton with a salinity of 32 ppt.

3.2.3. Particle Clearance

To investigate particle clearance, five aquaria aerated at a constant rate were set up
with 200ml seawater from the collection site. A single mussel was measured in length and
wet mass, and added to each aquarium, then left for 5 days to allow acclimation and byssus
thread attachment. The mussels were large adults with a length of 35 -40 mm. To provide a
starting concentration of 50 mg litre!, 10 mg dry weight microparticles (90,000
microparticles) were then added to each aquarium. Next, 1 ml water samples were collected
every 5 minutes, using a pipette with a modified 5 mm aperture tip to allow particle entry.
Each water sample was mixed and placed on a 1 ml Sedgewick Rafter counting cell, and the
number of microparticles in the central 25 mm? grid counted under a dissecting microscope,
providing a microparticle concentration per 25 pl. The sampling process was repeated for
three control aquaria, containing a starting concentration of 50 mg litre* microparticles, but

no mussels.

3.2.4. Particle Size Selectivity

To assess particle size selectivity, eight aerated aquaria were set up with 200m|
seawater. A single mussel was added to each aquarium, along with 50 mg microparticles to
provide a starting concentration of 250 mg litre. The mussels were large adults with a
length of 35 — 40 mm. Mussels were left for 4 days to allow pseudofaeces and faeces
production. Pseudofaeces thread samples were then collected from outside the inhalant
siphon of each mussel using tweezers, and faecal pellet samples from near the exhalant
siphon, in sufficient quantities to fill a 9 mm? grid area for each sample. For each sample the
diameter of every microparticle within the 9 mm? area was measured to the nearest 5 um
under light microscopy using a slide graticule and eyepiece micrometer. The measuring
process was repeated with 3 control samples of microparticles in seawater in the absence of

mussels.
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3.2.5. Particle Imaging

Particles were imaged using scanning electron microscopy (SEM) to look for and
assess the degradation state of microparticles in faeces and pseudofaeces. Micro Computed
Tomography (Micro-CT) scanning was used to examine microparticle digestion within the
mussel gut cavity.

To obtain samples for SEM imaging, two aquaria were set up with 1 litre seawater
and 10 mussels each, left for seven days to allow any existing food to be purged from the
mussel digestive tract, then 500mg microparticles were added to one aquarium. Mussel
pseudofaeces and faecal pellets were collected from both aquaria after three days. The
mussels were placed in fresh water at the point of pseudofaecal and faecal sampling to wash
the salt from the pseudofaeces. The salt was removed from faecal pellets using a centrifuge
at 1000 g for 30 seconds and three washes of deionized water. Pseudofaeces and faeces
samples were freeze-dried overnight, mounted on SEM stubs with silver paint, and sputter-
coated with 30 nm carbon. To allow for an assessment of the degradation of particles that
had been processed by the mussels, a sample of unfed microparticles was also freeze dried,
mounted and carbon-coated. SEM images were then taken using an FEI Verios 460 (Thermo
Fisher Scientific, USA).

To prepare for the Micro-CT scanning, a 1 litre seawater aquarium with 10 mussels of
length 40 mm was treated with 500 mg microparticles for 16 hours. Four mussels which had
been observed feeding regularly were then selected, and after removing one shell half these
were fixed in 4% formaldehyde overnight. The fixative was removed with three 10 minute
washes in water and the mussels were then sequentially dehydrated in 25, 50, 75 and 100%
methanol for 15 minutes each. The mussels were then immersed in a 1% phosphotungstic
acid (PTA) in methanol stain for 10 days, with the staining solution changed after 5 days.
This process was then repeated with two mussels that had not been fed microparticles as a
negative control. Mussels were mounted and then scanned at the Cambridge
Biotomography Centre using a Nikon XT 225 ST Micro-CT scanner; the settings were 120 kV
and 130 pA. The images were constructed from 1080 projections each with 1000 ms
exposure. Imagel % was used to process the images and search for microparticles within

individual scan slices of the mussel gut.
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3.2.6 Data analysis

The rate of particle clearance was normally distributed. A linear model and
subsequent ANCOVA was used to compare the change in logio microparticle concentration
over time between mussels and control samples. Clearance rates of microparticles were
calculated per g wet mussel mass per minute, and the background decline in microparticle
concentration was accounted for by subtracting the mean decline in microparticle
concentration in control samples from each clearance rate. ANOVA was used to assess the
change in clearance rate as microparticle concentration declined over time.

To investigate particle selectivity, pairwise comparisons among least-squares means
were used to test for differences in particle size distribution between microparticles from
faeces, pseudofaeces and unfed samples. Differences in mean microparticle diameter
between all three sample types were assessed using Kruskal-Wallis with post-hoc Dunn’s
tests.

Data were analysed using the statistical package R 1,

3.3. Results

3.3.1. Particle Capture

Microparticles were cleared rapidly from seawater by mussels. The mean
microparticle concentration in the aquaria declined by 83.6 + 6.4% over a 60-minute period,
from 440.0 + 28.3 (standard error) to 72.0 + 15.0 microparticles ml* (Figure 3.2.). This
decline was significantly greater than in control aquaria without mussels (Figure 3.2.), where
microparticle concentration declined slowly from 466.7 + 26.7 to 306.7 £ 13.3 microparticles
mlt (ANCOVA, F3,100 = 222, p < 0.001). Accounting for this background settlement, the mean
decline in microparticle concentration in aquaria with mussels was 52.7 + 6.4%. The mean
initial clearance rate over the first 5 minutes was 0.970 + 0.326 microparticles mlt g wet
mussel mass minute. Clearance rates fell significantly over time to a final value at 60
minutes of 0.051 + 0.278 microparticles ml* g wet mussel mass minute™ as microparticle
concentration in the water declined (ANOVA, F155 = 13.9, p < 0.001, comparison between 5

and 60 minutes with correction for settling).
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Figure 3.2. Comparison of microparticle concentration over time between mussel (blue
triangles) and control (red circles) aquaria. Ten mg of microparticles were added to 200m|
aquaria containing one mussel or no mussel for the controls, and the microparticle
concentration was recorded every 5 minutes for 60 minutes. The decline in microparticle
concentration in mussel aquaria was significantly greater than the decline in control aquaria
(ANCOVA, p < 0.001). Sample sizes: 5 mussels of length 35 — 40 mm, 3 controls. Regression
lines are linear models of logio microparticle concentration on mussels or controls. For
mussels y = 2.57 —0.014x, r> = 0.78, p < 0.001; for controls y = 2.64 — 0.0022x, r’ = 0.38, p <
0.001.

3.3.2. Preingestive Particle Processing
A greater proportion of large microparticles was present in pseudofaeces than in

unfed microparticle samples (Figure 3.3.; least-square means, z=23.7, p < 0.001). At 92.85 +
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SE 0.86 um, the mean diameter of microparticles in pseudofaeces was significantly greater
than the 76.15 £ 1.61 um in samples of unfed microparticles (Kruskal-Wallis, 3%, =112, p <
0.001, post-hoc Dunn’s test p < 0.001).

The SEM images showed microparticles embedded within pseudofaecal threads
(Figure 3.4.). These microparticles were mostly undamaged and similar in morphology to

unfed microparticles.

3.3.3. Postingestive Particle Processing

Micro-CT scanning revealed microparticles within the stomach cavity of mussels fed
microparticles (Figure 3.5.). The microparticles were of approximately 100 um in diameter,
and present across multiple sections of the mussel stomach.

Analyses of faecal samples revealed the presence of microparticles within faeces. Of
the complete microparticles found in faeces samples, a greater proportion were of large
diameters compared to unfed microparticle samples. Figure 3.3. demonstrates how the
distribution of microparticle sizes differed significantly between faeces and unfed
microparticles, with a much greater proportion of large diameter microparticles in faeces
(least-square means, z = 26.5, p < 0.001). In addition, the mean diameter of microparticles in
faeces (97.60 £ 1.33 um) was significantly greater than in samples of unfed microparticles
(76.15 £ 1.61 um) (Kruskal-Wallis, 3%, = 112, p < 0.001, post-hoc Dunn’s test p < 0.001). When
comparing faeces with pseudofaeces, the mean microparticle diameter was large in both
cases, but significantly greater in faeces (Dunn’s test, p < 0.01).

The SEM images further confirmed the presence of microparticles within faeces
(Figure 3.4.). These microparticles were far more degraded in morphology than unfed
microparticles or microparticles found in pseudofaeces. Completely fragmented

microparticles were also seen in the faecal samples.
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Figure 3.3. Histograms showing a greater proportion of large microparticles in faeces (red

bars) and pseudofaeces (blue bars) than in unfed microparticle samples (green bars). The

diameter of microparticles within faeces and pseudofaeces of eight mussels and three unfed

microparticle samples was measured. Microparticle size distribution differed significantly
between all sample types (least-square means, p < 0.001). Mean particle diameter (dotted
black lines), was greatest in faeces, then pseudofaeces, and lowest in unfed microparticles
(Kruskal-Wallis with post-hoc Dunn’s test, p < 0.001). Microparticles in each sample type:

faeces n =271, pseudofaeces n = 543, unfed n = 262.

49



Figure 3.4. SEM images showing microparticles in mussel pseudofaeces and faeces. The
following samples were collected: unfed microparticles, mussel pseudofaeces and faeces,
and pseudofaeces and faeces from mussels fed microparticles. Samples were freeze-dried,
carbon coated, and visualised under SEM. (a) Pseudofaeces and (b) faeces from mussels not
fed microparticles. (c) Pseudofaeces and (d) faeces from mussels fed microparticles.
Microparticles are indicated by white arrows. In (c) microparticles are morphologically
similar to unfed microparticles. In (d) microparticles are present in a variety of degradation
states; at the bottom left there is a particle which appears to be split into four pieces, and
near the centre there are several particle fragments alongside multiple complete but
degraded particles. (e) Single unfed microparticle, (f) single microparticle in pseudofaeces

and (g) single microparticle in faeces.

50



Figure 3.5. Micro-CT images of microparticles within the mussel stomach. Mussels were fed
microparticles, fixed in formaldehyde, stained in phosphotungstic acid (PTA), scanned using
Micro-CT, then analysed using ImagelJ °°. This process was repeated for mussels not fed
microparticles. The white arrows in (a), (b) and (c) point to microparticles of approximately
100 um in stomach sections from mussels fed microparticles. (d) Stomach section from a

mussel not fed microparticles.

3.4. Discussion

3.4.1. Particle Capture
The particle capture experiments demonstrated that BioBullets microparticles

containing a microalgal food can be cleared from water by bivalves. This is supported by the
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52.7% decline in microparticle concentration in aquaria with mussels (after accounting for
background settlement), and suggests that microparticles are successfully processed during
the initial stages of digestion; specifically the movement of food particles along gill filaments,
into the ventral grooves and onto the labial palps (Figure 3.1.). The decline in clearance rate
with falling aquaria microparticle concentration indicates that the rate of microparticle
capture by mussels is proportional to the abundance of microparticles in the water. The
gradual and small decay in microparticle concentration in control aquaria can be explained
by the slow sinking of microparticles to the aquaria base. The particles were specifically
engineered to possess slightly negative buoyancy in order to increase the likelihood of
uptake by bivalve molluscs, which are found at the bottom of aquaria in commercial
hatcheries.

Our investigation also indicates that BioBullets microparticles can be cleared with
similar efficiency to other food sources. Firstly, natural food sources; studies on feeding
greenshell mussels Perna canaliculus have shown that the typical decline in concentration of
a standard microalgal food over 60-minutes, without accounting for background settlement,
is 90%, very comparable to the 83.6% decline in BioBullets microparticles in our
investigation (without accounting for background settlement) 7°. Secondly,
microencapsulated foods; there are a very limited number of studies which have trialled the
use of older lines of microencapsulated feeds including ‘MySpat’ (INVE Technologies,
Dendermonde, Belgium) and ‘Frippak’ (Frippak Feeds, Basingstoke, Great Britain) to feed
bivalves. These studies assessed bivalve growth rates, and did not assess stages of digestive
processing beyond particle clearance and rejection in pseudofaeces ® 8277, The 80% decline
in MySpat concentration over 60-minutes caused by feeding greenshell mussel spat in these
studies is again comparable to the rate of BioBullets microparticle clearance in our
investigation ’°. However, whilst MySpat is specifically designed for juvenile mussels of
around 1 mm shell length, BioBullets is more broadscale and can be used to feed larger
mussels. This could be highly desirable for improving broodstock, delivering therapeutics, or
for other final ‘polishing’ such as adding desirable nutrients or flavours. Additionally, an
artificial diet suitable for larger individuals may be of particular benefit to other bivalve
species, such as oysters, that are held in hatcheries for many years before open water grow-

out.
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3.4.2. Preingestive Particle Processing

Preingesitive particle processing experiments led to two key findings. Firstly,
BioBullets microparticles can be processed and rejected by the labial palps of mussels,
indicated by the presence of microparticles in the SEM images. Secondly, mussels
preferentially rejected larger diameter microparticles, demonstrated by the larger mean
diameter of microparticles in pseudofaeces than in unfed microparticle samples. The greater
proportion of large microparticles in psuedofaeces suggests the presence of a size threshold
above which microparticles have a greater chance of rejection on the labial palps.
Microparticles below threshold size should be ingested through the mouth (Figure 3.1.),
although the efficiency of this may have been reduced in our investigations if the gills and
labial palps became partially blocked by large microparticles during feeding. Both the
preferential ingestion of smaller particles and the potential for larger particles to block the
gills and labial palps has been shown for other artificial diets fed to Perna canaliculus
mussels °. Previous studies have also shown that particle size preference of natural algal
foods differs across bivalve growth stages, with mussel larvae preferring smaller particles of
around 25 um, and juveniles preferring 40 um particles °’. Therefore, when formulating
microencapsulated foods for specific applications in the bivalve industry, it will be important
to tailor particle diameter to the bivalve growth stage to avoid high rejection rates and

wastage.

3.4.3. Postingestive Particle Processing

The postingestive particle processing experiments demonstrated that BioBullets
microparticles were ingested by mussels, and that microparticles could be broken down by
the mussel gut. Ingestion was demonstrated by the presence of microparticles in Micro-CT
scans of the mussel stomach, and successful microparticle breakdown was indicated by the
presence of degraded and fragmented microparticles in faeces. The finding that most
microparticles present in faeces were of large diameters compared to unfed microparticle
samples again suggests the presence of a threshold particle size, above which digestion in
the stomach becomes problematic. Any large microparticles that are accepted through the
labial palps are likely being channeled from the ciliated sorting areas to deep rejection
grooves in the stomach, as also occurs with large natural food particles °® (Figure 3.1.). They
then pass into the intestines and are excreted, leading to a high proportion of large

microparticles in faeces. In comparison, smaller microparticles are successfully broken down
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by digestive enzymes released due to the rotating action of the crystalline style, kept in

suspension, and swept towards to digestive gland ducts for absorption.

3.5. Conclusion

Our study has demonstrated that a new form of microencapsulated diet known as
BioBullets can successfully be ingested by a commercially farmed bivalve, the blue mussel.
With further work, this could open up numerous opportunities for the application of novel
microencapsulation technologies in the bivalve shellfish industry. There is a need for future
investigations to demonstrate that the contents of ingested BioBullets can be assimilated by
bivalves and used to fuel anabolic processes, by comparing the growth responses of bivalves
fed BioBullets to those fed standard diets. This study highlighted the importance of
developing and feeding microencapsulated diets of an optimal size to bivalves, to avoid high
levels of rejection in pseudofaeces or faeces. The chemical engineering approach can allow
us to tailor the size of particles to the feeding preferences of specific bivalve species or
growth stages. There is also a need to understand the optimal formulation of nutrients to
encapsulate within microencapsulated diets. This would enable us to enhance the growth
and conditioning of specific bivalve species or growth stages, or improve bivalve growth in
geographies where key nutrients are lacking.

There is therefore considerable opportunity in developing the BioBullets system as a
method to deliver highly nutritious microencapsulated diets to bivalve shellfish.
Microencapsulated diets have potential to significantly reduce bivalve production costs,

increase production output, and contribute to the continued growth of bivalve aquaculture.

3.6. Footnotes

Data availability: All datasets for this study are included in the chapter above and the
supplementary files available at https://doi.org/10.1098/rs0s.171142

Author contributions: D.W. carried out all the experimental work and data analysis.
D.C.A. developed the concept, designed the formulation, and oversaw the manufacture of
the microencapsulated particles. Both authors participated in the design of the study and

wrote the manuscript. Both authors gave final approval for publication.
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Chapter 4: Microencapsulated diets to improve growth and

survivorship in juvenile European flat oysters (Ostrea edulis)

Willer, D. & Aldridge, D. C. (2019). Microencapsulated diets to improve growth and
survivorship in juvenile European flat oysters (Ostrea edulis). Aquaculture 505, 256—262. doi:

10.1016/j.aquaculture.2019.02.072

Sustainable expansion of aquaculture is critical to global food security, and bivalve
shellfish aquaculture represents a sustainable method to provide people with affordable
nutritious food. Oysters represent 54% of the global bivalve market by value, with
propagation of juveniles within hatcheries critical to allow the industry to grow. Growth
and survival of juvenile oysters in hatchery systems is constrained by suboptimal feed. The
live algal feed currently used is expensive, of variable quality, contamination prone, and
the high level of skill and equipment required limits where hatcheries can be located. We
demonstrate how a novel microencapsulated diet can increase the growth and
survivorship of Ostrea edulis (European flat oyster) juveniles in both the laboratory and
hatchery setting. The microcapsules are easily produced in large quantities, stable for long
term storage, and can be customised to have exceptionally high levels of nutrients key for
oyster growth. O. edulis larvae fed a combined diet of microcapsules and algae for 8 days
had a 46% greater increase in maximum size, 171% greater increase in minimum size, and
5% higher survival than larvae fed algae alone. O. edulis spat of 4 mm fed the combined
diet for 7 weeks also had significantly greater survivorship (16% greater in hatchery, 58%
greater in laboratory) and growth comparable (hatchery) or better (laboratory
experiments) than algae alone. Further tailoring of the nutritional composition of
microcapsules to specific bivalve species or growth stages could allow microcapsules to
replace a greater proportion of or even completely replace algal diets. There is potential

for these diets to revolutionise bivalve shellfish farming globally.
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4.1. Introduction

Sustainable expansion of aquaculture is a critical component in securing food for 10
billion people by 2050 *°44, To meet increasing demand, bivalve shellfish aquaculture has
been identified as a highly attractive solution, offering human nutrition at a low economic
and environmental cost 31. For every new tonne of protein that is produced from bivalve
instead of fish aquaculture, we spare 9 ha land, 67 tonnes CO; emissions, and 40,000 litres of
freshwater 31. Oysters make up the biggest proportion of bivalve production (22% by
weight), and oyster beds provide key ecosystem services including flood protection,
pollution filtration, and fish nurseries 47101,

In many areas worldwide however oyster stocks are in a poor state. Natural oyster
beds have been in extensive decline; in the United States alone oyster biomass has declined
88% and spatial habitat extent has fallen by 64% across 90 estuaries over the past century
101 Disease outbreaks of Marteilia refringens and Bonamia ostreae throughout Europe since
the 1970s have led to the collapse of European flat oyster, Ostrea edulis, production. Over
this period production of the Pacific oyster, Crassostrea gigas, has increased in an attempt to
compensate for losses in native oysters, but C. gigas is now too being struck by disease .
The global community is encouraging diversification in the oyster species we farm, and in
particular a reinvigoration in the production of O. edulis, which remains an emblematic
species in Europe 80102,

Demand for juvenile oysters is currently increasing rapidly, in response to schemes
aimed at restoring natural beds and through increasing aquaculture production %2, The
hatcheries which rear juveniles are the critical rate-limiting step in market growth 193, There
is a need to improve juvenile rearing in hatcheries, in a way which is both sustainable and
scalable.

There are multiple factors which are currently constraining the production of juvenile
oysters in hatcheries. These include limited consumer access, poor marketing, supplier
fragmentation, low investment into research and development, disease in the hatchery and
suboptimal diets 1>°7. Juvenile oysters in hatcheries today are fed on microalgal diets, a
system which brings many challenges. First, growing live microalgae in hatcheries accounts
for 50% of production costs at US $220 per kg biomass in 2016 %%%7. Second, the microalgae

produced are of highly variable and often poor nutritional quality for the oysters. Third, algal
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cultures are susceptible to frequent contamination by bacteria which can result in sudden
and dramatic population crashes 2>°. Fourth, feeds can be a major vector of disease, and
complete batches of oysters are often lost, sometimes leading to hatchery closure 7.

To ensure reasonably consistent culture quality, microalgae must be grown in controlled
indoor environments, creating an expensive bottleneck that often limits production ©’. Since
the 1990s commercial and research hatcheries worldwide have repeatedly identified a
strong need for alternative diets to replace live microalgae, but to date no satisfactory
product has been developed ©7/6°70,

New advances in microencapsulation technology offer strong promise to improve
bivalve feeding systems 31. A microencapsulated diet consists of a formulation of nutrients
and agents surrounded by a digestible capsule. Since the 1970s a small number of studies
have tried using microencapsulated feeds including ‘MySpat’ (INVE Technologies,
Dendermonde, Belgium) and ‘Frippak’ (Frippak Feeds, Basingstoke, Great Britain) to feed
bivalves 90707782 These feeds are not directly representative of a natural bivalve diet;
MySpat contains lipids originating from fish oils and protein from terrestrial vegetable origin,
and Frippak is designed for shrimp and fish feeding 8283,

Recently it was shown that a novel form of microcapsules known as BioBullets
(BioBullets Ltd, Cambridge, UK) could be digested by the blue mussel Mytilus edulis 32. The
microcapsules can be produced in large quantities, are stable for long term storage, and
have highly customisable physical characteristics and contents 2°:1%, They can be designed to
carry exceptionally high levels of nutrients key to juvenile growth, such as EPA
(eicosapentaenoic acid) and DHA (docosahexaenoic acid) 8%°, with the nutrients sourced
from marine algae 3.

Juvenile growth may be limited in traditional hatchery systems due to an
insufficiency of essential nutrients; these nutrients could be delivered by microcapsules and
therefore dramatically improve production success. While Willer & Aldridge (2017)
demonstrated a proof-of-concept for microencapsulated diets they did not quantify the
effect of BioBullets diets on bivalve growth. Our study here aimed to assess the impact of
microencapsulated feed on juvenile growth in O. edulis. We hypothesised that juveniles
would grow and survive least well in the absence of any diet, that algae and microcapsules
might offer different nutritional benefits that would improve growth and survival, and that a
combination of microcapsules and algae are likely to deliver the most nutritionally complete

diet and might therefore be predicted to yield the fastest growth and highest survival.
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4.2. Materials and Methods

4.2.1. Diets

This study had two major components: laboratory experiments on O. edulis spat (4
mm juveniles) in the Department of Zoology, University of Cambridge, England; and
hatchery trials on O. edulis larvae (160 — 200 um) and spat at SeaSalter Shellfish (Whistable)
Ltd, Kent, England. Six different types of diet were fed to spat and larvae during the study,
which comprised a series of four in the laboratory (13, 2, 33, 4) and a series of four in the
hatchery (1b, 2, 3b, 4). Diet 1; algae only, which was algal concentrate in laboratory trials
(Diet 1a) (Shellfish Diet 1800, Reed Mariculture, California, USA) and live algae in the
hatchery trials (Diet 1b) (SeaSalter’s formulation). For both algal diets spat were fed at 0.057
g dry weight feed g mean live weight bivalve® day™. This is the ration recommended by Reed
Mariculture and additional algal ration above this value has little effect on O. edulis growth
8, ensuring that any differences in growth when microcapsules were added would likely be
driven by improved nutritional value rather than increased ration. Diet 2; microcapsules
only, these were lipid-walled microcapsules containing 50% powdered Schizochytrium algae
by weight and manufactured by BioBullets (BioBullets Ltd, Cambridge, UK), fed at 0.057 g dw
feed g mean Iw bivalve® day'. To manufacture the particles, a slurry of lipid encapsulant and
powdered diet is pumped into an ultrasonic atomising nozzle, before the particles form
perfect spheres in specialised cooling chambers and are then coated in a propreitary
surfactant to aid dispersion in water (more details on manufacture can be found in Aldridge
et al., 2006). Diet 3; algal concentrate + microcapsules (Diet 3a) or live algae + microcapsules
(Diet 3b), which comprised microcapsules and algae in a 1:1 ratio, both components were
fed at 0.057 g dry weight feed g mean live weight bivalve™ day. Diet 4; no food, a seawater
only diet. The nutritional breakdown of each food type was obtained via a literature review

(Table 4.1.).

4.2.2. Laboratory experimental design
Laboratory experiments on spat took place over seven weeks between 31/01/2018 -
21/03/2018. Experiments were carried out in a controlled temperature room held at 10 °C,

in constantly aerated tanks each containing 1 L of artificial seawater at salinity 30 %o
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(H20cean Aquarium Salt, D-D The Aquarium Solution Ltd, UK), simulating typical sea
conditions at the time of year. Tanks received a 100% water change every seven days. Each
tank contained 15 spat with an initial mean length of 3.91 + 0.64 mm, approximating to the
typical size they would be moved into nurseries at hatcheries . There were eight tanks for
each of the four diets; 1a, 2, 3a and 4, so thirty-two tanks in total. Each diet was fed daily

and mixed into the water.

4.2.3. Hatchery trial design

Hatchery trials on larvae took place over eight days between 17/04/2018 -
25/04/2018. Aerated 250 ml tanks of O. edulis larvae at 1000 larve L were kept at 21 °C and
28 %o salinity, and water changed every two days. There were seven tanks for each of the
four diets; 1b, 2, 3b and 4, so twenty-eight tanks in total. Each diet was delivered in
seawater at a continuous flow rate of 10 ml minute * using a system of hypodermic
capillaries connected to header tanks containing daily feed.

Spat trials took place over seven weeks between 29/03/2018 - 16/05/2018. These
were carried out in four 25 L aerated flow-through tanks kept at ambient hatchery
temperatures (18 — 21 °C) and salinities (26 — 28 %o). Each tank contained 100 O. edulis spat,
and received one of the four diets; 1b, 2, 3b and 4. Feed was again delivered using a
continuous system with a flow rate of 10 ml minute®, with the feed lines discharging halfway
to the base of each tank. In the hatchery it was not possible to have replicate tanks for each
diet, therefore, a greater number of spat per tank (100) was used compared to the 15 spat

used in the laboratory.

4.2.4. Survivorship and growth tracking

Larval survivorship, maximum and minimum size was measured every two days in the
hatchery. A 25 ml sample was taken from each tank following stirring, and the number of
live and dead larvae in the entire sample was recorded using a microscope. The maximum
and minimum size of live larvae along the longest axis was recorded after washing them
through grading sieves using a microscope with a calibrated eyepiece graticule. Maximum
and minimum larval size in each sample was measured rather than the average size of many
larvae in each sample to reduce the amount of time larvae were exposed to the harsher
environment outside of the tank. All larvae were returned to the tank after counting and

measuring.
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Spat survivorship was measured weekly at the laboratory and hatchery using
counting sieves, and any dead spat were removed from the tanks. To track growth using
fluorescence imaging, spat at both the hatchery and laboratory were treated with calcein
(C0875, Sigma-Aldrich, UK) at 100 mg litre™ for 24 hours on day zero, and then thoroughly
rinsed in seawater 1919 _Unfortunately, the calcein label did not persist over the course of
the experiments, so the following alternative measures were used to track growth. In the
laboratory the live weight of individual spat was measured weekly from day seven onwards.
For the hatchery trials the individual live weights of 30 spat were recorded at day zero, and
the final live weights of all individual spat were recorded at the end of week seven; there
was not capacity to weigh spat weekly in the hatchery. Calibrated Mettler Toledo AB54-S

laboratory scales were used for all weighing to a precision of +1 mg.

4.2.5. Statistical analyses

Power analyses were performed using G*Power (2018, Heinrich-Heine-Universitat
Disseldorf, Germany) before experiments started, to ensure experimental designs and
sample sizes were appropriate. Statistical analyses of the data were performed using R
Statistics 1%, For larvae and spat survivorship, linear models with subsequent ANCOVA and
least-square means were used to compare the number of live larvae or spat against time
(the covariate) between diets. For hatchery larvae and laboratory spat growth, linear models
with subsequent ANCOVA and least-square means were used to test for differences in size
measurements or weight across time between diets. For spat growth in the hatchery
Kruskal-Wallis and post-hoc Wilcoxon tests were used to test for differences between diets

and initial spat length.
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Table 4.1. Nutritional composition of live algae, algal concentrate, and microencapsulated
feed. All values are in g per 100 g dry weight (dw). For SeaSalter live algae, overall
nutritional composition is an average of the component species, and assumes an even mix of
flagellate and diatom algae ®°. For microcapsules (BioBullets Ltd.) and algal concentrate
(Shellfish Diet 1800), overall nutritional data is sourced direct from the manufacturer.

Superscript letters refer to source of individual data: a 8, b 107, ¢ 108, ¢ 109 g 110 {111 5112

113
Protein Carbohydrate Lipid Ash and fibre 20:5n-3 (EPA) 22:6n-3 (DHA)
Diet 1a: algal concentrate 528 16 % 228 10 1.61 0.78
Components Isochrysis galbana 29 * 132 23° 35 0.21°% 2322
Pavlova lutheri 29° 13° 23° 35 453" 216"
Tetraselmis suecica 31* 122 10°? 47 0.54 2 0.01?
Chaecoteros calcitrans 34* 6 16 44 2.84° 0.14*
Thalassiosira weissflogii 281 23h 221 27 1.10" 0.00"
Thalassiosira pseudonona 342 9° 19° 38 0.44 ¢ 0.06 ¢
Diet 1b: live algae 31 12 13 44 2.31 0.70
Components Pavlova lutheri 292 132 23 35 453" 2.16"
Tetraselmis suecica 31° 122 10°? 47 0.54 2 0.01?
Isochrysis galbana 29 ® 132 232 35 02172 2322
Chaetoceros muelleri 37* 172 6? 40 2.84° 0.142
Chaecoteros ceratosporom 372 17 # 6? 40 2.84° 0.14°
Skeletonema costatum 252 5% 10°? 60 0.29 ¢ 0.06 ©
Rhinomonas sp. 47 * 22* 4° 27 2,647 1.45°
Chaecoteros gracilis 122 5% 72 76 2847 0.14?
Chaecoteros calcitrans 34° 6° 16 44 2847 0.142
Pyramimonas virginica 214 16 ¢ 14 ¢ 49 0.00 © 0.47 ©
Nannochlorapsis oculata 36° 82 18° 38 6.53f 0.07 f
Diet 2: microcapsules 6 16 58 20 0.25 9
Diet 3a: algal concentrate + microcapsules 29 16 40 15 0.93 4.89
Diet 3b: live algae + microcapsules 18 14 36 32 1.28 4.85

4.3. Results

4.3.1. Larval survivorship and growth in the hatchery

O. edulis larvae fed a combination of live algae and microcapsules experienced the
greatest survivorship and most rapid growth. After an 8-day growth period, all sampled
larvae from tanks containing live algae + microcapsules were alive, compared to 95.0 £ 5.0
(SE) % for live algae only, 70.0 + 20.0 % for no food tanks, and 25.3 + 12.6 % for
microcapsules only (Figure 4.1a.). The overall decline in percentage larvae alive was
significantly lower in algae + microcapsules and algae only tanks than in the other tanks
(ANCOVA, F7s9 =8.99, r>=0.37, p < 0.001, post-hoc least-square means (LSM) p < 0.05), and
after 6 days larval survivorship was significantly higher in algae + microcapsule tanks than in
all other tanks (post-hoc LSM p < 0.05). Both maximum and minimum size was greater for
larvae fed live algae + microcapsules compared to all other diets (for maximum size
ANCOVA, F7,s5 = 90.54, r> = 0.87, p < 0.001, LSM p < 0.001; for minimum size ANCOVA, F7,g5 =
33.51,r2=0.71, p< 0.001, LSM p < 0.05) (Figure 4.1b, c.). At day-8, the respective maximum
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and minimum size of larvae fed live algae + microcapsules was 284 + 12 and 238 £ 11 um,
compared to 255 + 5 and 202 £+ 4 um for live algae, 177 £ 3 and 173 £ 3 um for

microcapsules, and 175 + 3 and 175 £ 3 um for no food.
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Figure 4.1. Survivorship and growth of O.edulis larvae (160 — 300 um) grown on
microencapsulated and algal diets in the hatchery. O.edulis larvae were fed algae and
microcapsules (purple A), live algae (green o), microcapsules (orange +), or no food (blue x)
over 8 days in the hatchery. Survivorship (a) and maximum and minimum larval size (b and c)
were recorded. Data are from 25 ml samples, n = 7 tanks, error bars represent Standard

Error.

4.3.2. Spat survivorship and growth in the laboratory

In the laboratory O. edulis spat fed a diet solely of microcapsules experienced the
greatest survivorship and growth. Survivorship was significantly greater in spat fed on only
microcapsules compared to all other diets (ANCOVA, F7248 = 99.12, r?=0.73, p < 0.001, LSM
p < 0.001) (Figure 4.2a.). From a starting point of 15 live spat per replicate, after 7 weeks the

mean number of live spat in tanks supplied solely with microcapsules was 6.88 + 0.95,
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compared to 3.75 + 1.04 in microcapsules + algal concentrate, 2.38 £ 1.18 in algal
concentrate only, and 2.13 + 0.55 in no food tanks.

Spat fed on only microcapsules in the laboratory underwent the greatest increase in
mean weight of all diets, significantly greater than spat fed algal concentrate only or no food
(ANCOVA, F4219 =4.57,r2=0.06, p < 0.01, LSM p < 0.05) (fig. 3a). Between weeks 1 and 7 the
mean weight of spat fed only microcapsules increased by 40.6 + 4.6 % from 24.55 + 1.13 to
34.42 + 2.31 mg. In comparison the mean weight of spat fed only algal concentrate or no

food decreased, with declines of 33.0 £ 0.1 % and 11.4 + 0.1 % respectively.

4.3.3. Spat survivorship and growth in the hatchery

In the hatchery microcapsules only was the food type that resulted in the greatest
survivorship, but algae only and algae + microcapsules led to better growth. Survivorship of
spat fed only microcapsules was significantly greater than spat fed only live algae or live
algae + microcapsules (ANCOVA, F724 =32.97,r2=0.88, p < 0.001, LSM p < 0.05). Notably,
survivorship of spat fed microcapsules was not significantly different from unfed spat (LSM,
p > 0.05) (Figure 4.2b.).

