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1 INTRODUCTION 

1.1 Broad framing: EU Green Deal and Blue Growth 
The European Green Deal, adopted in 2019, sets the pathway for the European Union 
(EU) to become climate-neutral by 2050 (European Commission, 2019). One of its central 
pillars is the transformation of food systems towards sustainability, resilience, and 
biodiversity conservation. The Farm to Fork Strategy, launched as part of the Green Deal, 
targets a 50% reduction in the use of chemical pesticides, a 20% reduction in fertilizer 
use, and a 25% share of organic farming by 2030 (European Commission, 2020). 
Sustainable aquaculture is explicitly encouraged as a means to diversify food production 
with lower environmental impacts compared to traditional agriculture. 

The strategy emphasizes the need for resource-efficient production models that 
minimize pollution, support ecosystem recovery, and reduce dependency on critical 
inputs such as freshwater resources and feed. In this context, the development of 
nature-positive aquaculture is seen as essential for achieving the Green Deal’s broader 
goals of sustainable food security. 

The Blue Growth strategy, initially launched in 2012 and updated to align with the 
European Green Deal, seeks to promote the sustainable use of ocean resources for 
economic growth, improved livelihoods, and ecosystem health (European Commission, 
2021). Blue Growth identifies aquaculture as a key sector capable of delivering both 
economic value and environmental services when designed sustainably. 

By focusing on innovation in aquaculture, blue biotechnology, and marine ecosystem 
restoration, Blue Growth supports the development of new, low-impact food systems. 
It encourages diversification beyond high trophic species to farming practices that have 
minimal ecological footprints, aligning economic development with marine conservation 
goals. In parallel, methodological innovation plays a key role in unlocking the potential 
of low-trophic biomass. Analytical approaches from food and marine sciences, such as 
advanced chromatography and spectroscopy, are increasingly applied to profile and 
valorize underutilized marine species (Otles, 2011; Bayona et al., 2022). 

Low trophic aquaculture (LTA) refers to the cultivation of organisms low in the food 
web, such as mussels and seaweed, which require no external feed, fertilizers, or 
freshwater inputs. These systems not only provide biomass for food, feed, and other 
applications but also deliver measurable ecosystem services. Mussels, through 
filter-feeding, can remove significant quantities of nitrogen and phosphorus from coastal 
waters, contributing to nutrient load reduction (Petersen et al., 2016). Seaweed 
cultivation can sequester carbon, absorb excess nutrients, and increase local biodiversity 
(Duarte et al., 2017). 

The integration of LTA within Blue Growth initiatives directly supports the objectives 
of the European Green Deal by offering production systems that improve water quality, 
enhance marine habitats, and strengthen coastal economies. Several European research 
and innovation programs, including Horizon Europe’s Mission Ocean, recognize mussel and 
seaweed farming as essential tools for building sustainable, resilient marine ecosystems. 

Against this policy and strategic backdrop, the present thesis focuses on advancing the 
utilization of low trophic aquaculture species, particularly Baltic Sea blue mussels. 
The research aims to explore their potential for sustainable biomass valorization, 
ecosystem service delivery, and contribution to food and feed innovation. Understanding 
and optimizing these systems can support both environmental restoration goals and the 
economic diversification targeted by EU strategies.  
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Blue mussels are part of a broader group of marine macroorganisms increasingly 
explored for aquafeed and food applications. Alongside species such as starfish, 
amphipods, jellyfish, and macroalgae, mussels have been studied for their protein 
content, fatty acid composition, and functional properties (Biandolino & Prato, 2006). 
Like many of these low-trophic, filter-feeding organisms, blue mussels offer both 
valuable biomass and ecosystem services that support environmental health. While 
species such as amphipods, starfish, and jellyfish are gaining attention due to unique 
protein or lipid profiles, many of these require artificial enrichment, specialized harvesting 
techniques, or intensive processing (Suhaimi et al., 2024). In contrast, mussels provide a 
naturally occurring biomass that can be valorized with relatively low inputs and 
operational complexity (Eroldoğan et al., 2022), making them especially well-suited for 
circular and sustainable aquaculture systems (Arantzamendi et al., 2023). 

1.2 Mussel biology and ecology 
Mussels are bivalve mollusks (phylum Mollusca, class Bivalvia) belonging to the family 
Mytilidae, which includes numerous marine species. For example, the blue mussel 
(Mytilus edulis), Mediterranean mussel (M. galloprovincialis), and Pacific blue mussel 
(M. trossulus) are all members of this group and are commonly found and farmed in 
temperate seas worldwide (National Research Council, 2010). Like all bivalves, a mussel’s 
body is enclosed between two hinged shells (valves) composed largely of calcium 
carbonate. The shells can be clamped shut by strong adductor muscles, allowing mussels 
to conserve water and withstand short-term environmental stresses (e.g., exposure to 
air at low tide or to low oxygen in water). Mussels lack a head and centralized brain, but 
possess a muscular foot used for mobility and secretion of byssal threads, tough, 
collagen-like fibers that tether the animal to rocks or other substrates. These threads 
enable mussels to form persistent attachments, often clustering in dense aggregations 
on intertidal rocks, ship hulls, or aquaculture ropes. Indeed, many mussel species are 
gregarious, forming extensive beds or reefs with multiple layers of individuals bound 
together by byssus (Seed & Suchanek, 1992). Such mussel beds create complex 
three-dimensional habitats that provides niches for other organisms (e.g., small 
invertebrates and algae), earning mussels a reputation as ecosystem engineers that 
enhance local biodiversity (Hild & Günther, 1999). In natural settings, an established 
mussel bed can persist for years, although overcrowding and accumulation of silt and 
waste can cause inner individuals to die, occasionally leading to sections of the bed 
detaching and eroding away.  

Natural predators of mussels (including starfish, crabs, wading birds, and ducks) are 
an important ecological factor controlling mussel populations, especially on exposed 
shores. Predation pressure tends to decrease as mussels grow larger, since many 
predators prefer smaller prey; this means a mussel that survives to a large size may enjoy 
a refuge from further predation (Seed, 1993).  

As filter feeders, mussels obtain food by pumping water over their gills and filtering 
out suspended particles. They consume primarily phytoplankton (microscopic algae) and 
organic detritus, positioning them at a low trophic level as secondary producers 
(herbivores) in marine food webs (Duarte et al., 2009; National Research Council, 2010). 
Mussels can filter impressive volumes of water relative to their size (often several liters 
per hour per adult mussel). In doing so, mussels not only feed themselves but also 
significantly influence water quality and nutrient cycling. As they filter out plankton and 
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suspended solids, mussels clarify the water and their feces and pseudofeces (rejected 
particles bound in mucus) are deposited to the seafloor. This filtration and biodeposition 
activity effectively couples the pelagic and benthic environments, transferring organic 
material and nutrients from the water column to the sediments (Dame, 1996; National 
Research Council, 2010). Mussels excrete dissolved ammonium as metabolic waste, 
returning usable nitrogen to the ecosystem, which can fertilize local primary producers 
(Newell et al., 2005). In areas with substantial mussel populations or farms, these 
processes can enhance water clarity and promote the growth of seagrasses and other 
aquatic vegetation by reducing turbidity and recycling nutrients (Kaiser, 2001; Dame & 
Olenin, 2005). Mussel filtration is thus generally considered beneficial for water quality, 
and mussel beds provide ecosystem services akin to those of oysters in estuaries 
(National Research Council, 2010). Moreover, by harvesting and removing mussel 
biomass, humans can also remove some of these accumulated nutrients from the marine 
system. For instance, mussel farming has been proposed as a tool for bioremediation of 
nutrient-enriched waters – as mussels grow, they incorporate nitrogen and phosphorus 
into their flesh and shells, and harvesting them extracts these nutrients from the 
ecosystem (Lindahl et al., 2005). One Swedish study demonstrated that cultivating blue 
mussels in eutrophic waters could improve marine water quality by removing significant 
amounts of nitrogen when the mussels were harvested, while simultaneously yielding a 
usable biomass (Lindahl et al., 2005; Petersen et al., 2014). This highlights the elegant 
synergy between mussel ecology and human use: what mussels naturally do to feed and 
grow can also help manage nutrients and provide resources for people.  

Mussels have a simple life cycle typical of many marine bivalves, involving a dispersive 
larval stage. Most mussel species have separate sexes (male and female), and fertilization 
occurs externally in the water column. Mature adults broadcast spawn by releasing eggs 
and sperm into the water, usually in synchrony triggered by environmental cues like 
temperature and phytoplankton abundance. A single female mussel can release on the 
order of millions of eggs in a spawning event (e.g., 5–10 million from a mid-sized mussel), 
reflecting an evolutionary strategy of high output to offset high mortality in early life 
stages. After fertilization, the developing embryos become free-swimming larvae 
(trochophore and then veliger stages) that drift with plankton for a period of a few 
weeks. During this time the larvae feed on microalgae and undergo development, 
eventually metamorphosing into juvenile mussels (spats) that settle out of the plankton. 
The larval phase allows mussels to disperse to new areas, but also means they are at the 
mercy of currents and predation until they find a suitable habitat to settle. Upon 
settlement, the juvenile mussel attaches to a firm surface using byssal threads and begins 
its benthic life. From there, growth to adulthood is relatively rapid under favorable 
conditions. Growth rates in mussels, however, show high variability, depending 
especially on environmental conditions but also on genetic factors (Seed & Suchanek, 
1992). Under optimal conditions (e.g., full-strength seawater, moderate temperatures, 
and abundant food), young mussels can attain ~6–8 cm shell length within about two 
years (Seed & Suchanek, 1992). By contrast, in harsher environments growth can be 
stunted. For instance, mussels living high on the shore (exposed to air for long periods 
each day) or in low-salinity brackish waters grow much more slowly and may reach only 
a few centimeters across in several years (Kautsky, 1982; Westerbom et al., 2002). 
Environmental factors that strongly affect mussel growth and survival include 
temperature, salinity, food availability (plankton concentration), degree of tidal 
exposure, and biological interactions such as competition and parasitism. These factors 
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often act together. For example, food supply might mitigate some effects of suboptimal 
temperature or salinity, but only up to a point, beyond which physiological stress limits 
growth. In general, mussels tend to thrive in cool-temperate, saline waters with plentiful 
plankton. Most Mytilus species are eurythermal (tolerating a range of temperatures) and 
euryhaline to a degree, but each species has its limits. Blue mussels, for instance, can 
survive near-freezing winter temperatures and can also withstand summer peaks above 
20–25 °C, though sustained water temperatures above roughly 30 °C can be lethal or 
cause reproductive failure (Almada-Villela et al., 1982). Similarly, while adults of M. edulis 
can acclimate to reduced salinities, growth and filtration rates drop significantly below 
about 8–10, and prolonged exposure to very low salinity (less than 6) may eventually 
exceed their osmotic tolerances (Riisgård et al., 2013). To cope with short-term stresses 
like a sudden drop in salinity or oxygen, mussels exhibit behavioral and physiological 
responses: they may close their shells to isolate themselves from unfavorable water, and 
their metabolism can shift to anaerobic pathways to sustain them during these closed 
periods. This allows intertidal mussels to survive several hours of exposure out of water 
(including temperature extremes and desiccation). However, staying closed also means 
a mussel cannot feed or respire normally, so there are trade-offs and time limits to this 
strategy. Generally, mussels must reopen and resume filtration once conditions improve, 
or else face starvation or asphyxiation.  

The physiological tolerances of mussels are a key consideration for mariculture: 
successful mussel farming depends on selecting sites where salinity, temperature, 
oxygen levels, and plankton food are within the range that mussels can handle for 
healthy growth (National Research Council, 2010). Farmers avoid areas prone to severe 
low-salinity influxes or chronic pollution, because stress conditions suppress mussel 
feeding, growth, and can even cause mass mortality. Likewise, sites with excessive silt or 
frequent resuspension of sediments can clog mussel gills or lead to high pseudofeces 
production, reducing feeding efficiency. By understanding mussel physiology, for 
instance, knowing that M. edulis needs higher salinity for optimal growth, or that warm 
water speeds growth up to a point before heat stress occurs, aquaculturists can better 
match mussel species and stocks to suitable environments. This ensures not only good 
yields but also animal welfare, since mussels in appropriate conditions will have stronger 
immune function and a higher condition index, making them less susceptible to disease 
and predation.  