Spat fed only live algae or live algae + microcapsules had a significantly greater
increase in shell length than spat fed only microcapsules or no food (Kruskal-Wallis, X?4 =
136.13, p < 0.001, post-hoc Wilcoxon rank sum p < 0.001) (Figure 4.3b.). From an initial
length of 3.91 £ 0.12 mm, spat fed only live algae grew by 67.9 £ 0.1 % to 6.56 £ 0.23 mm,
and spat fed live algae + microcapsules grew by 68.1 + 0.1% to 6.57 £ 0.13 mm. There was no
significant difference in length increase between spat fed only algae or live algae +
microcapsules (Wilcoxon rank sum p > 0.05). The length increase in spat fed only

microcapsules was 38.5+ 0.1 %, to 5.41 £ 0.12 mm.
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Figure 4.2. Survivorship of O.edulis spat (> 3 mm) grown on microencapsulated and algal
diets. O.edulis spat were fed microcapsules (orange +), algae (green 0), a combination of
both (purple A), or no food (blue x) over 7 weeks, and survivorship was recorded. In the
laboratory (a) algal concentrate and in the hatchery (b) live algae were fed. For (a) n =8

tanks, for (b) n = 1 tank, error bars represent standard error. No error bars in b) because the

same tank was used for all spat on a given diet at the hatchery.
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Figure 4.3. Growth of O.edulis spat (> 3 mm) grown on microencapsulated and algal diets.
O.edulis spat were fed microcapsules (orange), algae (green), a combination of both
(purple), or no food (blue) over 7 weeks. In the laboratory (a) spat were weighed weekly and
algal concentrate was fed. In the hatchery (b) shell length was measured at week O (initial,
red) and after 7 weeks growth, and live algae was fed. For (a) n = 8 tanks of initially 15 spat.
For (b) n =1 tank and number of spat are shown above bars. Error bars represent standard

error.

4.4. Discussion

Our investigation indicates that use of microencapsulated feeds can lead to
significant improvements in the survivorship and growth of juvenile oysters relative to
traditional algal diets. In O. edulis larvae a diet containing both microcapsules and live algae
resulted in greater survivorship, a 46% greater increase in maximum size and a 171% greater
increase in minimum size over 8 days compared to a diet of live algae alone. O. edulis spat
fed microcapsules alone had greater survivorship than those fed any other diet. In the
laboratory a diet of only microcapsules also resulted in the most spat growth, while in the
hatchery combining microcapsules with algae led to better spat growth than microcapsules
alone.

The improved growth of larvae fed on the combined diet of microcapsules and algae
may be driven by the exceptionally high 22:6n-3 fatty acid (DHA) levels in the microcapsules.

DHA is a nutrient known to increase juvenile growth, and at 9 g per 100g dw levels in

66



microcapsules were nearly 13 times that in live algal feed (Table 4.1.) 829, The relatively
poor performance of microcapsules alone for survivorship and growth of larvae may be
driven by deficiencies of nutrients important to larval proliferation °. Protein levels were
five times lower in the microcapsules versus live algal feed (6 vs 31 g per 100g dw), and
20:5n-3 fatty acid (EPA) levels were also markedly lower (Table 4.1.).

The physical attributes of the microcapsules are a probable driver for the greater
survivorship of O. edulis spat fed microcapsules relative to spat fed other diets. The
microencapsulated feed is not live hence reducing risk of introducing disease through feed,
and the waxy encapsulant avoids microcapsules degrading before they enter the gut,
resulting in less risk of bacteria growing on microcapsulated food compared to conventional
algal diets 32. The components of the proprietary encapsulant also have antibacterial
properties which may explain the lower mortality when microcapsules were given in
combination with algae compared to algae alone.

The quality difference between live algal feed and algal concentrate may offer an
explanation as to why in the hatchery live algae alone led to the same improvements in spat
growth as combining live algae and microcapsules, whereas in the laboratory combining
algal concentrate with microcapsules led to better growth than algal concentrate alone. The
live algal mix used at SeaSalter is renowned for its world-leading quality, with the system
supplied to 16 countries worldwide (SeaSalter Shellfish (Whistable) Ltd). Appropriate
guantities of a wide multitude of key amino acids and lipids are needed for optimal bivalve
growth and larval survival 1'%, The microencapsulated feed may not have been able to
provide any additional nutritional benefit when given in combination with the high quality
SeaSalter live algae, whereas microcapsules may have greatly enhanced dietary nutritional
value when given in combination with algal concentrate. However, the survival
improvements provided when microcapsules were given in addition to live algae in the
hatchery demonstrate there is great potential value for microencapsulated feeds in even the
best spat rearing systems of today.

There remains capacity to further refine the formulations of microencapsulated
feeds. The current low protein levels in microcapsules (Table 4.1.) may explain why when
given alone they provided less larval and spat growth in the hatchery compared to combined
live algae and microcapsules. In order for microencapsulated feeds to replace a greater
proportion of or completely replace live algal diets, the nutritional content of the capsules

will need to be carefully tailored to specific bivalve species and growth stages.
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Overall this study demonstrates that the use of microencapsulated feed can lead to
major improvements in survivorship and growth in juvenile oysters, an outcome of great
importance in aquaculture as a field. Existing hatchery processes represent an expensive
bottleneck in oyster production. Using microencapsulated diets to drive more rapid
progression of juvenile oysters through the hatchery and onto open water grow-out could
increase overall production output and reduce costs. Microencapsulated feeds could also
enable hatcheries to be set up where there is a lack of expertise or space to rear live algae,
increasing the number of potential locations that bivalves can be farmed. Increased
availability of a sustainably produced micronutrient and protein-rich food in the form of
bivalves would be of great value in both developing and developed nations; worldwide 795
million people don’t get access to the calories they need while at least 2 billion consume too
many calories but don’t get access to the nutrients they need 193944,

We have demonstrated that diets containing microcapsules can reduce mortality in
spat and larvae. There is also the opportunity for expanding the technology for tackling the
management of disease in the hatchery. Microcapsules have already been identified as an
optimal delivery mechanism for immunostiumlants and probiotics to tackle Bonamia ostreae
disease in O. edulis 1*>. There is a need for future investigations to assess whether
microcapsule delivery of disease control agents can effectively reduce disease in bivalve
shellfish, and the BioBullets technology used in this study offers considerable promise.

Improvements made in the bivalve shellfish industry, in part driven by the use of new
microencapsulated feed, could play a key role in creating sustainably produced and reliable
food across wide geographies. Bivalves have a higher nutritional value, are cheaper to farm,
and have a lower environmental footprint than most other animal foods 1931, If we could to
continue replace just 25% of salmon aquaculture with bivalves, CO2 emissions equal to
those of New Zealand, an area of larger than Wales, and 11.8 billion litres of freshwater
could be spared annually 3. There is considerable opportunity for research and industry
continue to test and implement microencapsulated diets to realise the great benefit
improved growth in bivalve aquaculture can have for meeting the needs of global food

security.
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Chapter 5: Microencapsulated algal feeds as a sustainable
replacement diet for broodstock in commercial bivalve

aquaculture

Willer, D. F., Furse, S. & Aldridge, D. C. (2020). Microencapsulated algal feeds as a
sustainable replacement diet for broodstock in commercial bivalve aquaculture. Scientific

Reports. doi: 10.1038/s41598-020-69645-0

The global bivalve shellfish industry makes up 25% of aquaculture, is worth USD $17.2
billion yr?, and relies upon a supply of juvenile bivalves produced by adult broodstock in
hatcheries. Today large quantities of live algae are grown to feed broodstock at $220 kg?,
driving highly unsustainable energy and resource use. New advances in algal and
microencapsulation technology provide solutions. We developed microencapsulated
Schizochytrium algae diets, which can be produced sustainably at < $2 kg from organic
side-streams, and are shelf-stable to minimise waste. Physiological, histological, and
cutting-edge metabolomic analyses demonstrate that in commercial settings sustainable
microencapsulated diets facilitate improved sexual development and 12x greater omega-3
levels in oysters relative to conventional live algal diets. Every tonne bivalve protein
produced instead of fish spares 9 ha, 67 tonnes CO,, and 40,000 litres freshwater. Further
research into microencapsulated diets could support bivalve industry expansion, and
contribute towards a step-change in sustainable global food production through improved

aquaculture practices.
5.1. Introduction

The USD $17-2 billion global bivalve shellfish industry relies upon a supply of juvenile
bivalves produced by adult broodstock in hatcheries #’. Current estimates suggest 220
million broodstock bivalves are held in hatcheries worldwide 3147/116-119 'At present
broodstock must be fed live algae, production of which drives unsustainable land, energy

and antibiotic use 3.
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Algal production in hatcheries makes highly inefficient use of land and energy 313267, Typical
hatcheries require 400 m? of algal tanks to maintain just 400 broodstock, equating to 220
million m? worldwide, an area larger than Washington, D.C. 1'%, High-intensity artificial
lighting, temperature, and air control systems are needed to support algal growth ©°,
Furthermore, algal stocks are difficult to maintain and frequently lost due to contamination
and disease, so greater quantities must be produced, to the extent that each unit of viable
hatchery-grown algae is 20-fold more expensive than units grown in contamination-free
commercial photobioreactor facilities 272133120 gccounting for 50% of bivalve production
costs at USD $220 kg algal biomass in 2016 70,

Algal production presents a major disease control issue. Live algal feeds are the
primary vector of bivalve disease, which is controlled with antibiotics 3!. Antibiotics cause
severe damage to marine ecosystems; 80% of aquaculture antibiotics are not metabolised
by stock, persist in the open sea, and drive proliferation of antibiotic resistant bacteria 2>,
In the world's largest bivalve producers including China no veterinary prescriptions are
required for antibiotics with use essentially unregulated °°. In Europe twice the number of
antimicrobial substances were sold for animal versus human use in 2014 %, Non-live diets
are more sterile, and hence since the 1990s the bivalve aquaculture industry has been
seeking non-live alternative feeds to reduce antibiotic needs 2>3%337 FAQ and EU
sustainable aquaculture policies identify urgent and immediate needs to reduce land,
energy, and antibiotic use in aquaculture 19°0.121,122,

New advances in algal production and microencapsulation technology offer a
groundbreaking solution to reduce the environmental footprint of bivalve aquaculture.
Schizochytrium algae can be grown heterotrophically on industrial scales at USD $1.50 kg™,
using low-cost food waste and agricultural side-streams as inputs 1291237125 For bivalve
nutrition Schizochytrium has advantages, with levels of key nutrients such as
docosahexaenoic acid (DHA) exceeding 20% dry-weight; greater than twice the abundance
of DHA in hatchery-grown algae 12>, Novel microcapsules are an ideal vehicle for delivering
sustainable Schizochytrium-based diets to bivalve broodstock 2°31733, Mass production is
simple and cost-effective 232, and the microcapsules dry and shelf-stable thus
circumventing conventional feed wastage costs 2°. Capsule characteristics can be tailored to
maximise feeding efficiency 2> and minimize nutrient leaching to water >36783 whilst also

being sterile and not a disease vector 3. The nutritional profile of microencapsulated feed

compared to conventional algal feed is shown in Table 5.1.
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There are major sustainability advantages of replacing live algal feeds with
microencapsulated feeds in bivalve aquaculture, including 20-fold reductions in energy use,
carbon emissions and production costs (Figure 5.1.). However, for replacement to be
commercially viable it is critical to assess whether microencapsulated feeds provide
comparable sexual development in bivalve broodstock compared to conventional algal

feeds.

— Microencapsulated diet

CO, emissions Photobioreactor algae
(kg CO, eq / M digestible energy)

— Hatchery algae

Cost
($ USD / Ml digestible energy)

Energy footprint
(MJ used / MJ digestible energy)

Figure 5.1. The sustainability advantage of new microencapsulated diets. The radar-plot
demonstrates lower CO; emissions, reduced energy usage, and more efficient use of
economic resources in new microencapsulated diets. Comparison is relative to the most
efficient to produce form of autotrophic live algae grown on an industrial scale
(photobioreactor algae), and algae grown in a relatively efficient bivalve hatchery today.
Note the broken axes for hatchery algae. We also note that a 100% replacement of live algae
will require further tailoring of the microcapsule formulation for increased protein content.

Data sources and figure methodology: Supplementary Data S1, 2%:32,33,66,70,120,123,126-129
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5.2. Results

5.2.1. Sexual maturation: Gonad weight

We first tested the impact of replacing live algal diets with microencapsulated
Scizochytrium diets on oyster gonad weight. Both microencapsulated and live algal diets
resulted in greater gonad weight European oysters (O. edulis) following a six-week
broodstock conditioning period in a commercial hatchery, relative to pre-conditioning
control (t = 0) oysters. Mean wet gonad weight was significantly greater in oysters fed algae
(3:51 + 1-24 g (Standard Error)), microcapsules (4-40 + 1-10 g), or algae + microcapsules (4-15
+ 0-75 g) compared to oysters pre-conditioning (1:59 + 0-46 g) (ANOVA, F33,=16-58, p <
0-001). Figure 5.2. demonstrates how the difference between sample and control gonad
weight was greatest in oysters fed microcapsules (2:81 + 1-:10 g), although this value was not
significantly different from oysters fed algae (1:92 + 1:24 g) (ANOVA, F224=1-73, p = 0-19).
The observed greater gonad weight in conditioned relative to pre-conditioned oysters is
expected as oysters build up energy reserves for gametogenesis, and the greater values can

be assumed to represent an increase in weight over time relative to the controls 139,
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Pre-conditioning Live algae Live algae + Schizochytrium
Schizochytrium  microcapsules

microcapsules ’

Figure 5.2. Increased oyster broodstock gonad weight following conditioning. The boxplot
shows the total wet gonad weight of oysters fed algae (green), microcapsules (orange), or

algae + microcapsules (purple) over a six-week conditioning period, relative to oysters pre-
conditioning (blue). n = 9 oysters per diet, gonad weight was significantly greater in oysters

fed a diet relative to oysters pre-conditioning.

5.2.2. Sexual maturation: Fatty acid and lipid abundance.

Demonstration that microencapsulated Schizochytrium diets could facilitate
comparable or greater increases in gonad mass compared to live algal diets provided
macroscopic evidence that microencapsulated diets could be an effective replacement for
live algae in sexual maturation. We hence embarked upon a molecular investigation of
gonad lipids and gametogenesis to provide further explanation.

Mass spectrometry was used to determine abundance and profile of fatty acids.
These data showed that fatty acid mass in O. edulis gonads was greater post-conditioning
compared to pre-conditioning. The greatest differences in abundance (over 400 %.) were
present in 16:0, 18:0, 18:1, 20:5 (EPA), and 22:6 (DHA) fatty acids (Figure 5.3a.). There was a
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significant difference between diets in the magnitude of the abundance difference for 42 of
the 45 fatty acids analysed (see Supplementary Information Table S1a.).

The greatest difference in fatty acid abundance relative to the pre-conditioning
controls was seen in oysters fed only microcapsules. For 40 of the 45 fatty acids the
difference was significantly greater for microcapsule fed oysters compared to algae fed
oysters (Table S1a.). In particular, the difference in 20:5 and 22:6 fatty acids was 12 times
greater in microcapsule compared to algae fed oysters (microcapsule fed: 20:5 = 553-3 +
254-8 %o, 22:6 = 3985 + 1586 %o; algae fed: 20:5 = 34-9 + 86-0 %o, 22:6 = 334 + 626 %o).
The post-conditioning difference in fatty acid abundance was also significantly greater in
oysters fed only microcapsules compared to oysters fed algae + microcapsules in 41 of 45
cases (Table S1a.). Whilst algae + microcapsule fed oysters did in general have greater post-
conditioning differences in fatty acid abundance than algae fed oysters, this difference was
only statistically significant in 3 cases (Table S1a.).

The abundance of other lipids in O. edulis gonads was also greater post-conditioning
compared to pre-conditioning, although there was only a significant difference between
diets for 30 of the 792 lipids assessed. Table S1b. presents lipids where there was a
significant difference between diets; the remainder of the lipids can be found in Table S2.
For the following four lipids the difference in abundance was particularly large (over 100 %o)
and also significantly greater in oysters fed microcapsules or algae + microcapsules
compared to oysters fed algae alone: LPE(18:1)_[M-H]1-, LPE(20:1) [M-H]1-, LPE(22:4) _[M-
H]1-, PG(20:0) (Figure 5.3b.) (Table S1b.).

The significantly greater post-conditioning abundance of fatty acids and lipids in
oysters fed microcapsules provide a biochemical explanation to our initial finding of strong
increases in gonad mass in oysters fed microcapsules. We can again assume that the greater

abundance represents an increase over time relative to the pre-conditioning controls 3.
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Figure 5.3. Increase in abundance of fatty acids (a) and other lipids (b) over conditioning
period. The increase shown in the bar plots represents the difference in fatty acid and lipid
abundance in the gonads of oysters fed algae (green), microcapsules (orange), or algae +
microcapsules (purple) over a six-week conditioning period, relative to oysters pre-
conditioning. Abundance was calculated from mass spectrometry data using total wet gonad
weight as a scaling factor. n = 9 oysters per diet, error bars represent standard error. The
eight fatty acids (a) and lipids (b) with the greatest change in abundance across all diets are
presented in the bar plots, and for these all diets differ significantly (p < 0-05 with Holm-
Bonferroni). For (b) lipid names have been abbreviated for clarity, full names are shown in

Table S2.
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5.2.3. Sexual maturation: Histological imaging

Histological imaging of the oyster gonads revealed that oysters fed either
microcapsules or algae + microcapsules were at a more advanced stage of sexual maturation
after six-weeks of conditioning than oysters fed algae alone (Figure 5.4.). Oysters fed algae
alone had progressed from having largely inactive gonads (Figure 5.4a, b.) to advanced
spermatogenesis, with follicles filled with spermatogonia and spermatocytes (Figure 5.4c,
d.). In contrast, oysters fed microcapsules in addition to or in replacement of algae had

reached full maturity and had dense follicles with many spermatids (Figure 5.4e —h.).
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Figure 5.4. Greater sexual maturation in oysters fed Schizochytrium microcapsules.
Histological sections of O. edulis gonads from predominantly male individuals fed one of
three diets compared to pre-conditioning controls: pre-conditioning (a - b), algae (c - d),
microcapsules (e - f), algae + microcapsules (g - h). Selected images are haematoxylin eosin
stained and represent the typical gonadal state of five oysters from each treatment type

after a six-week feeding period. ct: connective tissues; gt: gonadal tubule; m: mantle.
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5.3. Discussion

5.3.1. Microencapsulated diets enable improved sexual maturation in oysters

Our investigations demonstrate that Schizochytrium-based microencapsulated diets
enable not only comparable but improved sexual maturation in oyster broodstock compared
with conventional live algal diets. The gonads of oysters fed microencapsulated diets were of
greater weight, contained higher levels of omega-3 fatty acids crucial for sexual maturation,
and underwent accelerated spermatogenesis.

Of particular importance are the large increases in EPA and DHA in microcapsule
relative to algae fed oysters. EPA is the primary energy source for gamete maturation, with
higher levels directly increasing gamete quantity and development rate 31. DHA is pivotal to
the structure and function of gamete cell membranes, with higher levels increasing gamete
quality and egg survival rates 8787130131 High |evels of EPA and DHA in the Schizochytrium-
based microcapsules are likely driving this increase 812>, To date there is no clear evidence
that either fatty acid can be synthesised de-novo by oysters from shorter chain precursors
131132 The more rapid advance of spermatogenesis in oysters fed a microencapsulated diet is
highly likely being driven by the greater levels of EPA and DHA in these animals; a causal
relationship demonstrated by several previous studies 6989133, This offers strong support for
the use of microcapsules as a broodstock conditioning feed.

It is important to consider that for future application the nutritional formulation of the
microcapsules would need to be tailored further for increased protein content or fed
alongside a quantity of live algae. The current protein content of the microcapsules is lower
than that of live algae (6 vs 31g protein per 100g dry weight, Table 5.1.). Protein is important
in bivalve larval development and for shell formation, and if insufficient juvenile growth can
be suppressed 33. There would be significant value in performing additional studies
investigating the effectiveness of a higher protein formulation of microcapsules on bivalve
broodstock conditioning and juvenile development.

Regarding the newly developed microcapsules; the size is tailored to maximise
bivalve feeding efficiency (20 — 140 um diameter), and buoyancy neutral to ensure particles
remain within reach of the filter feeders 2°. This is an improvement over a basic freeze-dried

algal powder delivery system; powders tend to float on the water surface, and can clump
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into particles too large to be accessed by bivalves 7. The waxy encapsulant minimises pre-
ingestive nutrient loss by allowing particles to remain stable and retain nutrients in
seawater, yet still be rapidly digested on entry to the bivalve gut ®’. The specialised coating
allows delivery of low molecular weight, water soluble compounds, alongside fatty acids,
with minimal leaching to the surrounding water &, reducing eutrophication risks >>%7. The
encapsulant also has strong antibacterial properties, and contents are sterile, which reduces
disease incidence in aquaculture relative to live feeds 3313* and enables reduced antibiotic
usage 3%, There remains scope for further experiments allow greater optimization of the
physical characteristics of the microcapsules. For example, whilst we know that capsules of
20 - 140 um can be ingested by oysters ¥/, it would be useful to perform a study to
investigate the filtration and ingestion of different sizes of microcapsule within this range to

identify the preferred specific capsule diameters for both bivalve broodstock and juveniles.

5.3.2. Sustainability and Commercial Implications

The use of live algae is driving excessive and unsustainable energy and resource use
in bivalve production. This investigation demonstrated that sustainable Schizochytrium-
based microencapsulated diets can help support more effective sexual maturation in oyster
broodstock. Further research could help open up the opportunity initially outlined; to
upscale production and associated infrastructure to allow microencapsulated diets to
partially or fully replace live algae in hatcheries, and reduce the environmental footprint of
bivalve aquaculture.

However, given that microencapsulated diets enabled not only comparable but
improved sexual development in bivalve broodstock, there is potential to reap even further
commercial and sustainability benefits. Higher quality broodstock with greater lipid stores
directly translates into higher quality seed with a greater inherent survival rate 3. More
rapid sexual maturation enables seed production earlier in the season, giving the seed a
greater growing period prior to their first overwintering, with the corresponding greater size
and cold-tolerance again increasing survival %13°, Increased sexual maturation rates also
mean shorter conditioning cycles and greater larvae production for a given hatchery each
year, increasing the total output of bivalve seed ®°. As the supply of bivalve seed is one of the
biggest factors limiting the growth of the bivalve industry, with demand far outstripping
supply, microencapsulated feeds could play an important role in enabling the bivalve

industry to expand 3369135 Key next steps towards reaching this goal will include further
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tailoring of the microcapsule formation for increased protein content and use-specific size
profile to maximise ingestion efficiency and bivalve growth.

Bivalve aquaculture is far more environmentally sustainable than other forms of
aquaculture and meat production, and even some cereal crops 31, For every new tonne of
protein that is produced from bivalve instead of fish aquaculture, we spare 9 ha land, 67
tonnes CO2 emissions, and 40,000 litres freshwater 3. Any technology, such as
microencapsulated diets, that might enable bivalve aquaculture to grow instead of other
aquaculture should be viewed as of great benefit and a worthwhile recipient of further
research and industry attention. More widely, live algae remains a key component in the
USD $99.3 billion fish aquaculture industry, where application of microencapsulated diets
would also be appropriate 2>883, New microencapsulated diets derived from aquacultural
waste streams could contribute towards a step change in sustainable global food production

through improved industry practices.

5.4. Methods

5.4.1. Microcapsule manufacture

Lipid-walled microcapsules containing 50% powdered Schizochytrium algae by weight
were manufactured under patent by BioBullets (BioBullets Ltd, Cambridge, UK). To
manufacture the particles a premix slurry containing a waxy encapsulant with antibacterial
properties and powdered algae were prepared under conditions of controlled shear. The
slurry was pumped into an ultrasonic atomizing nozzle at the top of a cooling chamber. The
atomized particles formed near-perfect spheres as they cooled and fell to the chamber base.
Further particle cooling was achieved with an air-conveying system before discharge via
cyclone to a fluid bed processor. The encapsulated particles were then coated with a
proprietary non-ionic surfactant to aid dispersion in water. Further cooling in the fluid bed
removed all heat of crystallization from the microparticles before packaging 32. All
components of the formulation were food grade. The final microcapsules had a diameter

between 20-140 um, spherical shape, and near neutral buoyancy.
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5.4.2. Broodstock conditioning

Conditioning experiments on O. edulis broodstock took place under commercial
production conditions at SeaSalter Shellfish (Whistable) Ltd, Kent, England. Experiments took
place over six-weeks between 29/03/2018 - 10/05/2018. These were carried out in three 25
L aerated flow-through tanks kept at ambient hatchery temperatures (18 - 24 °C) and
salinities (26 — 28 %o) — offering further commercial context to our experiments although
presenting a limitation in the form of the necessity for pseudoreplication. Each tank
contained 15 O. edulis broodstock and received one of the following three diets: live algae
(SeaSalter's formulation), microcapsules (BioBullets), or algae + microcapsules. The
nutritional profiles of each diet were obtained from the manufacturer and are shown in
Table 5.1. Each feed was fed at 3% g dw feed g mean dw broodstock® day, meaning oysters
on the algae + microcapsules diet received twice as much food as oysters on the single food
diets. The 3% ration is recommended by SeaSalter and additional algal ration above this
value has been shown to have little effect on O. edulis nutrient uptake or growth ®°, ensuring
that any differences in growth when microcapsules were added would likely be driven by
improved nutritional value rather than increased ration. Feed was delivered using a
continuous system with a flow-through rate of 10 ml minute™®, with the feed lines
discharging halfway to the base of each tank. At the end of the six-week conditioning period
all broodstock were frozen and transported in cool boxes to the Department of Zoology,
University of Cambridge, England, where they were then frozen at -80 °C. Before the
conditioning period began an additional sample of 15 broodstock was also transported to

Cambridge and frozen at -80 °C for use as pre-conditioning controls.

5.4.3. Gonad weight analysis

The entire gonad mass was dissected from nine oysters from each diet and the
control sample, keeping the samples below 0 °C on dry ice. Gonad wet weight for each
oyster was measured using calibrated Mettler Toledo AB54-S laboratory scales to a precision

of 1 mg. Gonad tissue was stored at -80 °C.

5.4.4. Fatty acid and lipid analyses
Reagents: Solvents were purchased from Sigma-Aldrich Ltd (Dorset, UK) of at least
HPLC grade and were not purified further. Lipid standards were purchased from Avanti Polar

lipids (Alabaster, AL; via Instruchemie, Delfzijl, NL) and used without purification.
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Consumables were purchased from Sarstedt AG & Co (Leicester, UK) or Wolf Labs
(Wolverhampton, UK).

Preparation of oyster gonads for extraction of the lipid fraction: The method used
was newly developed for the oyster samples. Frozen adipose tissue was dispersed in an
aqueous solution of guanidine and thiourea (6M/1-:5M) ; 20x w/v) and diluted with methanol
(30%) and TBME (10%). The dispersions were freeze-thawed and agitated before extraction
of the lipid and glyceride fraction.

Extraction of the lipid fraction: The method used for extracting the lipid fraction was
described recently 3¢, Briefly, the solution of adipose (20 uL, prepared as above) was
injected into a well (96w plate, Esslab Plate+™, 2:4 mL/well, glass-coated) followed by
internal standards (150 pL, Mixture of Internal Standards in methanol (see table S3), water
(500 pL) and DMT (500 pL, Dichloromethane, methanol and triethylammonium chloride,
3:1:0-005). The mixture was agitated (96 channel pipette) before being centrifuged (3-2 x g,
2 min). A portion of the organic solution (20 uL) was transferred to an analytical plate (96w,
glass-coated, Esslab Plate+™) before being dried (N2 (g)). The dried films were re-dissolved
(TBME, 30 pL/well) and diluted with a stock mixture of alcohols and ammonium acetate (100
uL/well; propan-2-ol: methanol, 2:1; CH3COO.NH4 7-5 mM). The analytical plate was heat-
sealed and run immediately.

Mass spectrometry: In order to survey the profiles of glycerides, phospholipids and
the fatty acids within phospholipids, we used a direct infusion mass spectrometry method
developed recently 36137 that was based on one that has been used in several studies of
samples (infant formula 3¢, human dried blood spots 138141 plasma 42143 and serum 44).
The method consists of positive ion mode, negative ion mode and a negative ion mode with
collision-induced dissociation. Positive mode processing used a deviations threshold of 9
ppm and a signal strength threshold of 2. Abundance/signal intensity was plotted using 25,
50, 100 % quality control (QC) samples and a correlation threshold of 0.75 was used.
Variables with 0 % values across all samples were removed before the intensities were
signal-corrected. Negative mode processing used a deviations threshold of 9 ppm. QC
samples and a correlation threshold of 0.75 was used. A deviations threshold of 12.5 ppm
was used for processing of the negative ionization mode with CID, on a list of fatty acids of
chain length 14 to 36 with up to six olefin bonds and/or one hydroxyl group. All signals
stronger than noise were carried forward. Signals consistent with fatty acids were found in

3/3 samples checked. QC samples consisted of a pooled mixture of aliquots of six samples
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from across the study. QC concentrations of 0-25, 0-5 and 1-0 were used to assess the

correlation between sample concentration and signal intensity.

5.4.5. Sexual maturation analyses
To assess sexual maturation all gonadal tissue was dissected from 5 oysters from
each diet and the control. Tissue was fixed, sectioned, stained using hematoxylin and eosin,

and imaged under light microscopy following a standard protocol #°.

5.4.6. Data processing and statistical analyses

Power analyses were performed using G*Power (2018, Heinrich-Heine-Universitat
Disseldorf, Germany) before experiments started, to ensure experimental designs and
sample sizes were appropriate. For the lipid analyses Principal Component Analyses (PCAs)
were carried out using Metaboanalyst 4.0 14¢ to identify which samples grouped together in
a data-driven manner. To account for the difference in gonad mass between samples,
abundance values from mass spectrometry data for fatty acids and lipids were scaled by
gonad wet weight (Table S4). Statistical analyses of the data were then performed using R
Statistics 1%, For the gonad weight analysis ANOVA with post-hoc Tukey's tests were used to
compare gonad weight between the diets and control. For the fatty acid and lipid analyses
ANOVA with post-hoc Tukey's test and a Holm-Bonferroni correction for multiple
comparisons were used to assess differences in the abundance of each fatty acid or lipid
between diets, relative to the control *’. Molview (2015, Herman Bergwerf) was used to

generate molecular images for Figure 5.3.
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Table 5.1. Nutritional composition of broodstock diets: live algae, microcapsules, or live
algae + microcapsules. All values are in g per 100 g dry weight (dw). Nutritional data is
sourced directly from the manufacturer — for live algae SeaSalter Shellfish (Whistable) Ltd,

for microcapsules BioBullets Ltd, and for the combined diet a mean is used.

Diet Protein Carbohydrate Lipid Ashand 20:5n-3 22:6n-3 (DHA)
fibre (EPA)

Live algae 31 12 13 44 2.31 0.70

Microcapsules | 6 16 58 20 3.25 9.01

Live algae + 18 14 36 32 2.78 4.85

microcapsules

5.5. Footnotes

Data availability: All datasets for this study are included in the chapter above and the
supplementary files available at https://doi.org/10.1038/s41598-020-69645-0.
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Chapter 6: Vitamin Bullets. Microencapsulated Feeds To

Fortify Shellfish And Tackle Human Nutrient Deficiencies

Willer, D. F. & Aldridge, D. C. (2020). Vitamin bullets. Microencapsulated feeds to fortify
shellfish and tackle human nutrient deficiencies. Frontiers in Nutrition, 7:102. doi:

10.3389/fnut.2020.00102

Over two billion people worldwide are micronutrient deficient, with regionally specific
deficiencies. Fortification of food with micronutrients has become an industry standard for
enhancing public health. Bivalve shellfish (e.g. oysters, clams and mussels) provide the
most sustainable source of animal protein on the planet, and the market is rapidly growing
— with production in China increasing 1000-fold since 1980 to an annual 36 kg capita !
consumption level. Bivalves are also unique in that micronutrients consumed at their end-
life stage will be digested by humans, as humans consume the entire organism including
the gut. We have developed a novel microencapsulated vehicle for delivering
micronutrients to bivalves, tailored for optimal size, shape, buoyancy and palatability,
demonstrating the potential of fortified bivalves to tackle human nutrient deficiencies.
Oysters fed vitamin A and D microcapsules at a 3% initial dosage for just 8 hours had
elevated tissue vitamin content. A serving of just two such bivalves provides enough
vitamin A and D to meet human dietary RDAs. Scale-up of this technology and application
to other bivalve species including clams and mussels could provide a low-cost and highly

sustainable mechanism to contribute towards tackling nutrient deficiencies globally.
6.1. Introduction

The World Health Organisation (WHQO) estimates over two billion people worldwide
are micronutrient deficient 18, Vitamin A and D deficiencies are of particular concern 14°,
with 33 % of children and 1 in 6 pregnant women lacking sufficient vitamin A 148130 Regional
deficiencies can be especially pronounced. In Ghana more than 76 % of children are vitamin
A deficient, causing widespread mortality and blindness 148149 |n India 85 % of citizens are

vitamin D deficient, causing cardiovascular diseases, osteoporosis and rickets *17153 Even in
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the US over 40% of the population is vitamin D deficient 4. Here we demonstrate a cheap
and effective way of integrating micronutrients into the food supply, thus representing a
highly efficient and attractive way to help tackle a major human health challenge *2.
Delivering micronutrients to the human population through animal products offers
major advantages. Nutrients important to human health are less bioavailable in plants than
meat, and rising atmospheric CO; content is reducing the absolute concentration of these
nutrients in plants %11, Nutrients consumed alongside the muscle and fat of an animal are
also more bioavailable to the human digestive system than nutrients in a supplemental pill
155 Fat must be present in the digestive tract for essential fat-soluble vitamins such as A, D,
E, K and carotenoids to be absorbed, and muscle protein breakdown enhances absorption of
key micronutrients including iron concurrently present in the gut °618 |n addition,
alternatives such as vitamin supplements or fortified food condiments are often expensive
and seen as a luxury by the people who really need them %2, Given that the global regions
where vitamin deficiencies are most prevalent also tend to be the poorest, targeted
integration of nutrients directly into the food supply (e.g. in rice and milk) has become
important and commonplace. Costs are comparable or lower than providing a supplemental
pill, and compliance is easier; poor consumers will continue to buy their now marginally
more expensive food whereas they are unlikely to make an additional purchase to buy
supplements 149152159 However, current animal meat production methods are causing
catastrophic environmental damage, driving 15 % of greenhouse gas emissions and
widespread biodiversity loss 2. There is an urgent need for a sustainable alternative.
Bivalve shellfish, such as clams, oysters, mussels and scallops, are a highly attractive
yet underutilised food source with the capacity to provide the global population with key
nutrients. Bivalves have a higher protein content than beef, are a rich source of omega-3
fatty acids, and have some of the highest levels of key minerals of all animal foods 3. They
are also very sustainable to farm, having a far lower environmental footprint than animal
meat or fish, and lower even than many plant crops such as wheat, soya, and rice 3!. Bivalves
are a highly affordable food source in nations where they are produced at large scale, such
as China #’. There is great potential to sustainably expand bivalve aquaculture worldwide,
with over 1,500,000 km? available for sustainable low-cost industry development,
particularly around the west coast of Africa and India 2. In areas including the Malabar and
Goa coasts of India bivalves such as the green mussel (Perna viridis) are already staple foods

for poor populations 4710, However, whilst bivalves are nutrient rich the level of nutrients
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they deliver naturally is unlikely to solve global nutrient deficiencies. Innovations in bivalve
production can change this.

The ‘depuration’ stage of bivalve production, during which bivalves are held in
cleansing tanks for 48 hours after harvest, represents a unique opportunity for integrating
nutrients into the bivalve gut and surrounding tissue. As humans consume the entire
organism including the gut when they eat a bivalve, these nutrients will be available to
humans 6, In other animals, supplemental nutrients can be included into the feed, but this
method is inefficient because feeds must be fed to animals for a far longer period of the
animals’ lifetime in order to generate elevated nutrient levels in the animals’ tissue 162163,
Micronutrient fortification during the depuration stage could allow the levels of a specific
nutrient such as vitamin A or D to be increased in the food supply to meet specific regional
needs. As bivalves also tend to be consumed locally #’,this would be a highly efficient and
targeted method to tackle nutrient deficiencies. There is however a need for a method to
deliver micronutrients to bivalves during depuration.

Novel microencapsulated feeds developed through recent chemical engineering
innovations can provide a delivery vehicle for micronutrients to bivalves %°. It has already
been demonstrated that this form of microcapsules are digestible by bivalves and can
improve bivalve growth and sexual maturation 32734, Mass production is simple and cost-
effective 2°32, and the dry microcapsules have shelf lives in excess of one year in any sealed
dry container (e.g. mylar bags) thus circumventing conventional feed wastage costs 2°.
Capsule characteristics are designed to maximise feeding efficiency 2> and minimize nutrient
leaching to water 36783, The specific nutritional content of the microcapsules can easily be
tailored. For depuration, this makes it possible to create microcapsules containing only the
micronutrients required by the human population for fortification, without any other food,
minimizing the overall quantity of microcapsules required.

This investigation aimed to formulate and characterise a new form of micronutrient
microcapsules, find out whether bivalves would consume them, and whether this would lead
to elevated micronutrient levels in bivalve tissue. We also aimed to determine the optimum
concentration and timeframe for delivering microencapsulated micronutrients to bivalves,
and how the resultant micronutrient levels in bivalve tissue would compare to human
Recommended Daily Allowances (RDAs) and other foods. Microcapsules fortified with
vitamins A or D were selected as a case study, due to the prevalence of vitamin A and D

deficiencies worldwide. Pacific oysters (Crassostrea gigas) were used as a case bivalve
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species, due to their widespread popularity as a food source, worth $ USD 6.7 billion in 2017
47 The natural diet of these oysters is phytoplankton between 10 — 400 um °’. Our target
size microcapsule to develop was around ~100 um — small enough to avoid excessive
rejection in psuedofaeces but with enough mass to allow relatively long retention times in
the stomach °’. The microcapsules also needed to have a rough surface texture to facilitate
uptake and a neutral or slightly negative buoyancy to maximise uptake into the inhalant

current 2>2°,

6.2. Materials and Methods

6.2.1. Microcapsule manufacture

Lipid-walled microcapsules containing vitamin A at retinyl acetate at 200 mg g or
vitamin D as cholecalciferol at 20mg g* were manufactured under patent by BioBullets
(BioBullets Ltd, Cambridge, UK) 16164 The remainder of the weight consisted the vegetable
oil-based encapsulant and lipid-based bulking agents. To manufacture the particles a premix
slurry containing the waxy encapsulant, bulking agents, and the powdered vitamin were
prepared under conditions of controlled shear. The slurry was pumped into an ultrasonic
atomizing nozzle at the top of a cooling chamber. The atomized particles formed near-
perfect spheres as they cooled and fell to the chamber base. Further particle cooling was
achieved with an air-conveying system before discharge via cyclone to a fluid bed processor.
The encapsulated particles were then coated with a proprietary non-ionic surfactant to aid
dispersion in water. Further cooling in the fluid bed removed all heat of crystallization from

the microparticles before packaging. All components of the formulation were food grade.

6.2.2. Microcapsule characterization

Scanning Electron Microscopy (SEM) was used to examine the morphology of
complete vitamin A and D microcapsules, and microcapsules freeze-fractured using liquid
nitrogen and a cold hammer. The entirety of a 1 g sample was mapped for each vitamin, and
then a representative selection of SEM images were taken using an FEI Quanta 650F
(Thermo Fisher Scientific, USA) under high-vaccum and 3kV. A Malvern Mastersizer 3000
(Malvern Panalytical, UK) was used to assess the particle size distribution of microcapsules.

Five samples of both vitamin A and D microcapsules were analysed. The Mastersizer 3000
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generated fitted size distribution curves for each microcapsule type, alongside mean particle

size and residual standard deviation.

6.2.3. Bivalve nutritional fortification

Bivalve nutritional fortification experiments were undertaken at the University of
Cambridge UK in December 2019, under conditions to simulate commercial depuration
protocols. Experiments were carried out in a controlled temperature room held at 15 °C, in
constantly aerated tanks each containing 1 L of artificial seawater at salinity 30%o (H2Ocean
Aquarium Salt, D-D The Aquarium Solution Ltd., UK) %1€, Each tank contained one adult
Crassostrea gigas oyster, size grade AA, received directly from commercial depuration tanks
at Colchester Oyster Fishery, UK. The mean dry weight (dw) of these grade AA oysters was
obtained from 20 samples at 1.88 + 0.11 g. Each oyster was fed a 50 : 50 blend of both
vitamin A and vitamin D microcapsules at doses and timeframes feasible during the 48-hour
depuration period. There were 105 individual tanks, allowing for 5 biological replicate
oysters to be fed microcapsules at doses of 3, 6, and 9 % % dw feed per dw oyster over 2, 4,
8, 16, and 32 hours %2, alongside 0 and 32 hour controls at doses of 0 %. Feed
concentrations refer to the initial quantity of feed given at time = 0, no feed was added to
the tanks during the remainder of the course of the experiments. At the end of each
timeframe, each oyster was immediately removed from its tank. Oysters were then shucked
and any water inside the shells was drained off. The entire soft tissue of each oyster was

then removed and frozen at -80 °C .

6.2.4. Bivalve vitamin A and D analysis

The total vitamin A and D content of entire oyster soft tissue samples was measured
by a UKAS accredited analytical service (Premier Analytical Services (PAS), UK). PAS are also
regulated by external quality performance testing (FAPAS and LGC schemes) to demonstrate
the accuracy of their results. Samples were delivered to PAS from Cambridge within 4 hours
under dry ice. All five biological replicates for each dose and timeframe sample type were
pooled into a single compound sample during the analysis. Each sample run included a
control sample with established control limits that had to be met for the run to be passed,
alongside spiked samples for which the recovery of these also had to be within acceptable

limits.
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Vitamin A was determined as the sum contribution of retinol and carotenes, and the
limit of detection (LOD) was 10 pg 100 g'. Measurement of retinol followed UKAS protocol
C-TM-021; retinol was saponified with alcoholic KOH and extracted into hexane, then the cis
and trans isomers the determined using High-performance Liquid Chromatography (HPLC)
with UV detection at 325nm %°, Measurement of carotenes followed UKAS protocol C-TM-
087; samples were saponified with alcoholic KOH and carotenes extracted into hexane, then
the alpha- and B-carotenes were determined using reverse-phase HPLC with visible
detection %, Vitamin D was determined as the sum of vitamins D2 and D3 following UKAS
protocol C-TM-273, and the limit of detection was 0.3 pg 100 g . Vitamin D2 (ergocalciferol)
and vitamin D3 (cholecalciferol) were saponified with alcoholic potassium hydroxide and
extracted into hexane/diethyl ether, then the vitamin D2 and D3 were measured using HPLC
with UV detection 1¢7,

The output data consisted of a single compound measurement of vitamin A or D for
each dose and timeframe sample type. Relative uncertainty in the measurements was
calculated as 2x standard deviation / mean value from quality control tests run immediately
before our sample set. The relative uncertainty (RU) for the vitamin A data points was 12.6 %
and for the vitamin D data points 19.6 %. A statistical analysis was not appropriate as
biological replicates were pooled for analysis to give the single compound measurement for
each sample type. Pooling was necessary due to limits of detection and practical constraints,
and followed a widely used approach for such analyses %170, Dose response curves were
then plotted for both the vitamin A and D microcapsules (Figure 6.3.). The yield, or
percentage of microcapsules in the oyster sample in relation to the total amount in the tank,
was also calculated for each oyster sample (Supplementary Information; Figure 6.3. Raw

Data).

6.3. Results

6.3.1. Characteristics of micronutrient microcapsules

Micronutrient microcapsules containing vitamin A or vitamin D were successfully
produced and established to have generally homogenous morphology. Scanning Electron

Microscopy (SEM) analyses revealed the microcapsules to be of a consistent spherical shape
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(Figure 6.1a, b.). Closer examination of the particles showed a roughened surface to the
spheres (Figure 6.1c, d.), and imaging following freeze-fracture confirmed the interior of the
capsules to be solid without large air pockets (Figure 6.1¢, f.). The particles were of neutral
buoyancy in saltwater. Laser diffraction particle size analysis indicated that the majority of
vitamin A and D microcapsules fell within a size range of 50 to 200 um diameter. Vitamin A
microcapsules had a mean diameter of 120 um (Residual Standard Deviation (RSD) 0.4 um)
(Figure 6.2., blue line), and vitamin D slightly larger with a mean diameter of 134 um (RSD
0.4 um) (Figure 6.2., red line). For both vitamin A and D microcapsules, there were peaks in
particle abundance around 0.5 and 10 um, but these were very small compared to the main

peaks of 50 — 200 um microcapsules.
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Vitamin A 7 Vitamin D

Figure 6.1. Scanning Electron Microscopy (SEM) images of Vitamin A and D microcapsules.
(a) and (b) demonstrate the typical variation in morphology in a sample of microcapsules. (c)
and (d) are close-up images of individual microcapsules. The microcapsules in (e) and (f)

have been freeze-fractured to visualise internal structure.
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Figure 6.2. Particle size distribution of vitamin A and D microcapsules. Curves plotted are
fitted regressions from a Malvern Mastersizer 3000 (Malvern Panalytical, UK) based off 5
individual samples. Percentage content (%) is by number of particles. For Vitamin A Residual
Standard Deviation (RSD) = 0.4, mean microcapsule size = 120 um. For Vitamin D RSD = 0.4,

mean microcapsule size = 134 um.

6.3.2. Nutrient fortification

Pacific oysters successfully consumed microcapsules and this resulted in elevated
micronutrient levels in whole-organism tissue samples. In general, increasing the
microcapsule concentration and feeding timeframe resulted in higher micronutrient levels in
oyster tissue relative to 0 % feed concentration controls. This relationship was not
completely linear, although the patterns for vitamin A and vitamin D microcapsules were the
same (Figure 6.3.). The relative uncertainty (RU) for vitamin A data points was 12.6 % and for
vitamin D 19.6 %.

For 3 % feed concentrations, oyster vitamin A and vitamin D levels after 2 hours were
81 and 8.1 ug 100g* respectively. At longer timeframes micronutrient levels increased, with
the greatest change in micronutrient levels occurring when moving from a 4 to 8-hour
timeframe. Micronutrient levels peaked at 997 ug 100 g for vitamin A after 8 hours and at
57 ug 100 g for vitamin D after 16 hours. At these peaks the percentage of microcapsules in

the oysters in relation to the amount added to the tanks (i.e. yield) was 89 % for vitamin A
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and 51 % for D. After 32 hours levels of both vitamins were lower, at 389 ug 100 g* for
vitamin A and 39 pg 100 g* for vitamin D.

Oyster micronutrient after 2 hours for the 6 % feed concentration were similar to the
3 % feed concentration, at 52 and 6 pg 100g* for vitamins A and D respectively. However, by
8 hours vitamin levels in the oysters on the 6 % feed were less than half that of oysters on 3
%, at 375 pg 100g™ for vitamin A and 23 pg 100g™ for vitamin D. For the 6 % feed
micronutrient levels did not reach their maximum until the 32-hour mark, at 560 and 79 pug
100g* for vitamins A and D respectively. At this point the yield for Vitamin A was 25 % and
for vitamin D 35 %.

The relationship between feeding timeframe and micronutrient levels was broadly
similar for oysters on the 9 % feed compared to oysters on the 6 % feed. Again,
micronutrient levels at 8 and 16 hours were lower on the 9 % feed than on the 3 % feed, and
on the 9 % feed micronutrient levels did not peak until the 32-hour mark, with yields of 28
and 19 % for vitamin A and D respectively. The exception was at the 2-hour timeframe,
where levels of vitamin A at 327 ug 100g*and vitamin D at 25 pg 100g™* were markedly

higher than levels on the 3 and 6 % feeds.
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Figure 6.3. Nutritional uplift of Vitamin A and D in oysters fed fortified microcapsules.
Pacific oysters were fed vitamin A and D fortified microcapsules at 3, 6, and 9% dry weight
feed per dry weight oyster feeding levels, over time periods of 2, 4, 8, 16, and 32 hours.
Individual data points are compound analysis values from 5 oysters individually fed in
separate tanks. The relative uncertainty for vitamin A data points is 12.6 % and for vitamin D
19.6 %. Vitamin levels in pg are per 100g of wet oyster. RDA: Recommended Daily
Allowance. UL: Upper Daily Limit 1. RDA assumes 100g portion of oyster meat consumed.
Vitamin values for salmon and control oysters are per 100g wet tissue 3. UK and US

regulations respectively stipulate minimum 42- and 44-hour depuration periods for bivalves

161
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6.4. Discussion

Microcapsules were developed with appropriate properties to achieve efficient
capture and digestion by filter feeding bivalves. The consistent spherical morphology and
size range of 50 to 200 um, were of a shape and size that C.gigas could harvest from the
water %7, For both vitamin A and D microcapsules, particles at the peaks around 0.5 and 10
um likely represent ingredient fragments which can be seen on close inspection of the SEM
images (Figure 6.1a, b.). The scarcity of these fragments confirms high purity in the
microcapsule samples. The roughened surface structure of the microcapsules will likely have
improved their palatability to bivalves 2°, and the lack of air pockets helped ensure neutral
buoyancy so that the particles remained at the appropriate position in the water column for
filter feeders to access ?°. These physical properties made the microcapsules an ideal
delivery vehicle for the micronutrients in this study and the key component in allowing us to
nutritionally fortify bivalves.

Feeding micronutrient microcapsules under depuration conditions led to successful
fortification of bivalves, and we suggest that for vitamins A and D an optimum dose
regarding feed concentration and timeframe might be 3 % for 8 hours. After an 8-hour
timeframe, vitamin A and D levels in oysters were higher on the 3 % feed than on the 6 % or
9 % feed. This relationship is less surprising than first appears; when bivalves are exposed to
too much food they will reduce their feeding rate to avoid overloading the filtering system
on their gill stacks 7. The only other feed concentrations and timeframe that resulted in
comparable vitamin levels to 3 % at 8 hours were 6 and 9 % at 32 hours. Feeding at this
higher dosage would however not be optimal, representing a wasteful and excessive use of
feed resources to achieve a very marginal further increase in oyster vitamin levels. This is
demonstrated by the lower yields of the 6 and 9 % treatment at 32 hours relative to the
yield of the 3 % treatment at 8 hours. We note that the drop-off in micronutrient levels after
32 hours for the 3 % feed is likely occurring as by this point the oysters have depleted the
microcapsules in the tank, and are digesting and excreting the excess vitamin A and D they
do not need °¢. We therefore suggest that if an 8-hour fortification period is used it should
be performed at the later stages of depuration to reduce the risk of bivalves excreting
nutrients in faeces. Optimising concentration and timeframe are clearly important in

ensuring efficient use of resources.
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Oysters fortified with vitamins A and D at 3 % for 8 hours also performed well
regarding nutritional value when compared to other foods and the RDAs, providing further
support to our suggested optimum dose. In a small portion (100g, or 3 small or 2 large
oysters) of oysters fortified at the 3 % 8-hour dosage, vitamin A and D levels were 997 and
47 pg 100g respectively. This exceeds the levels in natural oysters (< 10 and < 0.3 ug 100g"
1). More importantly, it far exceeds the levels found in one of the best natural sources of
vitamin A and D; salmon (37 and 11 pg 100g?, Figure 6.3.). Given the highly unsustainable
nature of salmon farming relative to bivalve farming and the destructive impact salmon
production is having on the environment %4, this offers promise for using bivalves as a
planetary health food — good for people and good for the planet *. In addition, a 100g
serving of oysters fortified at 3 % 8-hours meets US Department of Health RDAs for vitamin
A and D (without exceeding Upper Daily Limits (UL)) 1’1. Based upon predicted
manufacturing, distribution and implementation costs for the microcapsules, fortification
would add just $0.0056 to the cost of a single oyster, which could readily be recuperated
through a small additional increase (~0.9 %) in oyster retail price. This offers strong hope —
for people in deficient populations just two fortified oysters a day could provide them with

all their vitamin A and D needs in a highly bioavailable form *°.

6.4.1. Future Prospects

Looking forwards, there are important steps that can be made by the research and
industrial community in order to realise the potential of bivalves and microencapsulation
innovations to help tackle micronutrient deficiencies worldwide. Researchers will need to
carry out larger laboratory studies with a greater number of replicates to enable quantitative
analysis of the individual variation in vitamin uptake by bivalves; such variation is often seen
in the fortification of foods including eggs and meat via dietary intervention 172, There is also
a need to assess the bioaccumulation of microencapsulated vitamins specifically into bivalve
storage tissues, the impact of high-level vitamin accumulation on bivalve physiology, and
whether the presence of microcapsules in the bivalve gut promotes the micellarisation and
absorption of vitamins in the human gut. There is hence a need for proof of concept trials on
humans. Future studies would need to feed fortified bivalves to human participants and
assess the impact on physical health and blood markers, to establish the true bioavailability

of the initially microencapsulated micronutrients to people.
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At an international scale, there will be a requirement to tailor the selection of
vitamins encapsulated and the microcapsule dosage given, in order to apply the technology
to global regions with specific nutritional deficiencies or food consumption patterns. Despite
the increased cost of fortified oysters relative to conventional oysters being small (0.9 %),
and the falling price of oysters with new breeding innovations and the use of fast growing
triploids, oysters remain one of the more expensive bivalves 2. It will therefore also be
crucial to apply the technology to other bivalve species including mussel and clam species
such as Perna viridis and Ruditapes phillippinarum which are cheaper to farm in many
developing regions 2. Completion of these steps will help enable scale-up of micronutrient
fortified microcapsules at the commercial level.

There are major economic, sustainability, and health wins that can be made from
integrating micronutrient fortified bivalves into our global food system. The ability to use
tiny doses of microcapsules to fortify a food organism at its final life stage has major cost
advantages. It represents a cheaper option than attempting to fortify other terrestrial
animals or fish, which need to be fed fortified feeds for a greater period of their lifespan.
Bivalves are also the most sustainable animal food on the planet, with farming having
important ecosystem benefits 3, so there are conservation gains that could be made from
bivalve aquaculture expanding in place of other meat production. Most importantly,
microencapsulated micronutrients combined with bivalve aquaculture can act as a next-level
tool to target and tackle nutritional deficiencies worldwide. Just two fortified bivalves a day
has the potential to contribute towards saving and improving the lives of over 2 billion

people worldwide.

6.4.2. Conclusions

In summary, this study marks the first successful fortification of bivalves with
micronutrients beneficial to human health, using a novel microencapsulated feed supplied at
the depuration stage of production. The microcapsules were tailored for optimal size, shape,
buoyancy and palatability to maximise uptake by bivalves. Pacific oysters were selected as a
case species, due to their sustainable production and economic importance as the most
widely cultivated bivalve globally. Our study found that oysters fed vitamin A or D
microcapsules at a dose of 3% over 8 hours had increased vitamin content, to the extent

that two such oysters would provide enough vitamin A and D to meet human dietary RDAs.
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Fortification at this level would be highly cost effective and offset by a small (0.9 %) increase
in retail price.

Further research studies and industry trials are warranted in order to realise the
potential benefits of fortified bivalves to the global food system. These can allow us to gain a
greater understanding of the inter-individual variation in micronutrient accumulation by
bivalves, the bioavailability of delivered nutrients to humans, and the optimum combination
of bivalve species, encapsulated nutrients, and fortification dose to help tackle nutrient
deficiencies in specific global regions. Taking these steps can provide stakeholders in
aquaculture to make an invaluable contribution towards improving the quality and

sustainability of our global food system.
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Chapter 7: Sustainable bivalve farming can deliver food

security in the tropics

Willer, D. F. & Aldridge, D. C. (2020). Sustainable bivalve farming can deliver food security in
the tropics. Nature Food, 1(7): 384-388. d0i:10.1038/s43016-020-0116-8

Bivalve shellfish represent a nutritious and low-impact food source that is underutilized.
New innovations in production in this sector could fulfil the protein needs of nearly one

billion people in the most vulnerable global regions.
7.1. Introduction

Suboptimal global food production is directly related to poor diets, nutrition-related
disease and environmental pressure. The tropical regions bear the brunt of this crisis,
concentrating the fastest population growth 173 and the greatest problems related to food
production, distribution, and loss. Over-reliance on processed food imports is also driving a
rapid increase in obesity in the developing tropics relative to the Global North 174,

Livestock meat, though nutrient rich, has a limited potential to solve these issues.
Current production methods are unsustainable, and consumption must be halved by 2050 to
avoid a catastrophic overstep of planetary environmental boundaries *. Sustainable diets are
primarily plant-based %, yet many nutrients vital to human health are far less bioavailable in
plant crops than meat * while rising CO2 is dramatically reducing the absolute content of
these nutrients in plant crops °. Without new food sources and productivity increases,
tropical regions may be forced to open up new land to unsustainable agricultural
development, or face economic debt and public health problems through unsustainable
food imports 7.

Bivalve shellfish aquaculture represents a key opportunity for sustainable diets, and
has been identified as an alternative to fill the gap left by livestock meat 1931, Bivalves,
which include clams, oysters, mussels, and scallops, have a higher protein content than
many meats and plant crops, high levels of essential omega 3 fatty acids, and micronutrients

such as zinc, iron, vitamin A and vitamin B12 3! (Table 7.1.). Bivalve farming also has a
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smaller environmental footprint than most other foods, using up almost no land or
freshwater, relying on seawater instead, having lower carbon emissions than many cereal
crops, and helping to restore and protect coastal ecosystems 3! (Table 7.1.). Bivalve reefs
(and bivalve farms, during the period between harvests) can buffer estuaries and coastal
waters against phytoplankton blooms caused by anthropogenic nitrogen loading, increase
water clarity, provide a nursery habitat for fish, provide coastal flood and storm protection,
and shell production acts as a form of carbon capture 7. The ecosystem services yielded
from bivalve aquaculture are currently estimated at $30.5 billion per year and only set to
grow as the industry expands 1’¢. From a nutritional and environmental standpoint, bivalve

shellfish represent a promising choice for farmers in the coastal tropics (Table 7.1.).

Table 7.1. Nutritional properties and environmental footprints of selected food items that
can be farmed in the tropics. Bold values indicate that bivalves provide maximal nutritional
value for minimal environmental footprint. Environmental footprints are based on today’s
production methods and fresh consumption of bivalves. Production intensification and
increased food processing are expected to increase footprint values, but sustainable
development methods could minimize environmental costs. |U, international unit. Data on
beef, pork, chicken, tilapia, bivalves and shrimp were obtained from ref. 1°, data on rice, soya

and wheat were obtained from refs. 420, and ref. 13 was used for unit conversion.

Beef Pork Chicken Tilapia Bivalves Shrimp Rice Soya Wheat
Nutrient
Protein (mg kcal™) 98 64 121 205 150 242 19 88 33
Omega 3 (mg kcal™) 0.5 0.3 0.7 1.9 4.8 0.3 01 26 0.2
Iron (pg keal™) 101 33 5.7 54 343 52 1.8 24.1 9.9
Zinc (pg kcal™) 23 8 10 3 61 17 3 7 8
Vitamin B12 (ng kcal™) 10 3 4 15 126 15 0 0 0
Vitamin A (U kcal™) 01 01 01 01 2.30 0.51 0 1.2 0
Environmental footprint
Land use (ha per t protein) 50 2 3 75 0 16.4 21.2 0.578 4.62
Greenhouse gas emissions (tCO, per t protein) 337.2 57.6 423 40.7 m1 161.7 2.36 1.04 3.54
Freshwater use (m? per kg protein) 12.5 56.5 34.3 15.9 0 4.4 19.81 576 11.84
Eutrophication potential (kg P per t protein) 180 120 40 82 -148 104 109 17.8 30

There is great potential to expand bivalve aquaculture in the tropics. Today, bivalve
production in tropical regions is almost non-existent, providing just over 2 Mt of meat
annually 347 (Figure 7.1.). Low levels of knowledge, funding, infrastructure, and consumer
acceptance are key contributing factors. Yet, worldwide, over 1,500,000 km? of currently

undeveloped coastlines are suitable for productive bivalve aquaculture, two-thirds of which
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are in the tropics (Figure 7.1.) . If just 1% of the area in the topical regions alone would be
developed, over 120 Mt of bivalve meat could be produced annually — enough to satisfy the
protein demands of approximately 715 million people (Figure 7.1.). Production costs are also
relatively low, making bivalve farming an accessible venture for both large businesses and
also small-scale farmers in the developing world 16177 The economic viability of bivalve
farming in a rapidly developing nation has been proven in China, which begun extensive
bivalve farming in the 1950s and now yields over 85% of global production 6, Mirroring this
development in the rest of Asia, Africa, the Americas and Oceania could generate
considerable human health and environmental benefits.

To meet and expand its potential, the bivalve industry in tropical regions requires
development across the entire value chain. As discussed below, major challenges must be
overcome across hatchery, grow-out and depuration stages of production, as well as in
infrastructure and consumer marketing — but innovations and technologies can turn these

challenges into exciting opportunities for success.
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Figure 7.1. Potential for bivalve coastline production in the tropics. Areas of coastline
suitable for the development of productive bivalve farming shown in red were determined
based upon the satisfaction of physical factors — that is depth (< 200m), chlorophyll a
concentration (annual mean > 2 mg m3) and oxygen concentration (> 1.99 mg I') — and the
exclusion of areas dedicated to activities such as shipping and oil rigs. The tropical zone is
shown in green. Blue circles show the quantity of bivalve meat produced in 2015 (in Mt), the
potential additional quantity if 1% of the suitable coastline that is not yet in use was
developed (in Mt), and the number of people (in millions) that could potentially be fed on
bivalves as their only protein source for each of the following regions: Central America,
South America, Africa, Asia, Oceania. Data on coastline suitability including physical factors
and exclusion zones were obtained from refs. #178, data on 2015 production were obtained

from ref. 47, and projection data were calculated using refs, 1318179,

7.2. Hatcheries

The need for research and investment in hatchery systems represents a major
challenge for establishing bivalve aquaculture in the tropics. Lack of seed (juvenile bivalves)
is severely constraining industry expansion 116, Seed from natural reefs is in very limited
supply and its collection has detrimental ecosystem impacts, making hatcheries crucial for
seed provision 16, Research and breeding programmes akin to those performed in China for
the Pacific oyster Crassostrea gigas are needed to produce broodstock with high

reproductive output and resulting good quality seed (that is, triploid genetics for faster
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growth and enhanced disease resistance 1’7 and other desirable characteristics). There is a
particular need for greater knowledge and expertise in breeding species such as Perna
perna, Perna viridis, Crassostrea gasar and Ruditapes decussatus; these are suitable species
to farm in unexploited tropical areas and offer high potential productivity (Box 7.1.).
Hatcheries also require affordable and sustainable feed for juveniles and broodstock.
Current methodologies make inefficient use of natural and economic resources, and only
minor development has occurred since the 1990s; the live microalgae used today is disease
prone and of variable quality, energy-intensive to grow and accounts for 50% of hatchery
costs?>313367 |nvestment in grow-out, distribution, and marketing of bivalves is all at risk
without industry investment in hatcheries that underpins the production process *’.
Solutions that can provide investment, high quality broodstock, and feed for
hatcheries are emerging. Overseas investment from private companies such as China’s
Tongwei Co, the nation’s industry leader in aquaculture for 20 years, could play an important
role in establishing hatcheries in the tropics. From 2005-2018, China invested USS$300 billion
in Africa (primarily into the production of arable crops, cattle, poultry and enabling
resources including power and infrastructure), and has indicated that additional investment
could go towards bivalves >80, Better collaboration of bivalve hatcheries with the rest of
the seafood industry can also increase resource use efficiency and reduce costs; a working
example is the Chinese National Fisheries Corporation who implement legislation across the
entire value-chain . Advances in DNA analysis and increasing affordability can enable
accelerated selective breeding programmes in tropical areas in need of rapid aquaculture
development, including sub-Saharan Africa 1°. Additionally, innovations in algal production
and microencapsulation technology can provide sustainable low-cost feed for hatcheries.
Recently developed microencapsulated diets containing Schizochytrium algae grown on food
waste have facilitated accelerated bivalve growth and sexual development with a 100-fold

reduction in energy usage and costs relative to conventional live algae hatchery feeds 3133,

7.3. Grow-out

Productive bivalve farming in the tropics requires the identification and management

of suitable grow-out areas. High levels of primary production or eutrophication from

nutrient runoff are needed to support bivalve filter feeding and growth, yet many tropical
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waters are relatively oligotrophic, thus making these resources less available 816, In some
areas, integrated multi-trophic aquaculture can provide additional but not always adequate
resources, and the availability of these resources is also dependent on water exchange rates
181 Waste streams from urban and industrial areas can provide a further source of nutrients,
but without adequate treatment hazardous substances such as cadmium, lead, and
microplastics can accumulate in bivalves intended for food 182183, Careful consideration is
also needed regarding species selection for grow-out, as production and conservation
interests can conflict. For example, C. gigas has received investments in production
efficiency and now dominates global oyster production, yet must be managed carefully so
that it does not displace native species and modify natural ecosystems 84,

Careful site selection and management can enable expansion of bivalve grow-out in
the tropics. Regions of West Africa, South Asia and South America have particularly good
potential (Box 7.1.), with mean annual Chlorophyll a concentrations above 2 mg m=to
support bivalve grow-out, alongside additional nutrient sources from human activities 17817,
Knowledge exchange with established grow-out operators in the United States, Western
Europe, and China could help farmers with poor experience in these new grow-out regions
improve the economic viability of their own farms °. Offshore production methods such as
longlines can be chosen to reduce accumulation of hazardous pollutants by bivalves, as
many pollutants are most concentrated nearshore to urban areas 79183, Regulatory
approaches, such as the marine functional zoning already used in China, can further reduce
food safety concerns and minimise conflict between bivalve aquaculture and other activities
(such as the oil industry in Venezuela ). Increased hatchery breeding and grow-out of
native species could reduce risks of ecosystem modification from farming non-natives (Box
1) °1. In addition, to ensure that the ecological carrying capacity of a given region is not
exceeded when developing 1% of the potential productive coastline for bivalves, it may be
pertinent to distribute development across the entire tropics rather than focussing on one
given region 1851116 This would likely result in increased infrastructure costs, but may still be

favourable for small-scale fisheries and in supporting local livelihoods.
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Box 7.1. Opportunities for bivalves in the tropics

Each of the coastal regions presented has a mean annual Chlorophyll a concentration above
2 mg m3, suitable to support highly productive bivalve grow-out. Production data in 2017
were obtained from ref. 47, ‘Additional nutrients’ refer to sources of N and P that can
support phytoplankton proliferation and bivalve growth, with data obtained from refs.
18,178,179 ‘Suitable species’ are bivalve species that would be most economically feasible and
environmentally appropriate to farm in the given region, with data obtained from ref. 172,
116,173,177,183’

Considerations on food safety and socioeconomic factors were taken from refs.

with ‘GDP per capita’ referring to the gross domestic product per person in 2015 73,

East Asia (China)

Production in 2017: 14.6 Mt (85% of global bivalve production)

Additional nutrients: integrated multi-trophic aquaculture.

Suitable species: C. gigas, P. viridis, Ruditapes phillippinarum, Siliqua patula.

Food safety: marine functional zoning), bivalve meat bacterial load regulations.

GDP per capita: USS10,000.

Socioeconomic considerations: in 1960 GDP per capita was USS100 (current equivalent USS)
and bivalve consumption 4.8 kg per capita. Heavy investment in hatcheries and breeding

followed; by 2015, consumption reached 35.7 kg per capita.

West Africa (Sierra Leone, Senegal)

Production in 2017: 563 t

Additional nutrients: by 2050 agricultural N & P runoff will triple, and intervention is needed
to avoid eutrophication.

Suitable species: R. decussatus, C. gasar, Mytilus edulis.

Food safety: Sewage runoff is increasing, and improved waste infrastructure and food safety
regulations are needed.

GDP per capita: < USS1,000.

Socioeconomic considerations: facilities and marketing investment is required and available
—since 2005 China invested USS300 billion in Africa in food and resource production with

further investment planned.

South America (Venezuela)
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Production in 2017: 8 t

Additional nutrients: industrial and urban discharge.

Suitable species: P. perna, C. gigas, Crassostrea rhizoporae.

Food safety: marine functional zoning and regulation on oil spill detection and food safety
required due to active oil industry.

GDP per capita: USS10,000.

Socioeconomic considerations: competing marine shrimp industry is already lucrative and

productive, but combined coastal shrimp and bivalve farming could tackle eutrophication.

South Asia (India, Myanmar)

Production in 2017: 13,000 t

Additional nutrients: discharge from agriculture on the Ganges delta, and intensive shrimp
aquaculture.

Suitable species: Crassostrea madrasensis, P. viridis, C. gigas.

Food safety: nearshore plastic and sewage pollution means offshore farming is preferable
over intertidal farming.

GDP per capita: USS1000-2000.

Socioeconomic considerations: potential conflicts with the active fishing industry, but

current fishing infrastructure could help service offshore farms.

7.4. Depuration

Bivalve food safety is a major hurdle. Even if human-derived pollutants are avoided
through careful grow-out site selection, there is still potential for toxic cyanobacterial
blooms or other bacteria to contaminate food *8°. Depuration facilities, where bivalves are
held for at minimum 48 hours after harvest in clean water, play a crucial role in ensuring
food quality — but are lacking in regions trying to develop bivalve aquaculture such as Africa
and India 1°,

Established and emerging methodologies can provide bivalve food safety solutions.
Information transfer and investment from the European Union, US, and Australia could
accelerate depuration facility development in the tropics — for example introduction of low-

cost solar powered ultra-violet depuration systems %6, Surveillance programmes such as
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those used in the US can monitor toxic algal blooms and enforce increased depuration times
when contamination occurs *°, The use of probiotics and antimicrobial peptides such as
Phaeobacter inhibens and tachyplesin during depuration are new potential approaches for
tackling bacterial contamination °%°3, In areas where funds are more limited, establishment
of food safety monitoring programmes in relevant culture areas, as has been done through
China’s 2009 food safety legislations, may be the most efficient approach to cover multiple
forms of contamination 8. A thorough economic assessment would still be required for any
target region since each method may increase production costs and, if designed improperly,

create a production bottleneck.

7.5. Infrastructure

The upscaling of bivalve aquaculture in the tropics and the establishment of
necessary infrastructure raise important challenges. Increasing production will require
significant investment in facilities, including harbours, transport, cooling and processing —
and may be amplified in the tropics as high ambient temperatures and humidity mean food
spoils more rapidly °”173187 |ntensification will likely also raise the currently low
environmental footprint of bivalve production (Table 7.1.).