Another important aspect of mussel biology is their biochemical composition, which 
underpins both their ecological role and their value to humans. Mussel tissues are rich in 
organic nutrients, which is one reason predators (including humans) find them so 
nutritious. The proximate composition of mussel meat (the soft tissue) is typically high in 
protein and low in fat. On a dry-weight basis, mussel flesh often contains 50–70% crude 
protein, with most of the remaining mass being glycogen (a carbohydrate reserve) and 
lipids in the range of ~5–10% (Smoothey, 2013; Saritha et al., 2015). Even though the 
total lipid content is relatively low, the type of fats present is noteworthy: mussels are a 
good source of omega-3 polyunsaturated fatty acids (especially eicosapentaenoic acid, 
EPA, and docosahexaenoic acid, DHA) as well as omega-6 fatty acids, making them a 
heart-healthy food choice (King et al., 1990; Ersoy & Sereflisan, 2010). In fact, mussels 
and other bivalves are often touted as a low-fat, high-protein seafood with significant 
levels of beneficial long-chain omega-3s that can support human health. They also 
provide essential minerals (like iron, zinc, selenium, and iodine) and vitamins (particularly 
B-complex vitamins such as B₁₂). The biochemistry of mussels further extends to various
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bioactive compounds. For instance, mussels produce antioxidant enzymes to cope with 
reactive oxygen species generated during their high filtering activity, and their diet of 
phytoplankton can introduce algae-derived compounds into their system. Some mussel 
species have become sources of nutraceutical products: a prime example is the New 
Zealand green-lipped mussel (Perna canaliculus). The green-lipped mussel is processed 
into extracts (both powdered and oil forms) that are used as dietary supplements for 
joint health, due to their anti-inflammatory properties. Research has shown that lipid 
extracts from P. canaliculus are rich in anti-inflammatory molecules (including omega-3 
fatty acids and unique furan fatty acids) that can inhibit inflammatory pathways in the 
body, offering relief in conditions like arthritis (McPhee et al., 2007; Wakimoto et al., 
2011). This is an excellent illustration of how the chemistry of mussel tissues (in this case, 
their fatty acid profile) supports valorization: a natural product from mussel biology 
becomes a high-value health supplement in the marketplace. The mussel’s shell is 
another component of interest. Mussel shells are composed of calcium carbonate 
(CaCO₃) crystals (a combination of calcite and aragonite forms) embedded in a matrix of 
proteins and polysaccharides. In fact, about 95% of the shell weight is CaCO₃, with only 
~5% organic material (Cinelli et al., 2020). This makes mussel shells a rich source of 
biogenic calcium carbonate. Traditionally, discarded shells from mussel farms or 
processing have been treated as waste, but increasingly they are viewed as a valuable 
by-product that can be repurposed. Crushed mussel shells can be used as a soil 
amendment or fertilizer (to neutralize acidic soil and add calcium) and as a calcium 
supplement in animal feed (for example, poultry farmers have used ground shell to 
provide laying hens with calcium for eggshell formation, analogous to oyster shell 
supplements). Ground shells have also been explored as a raw material in construction 
(cement and concrete additives) and in manufacturing biocomposites. For instance, 
recent studies have added powdered mussel shell as a filler in biodegradable plastics, 
effectively recycling aquaculture waste into new materials (Cinelli et al., 2020). The high 
purity of calcium carbonate in mussel shells means they can substitute for mined 
limestone in certain applications, which has economic and environmental appeal.  

1.3 Farming and valorization of mussels and algae for 
ecosystem restoration and sustainable food and feed 
Mussel farming offers important ecosystem services that align with marine restoration 
objectives. Through their filter-feeding activity, mussels remove suspended particles and 
phytoplankton from the water column, thereby also reducing excess nutrients such as 
nitrogen and phosphorus from the ecosystem. This process can improve water clarity, 
reduce eutrophication, and promote the recovery of seagrass beds and other benthic 
habitats (Newell, 2004). Mussel structures also provide habitat complexity, supporting 
increased biodiversity of associated fish and invertebrate communities (Petersen et al., 
2016). 

Seaweed farming similarly contributes to nutrient removal by directly absorbing 
dissolved nutrients from seawater. Additionally, seaweed cultivation offers carbon 
sequestration potential and can moderate local ocean acidification levels (Duarte et al., 
2017). Together, mussel and seaweed farming can be integrated into marine management 
strategies aimed at achieving the goals of the EU Marine Strategy Framework Directive 
and other regional restoration initiatives. 
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Globally, mussel farming has demonstrated its potential as a sustainable industry with 
both environmental and economic benefits. In Denmark, large-scale mussel farms have 
been established for nutrient bioextraction, particularly in areas affected by agricultural 
runoff, with demonstrated reductions in coastal nitrogen loads (Petersen et al., 2016). In 
New Zealand, mussel aquaculture is integrated into coastal resource management, 
contributing both to marine biodiversity enhancement and significant economic output 
through export markets (Forrest et al., 2009). 

In the broader search for sustainable aquafeed and food inputs, a wide range of 
marine species have been explored, including microalgae, thraustochytrids, fungi, 
amphipods, and jellyfish, each offering distinct advantages in protein and lipid content 
(Odabaşı et al., 2016; Khong et al., 2016; Bonfanti et al., 2018; Jaseera & Kaladharan, 2019; 
Suhaimi et al., 2024). Blue mussels represent a relatively accessible, autochthonous 
biomass source that can be harvested at comparatively low cost. Their overall simplicity 
and ecological compatibility make mussel farming a strategically valuable option, 
particularly in regions where nutrient reduction and environmental remediation are of 
high priority (Gren, 2019). 

A broad range of methodological approaches, such as amino acid profiling, digestibility 
assays, and functional bioactivity screening, are now applied across marine species to 
assess their suitability for feed and nutraceutical applications (Shahidi & Saeid, 2025). 
Positioning mussels within this comparative framework could enhance their visibility and 
industry relevance in both farming and valorization efforts (Eroldoğan et al., 2022). 

In Europe, integrated multi-trophic aquaculture (IMTA) systems are increasingly 
promoted, combining mussels, seaweed, and finfish to optimize resource use and 
minimize environmental impacts. Successful models from Norway and France illustrate 
how LTA species can contribute to diversified production systems with improved 
ecological outcomes. Recent research on aquafeed and food systems consistently 
highlights the value of low-trophic marine species, not only for their sustainability, but 
also for their role in supporting diversified and climate-resilient food systems. Mussels 
fulfill these criteria while also delivering ecosystem services, a combination not commonly 
found in other candidate species (Eroldoğan et al., 2022). 