Innovative financial approaches, research and industry development provide an
opportunity to develop effective sustainable infrastructure. Microfinance institutions such as

those utilised in India 17°

, overseas private investment from major producers in China and
World Bank programmes such as PROFISH are suitable funding routes 8. An example of
recent success is Peru, where a 50% reduction in corporation tax for aquaculture companies,
incentives for investment from nationally prominent agri-businesses including Camposol Ltd
and private investment in innovation centres allowed the bivalve industry to grow sevenfold
between 2003-2015 47116179 Careful modelling and design of upscaled systems can ensure
bivalve farming remains environmentally favourable relative to other food systems 419,
Integrated facilities combining hatchery, grow-out, depuration and processing functions in
urban areas could enable further productivity increases whilst providing additional
infrastructure to support coastal production 16, At the same time, waste streams from

aquaculture and other industries could support bivalve aquaculture in recirculating

aquaculture systems *°1, Farming bivalves in a closed environment might even permit the
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safe usage of fast-growing non-native bivalves to reduce production timescales, minimise

accumulation of pollutants and increase production output &,

7.6. Consumer acceptance

Driving consumer uptake of bivalves as an appealing, nutritious, and sustainable food
source is a key hurdle; unless properly tackled, it may render improvements across the rest
of the value chain expendable. Societies in many tropical regions including Africa do not
traditionally consume shellfish, contributing to a reinforcing loop between low production
and low consumption®, Additionally, fears around food safety, and a lack of familiarity and
knowledge around choosing, preparing, and cooking seafood are serious barriers to
consumption 1%, Other types of meat and dairy can simply be more attractive 2.

A multi-pronged approach is required to stimulate consumer demand for bivalve
shellfish. Pivotal to China’s success were state-organised promotion of aquaculture as an
affordable protein source and reform policies leading to the creation of a wide range of
convenient, highly palatable, non-perishable processed bivalve products 7717, The
increased consumer demand underpinned rapid aquaculture industry growth and will have
contributed to the nation’s economic expansion —a model other tropical nations could build
on (Box 1). Looking into the future, consumer co-creation in food product development —
possibly using new avenues such as social media — can drive innovations in bivalve food
processing to meet the tastes of specific populations °2. Replacing conventional meat with
bivalve meat within recipes or familiar processed foods may play a key role, for example
shellfish paella in South America, clam stew in Africa, and battered bivalve meat in tropical
urban areas °°192, Food processing developments could reduce the time and distance over
which fresh bivalves need to be stored as well as the need for cooling infrastructure, and
improve consumer perceptions of food safety (although an increased environmental
footprint could result *°). Seafood quality certification offers promise to increase uptake and
might lead consumers to pay more for this assurance °3. There may also be opportunities
for chefs and entrepreneurs in developing nations to improve their own livelihoods,
establish bivalve-focussed food outlets and promote the consumption of bivalve meat in

novel and creative ways *°.
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7.7. A blue horizon

The global community is in great need of nutrient-rich food sources that can be
produced without overburdening the environment. Bivalve shellfish are a promising
alternative, particularly in the tropics. Vast areas of coastline are available for sustainable
development, but several challenges must still be tackled for bivalve aquaculture to meet its
potential. Leveraging new innovations and technologies can overcome these challenges,
enabling bivalve aquaculture to provide a new source of income with the potential to feed

nearly a billion people in the developing world.
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Chapter 8: Conclusion

The thesis aimed to apply breakthrough microencapsulated feed technology to research
aiming to significantly improve the productivity of bivalve shellfish aquaculture, and thus
help the bivalve industry to grow and play a leading role in meeting global food security
goals. Novel microencapsulated feeds were developed, characterised, and proven
digestible by commercially farmed bivalve species. Feeds enabled increased growth and
improved survivorship in bivalve juveniles, enhanced the quality of broodstock and
accelerated sexual development, and enabled fortification of adult bivalves with key
nutrients for improved human health — results demonstrated in both laboratory
experiments and industry trials. The thesis highlights the outstanding benefit of bivalves as
a sustainable food source for a growing global population and the incredible open
opportunity for industry expansion that could feed billions of people with nutrient rich
food. Further research and stakeholder engagement to scale-up the use of
microencapsulation technology, develop the bivalve value chain, and stimulate increased

consumer demand can enable this opportunity to be realised.
8.1. Synopses of Research

The initial focus of the PhD was to assess the potential of microencapsulated diets as
a problem-solving tool in the bivalve shellfish industry, and test viability via laboratory
experiments. The critical review in Chapter 2 outlined the environmental and nutritional
advantages of bivalve shellfish aquaculture as a strategic solution for food security, industry
challenges that need to be overcome, and the potential of microencapsulation technology to
tackle these challenges. The large beneficial impact a shift to bivalve aquaculture could have
was highlighted — replacing just 25% of carnivorous fish aquaculture with bivalves would
save 16.3 million tonnes CO;, equivalent to half the annual emissions of New Zealand, an
area of land larger than Wales (2.7 million ha), and 11.8 billion litres freshwater.
Experimental work in Chapter 3 then demonstrated that the novel form of
microencapsulated diet we developed known as BioBullets could be ingested by a
commercially farmed bivalve; the blue mussel Mytilus edulis. The work emphasised the

importance of carefully tailoring particle characteristics including size and buoyancy during
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the next stages of research to avoid high levels of rejection in bivalve pseudofaeces or
faeces.

The second phase of the PhD applied the new microencapsulation technology and
aimed to improve the productivity of bivalve aquaculture in the hatchery setting —
specifically regarding juvenile growth and broodstock conditioning. Research in Chapter 4,
which was undertaken both in the laboratory and at a commercial hatchery, revealed that
microencapsulated feeds could increase the growth and survivorship of European oyster
(Ostrea edulis) juveniles relative to conventional algal diets. The studies highlighted a future
opportunity for using microencapsulated diets to manage disease in bivalves; bacteria
struggle to grow on the waxy encapsulant, and the capsules themselves could become a
delivery vehicle for immunostimulants and probiotics. The importance of further optimising
the nutritional profile of microencapsulated feeds was also emphasised; whilst omega-3
levels were high, protein levels were suboptimal, meaning microencapsulated diets
performed worse on their own than when combined with conventional algae. Chapter 5
then demonstrated that a sustainable Schizochytrium-based microencapsulated diet could
facilitate not only comparable but improved sexual development in O. edulis oyster
broodstock relative to a conventional live algal diet. The broodstock research was
investigating Scizochytrium-based microencapsulated diets for sustainability benefits and
simply aimed to achieve comparable sexual development to algal diets. However, by
demonstrating that sexual development could actually be improved, the research opened
the potential opportunity for further commercial expansion in the bivalve shellfish industry
through an increased capacity to produce bivalve seed.

The final phase of the PhD aimed to use both experimental and literature analyses to
explore how microencapsulated diets and bivalve aquaculture could help tackle nutritional
problems and meet food security goals. In Chapter 6 microcapsules containing vitamin A and
D were designed, and an optimal dosing strategy to nutritionally fortify Pacific oysters
Crassostrea gigas adults was quantified. Research revealed that just 2 such bivalves would
provide enough vitamin A and D to meet human dietary RDAs. Tailoring the micronutrients
encapsulated and the bivalve species reared could provide a low cost and highly sustainable
mechanism to tackle regional nutritional deficiencies directly through the food supply and
improve the lives of the 2 billion micronutrient deficient people worldwide. Chapter 7 built
on this global perspective and reviewed how expansion of the bivalve aquaculture industry

could help tackle food security goals specifically in the tropics. The review highlighted how
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developing just 1% of the potential bivalve coastal production area in the tropics could feed
nearly a billion people with all their protein needs by 2050. Key components of the value
chain requiring further research, industry investment or policy changes to realise this
potential were identified. Crucially, the chapter highlighted the importance of a multi-
pronged approach to stimulate consumer demand for bivalve shellfish and alter perceptions

regarding unfamiliarity, food quality, and taste.

8.2. Research and pathways for future impact

Research undertaken during this PhD has provided a platform to now unleash the
potential of bivalve shellfish as a sustainable, nutritious food to help meet global food
security goals. Future research will need to focus on optimisation and scale-up of the
microencapsulation technology, strategies to realise the outstanding capacity for bivalve
grow-out, and multidisciplinary research and stakeholder engagement to drive consumer

demand.

8.2.1. Optimisation and scale-up of microencapsulation technology

Further optimisation of the microencapsulated feeding technology and broadening
the contexts to which it can be applied is a crucial component of future research. The
nutritional formulation of the microcapsules requires more specific tailoring to specific
bivalve species and life stages in order to fully replace live algal feeds, and in general the
protein content needs to be increased. Introducing new combinations of microalgae into
microencapsulated feeds could lead to significant improvements in bivalve growth. Target
species with high potential include Isochrysis galbana, Chaetoceros calcutrans, Pavlova sp.
and Chlorella sp. %4, The potential of microencapsulated feeds to reduce disease incidence
in hatcheries requires further exploration, and an appropriate first step in such research
would involve including antimicrobial peptides such as tachyplesin in the feed formulation 3.
In addition, industry research and proof-of-concept experiments will be important to better
understand the potential options for applying microencapsulated feeds more broadly in
aquaculture — for example in the production of fish fry.

Multidisciplinary applied research, stakeholder and industry engagement are

required to scale-up the microencapsulated feed technology and enable potential to be
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realised in improving the productivity of bivalve aquaculture. Risks of bivalve culture
expansion need to be assessed, and opportunities for overcoming these risks should be
exploited (Table 8.1.). The microencapsulation technology needs to be carefully targeted to
intensify the time periods of bivalve production where it can yield the greatest beneficial
impacts — specifically the juvenile rearing, depuration, and potential biofortification stages.
All present the technology should not be applied to open water grow-out where the lack of a
need for feed is a key advantage, although there would be potential to use the technology in
intensive indoor grow-out systems. Formalised and detailed life cycle analyses on the
sustainability and economics of using microencapsulated feed on a commercial level are
required, including infrastructure development such as transport, distribution, and storage,
and a consideration of other industries and externalities which would be altered by
exploitation. Collaboration with manufacturing and engineering partners is required to
develop methods to improve the efficiency of using microcapsules in hatcheries, for example
automated feed delivery systems. There is a need for larger-scale trials of the feed in
commercial bivalve aquaculture to identify any remaining catchpoints that need to be
overcome. Routes to market and commercial exploitation will need to be navigated
carefully. Many of the locations where the microencapsulated feed would be best applied
are in overseas nations where there is an urgent need to establish productive hatcheries,
and it will be important to ensure that the IP and technical knowledge developed during this

BBSRC-funded PhD remains protected and an asset to UK research and innovation.

8.2.2. Realising the capacity in the bivalve production chain

Further work is required to realise the outstanding capacity for open-water bivalve
grow-out. Microencapsulated feed was developed for application to key bottlenecks in
bivalve aquaculture — hatchery production and depuration at harvest. The phase between
these bottlenecks, grow-out, has huge potential capacity with over 1,500,000 km? of
coastline worldwide suitable for production. However, to realise this capacity here is a
requirement for improved knowledge transfer, regulation and policy regarding site selection
and management. To maximise yield grow-out operators need to have information on the
specific coastal areas with the highest levels of primary production, and the most
appropriate grow-out structures to use. In order to ensure food safety, operators require
improved access to data on hazardous pollutant distribution, so that site location and

depuration protocols can be adjusted appropriately. In addition, as open-water grow-out

115



expands, conflicts with other industries such as fishing and oil drilling are likely to arise and
improved policies such as Marine Functional Zoning will need to be applied.

Research innovation can also be used to further expand opportunities for bivalve
grow-out whilst in parallel tackling additional environmental problems regarding food and
sewage waste. Our cities currently produce over 23 billion tonnes of food waste and sewage
sludge annually, on which heterotrophic algae could safely be grown and incorporated into
sustainable microencapsulated feeds 197197, Research would assess whether such a feed
could be used to grow bivalves under fully artificial urban conditions. Heated water effluents
from industry could be used to maximise bivalve growth rates and reduce water pollution
198 Hardy, fast growing, and even invasive species could be used without risk of escape °.
There is potential to develop a highly intensive, hygienic form of bivalve production that is
close to consumers, minimising transport and distribution costs and mitigating concerns
regarding open-sea water quality. Developing new grow-out options would also require
investment in improved infrastructure and facilities, and this infrastructure could be used by

conventional open-water operators to improve productivity.

8.2.3. Research and application to stimulate consumer demand

Improvements in bivalve production will yield little benefit to food security without
parallel research efforts to identify how to increase consumer demand for the sustainable
nutrient-rich food source. Today a lack of familiarity and knowledge around choosing,
preparing, and cooking bivalve shellfish, alongside aforementioned food safety concerns, are
serious barriers to consumption 1°° (Table 8.1.). Future research should include consumer
co-creation trials, which could drive innovations in bivalve food processing to meet the taste
of specific populations °2. Replacing conventional meats with bivalve meat within recipes or
familiar processed food products is likely to play a key role, would reduce the time and
distance over which fresh bivalves need to be stored, and could help improve consumer
perceptions of food safety. Research also needs to identify key marketing levers that can be
triggered to encourage consumption of sustainable nutrient rich bivalve foods in place of
less sustainable meat and fish. Behavioural trials in food outlets could try approaches such
as altering food positioning, presentation, range of choice, promoting health benefits,
promoting sustainability benefits and adjusting prices to represent potential policy

alterations. There is also potential for research to include the use of flavoured
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microencapsulated feeds as a means to improve the palatability of bivalves to human

consumers.

Alongside research, direct engagement and collaboration with the commercial food

industry and stakeholders, government and policy representatives, and the media will be

crucial to driving consumer demand. Collaboration with major seafood producers, retailers

and international corporations will be vital to enable co-creation and marketing research to

have real impact in the food industry. Engagement with stakeholders from food regulators

and public health organisations worldwide would be needed to drive changes in healthy diet

advice and food production policies that favour sustainable nutritious bivalve shellfish

production. Publicity through social media and the press can also play a highly effective role

in driving impact — evidenced by press articles based on the research of this thesis that

included the concept of ‘bivalve fish fingers’ and ‘vitamin bullets’.

Table 8.1. Developing bivalve aquaculture — emerging risks and opportunities.

Production

Risk
Over-harvesting of wild bivalve
seed to support rapid grow-out
expansion could damage the

marine environment 343°.

Grow-out of fast growing but non-
native bivalve species could harm

local ecosystems 84,

Over-reliance on artificial feeds or
microcapsules for bivalve
production could increase the

environmental footprint 34,

Opportunity
Establishing new hatcheries and
increasing efficiency can improve seed
supply 34. For mussels particularly the
default has been to use wild seed, but
new technologies and the opportunity
to produce productive triploid stock
can change this default *°°.
Hatchery breeding can establish high-
yielding varieties of bivalves local to
specific geographical regions, for
example Crassostrea gasar in West
Africa and Perna viridis in India .
Feeding and microencapsulation can
be applied to short, specific time
stages of bivalve production, such as
breeding, juvenile rearing, depuration

and biofortification. This can
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Consumer

Food safety problems could occur
due to potential contamination of
bivalves with bacteria, viruses,
algal toxins, heavy metals, or

microplastics.

Poor consumer demand for
bivalves may persist due to low
appeal, despite increased

production capacity *°°.

Feed or microcapsule producing
companies may assert too much
control and obtain monopolies

within the industry 2°2,

maximise industry output, whilst
allowing bivalves to rely on natural
sources of feed during the longest
stage of production; grow-out.
Proper cooking eliminates the vast
majority of pathogens, so education
in food preparation would yield
important benefits 2°°, New
depuration and processing strategies
including the use of bacteriophages,
metallothionein or chitosan chelating
agents, and high-hydrostatic pressure
can remove bacteria, viruses, heavy
metals and microplastics from
bivalves without cooking 2°2.

The consumption of bivalves in their
natural form can be increased
through work with high-profile chefs
and the reinstatement of traditional
seafood dishes. Innovations in food
processing used in the development
of lab-grown meats and vegetarian
alternatives can also be applied to
integrate bivalve tissue into familiar
processed food products such as
meat-style pieces and fish fingers 3°.
Governmental policies can seek to
democratise innovation, including a
shortening of patent terms and use-it
or lose it provisions, enabling
competition to drive innovation and

technological diffusion 2%,

118



8.3. Impact Summary

The PhD research has generated outputs that have pushed academic boundaries and
that can have wide benefits through industrial application. Novel microencapsulation
technology has been applied and demonstrated as a highly effective vehicle for delivering
high quality nutrients to bivalve shellfish. The microencapsulated feeds are an order of
magnitude cheaper to produce than conventional live algal feeds which currently account
for 50% of bivalve production costs, contain high-quality nutrients sourced from sidestreams
for sustainability, and take a dry powder form to remove risk of bacterial contamination.
Research in the laboratory and commercial setting has proven microencapsulated diets as an
effective solution for key bottlenecks in the bivalve shellfish industry regarding hatchery
production of juveniles and conditioning of broodstock, and has opened an innovative new
option for nutritionally fortifying seafood. Exploitation of research outputs from this PhD
could enable rapid bivalve industry expansion and drive a step-change in sustainable global
food production.

Research, development, and broader application of the outputs of this PhD can have
a major beneficial impact on global food security and sustainability goals. Bivalve shellfish
have a higher protein content than beef, are a rich source of essential fatty acids and
micronutrients, are the most sustainable meat on the planet, and research has provided a
platform to increase production of this food type. Every tonne of bivalve protein we produce
instead of fish can spare 9 ha land, 67 tonnes CO; and 40,000 litres freshwater. Further
innovations in bivalve grow-out could enable sustainable valorisation of nutrient-rich
sidestreams from aquaculture and other industries. There are over 1,500,000 km? of
coastlines worldwide suitable for highly productive bivalve aquaculture. If research outputs
from this thesis could stimulate development of just 1% of this coastline for bivalve

aquaculture, we could feed over 1 billion people worldwide with all their protein needs.
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Appendix 1: From pest to profit — The potential of

shipworms for sustainable aquaculture

Willer, D. F. & Aldridge, D. C. (2020). From pest to profit - The potential of shipworms for
sustainable aquaculture. Frontiers in Sustainable Food Systems, 4:575416.

doi:10.3389/fsufs.2020.575416

We face a food crisis. Suboptimal diet is the biggest cause of death worldwide, food
production the biggest greenhouse gas emitting sector, and by 2050 an extra 2.5 billion
people need affordable nutrition. Current farming systems will fail to tackle this crisis, and
there is an urgent need to diversify global food production and find effective solutions in
currently underexploited food sectors. Shipworms, or shell-less Teredo clams, could prove
a highly valuable component of such solutions. Historically viewed as a marine pest, they
have unique physiological characteristics which make them an ideal food source, including
exceptionally fast growth rates, the ability to feed on waste wood or sustainable
microalgae, and a high protein and omega 3 content. Today only a select few traditional
cultures in the Philippines consume shipworms, but there is considerable opportunity to
develop mechanisms to farm shipworms and provide a sustainable, nutrient rich,
affordable food source. This will require significant challenges to be overcome, ranging
from fundamental research to industry development to food processing and marketing.
Leveraging new innovations in breeding, aquaculture feeds, growth systems, food
processing methodologies and consumer engagement can however offer powerful

solutions, and could help turn what was once a maritime villain into a nutritional saviour.
A.1.1. Introduction

Our current food production system is failing us. Suboptimal diet is already the
biggest cause of death worldwide and the global food system the single largest greenhouse-
gas emitting sector. Yet by 2050 a further 2.5 billion people need access to affordable
nutrition 2°*. Farming of conventional crops including wheat, rice, and maize has received

extensive investment over the last century, with productivity growing 2-3-fold between 1950

120



—1990 *2. However, yields are now beginning to stagnate, and the overreliance on this small
variety of crops is a major explanation as to why 30% of humanity are now micronutrient
deficient worldwide **2, Other more nutrient rich food sources have received considerably
lower research attention (Figure A.1.1.). In order to meet planetary health goals, there is an
urgent need to diversify global food production and to seek productivity improvements in
currently underexploited food sectors that can provide sustainable, nutrient rich, affordable

food solutions 1204,

1990 - 1999 2000 - 2009 2010 - present

Rice

Maize

Wheat

Chicken

Pork

Beef

Fish aquaculture
Bivalve aquaculture
Soy-based meat
Insect-based meat
Lab-grown meat & fish

Mycoprotein-based meat

0 4 8 12 16 20
Percentage of research articles (%)

Figure A.1.1. Percentage of all research articles published corresponding to key food types
across each decade. Many food sources with a high sustainability and nutritional potential
(bivalve aquaculture and below) continue to receive relatively low levels of research

investment. Scopus 2°°

was used to count the total number of peer-reviewed publications
corresponding to each food type between the dates 1990 — 1999, 2000 — 2009, and 2010 —

12/05/2020. Five most relevant search phrases were selected for each food type. To be
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counted articles had to include any one of the search phrases in the abstract, title or
keywords. Search phrases were as follows. Rice: ‘rice farm’, ‘rice production’, ‘rice industry’,
‘rice food’, ‘rice field’. Maize: ‘maize farm’, ‘maize production’, ‘maize industry’, ‘maize
food’, ‘maize field’. Wheat: ‘wheat farm’, ‘wheat production’, ‘wheat industry’, ‘wheat food’,
‘wheat field’. Chicken: ‘poultry farm’, ‘poultry production’, ‘chicken farm’, ‘chicken
production’, ‘broiler farm’. Pork: ‘pork farm’, ‘pig farm’, ‘pork production’, ‘pig production’,
‘swine farm’. Beef: ‘beef farm’, ‘cattle farm’, ‘cow farm’, ‘cattle production’, ‘beef
production’. Fish aquaculture: ‘fish farm’, ‘fish aquaculture’, ‘pisciculture’, ‘fish mariculture’,
‘fish hatchery’. Bivalve aquaculture: ‘bivalve aquaculture’, ‘bivalve farm’, ‘clam farm’,
‘mussel farm’, ‘oyster farm’. Soy-based meat: ‘tofu’, tempeh’, ‘soy-based meat’, ‘soy
protein’, ‘miso’. Insect-based meat: ‘insect meat’, ‘insect flour’, ‘insect food product’, ‘insect
snack’, ‘insect burger’. Lab-grown meat & fish: ‘lab-grown meat’, ‘cultured artificial meat’,
‘lab-grown fish’, ‘in vitro meat’, ‘cell-based meat’. Mycoprotein-based meat: ‘mycoprotein’,

‘quorn’, “fusarium venenatum’, ‘fungiculture protein’, ‘fungal protein food’.

There are major environmental and human health wins that could be made from
research and industry investment in the farming of underexploited aquaculture species.
Aquaculture is already the world’s fastest growing food sector, growing 8.2% pa between
1970-2010 1247, Growth has however been focussed on species such as salmon and shrimp,
which are expensive to consumers and unsustainable to farm due to a reliance upon foods
comprising predominantly of fish meal and oil from wild-caught fish 31. The farming of
bivalve shellfish (clams, mussels, oysters) is a highly attractive alternative. Bivalves have a
higher protein content than beef, are a rich source of essential fatty acids and
micronutrients, have a lower environmental footprint than all other meats and many plant
crops, and are cheap to produce 3*. There is outstanding potential for growth of bivalve
aquaculture; developing just 1% of the suitable coastline worldwide could fulfil the protein
requirements of over one billion people 1318, Yet the bivalve industry remains small scale
and artisanal. There are bivalve species with high farming potential such as shipworms which
could play a key role in sustainable aquaculture, where further research and industry
attention is required in order to realise food production potential *°.

Shipworms, or Teredo clams, are a saltwater bivalve species with unique life-history
characteristics that could be leveraged to provide significant economic, sustainability, and

nutritional benefits to human society. Shipworms grow exceptionally fast relative to other
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aquaculture species, reaching 30 cm (or approximately 250 g wet weight) within 6 months,
compared to shelled bivalves which typically take 2 - 3 years to reach a harvestable size of
around 7 cm 9929 presenting a highly productive and efficient possibility for producing
animal protein. Shipworms lack a shell for protection, instead burrowing into and feeding on
submerged wood. This wood digesting ability has historically made shipworms a pest in the
maritime industry, where they have damaged traditional wooden hulls and marine piling; an
issue now reduced with modern engineering materials 2°, Whilst Teredo clams can survive
on wood alone, obtaining additional nitrogen via symbiotic nitrogen fixing bacteria in their
gills, they can also filter feed on marine detritus like other bivalves 2%, thus presenting
numerous options for low-environmental impact feeding in aquaculture production.
Shipworms are rich in protein and essential omega-3 fatty acids, and like other bivalves can
provide a highly valuable source of quality nutrition to humans 13:207,208,

Today shipworm harvest and consumption as a food is limited to a few select regions
of southeast Asia, notably the Philippines and Thailand. Shipworms grow on decaying wood
in the mangroves and are harvested by local populations. In some areas such as Bakhawan
Eco Park (New Buswang, Panay, Philippines), the coastlines have been seeded with dead
wood as part of mangrove restoration projects which in turn has increased the supply of
shipworms for harvest, although there remain no formalised farming approaches 2%,
Shipworms are sold raw in wet markets, and are particularly popular on Palawan island,
Philippines where they are known as tamilok and in Trat Province, Thailand where they are
known as priyang talay 21°. Filipinos typically eat Tamilok raw and dipped in salt, chilli and
vinegar in a dish known as kinilaw, whilst the Thais eat priyang talay in curries or braised
with fish paste and bananas in a stew 2987210, Qver the last decade increasing popularity of
shipworms as a food for tourists and increasing ecological threats to mangrove swamps has
put pressure on shipworm supply, and socioeconomic benefits could be yielded from
increased mangrove protection or improved shipworm culture practices 2°%2%°, Qutside of
southeast Asia, shipworms are still viewed as a pest. In Europe and the Americas climatic
change is leading to increasing coastal salinity and temperature, making conditions more
favourable to shipworms 2!, This could lead to the re-emergence of shipworms as a
maritime nuisance, or alternatively with research and industry innovation and efforts to
change consumer perception, could present a new opportunity to establish shipworm

aquaculture.
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A.1.1.1. Approach

Several approaches were leveraged to build a synthesis of the potential of shipworms
as a food source and the key challenges and opportunities to establish aquaculture. Scopus
was used 2% (Figure A.1.1., legend) to count the percentage of all research articles published
corresponding to key food types across each decade since 1990, and highlight the relatively
low research investment in bivalve aquaculture. We spoke to stakeholders across the
aquaculture and food industry to gain an insight on the potential obstacles in creating a new
food type and methods which could be effective in providing a solution. This provided
direction for a thorough literature review. We searched Scopus 2%° and Google Scholar 22 for
studies on shipworms, aquaculture, and the development of unexploited food sectors. We
used several key terms when covering the field: ‘shipworm’, ‘Teredo’, ‘bivalve’,
‘aquaculture’, ‘invasive species’, ‘sustainable nutrition’, ‘food safety’, ‘food processing’, ‘food
marketing’; and included all relevant research up to and including 20th June 2020. Prior to

our study, no studies had built a synthesis on the potential of shipworms for aquaculture.

A.1.2. Challenges and Opportunities

Production of shipworms could offer major advantages over other forms of
aquaculture for food production. Farming would be significantly more sustainable than
finfish aquaculture, with shipworms requiring waste wood or natural or sustainably grown
algae rather than fish as a feed source, helping contribute towards circular economies in
food production 1°2%7, The disadvantages of conventional bivalve aquaculture — notably the
slow growth rates and energy investment in a shell which cannot be used as food — would be
avoided. Shipworms would provide a valuable source of protein and essential fatty acids to
replace less sustainable and more expensive meat and fish products. In order for this
potential to be realised there are key challenges that must be overcome, ranging from
fundamental research to industry development to food processing and marketing. Novel
technologies and new application of innovations from other industries can however provide

exciting opportunities for success (Figure A.1.2.).
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A.1.2.1. Fundamental Research

Fundamental research is required in several key areas to allow the exploration and
development of shipworm aquaculture. There are approximately 65 species of shipworm
worldwide and we do not yet know which would be most appropriate for efficient farming
and human nutrition 23, The only small-scale attempts at culture to date have involved
floating logs in coastal waters or seeding mangroves with dead wood to encourage Teredo
proliferation 2%, When an appropriate species is identified, there will also be a need to
develop scientific methodologies for trait selection and large-scale breeding of shipworm
juveniles, which is challenging in bivalves due to high fecundity, self-fertilisation, genetic
load and segregation distortion 214, The nutritional profile of shipworms also needs to be
formally analysed — whilst they are recognised to have a similar profile to other bivalves no
quantitative data has been published in peer-reviewed literature 20728, The most
appropriate abiotic conditions for farming shipworms also need to be identified, including
temperature, salinity, and saltwater mineral composition. We must also develop a greater
understanding as to how climatic change may affect these values, as this may affect site
selection for farms without facilities to control temperature and salinity 2%°. Crucial to
successful shipworm aquaculture will be the selection and development of appropriate
feeds. Research indicates that filter feeding is in fact the preferred source of dietary
nutrition for shipworms, with wood drilling performed primarily to provide shelter 2%/, but
we do not yet know what the most appropriate feed would be for shipworm farming.
Infection control must also be considered. Disease is a major concern in aquaculture, costing
the industry over USS6 billion annually, yet there is an urgent need to reduce the
widespread use of antibiotics which is driving bacterial resistance and increasing threat to
human health 21°,

Knowledge and methodologies gained from research in conventional agriculture and
aquaculture can help tackle challenges in shipworm aquaculture. Current scientific literature
suggests Teredo navalis may be a promising shipworm candidate for aquaculture, the same
species as consumed by Philippine societies at present 2%, The development of whole
genome sequences and genetic linkage maps, as has been done in other bivalve aquaculture
214 could be used to select for desirable traits such as faster growth, greater broodstock
quality, and an improved profile regarding nutrition and palatability. Optimum temperatures
and salinities for farming are likely to be between 10 - 25 °C and 10 - 30 %o respectively 2%;

further research can refine these values, make predictions as to which coastal locations
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might become more ideal under climate change, and make use of new innovations in
artificial salt formulations (e.g. Homarsel, produced by Zoutman, Belgium). Regarding feed
for shipworm aquaculture, waste wood, live algae, and artificial or microencapsulated feeds
are all viable options. The use of wood may allow the recycling of waste, and the use of
microencapsulated feeds 333 would avoid major challenges faced by conventional algal feed
including quality inconsistencies, contamination, and poor shelf life 3. Research would allow
identification as to whether a combination of these feeds or a single feed is most optimal for
growth. There are also emerging new opportunities for more sustainable disease control,
including the use of probiotics and antimicrobial peptides °*2'7, and it would be advisable to

guantify the efficacy of their use in shipwormes.

A.1.2.2. Industry Development

Industry will play the central role in the establishment of shipworm aquaculture, and
will need to overcome challenges regarding facility design, safety and economics in order to
develop and expand successfully. The practical aspects of setting up shipworm farms pose an
initial hurdle. The invasive nature of shipworms means that they can represent a hazard if
they escape into the natural marine environment 2% and farming systems and infrastructure
need to be designed to nullify this risk. Overzealous farming of other bivalves such as
Magallana gigas has already been shown to displace important native species and modify
marine ecosystems 84, Food safety is also a major concern when farming filter feeding
bivalves, and in polluted waters there is high potential for hazardous substances such as
heavy metals, microplastics and toxic cyanobacteria to accumulate in bivalves — with oysters
farmed in the South China Sea for example now containing approximately 11 microplastic
particles per individual 3>'82183.185 Qcean water quality is likely to further decline as the
human population expands and shipworm farms should be designed to cope with these
changes 218, Coastal areas will undergo further urbanisation and development, which could
both restrict and provide new opportunities as to where shipworm farms could be located.
The industry will also need to develop automated mechanisms to efficiently monitor
shipworms and at harvest remove them from the woody substrates they burrow in. In
conventional bivalve production the shucking (de-shelling) process in manufacturing
packaged bivalve foods such as tinned clams is highly labour intensive and a major

219

contributor to food costs “*°, and while shipworms lack a shell it will be important to find

cost-effective processing systems. Finally and crucially, a thorough economic assessment of
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the entire proposed production value chain will be required in order to ensure shipworm
aquaculture is scalable and financially viable. Inadequate assessment could lead to expensive
bottlenecks in production 3!, or at worst could result in complete failure of shipworm
aquaculture 220,

Lessons learned from the commercial success of other forms of aquaculture could
help ensure effective development of the shipworm industry. To mitigate risk of shipworms
escaping into the open sea, farming of shipworms could involve the use of enclosed
saltwater tanks, either semi-submerged on the coastline or onshore. The installation of flood
protection structures and nearshore or offshore wind farms as a means to mitigate climatic
change and its impacts could provide a new opportunity for mounting shipworm growth
tanks. Larger enclosed areas could also be constructed within mangrove restoration
projects, in parallel improving water quality and coastal protection 2%°. There may also be an
option to setup enclosed tanks in urban areas away from the sea as is seen in finfish

aquaculture 2!

, which would further reduce the risk of escape due to the lack of surrounding
saltwater. Enclosed tanks would enable optimisation of temperature and salinity to improve
growth rates, and also the use of artificial seawater or clean depurated seawater which
would dramatically increase food safety 222, Given that consumer fears regarding safety
are one of the biggest barriers to increased bivalve consumption, the use of enclosed tanks
could be the underpinning factor in the commercial success of shipworms as a food source
190 Automation during growth and at the point of harvest through the use of optical sensors,
machine vision systems and low-cost robotics could help avoid excessive labour costs in
shipworm production, with this approach already yielding great benefits in finfish
aquaculture 222, Identifying the minimal requirements and optimal arrangement of woody
substrates for shipworm farming would further increase operating efficiency during growth
and harvest. There is also the opportunity to use circular economies to divert side-streams of
shipworm production back into the system for example for feed or wood production. To
ensure commercial viability of shipworm farming, bioeconomic modelling methods that have
recently been tried and tested across salmon, tilapia and shrimp aquaculture can be applied.
Compared to using simple cost-benefit analyses alone, the use of scenario simulations and
algorithm-based approaches can ensure that farming solutions identified are more resilient

to changes in external economic and environmental factors 223,
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A.1.2.3. Food Processing & Marketing

Research and industry development will provide the foundation for shipworm
aquaculture, but unless challenges in food processing and marketing are tackled these
efforts will be in vain. The first major challenge will be in turning shipworm meat into a
product that is palatable for human consumption. Invertebrate-based foods such as bivalves
and insects are viewed with fear and disgust by many western societies, and innovations in
food manufacturing are being developed to overcome this hurdle 224, Molluscs also have a
different muscle structure (obliquely striated, cross-striated, and smooth) to the striated
muscles of fish and mammals, which may pose additional food processing challenges 22°. To
ensure widespread retail demand, it will also be essential to ensure that products developed
fit a wide range of consumer tastes and cultural preferences 22, and this will be of equal
importance in the restaurant and hospitality market alongside supermarkets. Products and
dishes will also need to remain affordable to consumers. This requires measures to ensure
production is efficient as well as approaches to avoid market monopolisation which could
drive up prices and reducing industry innovation, as has unfortunately been seen in the
agricultural and mycoprotein industries 22’. Paramount to the overall strategy will be for
researchers and industry to work together to identify the most effective methods to market
shipworm food products and promote consumer uptake.

There are a wide array of effective solutions that can be applied to the discussed
challenges in the processing and marketing of shipworm-based foods. Innovations in food
manufacturing made during the development of mycoprotein and insect-based foods can be
applied to shipworm meat. These range from simple dehydration, powdering, and
reconstitution, to thermoplastic extrusion and fibre spinning of meat proteins into a
completely new form, which could help with the potential challenge of processing the
different molluscan muscle types 229228, This could enable the development of food products
with a wide range of forms to fit a range of cultures, from burgers and fish fingers to meat-
style pieces to use in traditional stews, and is an approach that has led to great commercial
success for products including Quorn (USA), Beyond Meat (USA), and Eat Grub (UK) 2%°,
Working with high profile chefs and finding methods to explicitly present shipworms
undisguised in a highly palatable form on a plate will also play a key role. Historically in Asia
and increasingly in the West this strategy of including insects in premium dishes has been
central to establishing a high level of cultural acceptance for insect-based foods 2242%°,

Marinated shipworm kinilaw is already popular with both locals and tourists in the
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Philippines, and gaining further insight from Filipino culinary practices could help such dishes
become a global delicacy 2%. To ensure shipworm-based foods are easily affordable to
consumers several mechanisms could be deployed. These include governmental and private
investment to allow the industry to scale rapidly and achieve lower operating costs,
subsidies to encourage purchase of nutritious shipworm-based food in place of less
sustainable meat products 23°, and enforcement of industry regulations to promote
competition in shipworm production and food processing 231. Marketing will also play a
pivotal role in encouraging consumer selection and purchase of bivalve based foods. Mass
surveys, consumer co-creation activities, and domestic trials can help identify the most
effective marketing levers to pull. A promotion strategy in which shipworms are double
framed as an environmental solution to excessive meat consumption and as a protein

232

packed superfood, an approach already being used in the seafood and insect industry 34,

may prove one of the most effective mechanisms.
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Solutions and Opportunities
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Figure A.1.2. Key challenges, solutions and opportunities in the development of shipworm

aquaculture.
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A.1.3. Conclusion

As the world’s population grows by 200,000 people every day, we have a global
responsibility to find new ways to feed everyone without further depleting the planet’s
already stretched natural resources. Finding viable, sustainable, affordable solutions will
mean thinking outside-the-box and considering the previously inconsiderable. Shipworm
aquaculture has outstanding potential to become a component of a broader global solution.
Challenges need to be overcome, ranging from fundamental research and viability
assessments to industry development to food processing and marketing. Yet there is an
opportunity to provide our global community with a fast growing, sustainable, nutritious
food source that could help remediate the catastrophic damage current food productions
system are causing to environmental and human health. Policy changes will play a key role in
stimulating research and industry efforts. Financial incentives that support sustainable
shipworm research and aquaculture in place of less sustainable meat production, legislations
that support mangrove restoration, coastal and urban aquaculture, and tax breaks on the
production and retail of sustainable nutrient-dense foods are all options. Changing industry
practice and consumer behaviour will not be easy, but rewards are seldom reaped without
new ways of thinking. Shifting our perception of shipworms as a pest and giving them a place

on our plates is one change in our thinking that could yield great rewards.
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Appendix 2: Matches and Mismatches Between Global

Conservation Efforts and Global Conservation Priorities

Willer, D. F., Smith, K. & Aldridge, D. C. (2019). Matches and Mismatches Between Global
Conservation Efforts and Global Conservation Priorities. Frontiers in Ecology and Evolution

vol. 7 297. doi:10.3389/fev0.2019.00297

Species extinctions are occurring at an unprecedented rate and there is a global need to
understand whether conservation effort is appropriately allocated to protect those species
at risk. In this study three major measures of global conservation effort across IUCN Red
List Threats and Habitats were assessed; staff time spent by the largest cluster of
conservation organisations in the world - Cambridge Conservation Initiative, efforts by
international NGOs through social media, and global conservation research publications
since the year 2000. We find global conservation effort is generally aligned with global
conservation priorities, but there are important outliers. Shrublands and rocky areas
receive disproportionately little investment across all effort measures relative to the
number of high extinction risk species, threats from residential and commercial
development receive relatively low research and time investment despite social media
attention, while marine areas and climate change receive more attention than expected.
Governments and society must make critical conservation decisions in the context of rapid
global change, and there is potential for key Threats or Habitats to receive less attention
than required. The global conservation community would be wise to carefully consider and
improve its understanding of effort-priority mismatches if the greatest number of high

extinction risk species are to be protected.

A.2.1. Introduction

Conserving biodiversity is recognised as the cornerstone of protecting global
ecosystem services, which are estimated to be worth over USD $127 trillion yr? 7,233,
Scientists believe we are now driving Earth’s sixth mass extinction event 234, and with

continued ineffective management the annual value of our ecosystems could halve by 2050
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’. Conservation organisations are working hard to protect our natural capital, focusing on
particular threats, habitat, geography or taxa, with their contributions ranging from policy
engagement to running projects on the ground 237237, Given effort investment by
conservation NGOs is increasing but resources and time remain scarce, it is becoming
increasingly important to understand if effort is being spent where it is most needed 232,

The International Union for Conservation of Nature (IUCN) Red List represents an
invaluable tool for conservation organisations to appropriately allocate their effort. The Red
List is recognised as the world’s most comprehensive inventory of species’ conservation
status, with over 91,000 species assigned metrics including extinction risk, Habitats occupied
and Threats exposed to 23°. Agriculture, aquaculture and biological resource use currently
threaten the largest number of high extinction risk species, while forests and wetlands
contain the most (Figure A.2.1.).

We asked whether global effort in terms of research, social media, and time
investment is aligned to biodiversity priorities set out by the Red List. Specifically: (1) How
has conservation research been distributed across the Red List Threat and Habitat categories
since the year 2000; (2) What is the distribution of Twitter posts from international
conservation NGOs across Red List Threat and Habitat categories; (3) What proportion of
time do academics and NGO staff working within the largest cluster of conservation
organisations in the world, the Cambridge Conservation Initiative (CCl), spend on each Red
List Threat and Habitat; (4) How does the amount of research, Twitter posts, and time
allocation on each Red List Threat and Habitat correlate with the number of threatened

species, and where are the key mismatches?
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Figure A.2.1. The number of high extinction risk species in each Red List Threat and Habitat
class. Percentages on bars refer to the percentage of high extinction risk comprehensively
assessed taxa that occupy the habitat or are exposed to the threat. Data are from Red List
version 2017.3 (see Table S1). High extinction risk refers to species in six of the eight Red List
categories; Near Threatened (NT), Vulnerable (VU), Endangered (EN), Critically Endangered
(CR), Extinct in the Wild (EW), Extinct (EX). Least Concern (LC) and Data Deficient (DD) are
the remaining two categories. To date 35,306 of the >91,000 Red List species have been

comprehensively assessed, and of these 10,249 are classed as high extinction risk.

A.2.2. Materials and methods

A.2.2.1. Red List analysis
Red List data (version 2017.3) were obtained using the International Union for
Conservation of Nature (IUCN) Red List APl and R Statistics 23° 100 (see R Code S1 in
Supplementary Material). The broadest or ‘level 1’ Threat and Habitat data for all species in
the 31 taxonomic groups comprehensively assessed by the IUCN (Table S1) were retrieved;
the number of comprehensively assessed groups continues to grow as the IUCN work down
a priority list. The data were then filtered to leave only species in classifications we tagged
as ‘high extinction risk’; Near Threatened (NT), Vulnerable (VU), Endangered (EN), Critically
Endangered (CR), Extinct in the Wild (EW), Extinct (EX). The remaining two classifications we
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did not class as ‘high extinction risk’ were Least Concern (LC), and Data Deficient (DD) for
those species where not enough information is available to assign a category of extinction
risk. A few Habitats were combined; ‘rocky areas’ and ‘caves and subterranean habitats’
were merged into ‘rocky areas and caves’; ‘marine neritic’, ‘marine intertidal’ and ‘marine
coastal/supratidal’ were merged into ‘coastal’; ‘marine oceanic’ and ‘marine deep benthic’
were merged into ‘marine’; and ‘introduced vegetation’ was added to the ‘artificial
terrestrial’ Habitat. This created a total of 11 Threats and 11 Habitats. The number of
species in ‘high extinction risk’ classifications from comprehensively assessed taxonomic
groups in each Threat and Habitat category were then counted (Table S1).

The number of threatened species in comprehensively assessed taxonomic groups is
regarded by the IUCN as the best available representation of global conservation priorities.
The comprehensive assessment methodology prioritises generating and updating datasets
for species groups which are known to contain many threatened or near-threatened species,
and there is not a bias towards specific Threats or Habitats. The number of threatened
species in each Threat or Habitat class is thus a fair metric to represent the proportion of all
species in those classes that are threatened 249241, Alternative metrics such as the
proportion of threatened species in comprehensively assessed groups are less useful,
because they misleadingly inflate the proportion of all species that are threatened, due to
the preferential selection of threatened species in the comprehensive assessment process
240,242 Following IUCN guidance our study used the number of threatened (high extinction
risk species) as the conservation-priority metric to compare against effort metrics, and this

also enabled comparison of our data with other studies which have used the same metric

242-244

A.2.2.2. Search keywords

The keywords used for the research and Twitter analyses were obtained from ‘level
two’ of the IUCN Threat and Habitat classification criteria 23°. ‘Level two’ contains a wide
selection of keywords for each ‘level 1’ Threat and Habitat category, and was used as a
standardised criteria to ensure our search keywords would capture as many relevant Twitter
and research posts as possible. Table S2 shows the keywords used for each Threat and

Habitat category.
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A.2.2.3. Research analysis

The Scopus literature database APl was used to search for all scientific articles
published between 01/01/2000 and 31/12/2017 containing ‘conservation’ and ‘biodiversity’
and at least one Habitat or Threat keyword, in the title, abstract, or keywords 2%, The
number of articles corresponding to each Threat and Habitat for each year were recorded

(Table S3).

A.2.2.4. Twitter analysis

Twitter data were obtained using the Twitter APl and R Statistics 1% 24>, A list of 85
international NGOs was selected from the IUCN members list of 107 international NGOs; the
22 NGOs with no Twitter profiles or profiles with no direct conservation relevance were
excluded. Profile data and the most recent 3200 tweets, excluding retweets, from all 85
NGOs were downloaded on 29/05/2018. To ensure fair comparison between NGOs, 150
days of data between 31/12/2017 and 29/05/2018 were selected. This was the longest
period that could be selected across all organisations, as several NGOs had their 3200t" most
recent tweet on 31/12/2017, and no more than 3200 tweets can be retrieved due to limits
imposed by the Twitter API. The selected tweets were then searched using the keywords for
each Threat and Habitat, and the number of tweets corresponding to each Threat and

Habitat was counted (Tables S4 and S5, R Code S4).

A.2.2.5. Time analysis

Time data were obtained using a SurveyMonkey survey sent out to nine conservation
organisations within the Cambridge Conservation Initiative (CCl) (Table S6) 2*¢. The nine
organisations were: Royal Society for the Protection of Birds, BirdLife International,
International Union for Conservation of Nature, United Nations Environment Programme
World Conservation Monitoring Centre, Cambridge Conservation Forum, Fauna and Flora
International, TRAFFIC, British Trust for Ornithology, and the University of Cambridge
Conservation Research Institute. Insurance was provided by the University of Cambridge,
and ethical approval by the Psychology Research Ethics Committee, University of Cambridge.
Individuals were asked the following six questions: ‘Which organisation do you work for?’;
‘Estimate the percentage of your time that was spent working on the following biodiversity
Threats over the past year’; ‘Estimate the percentage of your time that was spent working

on the following Habitats over the past year’; ‘Imagine funding and job requirements were
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not an object, and you were acting in the best interest for conservation. What percentage of
your time would you spend working on the following biodiversity Threats over the next
year?’; ‘Imagine funding and job requirements were not an object, and you were acting in
the best interest for conservation. What percentage of your time would you spend working
on the following Habitats over the next year?’; and ‘Any other comments?’. Some individuals
did not fully complete the survey, so there were fewer responses to the later questions. Of
the 68 individuals who completed every question, 11 were from academic and 57 from non-
academic organisations. Data in the ‘other threats’ category, a category added to the survey

to make completion by participants easier, were not used in the analysis.

A.2.2.6. Data presentation and statistics

All data were analysed and plotted using R Statistics (Tables S1 — 8 and R Code S1 - 6)
100 For the time data (Figure A.2.4.), paired sample Wilcoxon tests identified differences in
how people spent time last year compared to how they would spend it next year on Threats
and Habitats, see Table S7 for V and p values. Median and mean response values for each
Threat and Habitat for last year and next year were then calculated. Means were
standardised so that each Threat and Habitat total was out of 100 for use in Figure A.2.4.
and the manuscript (medians were not used for this purpose due to the low resolution of
responses given by any individual; employees tended to give scores to the nearest 10%). For
the scatterplots (Figure A.2.5.), major axis models were used to test for positive correlation
between each conservation effort variable and the number of high extinction risk species,
and also between research and time effort. Equations and statistics are presented in the

results.

A.2.3. Results

A.2.3.1. Research

Our findings reveal conservation research is growing rapidly but is not
proportionately distributed across the number of high extinction risk species in each Red List
Threat and Habitat. In 2017 over 3700 peer reviewed scientific articles were published with
both ‘biodiversity’ and ‘conservation’ in the title, abstract, or keywords; a seven-fold

increase since the year 2000 2%, Over the past five years climate change and agriculture
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received nearly 40% of research attention, whilst invasive species, energy production and
transportation combined received just 13% (Figure A.2.2a.). Forest Habitats accounted for
37% of research across all 11 Habitats, whilst shrublands and rocky areas both made up less

than 1% (Figure A.2.2b.).
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Figure A.2.2. The number of research articles relating to Red List Threats and Habitats.
Research articles allocated to a specific Threat or Habitat contained ‘biodiversity’ and
‘conservation’ and at least one keyword corresponding to the Threat or Habitat, in the title,
keywords, or abstract of the article. Data are for 01/01/2000 to 31/12/2017 and obtained

from Scopus literature database 2%.
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A.2.3.2. Social media

Twitter posts from large international conservation NGOs were also focussed
towards certain Habitats and Threats. Climate change, agriculture, and biological resource
use accounted for 52% of Threat-related Twitter posts, from all 85 assessed NGOs over 150
consecutive days in 2018. Invasive species and transportation each received just 2%. Nearly
70% of Habitat posts concerned forests or marine environments, whilst rocky areas and
shrubland received zero attention. Unsurprisingly, some Habitat-specific NGOs displayed
especially narrow focus, for example the African Wildlife Foundation on savannas, and the

Rainforest Alliance on forests (Figure A.2.3.).

A.2.3.3. Time investment

Conservation practitioners within CCl invest the majority of their time on a few key
Habitats and Threats and would not choose to dramatically alter this. Over the past year
forest, wetland and marine Habitats received 55% of time, whilst rocky areas and deserts
received just over 1% each. For Threats, 39% of time was spent on agriculture and biological
resource use, while invasive species, natural system modifications, transportation, pollution
and development combined received only 28% (Figure A.2.4., left). When conservation
practitioners were asked how they would spend their time to best help conservation if
funding and job requirements were not an object, they gave a response which suggested
they would only slightly alter their time allocation, but with the same few Habitats and
Threats still receiving the majority of attention. Forests, wetlands, and marine Habitats
would still receive 58% of time, whilst deserts would receive significantly more time (twice
current 1%) (paired sample Wilcoxon, V = 40, p < 0.05). Agriculture and biological resource
use would still receive 36% of time, although climate change would receive significantly
more attention (5% on top of current 8%) (paired sample Wilcoxon, V = 249, p < 0.01) (Figure
A.2.4., right).
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Figure A.2.3. Twitter posts on Red List Threats and Habitats. Twitter posts allocated to a
specific Threat or Habitat contained at least one keyword corresponding to the Threat or
Habitat. The right-hand bars are a total from the 85 international NGOs with Twitter profiles
who are members of the IUCN. The left-hand bars are the top 10 most followed NGOs of the
85. Data are from 150 days between 31/12/2017 and 29/05/2018, and the number of posts
is shown on top of the bars for each NGO. The number of followers on 29/05/2018 is shown

after each NGO name.
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practitioners were acting in conservation’s best interest and that funding and job
requirements were not an object. The * indicates a significant (Paired Wilcoxon test, p <
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bar.
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A.2.3.4. Conservation effort and priorities

The amount of research, social media, and time allocated to Red List Threats and
Habitats does positively correlate with number of high extinction risk species present in each
category, but there are a few key outliers (Figure A.2.5.). Shrublands have the third greatest
number of high extinction risk species of all Habitats (1650 species), yet along with rocky
areas receive consistently less than expected attention across all effort measures (Figure
A.2.5, right). In comparison, marine Habitats contain relatively fewer (422) high extinction
risk species yet receive greater than expected attention across all measures. Patterns of
outliers are not completely consistent across research, social media, and time components.
There is a tendency for Twitter to give a lot of attention to development, an area which
receives little time or research relative to the number of high risk species in this category
(Figure A.2.5, left). Invasive species receive very little attention on Twitter, despite posing a
high extinction risk to over 10,000 species. Climate change receives a relatively large amount
of research and social media attention relative to the number of high extinction risk species,
although this is not reflected in staff time. More broadly though, the focus of the academic
community and conservation NGOs is closely aligned; there is a highly significant correlation
between research and time effort for Habitats (p < 0.001), and a near-significant correlation
for Threats (p = 0.06) (see Figure S1 in Supplementary Material). Full equations for the
positive correlations between effort variables and species are as follows: research vs species
for Threats y = 319.80 + 0.41x, r? = 0.40, p < 0.05; Twitter vs species for Threats y = 39.12 +
0.038x, r* =0.52, p < 0.05; time vs species for Threats y = 2.81 + 0.0024x, r* =0.62, p < 0.01;
research vs species for Habitats y = 29.26 + 0.79x, r-= 0.84, p < 0.001; Twitter vs species for
Habitats y = 0.095x — 23.23, r*=0.74, p < 0.001; time vs species for Habitats y = 4.37 +
0.0030x, r* =0.63, p < 0.01. The positive correlations between research and time effort: for
Threats y = 306.82x — 1394.32, r? = 0.35, p = 0.06; for Habitats y = 233.34x — 847.87, r* = 0.84,
p < 0.001.
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A.2.4. Discussion

The focus of global effort and conservation Red List priorities do in general line up,
but there are key mismatches that cannot be ignored. Shrublands and rocky areas receive
disproportionately little investment across research, social media and staff time effort
measures relative to the number of high extinction risk species. Threats from residential and
commercial development receive relatively low research and time investment despite high
social media attention, and invasive species receive little media attention. Marine areas and
climate change receive more attention than expected across all effort measures.

The presence of these mismatches corroborates with recent studies that are just
beginning to understand whether the global community is distributing its conservation
efforts appropriately. In 2018 it was shown that drivers of biodiversity loss do not always
align with research efforts; ‘habitat change’ and ‘pollution’ drivers were falling behind
conservation targets, a parallel seen in the lack of effort on residential and commercial
development threats in our study . Mazor et al. also showed there was insufficient
conservation progress on ‘invasive species’, reflected in the low media attention in our
study, and concerning given invasive species are the biggest factor in species extinction 244,
We also now know that biodiversity research is biased towards temperate regions 242243, Qur
study did not assess geographic bias directly, but the high prevalence of European and North
American conservation organisations in the Twitter and time investigations, and the fact that
CCl as the largest cluster of conservation organisations in the world is based in Cambridge,
UK, would support the presence of a temperate bias.

To avoid further expansion of mismatches, the global community should be made
more aware of and improve its understanding of mismatches now. More species data are
needed; at the time of this study, only 33,536 of the 91,000 species on the IUCN Red List had
been comprehensively assessed. More information on the activities of governmental
organisations is required, with studies to date focussing primarily on researchers and NGOs.
We should also consider carefully which effort measures exhibit the most influence, whether
it be research, social media, time, or others, to avoid mistakes and ineffective conservation
action. Scientists caution that if tweets do not accurately convey conservation priorities

misinformation can cascade through social media, and the same will apply across other
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communication and organisational networks 2. Today perfect allocation of conservation
funds and resources to Threats and Habitats is perhaps an unrealistic goal, but improving our
understanding of mismatches can help us come closer to achieving this goal.

Effort in conservation continues to grow as the threats posed to global biota become
increasingly pressing. While maintaining species diversity may not be the primary goal of all
conservation efforts, it is certainly a very important one 24°. Conservation researchers and
practitioners would therefore be wise to consider which Habitats are at greatest risk of
biodiversity loss and which Threats are the most important drivers when designing and
implementing conservation strategies. In doing so, the greatest gains for global biodiversity
may be achieved. Resources to protect biodiversity and our ecosystems are limited and the
environmental, human, and economic costs of failure are of enormous magnitude. Effective

allocation of our resources should be seen as a top global priority.
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Appendix 3: Feasting on terrestrial organic matter: Dining in

a dark lake changes microbial decomposition

Fitch, A., Orland, C., Willer, D., Emilson, E. J. S. & Tanentzap, A. J. (2018). Feasting on
terrestrial organic matter: Dining in a dark lake changes microbial decomposition. Global

Change Biology 24, 5110-5122. doi:10.1111/gcb.14391.2017

Boreal lakes are major components of the global carbon cycle, partly because of sediment-
bound heterotrophic microorganisms that decompose within-lake and terrestrially derived
organic matter (t-OM). The ability for sediment bacteria to break down and alter t-OM
may depend on environmental characteristics and community composition. However, the
connection between these two potential drivers of decomposition is poorly understood.
We tested how bacterial activity changed along experimental gradients in the quality and
quantity of t-OM inputs into littoral sediments of two small boreal lakes, a dark and a clear
lake, and measured the abundance of operational taxonomic units and functional genes to
identify mechanisms underlying bacterial responses. We found that bacterial production
(BP) decreased across lakes with aromatic dissolved organic matter (DOM) in sediment
pore water, but the process underlying this pattern differed between lakes. Bacteria in the
dark lake invested in the energetically costly production of extracellular enzymes as
aromatic DOM increased in availability in the sediments. By contrast, bacteria in the clear
lake may have lacked the nutrients and/or genetic potential to degrade aromatic DOM,
and instead mineralized photo-degraded OM into CO;. The two lakes differed in
community composition and the higher concentration of dissolved organic carbon in the
clear lake was associated with the community assemblages in the clear lake. Furthermore,
functional genes relating to t-OM degradation were relatively higher in the dark lake. Our
results suggest that future changes in t-OM inputs to lake sediments will have different
effects on carbon cycling depending on the potential for photo-degradation of OM and

composition of resident bacterial communities.
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A.3.1. Introduction

Inputs of terrestrially derived organic matter (t-OM) are a major driver in lake
ecosystems, but the ecological consequences of changes in their quantity and quality remain
poorly understood 2°°, Nearly a third of all the terrestrial carbon (C) input into inland waters
is buried into lake sediments 2°1. Much of this burial, especially of larger particulate material,
occurs in nearshore environments of small lakes through mechanisms including
sedimentation and flocculation, where heavier matter and coagulated dissolved organic
matter (DOM) fall out of suspension and accumulate 2°22>3 . However, littoral sediments
remain understudied relative to pelagic environments, especially in the context of future
changes to t-OM exports. Terrestrial organic matter is increasingly exported into receiving

waters, due to mechanisms including declines in anthropogenic sulfur deposition 2°*2>° and

256 257

increases in terrestrial primary production “°° and soil decomposition %/, and should thereby

enhance sedimentation 2°%2°°, Additionally, northward shifts in deciduous forests 260, and

the spread of fires and insect outbreaks 261

, are expected to change the composition of t-OM
that will be buried into receiving waters 22,

Although heterotrophic decomposition, particularly by bacteria, is the primary
mechanism by which t-OM is assimilated into aquatic ecosystems 2°%253, relatively little is
known about how and why bacterial activity changes along gradients in the quantity and
quality of buried t-OM. For example, bacterial production (BP) has been found to vary by
70% across freshwater sediments with different DOM concentrations 264, One explanation
for this is that bacteria assimilate low molecular weight (LMW) labile DOM quickly and easily
so their production can be elevated in the presence of LMW compounds 263265266 By
contrast, high molecular weight (HMW) compounds, including lignin, humic acid and
aromatic molecules, require the production of enzymes that hydrolyze or oxidize complex
structures into LMW compounds before they can be assimilated 263:267-26% Therefore, while
HMW compounds are thought to be less amenable to microbial processing, the production
of extracellular enzymes can allow bacteria to utilize these substrates and access both C and
nutrients associated with terrestrially derived OM 2°8270-272 Extracellular enzyme activity
(EEA) should increase with concentrations of t-OM in lakes with limited LMW exudates
273274 providing a source of C and nutrients, but may result in less bacterial growth as it

comes with a high metabolic cost 27>276, Because extracellular enzymes are energetically
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costly to produce, bacterial growth may even be stagnant or negative with increasing
concentrations of HMW OM 277,

Environmental conditions, such as sediment light exposure and nutrient availability,
will also interact with t-OM supply to dictate how bacterial communities will respond to
future increases in the sedimentation of t-OM. For example, high light levels at the
sediment-water interface can increase the availability of LMW phytoplankton exudates and
photo-oxidize up to 70-95% of the HMW t-OM found in lakes into LMW compounds
263,278,279 This process can therefore negate the reliance of bacterial communities on EEAs.
By contrast, lakes with lower sediment light exposure will have reduced oxidation of
dissolved compounds at the sediment-water interface, increasing their availability to
bacteria and their ability to settle into sediments by forming organic particles 2°°. Bacteria
may consequently rely on EEAs to acquire LMW C from HMW t-OM 293, Because EEA is the
rate-limiting step for making HMW C available to bacteria, the total pool of available LMW C
could also be smaller in these cases 28282, Enhanced BP from LMW compounds will also
depend on an adequate supply of nutrients for building proteins and cells 266:283-286
Changes in bacterial functions involved in heterotrophic decomposition, including EEA, may
also arise because the ability to degrade HMW compounds is taxonomically restricted 274287~
289 Consequently, shifts in bacterial community composition with increasing t-OM inputs will
alter bacterial function 2°°, The functioning of whole communities can also change
independently of composition if there is a high degree of redundancy amongst taxonomically
distinct lineages 228. However, irrespective of the underlying cause of change, no study has
yet connected actual and potential functioning of sediment bacterial communities to the
guantity and quality of t-OM input into lake sediments. Understanding this connection can
help improve predictions of future changes in diverse ecosystem processes such as C cycling,
food web production, and water quality 2°°.

Here our aim was to characterize how bacterial activity changed along fine-scale
gradients in the quality and quantity of t-OM in the littoral sediments of small boreal lakes.
We addressed this aim by analyzing OM from pore water collected at the interface of the
sediment and overlying lake water, where t-OM is primarily deposited 2°*. We focused on
the effect of terrestrially-sourced particulate OM as this is the primary way in which t-OM
enters the littoral zone and benthic food web 292293, Boreal lakes also have varying water
clarity and dissolved organic carbon (DOC) concentrations, ranging five-fold from

approximately 4 to 20 mg C L1 252294 5o can have very different responses to changes in t-
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OM additions because of these differences in overlying water quality >°>. We predicted that
sediment bacteria would allocate carbon differently, either to enzyme production or CO;
production, in a clear and dark lake with increasing additions of terrestrially derived OM, and
we used metagenomics to reveal the underlying mechanisms for these changes. We tested
our prediction in sediment mesocosms that mirror natural ecosystems in their
biogeochemical dynamics and provide a controlled way to replicate t-OM inputs across lakes
with contrasting water quality and clarity °°. Microbial community composition and the
environment are closely linked, and a major challenge is to decouple these two effects on

microbial function 2°°.

A.3.2. Materials and Methods

A.3.2.1. Study site

Our experiment was deployed in the nearshore region of two lakes near Sudbury,
Ontario Canada: Lake Laurentian (46°27'9.74"N, 80°56'35.42"W) and Swan Lake
(46°21'58.96"N, 81° 3'48.58"W). The sites have minimal human disturbance and are
surrounded by similar early-successional forest, but differ in their overlying water quality.
Swan Lake is more oligotrophic than Lake Laurentian, with mean (x SE) total phosphorus
concentrations (mid-lake surface grabs taken during our sampling) of 9.3 + 0.4 pg L™* versus
35.2 + 2.5 ug L respectively. Swan also had more than four-times higher light levels at the
sediment surface over the course of our experiment. Mean (£ SE) light levels in Swan were
6378 + 149 Ix versus 1482 + 28 Ix in Laurentian, as measured every 60 minutes over the
duration of our experiment using Hobo UA-002-64 light loggers. The loggers were installed
on the sediment surface to measure light intensity reaching the sediment-water interface of
the 24 mesocosms per lake. These differences were consistent with the overlying lake water,
as DOC concentrations were 2 mg L't in Swan versus 7 mg L't in Laurentian. We hereafter

refer to the two lakes as the “clear” and “dark” lake, respectively.

A.3.2.2. Experimental design
We submerged sediment amended with different types of t-OM on bottom of the
study lakes in the nearshore environment (0.30 - 0.75 m depth) during July 2015 after

Tanentzap et al. (2017) 2°°. Submergence exposed the experimental sediments to natural
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overlying water conditions. Briefly, sediments composed of 0, 5, 25, 35, and 50% t-OM (dry-
weight basis) and locally sourced inorganic material were mixed with particle sizes and
vertical structuring of all material mimicking natural lake sediments 2°®. We then filled 17.5 L,
50.8 x 38.1 x 12.7 (height) cmm HDPE containers with 8 cm of sediments (total sediment
volume ~ 15 L). For each t-OM quantity, material was added in a 1:2, 1:1, or 2:1 dry-mass
ratio of deciduous to coniferous litterfall collected from nearby forests. Each of the 5
guantities x 3 qualities combinations were replicated 3 times in each lake. Mesocosms were
arranged in a block design between two sampling bays, submerged in rows at increasing
distance from the shoreline, and covered with a 1mm x 1mm nylon mesh screen to
standardize shading and resuspension within lakes. Importantly, sediment pore water
samples taken from our mesocosms have been found to reflect the biogeochemistry of

natural lake sediments 2°°

, allowing us to extrapolate our findings to field conditions.

The sediment manipulations interacted with lake conditions to produce experimental
gradients in pore water OM quality and quantity within each lake, which we directly
measured from optical properties and DOC concentrations, respectively (Figure S1). These
pore water dissolved pools were distinct from the overlying lake water and represented the
outcomes from mineralization of the added (i.e. sedimented) terrestrial OM. We then
followed recommendations to analyze our responses in relation to these continuous
gradients rather than the original factorial levels 2°7. Avoiding the use of categorical variables
to represent predictors that are clearly continuous, e.g. levels of DOM released from
sediment additions, has the added benefit of allowing us to develop predictive models that

can demonstrate scientific understanding (see Houlahan et al. 2017 2% for further

discussion).

A.3.2.3. Water chemistry and gas sampling

We collected pore water samples from our mesocosms during three sampling
periods in June, July and August of 2016. A 3 mL polypropylene syringe was secured
horizontally immediately beneath the sediment surface along one side of the HDPE
container prior to submergence in the lake. The wall of the syringe that faced the sediment
was removed and covered in ca. 250 um nylon mesh. Each sampling syringe was then
connected to 122 cm of nylon tubing that was purged of water before any sample collection.

On each sampling period, we extracted 45 mL of pore water into an air-tight 60 mL

syringe. pH was immediately measured with a handheld meter (HI 9126, Hanna instruments,
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Woonsocket, RI, USA), before filtering 25 mL of each sample through a 0.5 um glass fibre
filter (Macherey-Nagel MN 85/90) and into a 20-mL glass scintillation vial. Glass vials were
pre-acidified for a sample pH of approximately 2-3 to counter the well-documented effects
of metal quenching of DOM fluorescence that becomes negligible below a pH of 3.0 2°3% |n
the lab, we measured two widely used DOM metrics using a Cary 60 UV Vis
spectrophotometer and a Cary Eclipse fluorescent spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA), after analyzing the samples for DOC concentration on a Shimadzu
TOC-5000A (Shimadzu Co, Columbia, MD, USA). The first DOM metric was the specific UV254
absorbance (SUVA), an indication of the average aromatic fraction of DOM per unit DOC.
Higher values of SUVA indicate a more reduced state due to intact ring structures which
have yet to be oxidized, and tends to be HMW DOM 30, All UV absorbance values were
corrected for total iron concentrations, because iron absorbs UV at a similar wavelength to
SUVA, and can artificially increase measured SUVA values 3923% |ron was measured using
the FerroVer method (Hach Company 2014) with a Hach DR3900 spectrophotometer (HACH,
Loveland, CO, USA). The second metric we measured was the humification index (HIX), for
which higher values correspond to longer wavelengths of fluorescing molecules as
humification of DOM proceeds 3%, In addition to DOC and DOM, we also measured total
dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) using persulfate digestion
and ascorbic acid methods, respectively (Hach Company 2014 3%), with a Hach DR3900
spectrophotometer. TDP and TDN values that were below the detection limit were set to the
minimum detection value (0.05 mg L't and 1.0 mg L%, respectively).

We also inferred dissolved CO; concentration from the total inorganic carbon
concentration, pH and temperature on the day of sample collection from a 45 mL water
sample. 2 mL of 0.5M HCL were injected into the sample before drawing in 15 mL of ambient
air, closing the stopcock, and shaking for 2 minutes to equilibrate the air and acidified
sample. 10 mL of the headspace air was then collected in a gas syringe for measurement of
CO; concentration on a SRI 8610C gas chromatograph within 48 hours of collection (SRI
Instruments, Torrance, CA, USA). Concentration of CO; in the ambient air was measured
from a volume of 10 mL and used to correct the headspace measurements. We calculated
final pore water concentrations of CO; following methods from Aberg and Wallin (2014) 306
by applying the Bunsen solubility coefficient and ideal gas law, accounting for pH and the

ambient air concentration of COs.
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A.3.2.4. Bacterial production

Bacterial production (BP) was measured using 3H leucine incorporation after Pace et
al. (2004) 3°7. Duplicate 1.5 mL pore water samples were collected on ice in each of June, July
and August 2016 approximately two weeks after sampling water chemistry to analyze how
bacteria responded to antecedent DOM conditions. In the laboratory, we added 100 pL of
17.5 nM L-[4,5-3H] leucine (1 mCi mL?, PerkinElmer, Waltham, MA, USA) to each sample.
Duplicate “kill” samples were prepared for each combination of OM quality and quantity in
each lake. These samples immediately received 0.3 mL of 50% tricholoracetic acid (TCA),
killing any live cells, and providing a measure of background 3H leucine incorporation that
was later subtracted from the incubated values. After incubating for 1 hour, each sample
received 0.3 mL of 50% TCA to stop 3H leucine uptake. Samples were subsequently
centrifuged at 14,000 rpm for 10 minutes and the supernatant was discarded. Each sample
was then washed twice with 5% TCA, dried using a vacuum centrifuge, and stored at -20 °C.
3H incorporation was later measured using a Beckman Coulter LS6500 liquid scintillation
counter (Beckman Coulter, Brea, CA, USA). Prior to counting, each sample received 1 mL of
Optiphase Hisafe 2 Scintillation fluid and was vortexed for 30 seconds. This step was
repeated twice more for a total sample volume of 3 mL. Decays per minute measured on the

scintillation counter were then converted to BP using standard conversion factors 3%,

A.3.2.5. Extracellular enzyme activity

We assayed five hydrolytic enzymes (B-1,4-glucosidase, B-°-1,4-cellobiosidase, B-1,4-
xylosidase, leucine aminopeptidase, and phosphatase) and two oxidative enzymes
(peroxidase and phenol oxidase) in pore water collected in July and August of 2016. Samples
were taken one week after water chemistry sampling to test how bacterial enzyme
exudation responded to DOM, and one week before BP sampling to test how enzyme
activities affected subsequent bacterial C utilization. Pore water samples were assayed

directly without dilution 267

, and without buffer to capture the in-situ pH 3%°. Optimal
incubation times for hydrolytic enzymes were determined by standard time trials as
recommended and described in German et al. (2011) 3%°. We found these times to be 2
hours for B-1,4-glucosidase and leucine aminopeptidase and 1 hour for B-°-1,4-
cellobiosidase, B-1,4-xylosidase, and phosphatase. Timings of oxidative incubations were

performed as suggested in Sinsabaugh et al. (2003) 31°, Fluorescence and absorbance were

read on a Synergy H1 microplate reader (BioTek, Winooski, VT, USA). B-°-1,4-cellobiosidase,
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B-1,4-xylosidase, and B-1,4-glucosidase were summed as total hydrolase activity, as these
enzymes collectively target structural components of plant-derived OM 312, Similarly,
peroxidase and phenol oxidase activity were expressed as total oxidase activity because they

have a similar functional role 273:310,

A.3.2.6. Metagenomics shotgun sequencing

DNA was extracted in duplicate from each mesocosm in August 2016 using a
PowerSoil DNA Isolation Kit (MoBio Laboratories Inc, Carlsbad, CA, USA), and following the
manufacturer’s protocol. Sequencing libraries were prepared with 1 ng of genomic DNA per
sample using the Nextera XT DNA Sample Preparation and dual-barcoding with Nextera XT
Indexes (Illumina, San Diego, CA, USA) following the manufacturer’s instructions. Libraries
were quantified on a Qubit 3.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA)
and on a Bioanalyzer HS DNA chip (Agilent, Santa Clara, CA) and pooled in equimolar
concentrations into a single sample. Samples were sequenced on an Illlumina platform using
a NextSeq 500/550 Mid Output Kit v2 (300 cycles, paired-end).