Mussel biomass offers high-quality protein, essential fatty acids, and micronutrients, 
positioning it as a valuable contributor to future food and feed systems. Mussels have a 
low feed conversion ratio, requiring no added feed inputs, and can be harvested 
sustainably with minimal environmental footprint compared to terrestrial livestock 
(SAPEA, 2017). The nutritient density of mussel biomass has led to increased interest in 
its biochemical profiling for functional food and nutraceutical development. Recent work 
suggests that advanced molecular and chromatographic techniques are required to 
accurately quantify bioactive peptides, fatty acids, and glycogen, given their potential 
role in health-promoting formulations (Suleria et al., 2015; Eroldoğan et al., 2022). 

Beyond direct human consumption, mussel meal is increasingly explored as a 
sustainable ingredient for aquafeeds and animal feeds. Its amino acid profile and nutrient 
density make it a promising alternative to traditional fishmeal, supporting the 
development of more sustainable aquaculture and livestock industries. 

Seaweed biomass also offers potential as a feed supplement due to its mineral 
content, bioactive compounds, and capacity to improve animal gut health. Together, 
mussel and seaweed cultivation can contribute to diversified and resilient food systems, 
addressing challenges of food security and environmental sustainability. 
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1.4 Specificities of the Baltic Sea context 
The Baltic Sea is characterized by low salinity, ranging from approximately 2 to 20, from 
the inner parts to the Danish Straits (Schubert et al., 2017). This brackish environment 
limits the growth potential of marine species, including mussels. The dominant mussel 
populations consist of hybrids between Mytilus edulis and Mytilus trossulus, which show 
smaller size and slower growth compared to their counterparts in fully marine 
environments (Kautsky et al., 1990). Typical adult mussels in the Baltic Sea reach shell 
lengths of only 20–30 mm, significantly smaller than those farmed in Atlantic waters. 

The Baltic Sea has experienced decades of nutrient enrichment from agricultural 
runoff, wastewater discharge, and industrial pollution, resulting in widespread 
eutrophication (HELCOM, 2018). Mussel and seaweed farming offer promising 
approaches to mitigate these impacts through nutrient bioextraction. Mussels can 
effectively remove nitrogen and phosphorus through filtration and subsequent biomass 
harvest, providing a direct ecosystem service that aligns with regional action plans such 
as the Baltic Sea Action Plan. 

Similar nutrient-removal functions have been investigated in other marine organisms 
such as macroalgae and various filter-feeding invertebrates. However, mussels remain 
one of the few options that simultaneously provide marketable biomass and high 
nitrogen and phosphorus uptake per unit area (Jansen et al., 2019). In contrast to species 
like jellyfish or sea cucumbers, which require active harvesting and post-capture 
stabilization, mussels offer more consistent deployment, maintenance, and recovery 
(Petersen et al., 2019). 

Environmental stressors, including low salinity, seasonal temperature fluctuations, 
and varying nutrient availability, affect the physiological condition of mussels in the Baltic 
Sea. Thin shells and relatively low meat yields are common features in farmed 
populations (Lindahl, 2012). These characteristics present challenges for the economic 
viability of mussel farming, particularly when targeting traditional markets where larger, 
meatier mussels are preferred. These region-specific constraints necessitate tailored 
methodologies. Standard aquaculture processing workflows fail to recover sufficient 
biomass from small, fragile mussels, prompting the development of redesigned 
techniques grounded in marine biochemical analysis and fractionation processes 
(Bayona et al., 2022; Maar et al., 2023). 

Comparable processing challenges have been documented for other underutilized 
marine inputs such as starfish, microalgae, and crustacean shells, where fragile 
structures or low raw yields complicate mechanical and chemical conversion. Research 
in these areas increasingly turns to targeted fractionation, gentle disruption, and 
enzymatic release (Venugopal, 2021), mirroring the trajectory followed in the present 
thesis. 

Despite these constraints, Baltic Sea blue mussels remain valuable for alternative 
valorization pathways, such as nutrient recycling, feed production, and functional 
ingredient extraction. Even if mussel growth and final sizes are not optimal, farming in 
the Baltic Sea remains essential, as it is one of the few viable methods to extract legacy 
nutrients from the marine environment. Understanding and adapting farming and 
processing methods to these environmental specificities is essential for building a 
sustainable mussel industry in the region. 
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1.5 Current challenges and scientific framework:  
State-of-the-art in Baltic Sea blue mussel farming 
Low-trophic aquaculture (LTA) focuses on cultivating species at the base of the food web, 
such as bivalves and macroalgae, which require no external feed inputs and can improve 
water quality through nutrient assimilation (Petersen et al., 2014; FAO, 2020). Within this 
context, blue mussels (Mytilus edulis/trossulus hybrids) in the low-salinity Baltic Sea 
provide both key ecosystem services and a supply of biomass for processing (Kotta et al., 
2020). Their cultivation aligns with ecosystem-based management objectives by coupling 
seafood production with nutrient removal from eutrophic waters (Lindahl et al., 2005; 
Petersen et al., 2014), mitigating eutrophication while generating biomass. 

Despite this ecological potential of Baltic mussel farming (Kotta et al., 2020), 
valorization pathways for the small-sized mussels remain underdeveloped. Most existing 
efforts have emphasized nutrient removal and ecosystem service provision, with limited 
initiatives directed toward developing high-value products for human consumption or 
feed markets (Lindahl, 2012; Petersen et al., 2016). While prior studies have highlighted 
the role of Baltic Sea blue mussels in nutrient bioextraction, they fall short of addressing 
how this biomass can be systematically converted into viable food, feed, or functional 
products. 

This thesis focuses on hybrid M. edulis/trossulus mussels because of their ecological 
relevance and dominance in Baltic waters, with method development informed by 
marine metabolomics and food chemistry studies (Otles & Pire, 2001; Otles, 2011). 
The mussel valorization strategy was based on a biorefinery approach, which fractionates 
raw material into multiple product streams to maximize value and reduce waste 
(Cherubini, 2010). For Baltic blue mussels, such a strategy could yield high-protein meat 
fractions, lipid extracts, bioactive peptides, and mineral-rich shell powder, each targeting 
different market segments (Naik et al., 2019). This multi-stream use reflects a broader 
shift in marine bioproduct research from raw extraction to targeted conversion, as seen 
in work on krill, fish by-products, and microbial biomass, where innovative processing 
helps overcome biological limits and realise value (Bleakley & Hayes, 2017). 

One of the main challenges in Baltic Sea mussel farming stems from the biological 
characteristics of the mussels themselves. In the low-salinity Baltic, M. edulis/trossulus 
grows slowly, remains small (typically less than 2 cm shell length), and develops fragile 
shells. These features severely limit the applicability of conventional processing 
methods, such as depuration, mechanical shucking, and meat extraction, because those 
methods were designed for larger, oceanic mussel species (Naylor et al., 2008; Kotta 
et al., 2020). Globally, manual shelling or meat extraction machinery can achieve high 
yields from large mussels, but only about 15–20% from the small Baltic mussels, with the 
remaining biomass (mainly shell) often discarded as waste (Lindahl et al., 2005; Nielsen 
et al., 2016). As a result, existing methods fail to achieve acceptable recovery yields or 
consistent product quality when applied to the Baltic Sea populations – a technological 
mismatch that restricts the sector’s capacity to scale up, access markets, and generate 
value-added products (Maar et al., 2023). 

Furthermore, the literature reveals a distinct gap in developing zero-waste processing 
models and in the detailed biochemical profiling of Baltic Sea blue mussels for higher-value 
applications (Gren, 2019; Paper III). Research remains scarce on whole-biomass utilization 
of these mussels, for instance, on scalable techniques for protein isolation and hydrolysate 
production, on understanding seasonal variations in their biochemical composition, and 
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on incorporating micronized shell fractions into value-added products without quality 
loss (Petersen et al., 2014; Eroldoğan et al., 2022). This absence of integrated valorization 
strategies hinders the economic viability of mussel farming in the region and contributes 
to the perception of Baltic blue mussels as a low-value biomass rather than as a resource 
for premium product development. Such perceptions parallel challenges observed with 
other “orphan” marine biomasses (e.g., tunicate waste or invasive green crabs), where 
the lack of downstream valorization frameworks has similarly limited investment and 
innovation despite clear ecological and nutritional potential (Eroldoğan et al., 2022). 

Nevertheless, growing interest in low-input aquaculture and sustainable marine 
biorefinery concepts presents a timely opportunity to reposition Baltic Sea blue mussel 
farming. By targeting novel applications, including the production of protein-rich 
ingredients, functional foods, and nutraceuticals, this sector can overcome many of its 
current limitations. Valorizing mussels for direct human consumption, rather than solely 
as a means of ecosystem service delivery or low-grade feed, would significantly enhance 
the industry’s profitability and resilience. To unlock this potential, it is essential to 
develop innovative, scalable processing methods (Otles, 2011; Chen et al., 2022) tailored 
to the biological constraints of Baltic Sea mussels. The latter can support both industry 
and policy, advancing the mussel farming value chain as part of sustainable, zero-waste 
LTA systems. These efforts also directly support the ambitions of the European Green 
Deal and the Blue Growth strategy by coupling marine restoration with food system 
transformation and regional economic development. Importantly, repositioning mussel 
biomass within a marine biorefinery framework aligns with the growing recognition that 
sustainability alone does not ensure industry adoption. As shown in other marine inputs, 
scalability and commercial feasibility hinge on the ability to generate differentiated, 
higher-value end products, particularly in nutraceutical and functional food markets 
(Rustad et al., 2011). 

1.6 Research aim, hypotheses, and questions 
The overarching aim of this dissertation is to develop and optimize scalable, sustainable 
valorization pathways for small-sized Mytilus edulis/trossulus mussels cultivated in the 
low-salinity conditions of the Baltic Sea. This objective addresses two interlinked 
challenges identified in the scientific literature: 

1. The limited integration of low-trophic aquaculture biomass into circular
bioeconomy frameworks, and

2. The lack of processing techniques tailored to the biological constraints of Baltic
Sea blue mussels, including their small size, thin shells, and variable biochemical
composition.

This research was driven by the need to integrate ecological, biochemical, and 
processing perspectives to advance the blue mussel value chain in the Baltic Sea region. 
To achieve this, the thesis combines classical aquaculture approaches with modern 
processing techniques and analytical tools, such as FTIR spectroscopy, gas 
chromatography, and colorimetric assays, to explore the scope and potential of Baltic 
Sea blue mussel valorization. 
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The sub-objectives are: 

1. To explore the chemical and nutritional potential of Baltic Sea blue mussel
biomass, by conducting detailed compositional analyses.

2. To develop and optimize mussel biomass valorization pathways for human
consumption.

3. To improve processing methods for small-sized mussels.

4. To provide future perspectives for sustainable low trophic aquaculture
development in the Baltic Sea.

To guide the empirical investigations, the following research questions were formulated: 

Research Questions 

1. What are the technical and nutritional limitations of current methods for
processing Baltic Sea blue mussels, and how can novel workflows improve
biomass recovery and product quality?

2. Can a scalable processing approach based on mechanical disruption,
sedimentation, and centrifugation efficiently separate high-value organic
biomass from shell material in small mussels?

3. To what extent does whole-organism micronization facilitate zero-waste
valorization, and what are the functional and sensory characteristics of the
resulting powders?

4. Do enzymatically hydrolyzed mussel fractions support the growth of probiotic
bacteria, and how does their bioactivity vary with seasonal changes in biomass
composition?

5. How do environmental and seasonal factors affect the nutritional and functional 
suitability of Baltic Sea blue mussel biomass for food and feed applications?

Based on these questions, four central hypotheses were proposed: 

Research Hypotheses 

• H1: Mechanical slurry-based processing workflows significantly increase
biomass recovery and protein yield from small-sized Baltic Sea blue mussels
compared to traditional manual shelling methods.

• H2: Whole-biomass micronization produces fine powders (less than 63 μm) with
acceptable sensory characteristics and high nutrient density, enabling zero-
waste product development.

• H3: Enzymatic hydrolysates derived from Baltic Sea blue mussel biomass contain 
low molecular weight peptides with measurable prebiotic effects on probiotic
strains such as Lactobacillus rhamnosus and Bifidobacterium animalis, in vitro.