Raw sequences were processed at a read depth of approximately 3.3 million reads
per sample following the European Molecular Biology Laboratory-European Bioinformatics
Institute (EBI) pipeline version 3.0 312, In brief, the SeqPrep tool

(https://github.com/jstjohn/SegPrep, version 1.1) was used to merge paired-end

overlapping reads, Trimmomatic (version 0.35) 313 was used to trim low quality ends and
sequences with >10% undetermined nucleotides, and sequences <100 nucleotides were
removed using Biopython (version 1.65) 34, Sequences were functionally annotated by
predicting coding sequences (pCDS) above 60 nucleotides with FragGeneScan (version 1.20)
315 Read matches were then generated against pCDS using a subset of databases from
InterProScan (version 5.19-58.0) 3¢ and summarized using the Gene Ontology terms.
Sequences were taxonomically annotated with QIIME (version 1.9.1) 3Y7. Representative 16S
sequences were classified using the SILVA reference database (release 128) 318 at 97%
sequence identity following the open-reference Operational Taxonomic Unit (OTU) picking
method with reverse strand matching enabled 3'7. The sequences were deposited in EBI
Metagenomics under the project accession number ERP019980. We normalized both the
functional and OTU datasets by transforming the abundance of annotated sequences to
abundances relative to the per sample total to account for sequencing bias 319320, We

focused our analysis on the subset of functional genes that matched the groupings of
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hydrolytic ("cellulase activity", "glucosidase activity”, and "xylan 1,4-beta-xylosidase
activity") and oxidative enzymes ("peroxidase activity" and "catechol 1-2-dioxygenase
activity") measured for extracellular activity, as well as genes required to catabolize aromatic
DOM (“aromatic compound catabolic process”) and genes for oxidoreductase activity
involving oxygen (“oxidoreductase activity, acting on paired donors, with incorporation or

reduction of molecular oxygen”), an important step in the decomposition of aromatics 273.

A.3.2.7. Statistical analysis

We tested the effects of DOM quantity and quality on bacterial responses using
linear mixed-effects models with the Imer function in the Ime4 package in R v3.2 321,
Bacterial responses included BP, CO, concentrations, hydrolase activity, oxidase activity,
phosphatase activity, and leucine amino peptidase activity. We transformed responses with
a quarter-power rather than logarithmically because small values in some of the responses
resulted in heavy left-tail-distributions with the latter. Each response was then predicted as
a function of DOC, SUVA and HIX, in addition to sampling month and environmental
variables pH, TDN and TDP. The model for CO; also included BP as a predictor because CO; is
a combined product of bacterial respiration and photo-mineralization, which can account for
up to 50% and 90% of total production respectively, depending on environmental conditions
263,279 \We accounted for the blocking design of our experiment, whereby the mesocosms
were distributed around two sampling bays, by including bay as a fixed factor. We also
accounted for repeated measurements of the same mesocosm and blocking row to account
for proximity to shoreline and decreasing depth by including these factors as random effects.
Finally, we allowed mean responses to vary between the dark and light lake (i.e. lake fixed
effect) and tested whether the effects of DOC, DOM quality, and BP (for CO, response)
differed between lakes with contrasting light penetration (i.e. a statistical interaction).
Temperature was excluded from the models because it did not vary among mesocosms
within lakes (mean * SE of 15.85 + 0.03 °C and 14.0 £ 0.02 °C in dark and clear lake,
respectively).

We determined the best-fitting model that explained our responses using backwards
stepwise selection. Models were compared using the Akaike Information Criterion (AIC) and
we sequentially removed predictors that did not increase AIC by more than 2, ensuring the
more parsimonious models also never had AlCs that were more than 2 values higher than
the lowest observed value across the entire model set. Main effects were only dropped after
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their interactions. We assessed the significance of factors in the best supported model with
p-values calculated from a t-distribution using the R package ImerTest 322, Degrees of
freedom were adjusted with the Kenward-Roger method, which reduces bias in small
sample settings 323,

We also analyzed the relative abundances of OTUs and functional genes relating to t-
OM degradation to identify potential reasons for lake-dependent bacterial responses. First,
we tested for a compositional difference between lake bacterial communities using a
permutational multivariate analysis of variance (perMANOVA) with Bray-Curtis distances
between samples. We also tested whether compositional differences were associated with
sediment pore water DOC, SUVA, HIX, and pH within mesocosms of each lake by including
these variables in the perMANOVA. Significance of marginal effects was assessed with 1000
permutations of the raw data, which were restricted to each lake for the covariates, using
the adonis2 function in the R package vegan version 2.5-2 324, We did not include TDN and
TDP in these analyses to minimize collinearity; this issue was not a concern for linear mixed-
effects models as none of the parameter estimates were strongly inter-correlated (r > 0.75).
Differences in OTU relative abundance between lakes were visualized with a non-metric
multidimensional scaling (NMDS) ordination. We also used a perMANOVA with Bray-Curtis
distances to test whether the relative abundances of the subset of functional genes could be
explained by environmental variables and lake identity. Again, we visualized statistically
significant factors (p < 0.05) using a NMDS ordination. In a separate perMANOVA, we tested
whether the original manipulations of t-OM quantity and quality were also correlated with
the composition of pore water bacterial communities and functional genes. Finally, we
tested if the relative abundance of the subset of functional genes differed on average
between lakes using paired t-tests. We paired mesocosms that were in the same position in
our experimental block design but located in different lakes.

Finally, we quantified the difference in bacterial community composition between
the natural sediments of the two study lakes at the start of the experiment. We calculated
the Bray-Curtis dissimilarity index between six pooled samples from each lake, where a value
of 0 indicated communities were identical and a value closer to 1 indicated communities

were entirely different, i.e. no overlapping OTUs 32>,

155



A.3.3. Results

A.3.3.1. Bacterial responses to t-OM addition depended on lake clarity

We found that BP decreased with the aromatic fraction of DOM (i.e. SUVA) across
both lakes (t = -2.04, df = 156, p = 0.042), such as if the bacteria expended more energy to
break down aromatic DOM than to grow. For example, a 25% increase above the mean
aromaticity of 3.37 L mg-C! cm™ decreased BP below its mean of 0.54 g C Lt d by 14.5%
(Figure A.3.1a.). The decrease in BP with an increasing fraction of aromatic pore water DOM
in the dark lake was associated with a small increase in CO; production (t = -2.68, df = 158, p
=0.008, Figure A.3.1b.), suggesting that bacteria in the dark lake were incurring a higher
metabolic and respiratory cost associated breaking down aromatic OM. Specifically, CO;
decreased by 2% below the mean value of 8.59 mg-CO, L with a 25% increase in BP. In
contrast to the dark lake, greater UV exposure at the sediment-water interface in the clear
lake may have led to photo-oxidation of DOC that increased CO; production (lake effect: t =
13.38, df = 155, p < 0.001). Greater photo-degradation in the clear lake may have also
resulted in a lower concentration of aromatic DOM relative to the dark lake (two-sample t-
test: t =-2.64, df = 143, p = 0.009, Figure A.3.2a.). Despite the higher pore water DOC
concentration in the clear lake, of which less was aromatic and presumably more was LMW
C (Figure A.3.2a-b.), BP was lower on average (t = -6.54, df = 120, p < 0.001). The lower BP
likely arose because of nutrient limitation that was inseparable from the lake-level effect
(Figure A.3.2d-e.). On average, the clear lake always had 13.6 and 15.0% less available N and
P, respectively, relative to C (i.e. higher pore water C:N and C:P ratios) when comparing the
same mesocosms between lakes (t = 7.59, df = 118, p < 0.001; t = 16.74, df = 100, p < 0.001).

Full results of model selection are given in Table S1.
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Figure A.3.1. Energetic tradeoffs in the dark but not the clear lake. (a) BP decreased with

specific ultraviolet absorbance (SUVA) across both lakes, resulting in (b) more CO2

production where BP was lower, but only in the dark lake. Solid lines are mean effects £95%

confidence intervals
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Figure A.3.2. Pore water differed between mesocosms in the dark (LAU) and clear (SWA)
lake. The dark lake had (a) more SUVA, (b) lower DOC concentrations, (c) slightly higher pH,
(d) lower C:P and (e) C:N ratios, (f) more BP, and (g) less CO2 production. Nonoverlapping
notches indicate differences in the two medians based on 95% confidence intervals 326, The
upper and lower whiskers extended 1.5 times the interquartile range, with points outside of

this range plotted

A.3.3.2. Extracellular enzyme production enabled aromatic OM decomposition in the dark
lake

The decrease in bacterial productivity in the dark lake corresponded with a positive
association between hydrolytic and oxidative enzyme activity and the fraction of aromatic
pore water DOM. Bacteria were presumably limited for LMW substrates in the dark lake and
subsequently produced more hydrolytic and oxidative enzymes with higher fractions of
SUVA (t=2.09,df =99, p=0.039 and t = 4.27, df = 111, p < 0.001, respectively; Figure
A.3.3.). For example, a 25% increase in the mean aromatic fraction of 3.37 L mg-Ctcm*
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increased oxidative and hydrolytic enzyme activity by 14.6% and 11.4% above the mean
values of 0.05 umol mL? h't and 230.0 nmol mL* h'%, respectively. There was no response to
aromaticity in the clear lake for oxidative (t =-1.33, df = 112, p = 0.100) or hydrolytic
enzymes (t = 0.66, df = 106, p = 0.419), suggesting that bacteria were not utilizing
terrestrially derived OM for growth. Both phosphatase and leucine aminopeptidase had no

response to DOM quality or DOC concentration (Table S2).
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Figure A.3.3. Enzyme activities increased with aromaticity of DOM in the dark lake. (a)
Oxidase and (b) hydrolase activity increased with specific UV254 absorbance (SUVA). Solid

lines are mean effects +95% confidence intervals

A.3.3.3. Different bacterial communities underlie varying responses to t-OM addition

We found evidence that, in addition to differences in available nutrients, bacterial
activity might have also differed between the two lakes because of underlying differences in
community composition and subsequent functional potential to decompose t-OM. The
relative abundance of pore water bacterial OTUs differed significantly between the two lakes
across all mesocosms (F1,49 = 2.01, p = 0.001, Figure A.3.4a.). Correspondingly, we found that
genes relating to oxidative enzymes (t = 4.42, df = 24, p < 0.001), aromatic catabolism (t =
9.22, df = 24, p <0.001) and oxidoreductase activity (t=18.71, df = 24, p < 0.001) were on
average 1.1 — 3.0 more times abundant in the darker lake where microbial activity
responded more strongly to increasing fractions of aromatic OM (Figure A.3.5a-c.). There

were slightly higher abundances of hydrolytic genes in the clear lake (t =-2.38, df =24, p =
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0.025, Figure A.3.5d.), but because enzyme expression and exudation may be more strongly
induced by low concentrations of LMW substrates than the presence of HMW DOM, the
clear lake bacterial communities did not produce more enzymes in response to increasing
DOC quantity (Table S2).

The observed differences in bacterial community composition and function may have
arisen because in-lake processes, including photo-oxidation at the sediment-water interface,
caused the added t-OM to diverge between lakes. Communities varied with pore water DOC
(F1,49=1.42, p =0.037) and pH gradients in each lake (F1,49 = 1.48, p = 0.009; Figure A.3.4a.),
which themselves differed between lakes (Figure A.3.2.). Functional genes capable of
degrading inputs of t-OM also differed between the two lakes (F1,49 = 4.13, p = 0.035) and
varied along gradients of humic DOM (F1,49 = 4.63, p = 0.030) and pH in sediment pore water
of each lake (F1,49 = 5.24, p = 0.031; Figure A.3.4b.). Consistent with these results, we found
that the composition of pore water bacterial communities changed with the original
guantity and quality of t-OM added in each lake (F1,50 = 2.75, p = 0.016; F3,50 = 3.48, p =
0.001, respectively). The presence of functional genes mirrored these results (Fi,50 = 2.22, p =
0.001; F350 = 1.80, p = 0.001, respectively). Both lakes also had very different resident
bacterial communities at the start of our experiment, as expected if the existing
environment was responsible for altering the quality of t-OM received by the sediment

bacteria (Bray-Curtis dissimilarity between lakes = 0.90).
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Figure A.3.4. Bacterial community and functional composition differ between the dark
(LAU) and clear (SWA) lake. (a) Nonmetric multidimensional scaling (NMDS) of OTU
abundance in individual mesocosms (stress = 0.13), where lake, pH, and dissolved organic
carbon (DOC) were correlated with OTU relative abundances within mesocosms (for all, p <
0.05 with perMANOVA). (b) NMDS of relative abundance of functional genes related to t-OM
degradation (stress = 0.02), where lake, pH, and HIX and were correlated with functional

gene composition within mesocosms (for all, p < 0.05 with perMANOVA)
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Figure A.3.5. Functional genes involved in OM degradation were relatively more abundant
in the dark than clear lake. Genes considered were those involved in (a) oxidase activity,
which includes the sum of peroxidase and catechol, 1-2-dioxygenase gene abundances, (b)
aromatic catabolism, (c) oxidoreductase activity, and (d) hydrolase activity, which is the sum
of glucosidase, cellobiosidase, and xylosidase gene abundances. The line indicates a 1:1
ratio. Points above or below the line indicate a higher abundance of genes in the clear and

dark lake, respectively
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A.3.4. Discussion

Our analysis of sediment pore water at the interface between sediments and the
overlying water column in a dark and a clear lake shows that environmental conditions
interact with community composition to control the functioning of bacterial communities
and ultimately their responses to t-OM additions. Despite the same t-OM being added to the
experimental sediments in each lake, biogeochemical processing differed. More DOC and
CO; and less aromatic DOM was produced in the sediment pore water of the clear lake than
in the dark lake. The bacterial community in the dark lake had higher relative abundances of
functional genes related to t-OM decomposition, enabling greater enzyme activity. A
relatively lower abundance of these functional genes limited the bacterial response to
aromatic DOM in the clear lake. The overall higher amount of CO; production in the clear
lake suggested that the bacterial community instead mineralized the photo-oxidized, LMW
DOM 327328 Mineralization likely arose because of nutrient limitation relative to the dark
lake, where terrestrial nutrient inputs were higher and bacterial production could be
sustained at a higher overall level (Figure A.3.2f.; 28532%) As future influxes of t-OM increase
across boreal lakes 21330, these water clarity-dependent responses suggest CO> release may
be greater in clear lakes with high levels of photo-oxidation at the sediment surface 1. Dark
lakes may instead experience a decrease in primary production and shift toward retaining
rather than mineralizing terrestrial carbon, such as by burying it in sediment 3327334,
However, over the longer term, the darkening of clear lakes will reduce light exposure on the
sediment surface, increasing OM burial and encouraging bacterial communities to develop in
sediment pore water that can utilize this material 33>:33¢,

The ability for bacteria in the dark lake sediments to break down increasing fractions
of terrestrially derived organic matter was possible because they had the genes to produce
hydrolyzing and oxidizing enzymes 279336, Although this may have allowed the dark lake
bacteria to access nutrients and bioavailable growth-promoting amino acids associated with
t-OM, the metabolic cost of producing enzymes likely resulted in less growth 2°0329,337,338
Additionally, bacteria in the dark lake had a limited availability of LMW substrates from
photosynthetically-derived and photo-oxidized OM 339340 The availability of LMW substrates
was further limited by the rate at which extracellular enzymes could oxidize and hydrolyze

HMW t-OM. As there was no resulting pool of excess LMW substrates to facilitate metabolic
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cycling 277327 the sediment bacterial community in the dark lake consequently did not
produce excess CO; in addition to the respiration required for basal metabolic function, and
instead produced extracellular enzymes to degrade DOM with a greater terrestrial signature
273,286,311,341'

In the clear lake, bacterial metabolic cycling of a LMW DOC pool and direct photo-
mineralization at the sediment surface likely accounted for higher CO, production. Previous
work has shown that sunlight exposure photo-degrades aromatic DOM and leads to higher
concentrations of LMW compounds 340342343 This process could lead to more bioavailable
carbon and elevated CO; production 3313*4, However, growth of sediment bacteria in the
clear lake may have been limited by the lower availability of N and P relative to C (per mass
of DOC) (Figure A.3.2d-e.; 266283285345 degpite the available LMW compounds. This nutrient-
limitation can explain why communities would have metabolically cycled C instead of

allocating it to biomass, thus producing more CO; than the dark lake 266:285327,346-348

Therefore, increasing t-OM influx may have varied effects on in-lake carbon cycling 3*4.
Photo-mineralization can also produce up to 90% of CO; in aquatic systems, and may have
accounted for some of the CO, observed in the clear lake pore water 27°. This high rate of
photo-oxidation in the clear lake as opposed to the dark lake also altered the mesocosm
pore water DOM quality, which may have shifted the composition of the clear lake bacterial
community to taxa that were better able to degrade photoproducts, whereas the dark lake
community may have been pre-disposed to degrade t-OM 279:336:349,350,

Our results add to the growing evidence that terrestrially derived OM is not
recalcitrant 270:338351-353 Rather, t-OM can undergo photo-induced transformations and be
degraded by EEAs, leading to CO, production in lake sediments 3>*. Although bacterial
activity was not directly stimulated by aromatic OM, it was relatively higher in lake
sediments dominated by aromatic OM, thereby suggesting that the terrestrially sourced
fraction of DOM is relatively bioavailable and has a potentially high turn-over rate 33°:3%5,
These findings challenge the paradigm that t-OM is highly degraded, recalcitrant, and
otherwise unavailable to microbial degradation due to its chemical composition
336,348,352,356,357 Consequently, we suggest that t-OM inputs to lakes will not remain
unchanged in lake sediments, but will be altered by microorganisms and photo-processes,

which may change carbon budgets and/or transfer heterotrophic productivity to higher

trophic levels 352356358359 ‘More broadly, our results advance previous work by showing how
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the fate of t-OM in lake sediments will ultimately depend on local environmental conditions
and the bacterial community’s genetic potential to degrade different OM qualities.

We found that variation in the functional genes of sediment bacteria and nutrient
availability could explain differences in t-OM utilization between two lakes of contrasting
water clarity. This finding suggests that future inputs of t-OM, such as those observed across
the Boreal region 2°%2>>360 can have dramatically different outcomes for whole-lake C cycles
depending on lake-specific characteristics 288348361 |n clear lakes, increased inputs of t-OM
may induce a positive feedback loop, whereby increased CO; production stimulates primary
production, leading to additional inputs of LMW compounds from algae 32383, |n contrast,
elevated inputs of t-OM in dark lakes could lead to an increase in organic matter burial and
an increasingly heterotrophic food web 3333%8, Future predictions of how t-OM will impact
whole-lake processes clearly need to consider lake-specific characteristics, such as water

clarity and nutrient availability.

A.3.5. Footnotes

Data availability: All datasets for this study are included in the article above and the
supplementary files available at https://doi.org/10.1111/gcb.14391.

Author contributions: A.F., C.0., D.W.,, E.J.S.E., and A.J.T. participated in the design of
the study, experimental work, and wrote the manuscript. All authors gave final approval for
publication.

Acknowledgements: We thank Jean-Frangois Lapierre and an anonymous reviewer
for comments that improved an earlier draft, Laura Tessier, Jim McGeer, and Michael Wilkie
for help measuring bacterial production, Cyndy Desjardins, Beth Smith, Timo Rossberg,
Mélanie Minch, Cassia Michel, and Jasmine Louste-Fillion for field sampling, and The Living
with Lakes Centre at Laurentian University for logistical support. We are also grateful to
Conservation Sudbury for allowing us to carry out our experiment in Lake Laurentian.

Funding: Funding for this research came from a Natural Environment Research
Council grant NE/L0O06561/1 to A.J.T., a Biotechnology and Biological Sciences Council grant

to D.W., and a scholarship from the Gates Cambridge Trust to A.F.

165



Bibliography

10.

11.

Willett W, Rockstrom J, Loken B, et al. Food in the Anthropocene: the EAT-Lancet
Commission on healthy diets from sustainable food systems. Lancet.
2019;393(10170):447-492. doi:10.1016/S0140-6736(18)31788-4

Research Institute (IFPRI) IFP. Global Nutrition Report 2016 From Promise to Impact
Ending Malnutrition by 2030.; 2016. d0i:10.2499/9780896295841

Steffen W, Richardson K, Rockstrom J, et al. Planetary boundaries: Guiding human
development on a changing planet. Science (80- ). 2015;347(6223):1259855-1259855.
doi:10.1126/science.1259855

Clark M, Tilman D. Comparative analysis of environmental impacts of agricultural
production systems, agricultural input efficiency, and food choice. Environ Res Lett.
2017;12(6):064016. d0i:10.1088/1748-9326/aabcd5

Springmann M, Clark M, Mason-D’Croz D, et al. Options for keeping the food system
within environmental limits. Nature. 2018;562(7728):519-525. d0i:10.1038/s41586-
018-0594-0

Tremmel M, Gerdtham U-G, Nilsson P, Saha S. Economic Burden of Obesity: A
Systematic Literature Review. Int J Environ Res Public Health. 2017;14(4):435.
doi:10.3390/ijerph14040435

Costanza R, de Groot R, Braat L, et al. Twenty years of ecosystem services: How far
have we come and how far do we still need to go? Ecosyst Serv. 2017;28:1-16.
doi:10.1016/j.ecoser.2017.09.008

Whitmee S, Haines A, Beyrer C, et al. Safeguarding human health in the Anthropocene
epoch: Report of the Rockefeller Foundation-Lancet Commission on planetary health.
Lancet. 2015;386(10007):1973-2028. doi:10.1016/5S0140-6736(15)60901-1

Foley J a., Ramankutty N, Brauman K a., et al. Solutions for a cultivated planet. Nature.
2011;478(7369):337-342. doi:10.1038/nature10452

Myers SS, Zanobetti A, Kloog |, et al. Increasing CO2 threatens human nutrition.
Nature. 2014;510(7503):139-142. d0i:10.1038/nature13179

Barré T, Perignon M, Gazan R, et al. Integrating nutrient bioavailability and co-
production links when identifying sustainable diets: How low should we reduce meat

consumption? de Souza RJ, ed. PLoS One. 2018;13(2):e0191767.

166



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

doi:10.1371/journal.pone.0191767

FAO. FAOSTAT Statistics Database. http://www.fao.org/faostat/en/#data. Published
2020. Accessed January 20, 2020.

United States Department of Agriculture Agricultural Research Service. USDA Food
Composition Databases. https://fdc.nal.usda.gov. Published 2020. Accessed July 14,
2020.

Smetana S, Mathys A, Knoch A, Heinz V. Meat alternatives: life cycle assessment of
most known meat substitutes. Int J Life Cycle Assess. 2015;20(9):1254-1267.
doi:10.1007/s11367-015-0931-6

Lynch J, Pierrehumbert R. Climate Impacts of Cultured Meat and Beef Cattle. Front
Sustain Food Syst. 2019;3:5. doi:10.3389/fsufs.2019.00005

FAO. The State of World Fisheries and Aquaculture 2018 - Meeting the sustainable
development goals. Rome. 2018:210. http://www.fao.org/state-of-fisheries-
aquaculture.

Tacon AGJ, Metian M. Fish Matters: Importance of Aquatic Foods in Human Nutrition
and Global Food Supply. Rev Fish Sci. 2013;21(1):22-38.
doi:10.1080/10641262.2012.753405

Gentry RR, Froehlich HE, Grimm D, et al. Mapping the global potential for marine
aquaculture. Nat Ecol Evol. 2017;1(9):1317-1324. d0i:10.1038/s41559-017-0257-9
Waite R, Beveridge M, Brummett R, et al. Improving productivity and environmental
performance of aquaculture: Creating a Sustainable Food Future. World Resour Inst.
2014;6:1-60.
http://www.wri.org/sites/default/files/wrr_installment_5_improving_productivity_en
vironmental_performance_aquaculture.pdf.

Mekonnen MM, Hoekstra AY. Water footprint benchmarks for crop production: A first
global assessment. Ecol Indic. 2014;46:214-223. doi:10.1016/j.ecolind.2014.06.013
Bohnes FA, Hauschild MZ, Schlundt J, Laurent A. Life cycle assessments of aquaculture
systems: a critical review of reported findings with recommendations for policy and
system development. Rev Aquac. 2019;11(4):1061-1079. doi:10.1111/raq.12280

Kok B, Malcorps W, Tlusty MF, et al. Fish as feed: Using economic allocation to
quantify the Fish In : Fish Out ratio of major fed aquaculture species. Aquaculture.
2020;528:735474. doi:https://doi.org/10.1016/j.aquaculture.2020.735474

Tacon AGJ, Metian M. Global overview on the use of fish meal and fish oil in

167



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

industrially compounded aquafeeds: Trends and future prospects. Aquaculture.
2008;285(1-4):146-158. doi:10.1016/j.aquaculture.2008.08.015

Bostock J, McAndrew B, Richards R, et al. Aquaculture: global status and trends. Philos
Trans R Soc B Biol Sci. 2010;365(1554):2897-2912. doi:10.1098/rstb.2010.0170
Luzardo-Alvarez A, Otero-Espinar FJ, Blanco-Méndez J. Microencapsulation of diets
and vaccines for cultured fishes, crustaceans and bivalve mollusks. J Drug Deliv Sci
Technol. 2010;20(4):277-288. doi:10.1016/S1773-2247(10)50045-5

Seafish. Fishmeal and fish oil figures. Seafish. 2018;(March):35.
https://www.seafish.org/article/fishmeal-and-fishoil.

Borowitzka MA. Microalgae for aquaculture: opportunities and constraints. J App/
Phycol. 1997;9(5):393. d0i:10.1023/A:1007921728300

Willer DF, Aldridge DC. Vitamin Bullets. Microencapsulated Feeds to Fortify Shellfish
and Tackle Human Nutrient Deficiencies. Front Nutr. 2020;7(102).
doi:10.3389/fnut.2020.00102

Aldridge DC, Elliott P, Moggridge GD. Microencapsulated BioBullets for the control of
biofouling zebra mussels. Environ Sci Technol. 2006;40(3):975-979.
doi:10.1021/es050614+

Dubey R, Shami TC, Bhasker Rao KU. Microencapsulation technology and applications.
Def Sci J. 2009;59(1):82-95. d0i:10.14429/dsj.59.1489

Willer DF, Aldridge DC. Microencapsulated diets to improve bivalve shellfish
aquaculture for global food security. Glob Food Sec. 2019;23(May 2018):64-73.
doi:10.1016/j.gfs.2019.04.007

Willer D, Aldridge DC. Microencapsulated diets to improve bivalve shellfish
aquaculture. R Soc Open Sci. 2017;4(11):171142. doi:10.1098/rs0s.171142

Willer DF, Aldridge DC. Microencapsulated diets to improve growth and survivorship
in juvenile European flat oysters (Ostrea edulis). Aquaculture. 2019;505:256-262.
doi:10.1016/j.aquaculture.2019.02.072

Willer DF, Furse S, Aldridge DC. Microencapsulated algal feeds as a sustainable
replacement diet for broodstock in commercial bivalve aquaculture. Sci Rep.
2020;10(1):12577. doi:10.1038/s41598-020-69645-0

Willer DF, Aldridge DC. Sustainable bivalve farming can deliver food security in the
tropics. Nat Food. 2020;1(7):384-388. doi:10.1038/s43016-020-0116-8

Willer DF, Aldridge DC. From Pest to Profit—The Potential of Shipworms for

168



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sustainable Aquaculture. Front Sustain Food Syst. 2020;4(575416).
doi:10.3389/fsufs.2020.575416

Willer DF, Smith K, Aldridge DC. Matches and Mismatches Between Global
Conservation Efforts and Global Conservation Priorities. Front Ecol Evol. 2019;7:297.
doi:10.3389/fevo.2019.00297

Fitch A, Orland C, Willer D, Emilson EJS, Tanentzap AJ. Feasting on terrestrial organic
matter: Dining in a dark lake changes microbial decomposition. Glob Chang Biol.
2018;24(11):5110-5122. d0i:10.1111/gcb.14391

FAO, IFAD, WFP. The State of Food Insecurity in the World: Meeting the 2015
international hunger targets: taking stock of uneven progress. Rome, FAO. 2015.
doi:l4646E/1/05.15

United Nations Population Division. World Population Prospects.
https://esa.un.org/unpd/wpp/. Published 2017. Accessed November 26, 2017.
Jennings S, Stentiford GD, Leocadio AM, et al. Aquatic food security: insights into
challenges and solutions from an analysis of interactions between fisheries,
aquaculture, food safety, human health, fish and human welfare, economy and
environment. Fish Fish. 2016;17(4):893-938. doi:10.1111/faf.12152

Stoll-Kleemann S, O’Riordan T. The sustainability challenges of our meat and dairy
diets. Environment. 2015;57(3):34-48. doi:10.1080/00139157.2015.1025644
Campbell BM, Beare DJ, Bennett EM, et al. Agriculture production as a major driver of
the Earth system exceeding planetary boundaries. Ecol Soc. 2017;22(4):art8.
doi:10.5751/ES-09595-220408

Troell M, Naylor RL, Metian M, et al. Does aquaculture add resilience to the global
food system? Proc Natl Acad Sci. 2014;111(37):13257-13263.
doi:10.1073/pnas.1404067111

Godfray HCJ, Beddington JR, Crute IR, et al. Food Security: The Challenge of Feeding 9
Billion People. Science (80- ). 2010;327(5967):812-818. doi:10.1126/science.1185383
Jacquet J, Sebo J, Elder M. Seafood in the Future: Bivalves Are Better. Solutions.
2017;8(1):27-32. https://newclasses.nyu.edu/access/content/group/7035773f-b1b9-
4a87-a196-d3c48babc7e7/JacquetSeboElder_Solutions_2017.pdf.

FAOQ. Fishery and Aquaculture Statistics. Global aquaculture production 1950-2018
(Fishstatl)). In: FAO Fisheries and Aquaculture Department [online]. Rome. Updated

2020. www.fao.org/fishery/statistics/software/fishstatj/en. Published 2020. Accessed

169



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

November 8, 2020.

FAO. The State of World Fisheries and Aquaculture 2018. Contributing to food security
and nutrition for all. Rome. 200 pp. 2018:211.

Adarme-Vega T, Lim DKY, Timmins M, Vernen F, Li Y, Schenk PM. Microalgal
biofactories: a promising approach towards sustainable omega-3 fatty acid
production. Microb Cell Fact. 2012;11(1):96. d0i:10.1186/1475-2859-11-96

World Bank. CO2 Emissions.
https://data.worldbank.org/indicator/EN.ATM.CO2E.KT?view=map. Published 2017.
Accessed December 11, 2017.

Gallardi D. Effects of Bivalve Aquaculture on the Environment and Their Possible
Mitigation: A Review. Fish Aquac J. 2014;05(03):1-8. doi:10.4172/2150-3508.1000105
zu Ermgassen PSE, Gray MW, Langdon CJ, Spalding MD, Brumbaugh RD. Quantifying
the historic contribution of Olympia oysters to filtration in Pacific Coast (USA)
estuaries and the implications for restoration objectives. Aquat Ecol. 2013;47(2):149-
161. d0i:10.1007/s10452-013-9431-6

Grant J, Hatcher A, Scott DB, Pocklington P, Schafer CT, Winters G V. A
Multidisciplinary Approach to Evaluating Impacts of Shellfish Aquaculture on Benthic
Communities. Estuaries. 1995;18(1):124. doi:10.2307/1352288

Branch GM, Nina Steffani C. Can we predict the effects of alien species? A case-history
of the invasion of South Africa by Mytilus galloprovincialis (Lamarck). J Exp Mar Bio
Ecol. 2004;300(1-2):189-215. d0i:10.1016/j.jembe.2003.12.007

World Bank. Total Population. https://data.worldbank.org/indicator/SP.POP.TOTL.
Published 2017. Accessed December 11, 2017.

Gosling E. Marine Bivalve Molluscs. Chichester, UK: John Wiley & Sons, Ltd; 2015.
doi:10.1002/9781119045212

Duthie I. Shellfish production aquaculture technology: global perspective of bivalve
hatchery processes. Nuff Aust Proj. 2012;1017.
https://www.adfg.alaska.gov/Static/fishing/pdfs/mariculture/10.00.12_australia_shell
fish_tech.pdf.

Baluyut E. A Regional Survey of the Aquaculture Sector in East Asia. Vol Rome.; 1989.
http://www.fao.org/3/s9805e/5s9805e00.htm.

FAO. GLOBEFISH Highlights. FAO GLOBEFISH Highlights. 2014;4:62.

http://www.fao.org/in-action/globefish/publications/details-

170



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

publication/en/c/350750/.

Josupeit H, Wang W, Dent F. European Price Report. FAO GLOBEFISH. 2017;9.
http://www.fao.org/in-action/globefish/publications/details-
publication/en/c/1062384/.

Joy M, Chakraborty K. Nutritional Qualities of the Low-Value Bivalve Mollusks Paphia
malabarica and Villorita cyprinoides at the Estuarine Waters of the Southwestern
Coast of India. J Aquat Food Prod Technol. 2017;26(1):54-70.
doi:10.1080/10498850.2015.1092486

WHO. Global Health Observatory Data. http://www.who.int/gho/en/. Published 2017.
Accessed November 24, 2017.

Andrieu D, Kaiser C, Ourednik A. ScapeToad: not just one metric. Lausanne: Choros
Laboratory. http://scapetoad.choros.ch/. Published 2008. Accessed February 24,
2018.

Schneider K. China’s Marine Aquaculture Shellfish Industry: Really Big and Apparently
Safe. Circ Blue. 2012;September. https://www.circleofblue.org/2012/china/chinas-
marine-aquaculture-shellfish-industry-really-big-and-apparently-safe/.

O’Connor W, Dove M, O’Connor S, Luu LT, Xan L, Giang CT. Building bivalve hatchery
production capacity in Vietnam and Australia. Aust Cent Int Agric Res. 2012;FR2012-
25.
https://www.dpi.nsw.gov.au/content/research/areas/aquaculture/outputs/2013/oco
nnor.