• H4: Seasonal physiological differences in mussels, such as post-spawning
recovery in autumn, significantly influence the biochemical composition and
valorization potential of the harvested biomass.
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Structure of the Empirical Work 
The empirical component of this dissertation is based on four peer-reviewed scientific 
publications, each targeting a specific constraint in the valorization of Baltic Sea blue 
mussel biomass. The publications follow a sequential structure that reflects the stepwise 
development of an integrated processing framework suitable for small-sized Mytilus 
edulis/trossulus mussels under low-salinity conditions. 

Each publication corresponds to one or more of the above hypotheses and addresses 
a defined stage in the valorization pathway: 

1. Publication I investigates scalable mechanical processing techniques, focusing
on sedimentation and centrifugation to recover organic biomass without the
need for manual shelling.

2. Publication II examines protein extraction efficiency and flavor improvement,
introducing citric acid treatment to reduce undesirable off-flavors and enhance
product quality.

3. Publication III evaluates the seasonal biochemical composition of mussel
biomass and explores the prebiotic potential of enzymatically hydrolyzed
fractions in vitro.

4. Publication IV assesses the feasibility of whole-biomass micronization,
converting entire mussels, including shell material, into fine powders suitable
for use in food and feed applications.

These publications are aligned with distinct case study foci and contribution areas, as 
presented in Table 1. Collectively, they establish a scalable, resource-efficient approach 
to the valorization of Baltic Sea blue mussel biomass, addressing both technological and 
functional dimensions. 

Table 1. Alignment of publications with the dissertation. 

Case Study Focus Contribution Area of the Publication Publication 

Biomass Processing 

Developing mechanical processing workflows 
tailored to Baltic Sea blue mussels, focusing on 
sedimentation and centrifugation techniques to 

improve yield and usability. 

I 

Protein Extraction 
Refining extraction protocols to increase protein 

recovery and sensory quality, including acid 
rinsing and dry matter optimization. 

II 

Bioactivity & Composition 
Evaluating seasonal impacts on biochemical 

composition and assessing prebiotic effects of 
enzymatic hydrolysates. 

III 

Whole-Biomass 
Micronization 

Developing a zero-waste processing model by 
micronizing whole mussels, including the shell, 
into functional powders suitable for food and 

feed applications. 

IV 
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TERMS 

Term Definition 
Sedimentation Separation technique using gravity to 

settle particles in a suspension 
Decantation Process of separating liquid from settled 

solids 
Micronization Mechanical process of reducing particles 

to micron scale 
Mechanical Shucking Traditional method of removing mussel 

meat from the shell 
Enzymatic Hydrolysis Use of enzymes to break down protein 

structures 
Sensory Evaluation Human panel testing for taste, smell, and 

mouthfeel 
Meat Yield Proportion of mussel mass that can be 

recovered as meat 
Glycogen Analysis Measurement of carbohydrate storage 

form in mussels 
Kjeldahl Method Standard method for measuring total 

nitrogen/protein 
Functional Food Food with health benefits beyond basic 

nutrition 
Prebiotic Activity Effect of ingredients that support the 

activity of beneficial gut bacteria 
Whole-Biomass Processing Valorization without separating meat 

from the shell 
Eutrophication Excess nutrient loading in water bodies 

leading to algal blooms 
Low Salinity Stress Growth-limiting factor in Baltic Sea blue 

mussels due to brackish conditions 
Mussel Slurry Crushed mussel biomass mixture used in 

processing 
Thermal Drying Controlled heating used to reduce 

moisture content 
Biovalorization Process of converting biomass into 

higher-value products 

Explanations of terms used in the thesis. 
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2 METHODS 

2.1 Raw materials used in tests 
All experimental trials in this study were based on Mytilus edulis/trossulus hybrids 
cultivated under low-salinity conditions of the Baltic Sea. Mussels were primarily sourced 
from two farming sites: 

1. Tagalaht Bay, Saaremaa Island, Estonia
Mussel biomass for protein and bioactive compound extraction experiments (see Papers 
I–III) was sourced from Tagalaht Bay (58.456° N, 22.054° E). Mussels were grown on 
longline structures suspended at depths of 0–3 m and harvested seasonally from 2020 
and 2022. The biomass was immediately cleaned, packed wet, and frozen at −18 °C until 
analysis. Four harvesting time points were used to capture seasonal variability. 

2. Sankt Anna Archipelago, Sweden
Biomass used for whole-mussel micronization experiments (Paper IV) was harvested 
from a low-salinity mussel farm in the central Baltic region. Mussels were frozen on-site 
and stored at −18 °C for up to 11 months prior to processing. 

In addition to mussels, barnacles growing on the shell surfaces were separately 
analyzed during flesh separation procedures to assess their impact on final biomass 
composition (Paper II). 

All laboratory reagents and solvents used in the trials were of analytical grade 
(Sigma-Aldrich, VWR, or Merck), and all analytical instruments were calibrated and 
maintained according to manufacturers’ standards and ISO requirements. 

2.2 Laboratory trials 
This study included multiple laboratory experiments aimed at optimizing the processing 
of small-sized Baltic Sea blue mussels and characterizing their biochemical, nutritional, 
and functional properties. All trials followed a systematic sequence of biomass 
pretreatment, fractionation, drying, and analysis (Figure 1). 

2.2.1 Pretreatment and mechanical processing 
Frozen mussels were thawed overnight at 4 °C, rinsed with tap water, and mechanically 
crushed using a high-speed blender. Three water-to-biomass ratios (1:2, 1:3, 1:4 w/v) 
were tested to prepare slurries with varying consistency. 

Following blending, slurries were poured into graduated cylinders and subjected to 
sedimentation trials (1, 5, and 15 minutes) to separate lighter organic matter from heavier 
shell fragments. Decanted upper fractions were retained for further centrifugation and 
drying (Figure 1). Full details of this pretreatment optimization process, including dry 
matter yields and protein recoveries, are provided in II. 

2.2.2 Centrifugation, separation, and drying 
Slurry fractions were subjected to low-speed and high-speed centrifugation. Resulting 
pellets were either: 

• Dried in a convection oven at 70 °C for 10 h (moisture less than 5%)
• Freeze-dried under vacuum at shelf temperatures ranging from −20 °C to +20 °C

for sensitive bioactive analyses.
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Moisture levels were monitored using a moisture analyzer. This step yielded dry, 
stable biomass suitable for micronization, extraction, and biochemical analysis. 

Figure 1. Schematic diagram of the meat extraction and refinement process [Paper II]. 

2.2.3 Reduction of off-flavors 
A standard solution of 0.1% citric acid (w/v) in chilled tap water was prepared fresh for 
each trial. After sedimentation and centrifugation, biomass pellets were immersed in the 
acid solution for 5 minutes with gentle stirring to ensure full contact. This was followed 
by two sequential rinses with cold tap water to remove residual acid. 
Control samples (no acid treatment) underwent identical rinsing with water only. Both 
treated and untreated samples were then oven-dried, ground to a powder, and rehydrated 
in hot water to 4% w/v concentration for sensory evaluation. 

A trained sensory panel was assembled under blind testing conditions to evaluate 
aroma and flavor characteristics of rehydrated mussel powder. Each sample was rated 
on a 5-point scale for the presence of specific off-notes: 

• 0 = not present
• 1 = very weak
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• 2 = weak
• 3 = moderate
• 4 = strong

Descriptors included: 
• Muddy/earthy
• Metallic
• Bitter
• Fishy

Panelists were also asked to indicate overall acceptability. 

2.2.4 Evaluation of prebiotic properties 
To evaluate the prebiotic potential of processed Baltic Sea blue mussel biomass, 
representative dried samples (micronized powder and centrifuged pellet) were 
subjected to controlled proteolysis using subtilisin (serine protease, 1% w/w, pH 8.0) 
under mild conditions (60 °C, 2 h). This protocol was chosen based on previous studies 
on molluscan hydrolysates (Je et al., 2007) and optimized for food-grade applications. 

Post-hydrolysis, the samples were centrifuged (10,000 × g, 10 min) to remove insoluble 
fragments, and the resulting supernatant was freeze-dried. Degree of hydrolysis (DH) was 
assessed by measuring free amino nitrogen using the OPA method (Nielsen et al., 2006). 
The average DH reached 27.4 ± 2.2%, indicating effective cleavage into low molecular 
weight peptides. 

These hydrolysates were then used for functional testing with target gut-associated 
bacteria to explore their prebiotic activity.  
To assess whether mussel hydrolysates could stimulate beneficial microbial populations, 
two well-characterized probiotic strains were selected: 

• Lactobacillus rhamnosus GG (ATCC 53103)
• Bifidobacterium animalis subsp. lactis BB-12.

These strains are widely used in clinical and food settings and serve as benchmark 
organisms for evaluating prebiotic and synbiotic potentials. In vitro growth assays were 
performed by supplementing modified MRS medium with 2% w/v of mussel hydrolysate 
as the sole nitrogen and carbon source. Bacterial growth was monitored at 600 nm over 
a 24-hour anaerobic incubation at 37 °C. 

2.2.5 Micronization of whole biomass 
Figure 2 illustrates the analytical steps and procedures involved in mussel micronization. 
Whole mussels (harvested from the Sankt Anna Archipelago and Tagalaht Bay), 
previously thawed, rinsed, dried (70 °C for 10 h), and stored under vacuum, were 
micronized using a Librixer industrial micronizer (Librixer AB, Sweden). Here, dried 
mussels were processed without prior shell separation. This equipment employs a dry, 
high-speed mechanical grinding principle based on air vortex impact, which allows gentle 
yet effective comminution of composite biological materials. 

The following rotational speeds were tested: 
• 1500 rpm (low)
• 2500 rpm (moderate)
• 4000 rpm (high).
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For each batch, approximately 200 g of dried whole mussel biomass was loaded into 
the micronization chamber. The process duration was standardized at 2 minutes, with 
temperatures kept below 40 °C to prevent heat-induced degradation. Final particle size 
was assessed using mechanical sieving (Retsch AS200) with stainless steel sieve stacks 
ranging from 500 μm to 20 μm. 

Post-micronization powders were visually inspected, sieved, and analyzed for texture, 
grittiness, and palatability. The finest particle fraction (less than 63 μm) was targeted for 
food product development and sensory evaluation. Further methodological details, 
including microbiological safety procedures and sensory testing, are available in Paper 
IV. 

Figure 2. Schematic diagram of the micronization process [Paper IV]. 
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2.2.6 Analytical methods 
Total protein was measured using the Bradford assay (Sigma-Aldrich B6916) and the 
Kjeldahl nitrogen method (ISO 937:1978). Amino acid profiles were determined via HPLC 
after acid hydrolysis (6N HCl, 110 °C, 24 h), as described in III. 

Total lipids were extracted using the Bligh and Dyer method. Fatty acids were 
methylated and analyzed by gas chromatography (Agilent 7890A, FID), focusing on EPA 
and DHA quantification (III). 
Glycogen was quantified enzymatically using commercial assay kits (Sigma MAK016) via 
glucose detection at 505 nm. 

Mussel powders were evaluated for food-grade safety by testing for: 
• Aerobic mesophilic bacteria (ISO 4833-1:2013),
• Enterobacteriaceae (ISO 21528-2:2017),
• Salmonella spp. (ISO 6579-1:2017),
• Listeria monocytogenes (ISO 11290-1:2017).

All analyses were conducted by the Estonian National Centre for Laboratory Research 
and Risk Assessment (Paper IV). 

Selected biomass fractions were enzymatically hydrolyzed using subtilisin (1% w/w) at 
60 °C for 2 hours. Their ability to stimulate the growth of Lactobacillus rhamnosus GG 
and Bifidobacterium animalis BB-12 was tested in modified MRS medium. Optical density 
was measured at 600 nm after 24 h anaerobic incubation to determine growth 
stimulation effects. Prebiotic methodology and results are detailed in Paper III. 

2.3 Statistical analysis 
All laboratory trials were conducted in biological triplicates unless otherwise stated. 
Results are expressed as means ± standard deviation. To assess the effectiveness of 
different processing optimizations (e.g., water ratios, sedimentation times, centrifugation 
conditions), one-way ANOVA was used to evaluate differences between treatment 
groups. 

Post-hoc comparisons were carried out using Tukey’s HSD test, with significance set 
at p < 0.05.  