Gui Y, Zamora L, Dunphy BJ, Jeffs AG. Evaluation of the formulated diet MySpat for
feeding hatchery-reared spat of the green-lipped mussel, Perna canaliculus (Gmelin,
1791). Aquac Res. 2016;47(12):3907-3912. doi:10.1111/are.12841

Knauer J, Southgate PC. A Review of the Nutritional Requirements of Bivalves and the
Development of Alternative and Artificial Diets for Bivalve Aquaculture. Rev Fish Sci.
1999;7(3-4):241-280. d0i:10.1080/10641269908951362

Becker EW. Microalgae for Aquaculture: Nutritional Aspects. In: Handbook of
Microalgal Culture. Vol 2. Oxford, UK: John Wiley & Sons, Ltd; 2013:671-691.
doi:10.1002/9781118567166.ch36

Helm M, Bourne N. The Hatchery Culture of Bivalves: A Practical Manual. Vol 471.
Rome; 2004. http://www.fao.org/3/y5720e/y5720e00.htm.

Gui Y, Kaspar HF, Zamora LN, Dunphy BJ, Jeffs AG. Capture efficiency of artificial food

171



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

particles of post-settlement juveniles of the Greenshell™ mussel, Perna canaliculus.
Aquaculture. 2016;464:1-7. doi:10.1016/j.aquaculture.2016.06.011

Prado S, Romalde JL, Barja JL. Review of probiotics for use in bivalve hatcheries. Vet
Microbiol. 2010;145(3-4):187-197. d0i:10.1016/j.vetmic.2010.08.021

Elston R, Hasegawa H, Humphrey K, Polyak |, Hase C. Re-emergence of Vibrio tubiashii
in bivalve shellfish aquaculture: severity, environmental drivers, geographic extent
and management. Dis Aquat Organ. 2008;82(2):119-134. doi:10.3354/dao01982
Dubert J, Barja JL, Romalde JL. New Insights into Pathogenic Vibrios Affecting Bivalves
in Hatcheries: Present and Future Prospects. Front Microbiol. 2017;8(MAY):1-16.
doi:10.3389/fmicbh.2017.00762

Beaz-Hidalgo R, Balboa S, Romalde JL, Figueras MJ. Diversity and pathogenecity of
Vibrio species in cultured bivalve molluscs. Environ Microbiol Rep. 2010;2(1):34-43.
doi:10.1111/j.1758-2229.2010.00135.x

Zhong X, Feng D, Yu H, Kong L, Li Q. Genetic Variation and Breeding Signature in Mass
Selection Lines of the Pacific Oyster (Crassostrea gigas) Assessed by SNP Markers.
Aravanopoulos FA, ed. PLoS One. 2016;11(3):e0150868.
doi:10.1371/journal.pone.0150868

Hargrove JS, Sturmer L, Scarpa J, Austin JD. Assessment of Genetic Diversity in Wild
and Aquaculture Stocks of Mercenaria mercenaria in Florida. J Shellfish Res.
2015;34(2):355-365. doi:10.2983/035.034.0218

Nevejan NM, Pronker AE, Peene F. Hatchery broodstock conditioning of the blue
mussel Mytilus edulis (Linnaeus, 1758). Part Il. New formulated feeds offer new
perspectives to commercial hatcheries. Aquac Int. 2008;16(6):483-495.
doi:10.1007/s10499-007-9160-8

Maneiro V, Pérez-Parallé ML, Silva A, Sdnchez JL, Pazos AJ. Conditioning of the
European flat oyster ( Ostrea edulis, Linnaeus 1758): effect of food ration. Aquac Res.
2017;48(8):4363-4370. doi:10.1111/are.13259

Utting SD, Millican PF. Techniques for the hatchery conditioning of bivalve
broodstocks and the subsequent effect on egg quality and larval viability. Aquaculture.
1997;155(1-4):45-54. doi:10.1016/5S0044-8486(97)00108-7

Gonzdlez-Araya R, Lebrun L, Quéré C, Robert R. The selection of an ideal diet for
Ostrea edulis (L.) broodstock conditioning (part B). Aquaculture. 2012;362-363:55-66.
doi:10.1016/j.aquaculture.2012.06.029

172



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Rusch KA, Zachritz WH, Y-Hsieh TCT, Malone RF. Use of automated holding systems
for initial off-flavor purging of the Rangia clam, Rangia cuneata. In: Oceans ’88:
Proceedings - a Partnership of Marine Interests. Vol 1. Louisiana State Univ, Baton
Rouge,, LA, USA: Publ by IEEE; 1988:84-89.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0024168780&partnerlD=40&md5=6f93530cb7893a9fa564a0476d7e9546.

Nevejan N, Davis J, Little K, Kiliona A. Use of a formulated diet for mussel spat Mytilus
galloprovincialis in a commercial hatchery. J Shellfish Res. 2007;26(2):357-363.
doi:10.2983/0730-8000(2007)26[357:UOCAFDF]2.0.CO;2

Langdon C. Microparticle types for delivering nutrients to marine fish larvae.
Aquaculture. 2003;227(1-4):259-275. doi:10.1016/S0044-8486(03)00508-8

Hadley KB, Bauer J, Milgram NW. The oil-rich alga Schizochytrium sp. as a dietary
source of docosahexaenoic acid improves shape discrimination learning associated
with visual processing in a canine model of senescence. Prostaglandins, Leukot Essent
Fat Acids. 2017;118(November 2015):10-18. do0i:10.1016/j.plefa.2017.01.011
Hendriks IE, van Duren LA, Herman PM. Effect of dietary polyunsaturated fatty acids
on reproductive output and larval growth of bivalves. J Exp Mar Bio Ecol.
2003;296(2):199-213. d0i:10.1016/50022-0981(03)00323-X

Waters CG, Lindsay S, Costello MJ. Factors relevant to pre-veliger nutrition of
Tridacnidae giant clams. Rev Aquac. 2016;8(1):3-17. d0i:10.1111/raq.12069

Utting S., Millican P. The role of diet in hatchery conditioning of Pecten maximus L.: a
review. Aquaculture. 1998;165(3-4):167-178. doi:10.1016/S0044-8486(98)00268-3
Laing I, Millican PF. Relative growth and growth efficiency of Ostrea edulis L. spat fed
various algal diets. Aquaculture. 1986;54(4):245-262. doi:10.1016/0044-
8486(86)90270-X

Laing |, Utting SD, Kilada RWS. Interactive effect of diet and temperature on the
growth of juvenile clams. J Exp Mar Bio Ecol. 1987;113(1):23-38. d0i:10.1016/0022-
0981(87)90080-3

Santos L, Ramos F. Antimicrobial resistance in aquaculture: Current knowledge and
alternatives to tackle the problem. Int J Antimicrob Agents. 2018;52(2):135-143.
doi:10.1016/j.ijantimicag.2018.03.010

Sohn S, Lundgren KM, Tammi K, et al. Efficacy of Probiotics in Preventing Vibriosis in

the Larviculture of Different Species of Bivalve Shellfish. J Shellfish Res.

173



92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

2016;35(2):319-328. d0i:10.2983/035.035.0206

Simon-Colin C, Gueguen Y, Bachere E, et al. Use of Natural Antimicrobial Peptides and
Bacterial Biopolymers for Cultured Pearl Production. Mar Drugs. 2015;13(6):3732-
3744. doi:10.3390/md13063732

Destoumieux-Garzén D, Rosa RD, Schmitt P, et al. Antimicrobial peptides in marine
invertebrate health and disease. Philos Trans R Soc B Biol Sci.
2016;371(1695):20150300. d0i:10.1098/rstb.2015.0300

Martinez Cruz P, Ibanez AL, Monroy Hermosillo OA, Ramirez Saad HC. Use of
Probiotics in Aquaculture. ISRN Microbiol. 2012;2012:1-13. doi:10.5402/2012/916845
TasteTech Ltd. http://tastetech.com. Published 2017. Accessed May 2, 2017.

Travers M-A, Boettcher Miller K, Roque A, Friedman CS. Bacterial diseases in marine
bivalves. J Invertebr Pathol. 2015;131:11-31. d0i:10.1016/j.jip.2015.07.010

Beecham J. A Literature review on particle assimilation by molluscs and crustaceans.
Cefas. 2008;C2706(April):1-18.
https://www.cefas.co.uk/publications/environment/Literature-review-on-particle-
assimilation.pdf.

Strohmeier T, Strand @, Alunno-Bruscia M, Duinker A, Cranford PJ. Variability in
particle retention efficiency by the mussel Mytilus edulis. J Exp Mar Bio Ecol.
2012;412(January):96-102. doi:10.1016/j.jembe.2011.11.006

Rasband WS. Imagel. U. S. National Institutes of Health, Bethesda, Maryland, USA.
https://imagej.nih.gov/ij/. Published 2017. Accessed March 1, 2017.

R Core Team. R: a language and environment for statistical computing. R Found Stat
Comput. 2018;Vienna(Austria). https://www.r-project.org/.

Zu Ermgassen PSE, Spalding MD, Blake B, et al. Historical ecology with real numbers:
past and present extent and biomass of an imperilled estuarine habitat. Proc R Soc B
Biol Sci. 2012;279(1742):3393-3400. doi:10.1098/rspb.2012.0313

Carlucci R, Sassanelli G, Matarrese A, Giove A, D’Onghia G. Experimental data on
growth, mortality and reproduction of Ostrea edulis (L., 1758) in a semi-enclosed
basin of the Mediterranean Sea. Aquaculture. 2010;306(1-4):167-176.
doi:10.1016/j.aquaculture.2010.05.026

Gonzdlez-Araya R, Quéau |, Quéré C, Moal J, Robert R. A physiological and biochemical
approach to selecting the ideal diet for Ostrea edulis (L.) broodstock conditioning (part

A). Aquac Res. 2011;42(5):710-726. doi:10.1111/j.1365-2109.2010.02731.x

174



104. Costa R, Aldridge DC, Moggridge GD. Preparation and evaluation of biocide-loaded
particles to control the biofouling zebra mussel, Dreissena polymorpha. Chem Eng Res
Des. 2011;89(11):2322-2329. d0i:10.1016/j.cherd.2011.02.027

105. van der Geest M, van Gils JA, van der Meer J, OIff H, Piersma T. Suitability of calcein as
an in situ growth marker in burrowing bivalves. J Exp Mar Bio Ecol. 2011;399(1):1-7.
doi:10.1016/j.jembe.2011.01.003

106. Fitzer SC, Phoenix VR, Cusack M, Kamenos NA. Ocean acidification impacts mussel
control on biomineralisation. Sci Rep. 2015;4(1):6218. doi:10.1038/srep06218

107. Volkman JK, Jeffrey SW, Nichols PD, Rogers Gl, Garland CD. Fatty acid and lipid
composition of 10 species of microalgae used in mariculture. J Exp Mar Bio Ecol.
1989;128(3):219-240. doi:10.1016/0022-0981(89)90029-4

108. Mansour MP, Frampton DMF, Nichols PD, Volkman JK, Blackburn SI. Lipid and fatty
acid yield of nine stationary-phase microalgae: Applications and unusual C24-C28
polyunsaturated fatty acids. J Appl Phycol. 2005;17(4):287-300. doi:10.1007/s10811-
005-6625-x

109. Mansour MP, Frampton DMF, Nichols PD, Volkman JK, Blackburn SI. Lipid and fatty
acid yield of nine stationary-phase microalgae: Applications and unusual C24-C28
polyunsaturated fatty acids. J Appl Phycol. 2005;17(4):287-300. doi:10.1007/s10811-
005-6625-x

110. Dunstan GA, Volkman JK, Jeffrey SW, Barrett SM. Biochemical composition of
microalgae from the green algal classes Chlorophyceae and Prasinophyceae. 2. Lipid
classes and fatty acids. J Exp Mar Bio Ecol. 1992;161(1):115-134. doi:10.1016/0022-
0981(92)90193-E

111. Hulatt CJ, Wijffels RH, Bolla S, Kiron V. Production of Fatty Acids and Protein by
Nannochloropsis in Flat-Plate Photobioreactors. Witt SN, ed. PLoS One.
2017;12(1):e0170440. doi:10.1371/journal.pone.0170440

112. Rikard FS, Walton WC. Use of microalgal concentrates for rearing of oyster larvae,
(Crassostrea virginica). Auburn University Shellfish Laboratory, Department of
Fisheries and Allied Aquaculture, Auburn University. 2012.
http://shellfish.ifas.ufl.edu/wp-
content/uploads/product_shellfish_diet_1800_Rikard_Walton_2012.pdf.

113. Arredondo-Vega BO, Leal-lorenzo S, Lopez-ruiz J. Effect of zeolitic products in the

nutritive quality of the diatom Thalassiosira weissflogii. Hydrobiologia. 2004;14(1):69-

175



114.

115.

116.

117.

118.

119.

120.

121.

122.

74. http://www.scielo.org.mx/pdf/hbio/v14n1/v14n1a9.pdf.

Utting SD. A preliminary study on growth of Crassostrea gigas larvae and spat in
relation to dietary protein. Aquaculture. 1986;56(2):123-138. doi:10.1016/0044-
8486(86)90022-0

Prado-Alvarez M, Lynch SA, Kane A, et al. Oral immunostimulation of the oyster
Ostrea edulis: Impacts on the parasite Bonamia ostreae. Fish Shellfish Immunol.
2015;45(1):43-51. doi:10.1016/j.fsi.2015.01.019

Wijsman JWM, Troost K, Fang J, Roncarati A. Global Production of Marine Bivalves.
Trends and Challenges. In: Smaal AC, Ferreira JG, Grant J, Petersen JK, Strand @, eds.
Goods and Services of Marine Bivalves. Cham: Springer International Publishing;
2019:7-26. doi:10.1007/978-3-319-96776-9_2

Merrit D. The Year-Round Oyster Hatchery at Horn Point. Maryl Aquafarmer.
2003;2003(2):16. http://hatchery.hpl.umces.edu.

Syvret M, James J, Bayes J, Woolmer A. Closing the Circle Report Il: Development of a
Generic Shellfish Hatchery Design with Associated Spatting Ponds. Seafish Rep.
2017;SR705:57. https://www.seafish.org.

K. Wallace R, Rikard F, C. Howe J, Wallace R, Rikard F, Howe J. Optimum size for
planting hatchery produced oyster seed: Final Technical Report. Mississippi-Alabama
Sea Grant. 2002;1(27):96.
http://scholar.google.co.uk/scholar?hl=en&q=0ptimum+size+for+planting+hatchery+
produced+oyster+seed&btnG=&as_sdt=1,5&as_sdtp=#0.

Abayomi O, Tampier M, Bibeau E. Microalgae technologies & processes for biofuels /
bioenergy production in British Columbia: Current technology, Suitability & Barriers to
Implementation. Seed Sci. 2009;January.
https://www.etipbioenergy.eu/databases/reports/69-microalgae-technologies-
processes-for-biofuels-bioenergy-production-in-british-columbia-current-technology-
barriers-to-implementation.

FAO Committee on World Food Security (CFS). Sustainable Fisheries and Aquaculture
for Food Security and Nutrition Policy. 2014.
https://ec.europa.eu/knowledgedpolicy/publication/sustainable-fisheries-
aquaculture-food-security-nutrition_en.

European Commission DG Environment, Science for Environment Policy. Sustainable

Aquaculture. Future Brief 11. Futur Br 11Environment. 2015;(11):24.

176



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

doi:10.2779/6064

Ramos-Vega A, Rosales-Mendoza S, Bafiuelos-Hernandez B, Angulo C. Prospects on
the Use of Schizochytrium sp. to Develop Oral Vaccines. Front Microbiol. 2018;9:2506.
doi:10.3389/fmicb.2018.02506

Mo WY, Man YB, Wong MH. Use of food waste, fish waste and food processing waste
for China’s aquaculture industry: Needs and challenge. Sci Total Environ. 2018;613-
614:635-643. doi:10.1016/j.scitotenv.2017.08.321

DSM. DHA Gold: Sustainable algae derived DHA omega-3. DSM Nutritional Products
Ltd 2016. https://www.dsm.com/markets/anh/en_US/products/products-
solutions/products-solutions-dhagold.html. Published 2019. Accessed May 8, 2019.
Reijnders L, Huijbregts MAJ. Palm oil and the emission of carbon-based greenhouse
gases. J Clean Prod. 2008;16(4):477-482. doi:10.1016/j.jclepro.2006.07.054

Azari A, Noorpoor AR, Bozorg-Haddad O. Carbon footprint analyses of microalgae
cultivation systems under autotrophic and heterotrophic conditions. Int J Environ Sci
Technol. 2019;16(11):6671-6684. doi:10.1007/s13762-018-2072-5

Myers JA, Boisvert RN. The economics of producing algae and bivalve seed in
hatcheries. Aquaculture. 1990;86(2-3):163-179. doi:10.1016/0044-8486(90)90110-9
Li H, Ebner J, Ren P, Campbell L, Dizayi B, Hadavi S. Determination of Carbon Footprint
using LCA Method for Straight Used Cooking Qil as a Fuel in HGVs. SAE Int J Fuels Lubr.
2014;7(2):2014-01-1948. d0i:10.4271/2014-01-1948

Anjos C, Baptista T, Joaquim S, et al. Broodstock conditioning of the Portuguese oyster
( Crassostrea angulata , Lamarck, 1819): influence of different diets. Aquac Res.
2017;48(7):3859-3878. doi:10.1111/are.13213

Martinez-Pita |, Sdnchez-Lazo C, Garcia FJ. Influence of microalga lipid composition on
the sexual maturation of Mytilus galloprovincialis : a hatchery study. Aquac Nutr.
2016;22(1):202-216. doi:10.1111/anu.12248

Kabeya N, Fonseca MM, Ferrier DEK, et al. Genes for de novo biosynthesis of omega-3
polyunsaturated fatty acids are widespread in animals. Sci Adv. 2018;4(5):eaar6849.
doi:10.1126/sciadv.aar6849

Berthelin C, Kellner K, Mathieu M. Storage metabolism in the Pacific oyster
(Crassostrea gigas) in relation to summer mortalities and reproductive cycle (West
Coast of France). Comp Biochem Physiol Part B Biochem Mol Biol. 2000;125(3):359-
369. doi:10.1016/50305-0491(99)00187-X

177



134. Pruden A, Larsson DGJ, Amézquita A, et al. Management Options for Reducing the
Release of Antibiotics and Antibiotic Resistance Genes to the Environment. Environ
Health Perspect. 2013;121(8):878-885. d0i:10.1289/ehp.1206446

135. N Olivares-Bafuelos T. How Important It Is to Produce Seeds for The Aquaculture of
Bivalve Molluscs? Oceanogr Fish Open access J. 2018;8(3).
doi:10.19080/0F0OAJ.2018.08.555740

136. Furse S, Koulman A. The Lipid and Glyceride Profiles of Infant Formula Differ by
Manufacturer, Region and Date Sold. Nutrients. 2019;11(5):1122.
doi:10.3390/nu11051122

137. Furse S, Fernandez-Twinn DS, Jenkins B, et al. A high-throughput platform for detailed
lipidomic analysis of a range of mouse and human tissues. Anal Bioanal Chem.
2020;412(12):2851-2862. doi:10.1007/s00216-020-02511-0

138. Furse S, Billing G, Snowden SG, Smith J, Goldberg G, Koulman A. Relationship between
the lipid composition of maternal plasma and infant plasma through breast milk.
Metabolomics. 2019;15(10):129. doi:10.1007/s11306-019-1589-z

139. Furse S, Eriksen K, Moore S, Koulman A. Identification of candidate molecular
biomarkers for growth faltering in infants at 12w. Rev. 2020.

140. Furse S, Snowden SG, Olga L, et al. Evidence from 3-month-old infants shows that a
combination of postnatal feeding and exposures in utero shape lipid metabolism. Sci
Rep. 2019;9(1):14321. doi:10.1038/s41598-019-50693-0

141. Prentice P, Koulman A, Matthews L, Acerini CL, Ong KK, Dunger DB. Lipidomic
Analyses, Breast- and Formula-Feeding, and Growth in Infants. J Pediatr.
2015;166(2):276-281.e6. doi:10.1016/j.jpeds.2014.10.021

142. Acharjee A, Prentice P, Acerini C, et al. The translation of lipid profiles to nutritional
biomarkers in the study of infant metabolism. Metabolomics. 2017;13(3):25.
doi:10.1007/s11306-017-1166-2

143. Koulman A, Prentice P, Wong MCY, et al. The development and validation of a fast
and robust dried blood spot based lipid profiling method to study infant metabolism.
Metabolomics. 2014;10(5):1018-1025. d0i:10.1007/s11306-014-0628-z

144. Nimitphong H, Holick MF. Vitamin D status and sun exposure in southeast Asia.
Dermatoendocrinol. 2013;5(1):34-37. d0i:10.4161/derm.24054

145. Gillis JA, Alsema EC, Criswell KE. Trunk neural crest origin of dermal denticles in a

cartilaginous fish. Proc Natl Acad Sci. 2017;114(50):13200-13205.

178



doi:10.1073/pnas.1713827114

146. ChongJ, Soufan O, Li C, et al. MetaboAnalyst 4.0: towards more transparent and
integrative metabolomics analysis. Nucleic Acids Res. 2018;46(W1):W486-W494.
doi:10.1093/nar/gky310

147. Holm S. A Simple Sequentially Rejective Multiple Test Procedure. Scand J Stat.
1979;6(2):65-70. http://www.jstor.org/stable/4615733.

148. Ritchie H, Roser M. Micronutrient Deficiency. Our World Data. 2020;August(2017).
https://ourworldindata.org/micronutrient-deficiency.

149. World Health Organisation. Vitamin and Mineral Information System (VMNIS).
Micronutrients Database. https://www.who.int/vmnis/database/en/. Published 2020.
Accessed January 20, 2020.

150. Nair R, Maseeh A. Vitamin D: The “sunshine” vitamin. J Pharmacol Pharmacother.
2012;3(2):118-126. doi:https://doi.org/10.4103/0976-500x.95506

151. Nimitphong H, Holick MF. Vitamin D status and sun exposure in southeast Asia.
Dermatoendocrinol. 2013;5(1):34-37. d0i:10.4161/derm.24054

152. ChongJ, Soufan O, Li C, et al. MetaboAnalyst 4.0: towards more transparent and
integrative metabolomics analysis. Nucleic Acids Res. 2018;46(W1):W486-W494.
doi:10.1093/nar/gky310

153. Man R, Li L-J, Cheng C-Y, Wong T, Lamoureux E, Sabanayagam C. Prevalence and
Determinants of Suboptimal Vitamin D Levels in a Multiethnic Asian Population.
Nutrients. 2017;9(3):313. doi:10.3390/nu9030313

154. Parva NR, Tadepalli S, Singh P, et al. Prevalence of Vitamin D Deficiency and
Associated Risk Factors in the US Population (2011-2012). Cureus. 2018;10(6):e2741-
e2741. doi:10.7759/cureus.2741

155. Hunter P. Nutrition: more than the sum of its parts. EMBO Rep. 2011;12(4):307-310.
doi:10.1038/embor.2011.42

156. van het Hof KH, West CE, Weststrate JA, Hautvast JGAJ. Dietary Factors That Affect
the Bioavailability of Carotenoids. J Nutr. 2000;130(3):503-506.
doi:10.1093/jn/130.3.503

157. Hurrell R, Egli I. Iron bioavailability and dietary reference values. Am J Clin Nutr.
2010;91(5):1461S-1467S. doi:10.3945/ajcn.2010.28674F

158. Caballero B, Trugo L, Finglas P. Encyclopedia of Food Sciences and Nutrition: Volumes

1-10. Amsterdam: Elsevier Science B.V.; 2003.

179



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

https://www.sciencedirect.com/referencework/9780122270550/encyclopedia-of-
food-sciences-and-nutrition#book-info.

Horton S. The Economics of Food Fortification. J Nutr. 2006;136(4):1068-1071.
doi:10.1093/jn/136.4.1068

Mohamed K. Bivalve Mariculture in India - Progress in Research and Development.
Central Marine Fisheries Institute. Cochin, Kerala; 2015.
http://www.cmfri.org.in/about-library.

FAOQ. Bivalve depuration: fundamental and practical aspects. Tech Pap. 2008;Rome.
http://www.fao.org/3/i0201e/i0201e00.htm.

Browning LC, Cowieson Al. Vitamin D fortification of eggs for human health. J Sci Food
Agric. 2014;94(7):1389-1396. d0i:10.1002/jsfa.6425

Seymour W. Review: Update on Vitamin Nutrition and Fortification in Dairy Cattle.
Prof Anim Sci. 2001;17(4):227-237. d0i:10.15232/S1080-7446(15)31634-X

Butt MS, Arshad MU, Alam MS, Nadeem MT. Bioavailability and storage stability of
vitamin A fortificant (retinyl acetate) in fortified cookies. Food Res Int.
2007;40(10):1212-1219. doi:10.1016/j.foodres.2007.07.002

Thompson JN, Hatina G, Maxwell WB. High performance liquid chromatographic
determination of vitamin A in margarine, milk, partially skimmed milk, and skimmed
milk. J Assoc Off Anal Chem. 1980;63(4):894-898.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0019039487&partnerlD=40&md5=6f87725597f24a0c92379ch9953c6e08.

Dias MG, Camdes MFGFC, Oliveira L. Carotenoids in traditional Portuguese fruits and
vegetables. Food Chem. 2009;113(3):808-815. doi:10.1016/j.foodchem.2008.08.002
Thompson JN, Hatina G, Maxwell WB, Duval S. High performance liquid
chromatographic determination of vitamin D in fortified milks, margarine, and infant
formulas. J Assoc Off Anal Chem. 1982;65(3):624-631.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0020131911&partnerlD=40&md5=5a187c0956f0d8b369273e44fc5b0763.

Bogard JR, Thilsted SH, Marks GC, et al. Nutrient composition of important fish species
in Bangladesh and potential contribution to recommended nutrient intakes. J Food
Compos Anal. 2015;42:120-133. doi:10.1016/j.jfca.2015.03.002

Peng X, Wood CL, Blalock EM, Chen KC, Landfield PW, Stromberg AJ. Statistical

implications of pooling RNA samples for microarray experiments. BMC Bioinformatics.

180



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

2003;4(1):26. doi:10.1186/1471-2105-4-26

Heffernan AL, Aylward LL, Toms L-ML, Sly PD, Macleod M, Mueller JF. Pooled
biological specimens for human biomonitoring of environmental chemicals:
Opportunities and limitations. J Expo Sci Environ Epidemiol. 2014;24(3):225-232.
doi:10.1038/jes.2013.76

US Department of Health & Human Sciences. Fact Sheet for Health Professionals.
National Institutes of Health, Office of Dietary Supplements. https://ods.od.nih.gov.
Published 2020.

Leeson S, Caston LJ. Vitamin Enrichment of Eggs. J Appl Poult Res. 2003;12(1):24-26.
doi:10.1093/japr/12.1.24

The World Bank. World Bank Open data. https://data.worldbank.org. Published 2020.
Accessed January 23, 2020.

Ford ND, Patel SA, Narayan KMV. Obesity in Low- and Middle-Income Countries:
Burden, Drivers, and Emerging Challenges. Annu Rev Public Health. 2017;38(1):145-
164. doi:10.1146/annurev-publhealth-031816-044604

Global Harvest Initiative. Global Agriculture Productivity Report. 2017:12-15.
https://globalagriculturalproductivity.org.

Schatte Olivier A, Jones L, Vay L Le, Christie M, Wilson J, Malham SK. A global review
of the ecosystem services provided by bivalve aquaculture. Rev Aquac. 2020;12(1):3-
25.do0i:10.1111/raq.12301

Mao'Y, Lin F, Fang J, Fang J, Li J, Du M. Bivalve Production in China. In: Smaal AC,
Ferreira JG, Grant J, Petersen JK, Strand @, eds. Goods and Services of Marine Bivalves.
Cham: Springer International Publishing; 2019:51-72. doi:10.1007/978-3-319-96776-
9.4

NASA. NASA Earth Observations. EOS Project. https://neo.sci.gsfc.nasa.gov. Published
2020. Accessed February 19, 2020.

FAO. Fishery and Aquaculture Country Profiles. In: FAO Fisheries and Aquaculture
Department [online]. Updated 2020.
http://www.fao.org/fishery/countryprofiles/search/en. Published 2020. Accessed
February 18, 2020.

American Enterprise Insistute and The Heritage Foundation. China Global Investment
Tracker. American Enterprise Institute. https://www.aei.org/china-global-investment-

tracker/. Published 2019. Accessed April 4, 2020.

181



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Strand @, Jansen HM, Jiang Z, Robinson SMC. Perspectives on Bivalves Providing
Regulating Services in Integrated Multi-Trophic Aquaculture. In: Goods and Services of
Marine Bivalves. Cham: Springer International Publishing; 2019:209-230.
doi:10.1007/978-3-319-96776-9_11

Hossen MF, Hamdan S, Rahman MR. Cadmium and Lead in Blood Cockle ( Anadara
granosa ) from Asajaya, Sarawak, Malaysia. Sci World J. 2014;2014:1-4.
doi:10.1155/2014/924360

Eriksen M, Lebreton LCM, Carson HS, et al. Plastic Pollution in the World’s Oceans:
More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. Dam HG,
ed. PLoS One. 2014;9(12):e111913. doi:10.1371/journal.pone.0111913

Herbert RJH, Humphreys J, Davies CJ, Roberts C, Fletcher S, Crowe TP. Ecological
impacts of non-native Pacific oysters (Crassostrea gigas) and management measures
for protected areas in Europe. Biodivers Conserv. 2016;25(14):2835-2865.
doi:10.1007/s10531-016-1209-4

Elston RA, Ford SE. Shellfish Diseases and Health Management. In: Shellfish
Aquaculture and the Environment. Oxford, UK: Wiley-Blackwell; 2011:359-394.
doi:10.1002/9780470960967.ch13

LinY, Gao Z, Zhan A. Introduction and use of non-native species for aquaculture in
China: status, risks and management solutions. Rev Aquac. 2015;7(1):28-58.
doi:10.1111/raq.12052

Nowland SJ, O’Connor WA, Osborne MW!J, Southgate PC. Current Status and Potential
of Tropical Rock Oyster Aquaculture. Rev Fish Sci Aquac. 2020;28(1):57-70.
doi:10.1080/23308249.2019.1670134

FAO. Microfinance in Fisheries and Aquaculture: Guidelines and Case Studies. FAO
Fish Tech Pap. 2003;440. http://www.fao.org/3/Y5043E/Y5043E00.htm.

LinY, Gao Z, Zhan A. Introduction and use of non-native species for aquaculture in
China: status, risks and management solutions. Rev Aquac. 2015;7(1):28-58.
doi:10.1111/raq.12052

Birch D, Lawley M. Buying seafood: Understanding barriers to purchase across
consumption segments. Food Qual Prefer. 2012;26(1):12-21.
doi:10.1016/j.foodqual.2012.03.004

Henchion M, McCarthy M. Chapter 12 - Facilitators and Barriers for Foods Containing

Meat Coproducts. In: Galanakis CMBT-SMP and P, ed. Sustainable Meat Production

182



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

and Processing. Academic Press; 2019:237-250. doi:https://doi.org/10.1016/B978-0-
12-814874-7.00012-2

Filieri R. Consumer co-creation and new product development: a case study in the
food industry. Mark Intell Plan. 2013;31(1):40-53. doi:10.1108/02634501311292911
Garza-Gil MD, Vazquez-Rodriguez MX, Varela-Lafuente MM. Marine aquaculture and
environment quality as perceived by Spanish consumers. The case of shellfish
demand. Mar Policy. 2016;74:1-5. doi:10.1016/j.marpol.2016.09.011

Cheng P, Zhou C, Chu R, et al. Effect of microalgae diet and culture system on the
rearing of bivalve mollusks: Nutritional properties and potential cost improvements.
Algal Res. 2020;51:102076. doi:10.1016/j.algal.2020.102076

FAO. Food Loss and Waste Database. http://www.fao.org/platform-food-loss-
waste/flw-data/en/. Published 2020. Accessed January 23, 2020.

Mateo-Sagasta J, Raschid-Sally L, Thebo A. Global Wastewater and Sludge Production,
Treatment and Use. In: Wastewater. Dordrecht: Springer Netherlands; 2015:15-38.
doi:10.1007/978-94-017-9545-6_2

Pleissner D, Lam WC, Sun Z, Lin CSK. Food waste as nutrient source in heterotrophic
microalgae cultivation. Bioresour Technol. 2013;137:139-146.
doi:10.1016/j.biortech.2013.03.088

Polprasert C, Koottatep T. Organic Waste Recycling: Technology, Management and
Sustainability - 4th Edition. Polprasert C, Koottatep T, eds. Water Intell Online.
2017;16:9781780408217. doi:10.2166/9781780408217

Kamermans P, Capelle JJ. Provisioning of Mussel Seed and Its Efficient Use in Culture.
In: Goods and Services of Marine Bivalves. Cham: Springer International Publishing;
2019:27-49. d0i:10.1007/978-3-319-96776-9_3

Wright AC, Fan Y, Baker GL. Nutritional Value and Food Safety of Bivalve Molluscan
Shellfish. J Shellfish Res. 2018;37(4). doi:10.2983/035.037.0403

Martinez-Albores A, Lopez-Santamarina A, Rodriguez JA, et al. Complementary
Methods to Improve the Depuration of Bivalves: A Review. Foods. 2020;9(2):129.
doi:10.3390/foods9020129

Kumar BR. Bayer’s Acquisition of Monsanto. In: Wealth Creation in the World’s Largest
Mergers and Acquisitions. Springer; 2019:281-287. doi:10.1007/978-3-030-02363-
8_33

Boldrin M, Levine DK. Against Intellectual Monopoly. Cambridge: Cambridge

183



204.

205.
206.

207.

208.

209.

210.
211.

212.

213.

214.

215.

216.

University Press; 2001. doi:10.1017/CB0O9780511510854

Rockstrom J, Edenhofer O, Gaertner J, DeClerck F. Planet-proofing the global food
system. Nat Food. 2020;1(1):3-5. d0i:10.1038/s43016-019-0010-4

Elsevier. Scopus. https://www.scopus.com. Published 2020. Accessed June 13, 2018.
Paalvast P, van der Velde G. Distribution, settlement, and growth of first-year
individuals of the shipworm Teredo navalis L. (Bivalvia: Teredinidae) in the Port of
Rotterdam area, the Netherlands. Int Biodeterior Biodegradation. 2011;65(3):379-388.
doi:10.1016/j.ibiod.2010.11.016

Paalvast P, van der Velde G. What is the main food source of the shipworm (Teredo
navalis)? A stable isotope approach. J Sea Res. 2013;80:58-60.
doi:10.1016/j.seares.2013.03.003

Sinyo Y, Anggoro S, Soeprobawati TR. Morphologic characteristics and population
density of Teredo Navalis L in mangrove forest area, Wailukum East Halmahera
Regency. J Phys Conf Ser. 2019;1217:012141. doi:10.1088/1742-6596/1217/1/012141
Aklan Government. Official Website of the Province of Aklan. http://aklan.gov.ph.
Published 2020. Accessed August 21, 2020.

Slow Food Foundation. Tamilok. doi:https://www.fondazioneslowfood.com

Paalvast P, van der Velde G. New threats of an old enemy: The distribution of the
shipworm Teredo navalis L. (Bivalvia: Teredinidae) related to climate change in the
Port of Rotterdam area, the Netherlands. Mar Pollut Bull. 2011;62(8):1822-1829.
doi:10.1016/j.marpolbul.2011.05.009

Google. Google Scholar. https://scholar.google.com. Published 2020. Accessed August
20, 2020.

Horton T, Kroh A, Ahyong S, et al. World Register of Marine Species (WoRMS). 2020.
http://www.marinespecies.org.

Hollenbeck CM, Johnston IA. Genomic Tools and Selective Breeding in Molluscs. Front
Genet. 2018;9:253. doi:10.3389/fgene.2018.00253

Filgueira R, Guyondet T, Comeau LA, Tremblay R. Bivalve aquaculture-environment
interactions in the context of climate change. Glob Chang Biol. 2016;22(12):3901-
3913. d0i:10.1111/gcb.13346

Stentiford GD, Sritunyalucksana K, Flegel TW, et al. New Paradigms to Help Solve the
Global Aquaculture Disease Crisis. Round JL, ed. PLOS Pathog. 2017;13(2):e1006160.
doi:10.1371/journal.ppat.1006160

184



217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

Hoseinifar SH, Sun Y-Z, Wang A, Zhou Z. Probiotics as Means of Diseases Control in
Aquaculture, a Review of Current Knowledge and Future Perspectives. Front
Microbiol. 2018;9:2429. doi:10.3389/fmicb.2018.02429

Hader D-P, Banaszak AT, Villafafie VE, Narvarte MA, Gonzalez RA, Helbling EW.
Anthropogenic pollution of aquatic ecosystems: Emerging problems with global
implications. Sci Total Environ. 2020;713:136586.
doi:10.1016/j.scitotenv.2020.136586

Hackney CR, Rippen TE. The molluscan shellfish industry. In: Marine and Freshwater
Products Handbook. Technomic Publishing Co. Lancaster, PA, USA; 2000:299-308.
https://www.routledge.com/Marine-and-Freshwater-Products-Handbook/Martin-
Carter-Flick-Jr-Davis/p/book/9781566768894.

Shang YC. Aquaculture Economics: An Overview. GeoJournal. 1985;10(3):299-304.
http://www.jstor.org/stable/41143832.

Zohar Y, Tal Y, Schreier HJ, Steven CR, Stubblefield J, Place AR. Urban Aquaculture. Vol
159. (Costa-Pierce B, Desbonnet A, Edwards P, Baker D, eds.). Wallingford: CABI; 2005.
doi:10.1079/9780851998299.0000

Saberioon M, Gholizadeh A, Cisar P, Pautsina A, Urban J. Application of machine vision
systems in aquaculture with emphasis on fish: state-of-the-art and key issues. Rev
Aquac. 2017;9(4):369-387. doi:10.1111/raq.12143

Llorente |, Luna L. Bioeconomic modelling in aquaculture: an overview of the
literature. Aquac Int. 2016;24(4):931-948. doi:10.1007/s10499-015-9962-z
Dobermann D, Swift JA, Field LM. Opportunities and hurdles of edible insects for food
and feed. Nutr Bull. 2017;42(4):293-308. d0i:10.1111/nbu.12291

MILLMAN BM. Mechanisms of Contraction in Molluscan Muscle. Am Zool.
1967;7(3):583-591. doi:10.1093/icb/7.3.583

Apostolidis C, McLeay F. It's not vegetarian, it's meat-free! Meat eaters, meat
reducers and vegetarians and the case of Quorn in the UK. Soc Bus. 2016;6(3):267-
290. d0i:10.1362/204440816X14811339560938

Howard PH. Concentration and Power in the Food System: Who Controls What We
Eat? Bloomsbury Publishing; 2016.
https://books.google.co.uk/books?id=qyPYCgAAQBAI.

Featherstone S. Ingredients used in the preparation of canned foods. In: Featherstone

SBT-ACC in C and RP (Fourteenth E, ed. A Complete Course in Canning and Related

185



229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

Processes. Oxford: Elsevier; 2015:147-211. doi:10.1016/B978-0-85709-678-4.00008-7
Deroy O, Reade B, Spence C. The insectivore’s dilemma, and how to take the West out
of it. Food Qual Prefer. 2015;44:44-55. doi:10.1016/j.foodqual.2015.02.007

An R. Effectiveness of subsidies in promoting healthy food purchases and
consumption: a review of field experiments. Public Health Nutr. 2013;16(7):1215-
1228. doi:10.1017/51368980012004715

Sodano V, Verneau F. Competition Policy and Food Sector in the European Union. J Int
Food Agribus Mark. 2014,26(3):155-172. doi:10.1080/08974438.2013.833576
Schiemer C, Halloran A, Jespersen K, Kaukua P. Marketing Insects: Superfood or
Solution-Food? In: Halloran A, Flore R, Vantomme P, Roos N, eds. Edible Insects in
Sustainable Food Systems. Cham: Springer International Publishing; 2018:213-236.
doi:10.1007/978-3-319-74011-9_14

Mace GM, Norris K, Fitter AH. Biodiversity and ecosystem services: a multilayered
relationship. Trends Ecol Evol. 2012;27(1):19-26. doi:10.1016/j.tree.2011.08.006
Ceballos G, Ehrlich PR, Dirzo R. Biological annihilation via the ongoing sixth mass
extinction signaled by vertebrate population losses and declines. Proc Natl Acad Sci.
2017;114(30):E6089-E6096. d0i:10.1073/pnas.1704949114

Waldron A, Mooers AO, Miller DC, et al. Targeting global conservation funding to limit
immediate biodiversity declines. Proc Natl Acad Sci. 2013;110(29):12144-12148.
doi:10.1073/pnas.1221370110

Waldron A, Miller DC, Redding D, et al. Reductions in global biodiversity loss predicted
from conservation spending. Nature. 2017;551(7680):364-367.
doi:10.1038/nature24295

IUCN. International Union for Conservation of Nature. Website data.
https://www.iucn.org. Published 2018. Accessed July 28, 2018.

Larsen P. The good, the ugly and the dirty harry’s of conservation: Rethinking the
anthropology of conservation NGOs. Conserv Soc. 2016;14(1):21. doi:10.4103/0972-
4923.182800

IUCN. The IUCN Red List of Threatened Species. Version 2017-3.
http://www.iucnredlist.org. Published 2017. Accessed June 30, 2018.

IUCN. Red List Assessment Process. https://www.iucnredlist.org/assessment/process.
Published 2019. Accessed July 5, 2019.

Bland LM, Bielby J, Kearney S, Orme CDL, Watson JEM, Collen B. Toward reassessing

186



242.

243,

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

data-deficient species. Conserv Biol. 2017;31(3):531-539. doi:10.1111/cobi.12850
Brummitt NA, Bachman SP, Griffiths-Lee J, et al. Green Plants in the Red: A Baseline
Global Assessment for the IUCN Sampled Red List Index for Plants. Jenkins CN, ed.
PLoS One. 2015;10(8):e0135152. doi:10.1371/journal.pone.0135152

Titley MA, Snaddon JL, Turner EC. Scientific research on animal biodiversity is
systematically biased towards vertebrates and temperate regions. Schierwater B, ed.
PLoS One. 2017;12(12):e0189577. doi:10.1371/journal.pone.0189577

Bellard C, Cassey P, Blackburn TM. Alien species as a driver of recent extinctions. Biol
Lett. 2016;12(2):20150623. doi:10.1098/rsbl.2015.0623

Twitter. Twitter, Inc. https://developer.twitter.com/en.html. Published 2018.
Accessed June 13, 2018.

SurveyMonkey Inc. 2018. https://www.surveymonkey.com.

Mazor T, Doropoulos C, Schwarzmueller F, et al. Global mismatch of policy and
research on drivers of biodiversity loss. Nat Ecol Evol. 2018;2(7):1071-1074.
doi:10.1038/541559-018-0563-x

Bombaci SP, Farr CM, Gallo HT, et al. Using Twitter to communicate conservation
science from a professional conference. Conserv Biol. 2016;30(1):216-225.
doi:10.1111/cobi.12570

Hooper DU, Chapin FS, Ewel JJ, et al. Effects of biodiversity on ecosystem functioning:
a consensus of current knowledge. Ecol Monogr. 2005;75(1):3-35. doi:10.1890/04-
0922

Solomon CT, Jones SE, Weidel BC, et al. Ecosystem Consequences of Changing Inputs
of Terrestrial Dissolved Organic Matter to Lakes: Current Knowledge and Future
Challenges. Ecosystems. 2015;18(3):376-389. d0i:10.1007/s10021-015-9848-y
Tranvik LJ, Downing JA, Cotner JB, et al. Lakes and reservoirs as regulators of carbon
cycling and climate. Limnol Oceanogr. 2009;54(6part2):2298-2314.
doi:10.4319/10.2009.54.6_part_2.2298

von Wachenfeldt E, Tranvik LJ. Sedimentation in Boreal Lakes—The Role of
Flocculation of Allochthonous Dissolved Organic Matter in the Water Column.
Ecosystems. 2008;11(5):803-814. doi:10.1007/s10021-008-9162-z

Wurtsbaugh W, Cole J, McKnight D, Brezonik P, Maclntyre S, Potter K. Report of The
Workshop on Emerging Research Issues for Limnology: The study of Inland Waters.

2002.

187



254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

https://www.caee.utexas.edu/prof/hodges/site2006/documents/limnology ASLO_NS
F_report_2002_lowres.pdf.

Evans CD, Monteith DT, Cooper DM. Long-term increases in surface water dissolved
organic carbon: Observations, possible causes and environmental impacts. Environ
Pollut. 2005;137(1):55-71. doi:10.1016/j.envpol.2004.12.031

Monteith DT, Stoddard JL, Evans CD, et al. Dissolved organic carbon trends resulting
from changes in atmospheric deposition chemistry. Nature. 2007;450(7169):537-540.
doi:10.1038/nature06316

Freeman C, Ostle NJ, Fenner N, Kang H. A regulatory role for phenol oxidase during
decomposition in peatlands. Soil Biol Biochem. 2004;36(10):1663-1667.
doi:10.1016/j.s0ilbio.2004.07.012

Findlay SEG. Increased carbon transport in the Hudson River: Unexpected
consequence of nitrogen deposition? Front Ecol Environ. 2005;3(3):133-137.
doi:10.1890/1540-9295(2005)003[0133:ICTITH]2.0.CO;2

Kritzberg ES, Granéli W, Bjork J, et al. Warming and browning of lakes: consequences
for pelagic carbon metabolism and sediment delivery. Freshw Biol. 2014;59(2):325-
336. d0i:10.1111/fwb.12267

von Wachenfeldt E, Sobek S, Bastviken D, Tranvik LJ. Linking allochthonous dissolved
organic matter and boreal lake sediment carbon sequestration: The role of light-
mediated flocculation. Limnol Oceanogr. 2008;53(6):2416-2426.
doi:10.4319/10.2008.53.6.2416

Boisvert-Marsh L, Périé C, de Blois S. Shifting with climate? Evidence for recent
changes in tree species distribution at high latitudes. Ecosphere. 2014;5(7):art83.
doi:10.1890/ES14-00111.1

Schindler DW, Lee PG. Comprehensive conservation planning to protect biodiversity
and ecosystem services in Canadian boreal regions under a warming climate and
increasing exploitation. Biol Conserv. 2010;143(7):1571-1586.
doi:10.1016/j.biocon.2010.04.003

Jaffé R, Yamashita Y, Maie N, et al. Dissolved Organic Matter in Headwater Streams:
Compositional Variability across Climatic Regions of North America. Geochim
Cosmochim Acta. 2012;94:95-108. doi:10.1016/j.gca.2012.06.031

Kirchman DL. Degradation of organic material. In: Processes in Microbial Ecology.

Oxford University Press; 2011:79-98.

188



264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

doi:10.1093/acprof:0s0/9780199586936.003.0005

Cole J, Findlay S, Pace M. Bacterial production in fresh and saltwater ecosystems: a
cross-system overview. Mar Ecol Prog Ser. 1988;43:1-10. doi:10.3354/meps043001
Berggren M, Strom L, Laudon H, et al. Lake secondary production fueled by rapid
transfer of low molecular weight organic carbon from terrestrial sources to aquatic
consumers. Ecol Lett. 2010;13(7):870-880. d0i:10.1111/j.1461-0248.2010.01483.x
Smith EM, Prairie YT. Bacterial metabolism and growth efficiency in lakes: The
importance of phosphorus availability. Limnol Oceanogr. 2004;49(1):137-147.
doi:10.4319/10.2004.49.1.0137

Sinsabaugh RL, Findlay S, Franchini P, Fischer D. Enzymatic analysis of riverine
bacterioplankton production. Limnol Oceanogr. 1997;42(1):29-38.
doi:10.4319/10.1997.42.1.0029

Burns RG, DeForest JL, Marxsen J, et al. Soil enzymes in a changing environment:
Current knowledge and future directions. Soil Biol Biochem. 2013;58:216-234.
doi:10.1016/j.s0ilbio.2012.11.009

Fuchs G, Boll M, Heider J. Microbial degradation of aromatic compounds — from one
strategy to four. Nat Rev Microbiol. 2011;9(11):803-816. d0i:10.1038/nrmicro2652
Judd KE, Crump BC, Kling GW. Variation in Dissolved Organic Matter Controls Bacterial
Production and Community Composition Tl - 87. Ecology. 2006;87(8):2068-2079.
doi:10.1890/0012-9658(2006)87[2068:vidomc]2.0.co;2

Guillemette F, Leigh McCallister S, del Giorgio PA. Selective consumption and
metabolic allocation of terrestrial and algal carbon determine allochthony in lake
bacteria. ISME J. 2016;10(6):1373-1382. d0i:10.1038/ismej.2015.215

Tranvik LJ. Availability of dissolved organic carbon for planktonic bacteria in
oligotrophic lakes of differing humic content. Microb Ecol. 1988;16(3):311-322.
doi:10.1007/BF02011702

Sinsabaugh RL. Phenol oxidase, peroxidase and organic matter dynamics of soil. Soil
Biol Biochem. 2010;42(3):391-404. doi:10.1016/j.s0ilbio.2009.10.014

DeAngelis KM, Allgaier M, Chavarria Y, et al. Characterization of Trapped Lignin-
Degrading Microbes in Tropical Forest Soil. Rao C V., ed. PLoS One. 2011;6(4):e19306.
doi:10.1371/journal.pone.0019306

Chrést RJ, Siuda W. Ecology of microbial enzymes in lake ecosystems. Enzym Environ

Act Ecol Appl. 2002:35-72. doi:10.13140/2.1.4455.9361

189



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Sieczko A, Maschek M, Peduzzi P. Algal extracellular release in river-floodplain
dissolved organic matter: response of extracellular enzymatic activity during a post-
flood period. Front Microbiol. 2015;6(FEB). doi:10.3389/fmicb.2015.00080

Chrést RJ. Environmental Control of the Synthesis and Activity of Aquatic Microbial
Ectoenzymes. In: Microbial Enzymes in Aquatic Environments. ; 1991:29-59.
doi:10.1007/978-1-4612-3090-8_3

Hunting ER, White CM, Gemert M van, et al. UV radiation and organic matter
composition shape bacterial functional diversity in sediments. Front Microbiol.
2013;4. d0i:10.3389/fmicb.2013.00317

Ward CP, Cory RM. Complete and Partial Photo-oxidation of Dissolved Organic Matter
Draining Permafrost Soils. Environ Sci Technol. 2016;50(7):3545-3553.
doi:10.1021/acs.est.5b05354

Minster U. Investigation about structure, distribution and dynamics of different
organic substrates in the DOM of lake Plusssee. Arch Hydrobiol Suppl.
1985;70(SUPPL.):429-480. http://hdl.handle.net/21.11116/0000-0005-0BAB-F.
Azam F, Cho BC. Bacterial utilization of organic matter in the sea. Ecol Microb
Communities. 1987:261-281. https://www.worldcat.org/title/ecology-of-microbial-
communities/oclc/14692969.

Jorgensen NOG. Free amino acids in lakes: Concentrations and assimilation rates in
relation to phytoplankton and bacterial productionl. Limnol Oceanogr. 1987;32(1):97-
111. d0i:10.4319/10.1987.32.1.0097

Goldman JC, Caron DA, Dennett MR. Regulation of gross growth efficiency and
ammonium regeneration in bacteria by substrate C: N ratiol. Limnol Oceanogr.
1987;32(6):1239-1252. d0i:10.4319/10.1987.32.6.1239

Sterner, Clasen, Lampert, Weisse. Carbon:phosphorus stoichiometry and food chain
production. Ecol Lett. 1998;1(3):146-150. doi:10.1046/j.1461-0248.1998.00030.x
Reche |, Pace ML, Cole JJ. Interactions of Photobleaching and Inorganic Nutrients in
Determining Bacterial Growth on Colored Dissolved Organic Carbon. Microb Ecol.
1998;36(3):270-280. d0i:10.1007/s002489900114

Russell JB. The Energy Spilling Reactions of Bacteria and Other Organisms. J Mol
Microbiol Biotechnol. 2007;13(1-3):1-11. d0i:10.1159/000103591

Bertilsson S, Eiler A, Nordqvist A, Jgrgensen NOG. Links between bacterial production,

amino-acid utilization and community composition in productive lakes. ISME J.

190



2007;1(6):532-544. doi:10.1038/isme;j.2007.64

288. Ruiz-Gonzalez C, Nino-Garcia JP, Lapierre J-F, del Giorgio PA. The quality of organic
matter shapes the functional biogeography of bacterioplankton across boreal
freshwater ecosystems. Glob Ecol Biogeogr. 2015;24(12):1487-1498.
doi:10.1111/geb.12356

289. Ziféakova L, Vétrovsky T, Howe A, Baldrian P. Microbial activity in forest soil reflects
the changes in ecosystem properties between summer and winter. Environ Microbiol.
2016;18(1):288-301. doi:10.1111/1462-2920.13026

290. Logue JB, Stedmon CA, Kellerman AM, et al. Experimental insights into the importance
of aquatic bacterial community composition to the degradation of dissolved organic
matter. ISME J. 2016;10(3):533-545. doi:10.1038/ismej.2015.131

291. Sobek S, Durisch-Kaiser E, Zurbriigg R, et al. Organic carbon burial efficiency in lake
sediments controlled by oxygen exposure time and sediment source. Limnol
Oceanogr. 2009;54(6):2243-2254. doi:10.4319/10.2009.54.6.2243

292. Wetzel RG. Gradient-dominated ecosystems: sources and regulatory functions of
dissolved organic matter in freshwater ecosystems. Hydrobiologia. 1992;229(1):181-
198. d0i:10.1007/BF00007000

293. Scharnweber K, Syvdranta J, Hilt S, et al. Whole-lake experiments reveal the fate of
terrestrial particulate organic carbon in benthic food webs of shallow lakes. Ecology.
2014;95(6):1496-1505. doi:10.1890/13-0390.1

294. Sobek S, Tranvik LJ, Prairie YT, Kortelainen P, Cole JJ. Patterns and regulation of
dissolved organic carbon: An analysis of 7,500 widely distributed lakes. Limnol
Oceanogr. 2007;52(3):1208-1219. doi:10.4319/10.2007.52.3.1208

295. Ask J, Karlsson J, Jansson M. Net ecosystem production in clear-water and brown-
water lakes. Global Biogeochem Cycles. 2012;26(1):n/a-n/a.
doi:10.1029/2010GB003951

296. Tanentzap AJ, Szkokan-Emilson EJ, Desjardins CM, et al. Bridging between litterbags
and whole-ecosystem experiments: a new approach for studying lake sediments. J
Limnol. 2017;76(2):431-437. d0i:10.4081/jlimnol.2017.1588

297. Cottingham KL, Lennon JT, Brown BL. Knowing when to draw the line: Designing more
informative ecological experiments. Front Ecol Environ. 2005;3(3):145-152.
doi:10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2

298. Houlahan JE, McKinney ST, Anderson TM, McGill BJ. The priority of prediction in

191



299.

300.

301.

302.

303.

304.

305.

306.

307.

308.
3009.

ecological understanding. Oikos. 2017;126(1):1-7. doi:10.1111/0ik.03726

Spencer RGM, Bolton L, Baker A. Freeze/thaw and pH effects on freshwater dissolved
organic matter fluorescence and absorbance properties from a number of UK
locations. Water Res. 2007;41(13):2941-2950. doi:10.1016/j.watres.2007.04.012
Poulin BA, Ryan JN, Aiken GR. Effects of Iron on Optical Properties of Dissolved
Organic Matter. Environ Sci Technol. 2014;48(17):10098-10106.
doi:10.1021/es502670r

Lavonen EE, Kothawala DN, Tranvik LJ, Gonsior M, Schmitt-Kopplin P, Kéhler SJ.
Tracking changes in the optical properties and molecular composition of dissolved
organic matter during drinking water production. Water Res. 2015;85:286-294.
doi:10.1016/j.watres.2015.08.024

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R, Mopper K. Evaluation of
Specific Ultraviolet Absorbance as an Indicator of the Chemical Composition and
Reactivity of Dissolved Organic Carbon. Environ Sci Technol. 2003;37(20):4702-4708.
doi:10.1021/es030360x

O’Donnell JA, Aiken GR, Walvoord MA, Butler KD. Dissolved organic matter
composition of winter flow in the Yukon River basin: Implications of permafrost thaw
and increased groundwater discharge. Global Biogeochem Cycles. 2012;26(4):n/a-n/a.
doi:10.1029/2012GB004341

Fellman JB, Hood E, Spencer RGM. Fluorescence spectroscopy opens new windows
into dissolved organic matter dynamics in freshwater ecosystems: A review. Limnol
Oceanogr. 2010;55(6):2452-2462. doi:10.4319/10.2010.55.6.2452

Hach. No Title. Water Anal Handb. 1997.

Aberg J, Wallin M. Evaluating a fast headspace method for measuring DIC and
subsequent calculation of pCO2 in freshwater systems. Inl Waters. 2014;4(2):157-166.
doi:10.5268/1W-4.2.694

Pace ML, del Giorgio P, Fischer D, Condon R, Malcom H. Estimates of bacterial
production using the leucine incorporation method are influenced by differences in
protein retention of microcentrifuge tubes. Limnol Oceanogr Methods. 2004;2(2):55-
61. doi:10.4319/lom.2004.2.55

Bade D, Houser J, Scanga S. No Title. Methods Cascading Trophic Interact Proj. 1998.
German DP, Weintraub MN, Grandy AS, Lauber CL, Rinkes ZL, Allison SD. Optimization

of hydrolytic and oxidative enzyme methods for ecosystem studies. Soil Biol Biochem.

192



310.

311.

312.

313.

314.

315.

316.

317.

318.

3109.

320.

321.

2011;43(7):1387-1397. doi:10.1016/j.s0ilbio.2011.03.017

Sinsabaugh R., Saiya-Cork K, Long T, et al. Soil microbial activity in a Liquidambar
plantation unresponsive to CO2-driven increases in primary production. App/ Soil Ecol.
2003;24(3):263-271. doi:10.1016/50929-1393(03)00002-7

Emilson CE, Kreutzweiser DP, Gunn JM, Mykytczuk NCS. Effects of land use on the
structure and function of leaf-litter microbial communities in boreal streams. Freshw
Biol. 2016;61(7):1049-1061. d0i:10.1111/fwb.12765

Mitchell A, Bucchini F, Cochrane G, et al. EBI metagenomics in 2016 - an expanding
and evolving resource for the analysis and archiving of metagenomic data. Nucleic
Acids Res. 2016;44(D1):D595-D603. doi:10.1093/nar/gkv1195

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence
data. Bioinformatics. 2014;30(15):2114-2120. doi:10.1093/bioinformatics/btul70
Cock PJA, Antao T, Chang JT, et al. Biopython: freely available Python tools for
computational molecular biology and bioinformatics. Bioinformatics.
2009;25(11):1422-1423. doi:10.1093/bioinformatics/btp163

Rho M, Tang H, Ye Y. FragGeneScan: predicting genes in short and error-prone reads.
Nucleic Acids Res. 2010;38(20):e191-e191. doi:10.1093/nar/gkq747

Jones P, Binns D, Chang H-Y, et al. InterProScan 5: genome-scale protein function
classification. Bioinformatics. 2014;30(9):1236-1240.
doi:10.1093/bioinformatics/btu031

Caporaso JG, Kuczynski J, Stombaugh J, et al. QIIME allows analysis of high-throughput
community sequencing data. Nat Methods. 2010;7(5):335-336.
doi:10.1038/nmeth.f.303

Quast C, Pruesse E, Yilmaz P, et al. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res. 2012;41(D1):D590-
D596. doi:10.1093/nar/gks1219

McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome Data Is
Inadmissible. McHardy AC, ed. PLoS Comput Biol. 2014;10(4):e1003531.
doi:10.1371/journal.pcbi.1003531

Vincent AT, Derome N, Boyle B, Culley Al, Charette SJ. Next-generation sequencing
(NGS) in the microbiological world: How to make the most of your money. J Microbiol
Methods. 2017;138:60-71. doi:10.1016/j.mimet.2016.02.016

No Title. R A Lang Environ Stat Comput. 2017.

193



322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest: Tests in Linear Mixed Effects
Models. 2014.

Kenward MG, Roger JH. Small Sample Inference for Fixed Effects from Restricted
Maximum Likelihood. Biometrics. 1997;53(3):983. do0i:10.2307/2533558

Oksanen J, Blanchet FG, Kindt R, et al. vegan: Community Ecology Package. 2011.
https://cran.r-project.org/web/packages/vegan/index.html.

Bloom S. Similarity Indices in Community Studies: Potential Pitfalls. Mar Ecol Prog Ser.
1981;5:125-128. doi:10.3354/meps005125

Chambers JM, Cleveland WS, Kleiner B, Tukey PA. Graphical Methods for Data
Analysis. Chapman and Hall/CRC; 2018. d0i:10.1201/9781351072304

Hessen DO. Dissolved organic carbon in a humic lake: effects on bacterial production
and respiration. Hydrobiologia. 1992;229(1):115-123. doi:10.1007/BF00006995
Moran MA, Zepp RG. Role of photoreactions in the formation of biologically labile
compounds from dissolved organic matter. Limnol Oceanogr. 1997;42(6):1307-1316.
doi:10.4319/10.1997.42.6.1307

Lépez-Urrutia A, Moran XAG. Resource limitation of bacterial production distorts the
temperature dependence of oceanic carbon cycling. Ecology. 2007;88(4):817-822.
doi:10.1890/06-1641

Creed IF, Bergstrom A-K, Trick CG, et al. Global change-driven effects on dissolved
organic matter composition: Implications for food webs of northern lakes. Glob Chang
Biol. 2018;24(8):3692-3714. d0i:10.1111/gcb.14129

Lapierre J-F, Guillemette F, Berggren M, del Giorgio PA. Increases in terrestrially
derived carbon stimulate organic carbon processing and CO2 emissions in boreal
aquatic ecosystems. Nat Commun. 2013;4(1):2972. doi:10.1038/ncomms3972
Isidorova A, Bravo AG, Riise G, Bouchet S, Bjorn E, Sobek S. The effect of lake
browning and respiration mode on the burial and fate of carbon and mercury in the
sediment of two boreal lakes. J Geophys Res Biogeosciences. 2016;121(1):233-245.
doi:10.1002/2015JG003086

Gudasz C, Ruppenthal M, Kalbitz K, et al. Contributions of terrestrial organic carbon to
northern lake sediments. Limnol Oceanogr Lett. 2017;2(6):218-227.
doi:10.1002/1012.10051

Seekell DA, Lapierre J-F, Ask J, et al. The influence of dissolved organic carbon on

primary production in northern lakes. Limnol Oceanogr. 2015;60(4):1276-1285.

194



335.

336.

337.

338.

3309.

340.

341.

342.

343.

344.

345.

doi:10.1002/In0.10096

Rofner C, Peter H, Catalan N, Drewes F, Sommaruga R, Pérez MT. Climate-related
changes of soil characteristics affect bacterial community composition and function of
high altitude and latitude lakes. Glob Chang Biol. 2017;23(6):2331-2344.
doi:10.1111/gcb.13545

Judd KE, Crump BC, Kling GW. Bacterial responses in activity and community
composition to photo-oxidation of dissolved organic matter from soil and surface
waters. Aquat Sci. 2007;69(1):96-107. doi:10.1007/s00027-006-0908-4

Yamashita Y, Fichot CG, Shen Y, Jaffé R, Benner R. Linkages among fluorescent
dissolved organic matter, dissolved amino acids and lignin-derived phenols in a river-
influenced ocean margin. Front Mar Sci. 2015;2(NOV). doi:10.3389/fmars.2015.00092
Roiha T, Peura S, Cusson M, Rautio M. Allochthonous carbon is a major regulator to
bacterial growth and community composition in subarctic freshwaters. Sci Rep.
2016;6(1):34456. d0i:10.1038/srep34456

Karlsson J, Bystrom P, Ask J, Ask P, Persson L, Jansson M. Light limitation of nutrient-
poor lake ecosystems. Nature. 2009;460(7254):506-509. doi:10.1038/nature08179
Bertilsson S, Stefan LJ. Photochemically produced carboxylic acids as substrates for
freshwater bacterioplankton&gt; Limnol Oceanogr. 1998;43(5):885-895.
doi:10.4319/10.1998.43.5.0885

Chrlast R, Rai H. Ectoenzyme activity and bacterial secondary production in nutrient-
impoverished and nutrient-enriched freshwater mesocosms. Microb Ecol.
1993;25(2):131-150. doi:10.1007/BF00177191

Anesio AM, Granéli W, Aiken GR, Kieber DJ, Mopper K. Effect of Humic Substance
Photodegradation on Bacterial Growth and Respiration in Lake Water. App! Environ
Microbiol. 2005;71(10):6267-6275. doi:10.1128/AEM.71.10.6267-6275.2005
Sulzberger B, Durisch-Kaiser E. Chemical characterization of dissolved organic matter
(DOM): A prerequisite for understanding UV-induced changes of DOM absorption
properties and bioavailability. Aquat Sci. 2009;71(2):104-126. doi:10.1007/s00027-
008-8082-5

Lapierre J-F, del Giorgio PA. Partial coupling and differential regulation of biologically
and photochemically labile dissolved organic carbon across boreal aquatic networks.
Biogeosciences. 2014;11(20):5969-5985. doi:10.5194/bg-11-5969-2014

Sterner RW, Elser JJ, Fee EJ, Guildford SJ, Chrzanowski TH. The Light: Nutrient Ratio in

195



346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Lakes: The Balance of Energy and Materials Affects Ecosystem Structure and Process.
Am Nat. 1997;150(6):663-684. doi:10.1086/286088

del Giorgio PA, Cole JJ. Bacterial growth efficiency in natural aquatic systems. Annu
Rev Ecol Syst. 1998;29(1):503-541. doi:10.1146/annurev.ecolsys.29.1.503

Karlsson J, Jansson M, Jonsson A. Similar relationships between pelagic primary and
bacterial production in clearwater and humic lakes. Ecology. 2002;83(10):2902-2910.
doi:10.1890/0012-9658(2002)083[2902:SRBPPA]2.0.CO;2

Zwart JA, Craig N, Kelly PT, et al. Metabolic and physiochemical responses to a whole-
lake experimental increase in dissolved organic carbon in a north-temperate lake.
Limnol Oceanogr. 2016;61(2):723-734. doi:10.1002/In0.10248

Lenborg C, Nieto-Cid M, Hernando-Morales V, Hernandez-Ruiz M, Teira E, Alvarez-
Salgado XA. Photochemical alteration of dissolved organic matter and the subsequent
effects on bacterial carbon cycling and diversity. King G, ed. FEMS Microbiol Ecol.
2016;92(5):fiw048. doi:10.1093/femsec/fiw048

Sharpless CM, Aeschbacher M, Page SE, Wenk J, Sander M, McNeill K. Photooxidation-
Induced Changes in Optical, Electrochemical, and Photochemical Properties of Humic
Substances. Environ Sci Technol. 2014;48(5):2688-2696. d0i:10.1021/es403925g
Kritzberg ES, Langenheder S, Lindstram ES. Influence of dissolved organic matter
source on lake bacterioplankton structure and function; implications for seasonal
dynamics of community composition. FEMS Microbiol Ecol. 2006;56(3):406-417.
doi:10.1111/j.1574-6941.2006.00084.x

McCallister SL, del Giorgio PA. Evidence for the respiration of ancient terrestrial
organic C in northern temperate lakes and streams. Proc Natl Acad Sci.
2012;109(42):16963-16968. doi:10.1073/pnas.1207305109

Kellerman AM, Dittmar T, Kothawala DN, Tranvik LJ. Chemodiversity of dissolved
organic matter in lakes driven by climate and hydrology. Nat Commun.
2014;5(1):3804. doi:10.1038/ncomms4804

Karlsson J, Berggren M, Ask J, et al. Terrestrial organic matter support of lake food
webs: Evidence from lake metabolism and stable hydrogen isotopes of consumers.
Limnol Oceanogr. 2012;57(4):1042-1048. doi:10.4319/10.2012.57.4.1042

Kleber M, Nico PS, Plante A, et al. Old and stable soil organic matter is not necessarily
chemically recalcitrant: implications for modeling concepts and temperature

sensitivity. Glob Chang Biol. 2011;17(2):1097-1107. doi:10.1111/j.1365-

196



356.

357.

358.

3509.

360.

361.

362.

363.

2486.2010.02278.x

Cole JJ, Caraco NF, Kling GW, Kratz TK. Carbon Dioxide Supersaturation in the Surface
Waters of Lakes. Science (80- ). 1994;265(5178):1568-1570.
doi:10.1126/science.265.5178.1568

Sollins P, Homann P, Caldwell BA. Stabilization and destabilization of soil organic
matter: mechanisms and controls. Geoderma. 1996;74(1-2):65-105.
doi:10.1016/50016-7061(96)00036-5

Forsstrom L, Roiha T, Rautio M. Responses of microbial food web to increased
allochthonous DOM in an oligotrophic subarctic lake. Aquat Microb Ecol.
2013;68(2):171-184. doi:10.3354/ame01614

Tanentzap AJ, Szkokan-Emilson EJ, Kielstra BW, Arts MT, Yan ND, Gunn JM. Forests
fuel fish growth in freshwater deltas. Nat Commun. 2014;5(1):4077.
doi:10.1038/ncomms5077

Pregitzer KS, Zak DR, Burton AJ, Ashby JA, MacDonald NW. Chronic nitrate additions
dramatically increase the export of carbon and nitrogen from northern hardwood
ecosystems. Biogeochemistry. 2004;68(2):179-197.
doi:10.1023/B:BI0G.0000025737.29546.fd

Traving SJ, Bentzon-Tilia M, Knudsen-Leerbeck H, et al. Coupling Bacterioplankton
Populations and Environment to Community Function in Coastal Temperate Waters.
Front Microbiol. 2016;7(SEP). doi:10.3389/fmicb.2016.01533

Schippers P, Lurling M, Scheffer M. Increase of atmospheric CO2 promotes
phytoplankton productivity. Ecol Lett. 2004;7(6):446-451. d0i:10.1111/j.1461-
0248.2004.00597 .x

Hare C, Leblanc K, DiTullio G, et al. Consequences of increased temperature and CO2
for phytoplankton community structure in the Bering Sea. Mar Ecol Prog Ser.

2007;352:9-16. d0i:10.3354/meps07182

197