Where appropriate, regression analysis was used to assess correlations between 
processing parameters (e.g., drying time vs. moisture content, protein yield vs. 
centrifugation speed). Details of statistical treatments for biochemical composition and 
microbiological data are included in the corresponding publications (Papers I–IV). 
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3 RESULTS  

3.1 Development of processing workflows 
The practical limitations of processing small, thin-shelled mussels such as Mytilus 
edulis/trossulus hybrids have posed a major barrier to their utilization in food and feed 
applications (Kotta et al., 2020). Unlike their Atlantic counterparts, Baltic Sea blue 
mussels rarely exceed 30 mm in shell length and have a low tissue-to-shell ratio, making 
conventional meat extraction inefficient and labor-intensive (Hedberg et al., 2018). This 
section presents the development of a low-input, scalable biomass separation method 
tailored for Baltic Sea blue mussel farming systems. 

In contrast to large-scale mussel farming operations that rely on automatic shucking 
equipment, the manual or mechanical separation of soft tissue from the shell is not 
feasible for Baltic Sea blue mussels due to their size and strong shell-tissue adhesion (III). 
Earlier research efforts (Lindahl, 2012; Petersen et al., 2016) emphasized the potential of 
Baltic Sea blue mussels for ecosystem services, but few attempts have been made to 
address the technical barriers to their processing. Hence, this thesis developed an 
alternative processing workflow based on physical fractionation principles, targeting the 
recovery of usable biomass without requiring direct shell removal. 

To address this, a two-step gravity-based separation system was developed and 
optimized. Whole mussel biomass was first mechanically disrupted using a high-speed 
blender to produce a uniform slurry. Blending was performed on thawed mussels. 
The blending time was standardized, with cooling intervals between batches to prevent 
thermal denaturation of proteins. Three water-to-biomass dilution ratios were tested. 
All slurries were homogenized and poured into glass cylinders where sedimentation trials 
were conducted. 

The bottom layer consisted of large shell fragments and heavier mineralized particles. 
The middle layer comprised suspended tissue-rich slurry, while the top layer was typically 
a light aqueous phase with minimal visible solids. Subsequently, the top two-thirds of the 
cylinder volume were gently decanted using wide-bore pipettes, taking care not to 
disturb the settled bottom fraction. The decanted material was transferred to clean 
beakers and visually assessed for homogeneity and shell particle contamination. 

The experiment showed that the choice of sedimentation time influenced both the 
efficiency and purity of the recovered fraction: 

• 1-minute settling yielded the highest slurry volume but included more shell fines.
• 5-minute settling gave the best trade-off between volume and purity.
• 15-minute settling led to denser fractions, but some organic particles were also

lost to sedimentation.

A typical decanted slurry appeared as a pale beige suspension, with minor residual grit 
but no large shell fragments. Upon standing further, this slurry could be used directly in 
feed formulations or subjected to centrifugation for concentration. Visual clarity and 
organoleptic properties of the decanted layer improved significantly at 1:3 dilution with 
5-minute settling.

This gravity-driven fractionation method was reproducible across biomass samples
from four different harvests and two geographic sources (Estonia, Sweden). Environmental 
variability (e.g., temperature, salinity) did not significantly affect sedimentation efficiency, 
although slightly more shell breakage was observed in later-season samples with thinner 
shells. 
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Notably, this approach requires only simple, non-specialized equipment and is scalable 
for use at coastal farming sites or in small processing units. Compared to filter-based 
separation (which showed clogging and protein losses of more than 40% in preliminary 
tests), gravity separation offered a cost-effective, gentle, and efficient alternative. 

This method demonstrates that simple physical principles, mechanical disruption 
followed by sedimentation, can be used to separate usable biomass from shell material 
in small mussels. It also shows that the assumption that small mussels must always be 
discarded or downcycled is unfounded and opens the door for scalable valorization 
workflows suitable for low-trophic aquaculture systems. 

3.2 Optimization of meat extraction yield 
Traditional mussel processing focuses on removing the shell the organism and 
extracting the edible tissue. However, this approach becomes infeasible with 
Mytilus edulis/trossulus hybrids in the Baltic Sea, where mussels are typically small 
(shell lengths of 20–30 mm) and exhibit a high shell-to-meat ratio, with flesh often 
strongly adherent to the inner shell surface. Manual or mechanical separation is 
labor-intensive, inconsistent, and results in poor yields. 

Here, the goal was to maximize the extraction of edible organic material through an 
alternative processing route, combining sedimentation and centrifugation. Yield was 
quantified in terms of dry matter recovery, organic purity, and protein concentration, 
with the intention of producing a concentrated biomass fraction suitable for either 
further processing or direct valorization. 

Following the sedimentation trials described in the previous section, the decanted 
biomass slurries were subjected to a centrifugation protocol. Three experimental 
variables were investigated: 

• Water-to-biomass ratio,
• Sedimentation time,
• Harvest season (spring vs. autumn) across two farming locations: Tagalaht Bay

and Sankt Anna.

The results showed that the recovery of dry matter from whole mussel biomass varied 
considerably based on sedimentation time and dilution ratio (Table 2).  

Table 2. Dry matter recovery (% ± SD) by sedimentation time and water dilution ratio [Paper II]. 

Sedimentation Time 1:2 Ratio 1:3 Ratio 1:4 Ratio 

1 min 13.5 ± 0.8 14.9 ± 0.6 13.2 ± 0.7 

5 min 15.8 ± 1.0 17.2 ± 1.1 14.6 ± 0.8 

15 min 13.0 ± 0.9 14.3 ± 0.5 14.8 ± 0.6 

The 1:3 dilution with 5-minute sedimentation provided the highest yield of 
recoverable dry matter. Lower ratios (1:2) resulted in less efficient separation due to 
higher viscosity, while 1:4 ratios produced more dilute slurries with lower pellet mass 
despite cleaner decantate. 

Prolonged sedimentation (15 min) caused loss of fine organic particles into the bottom 
shell-rich layer, reducing usable biomass. Therefore, 5 minutes emerged as the optimal 
time for balancing separation and retention. 
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Protein content per gram of dried pellet was also assessed. Mean concentrations 
ranged from 48.1 ± 2.3% to 52.7 ± 1.9% (dry weight basis), depending on season and site. 
Autumn-harvested mussels (October–November) consistently yielded higher protein 
content and total protein per mussel, likely reflecting post-spawning nutritional 
recovery. 

Notably, centrifuged pellets from spring-harvested mussels had more shell fragments 
and slightly lower protein concentration (~2–3%), suggesting thinner shells during that 
season contribute to less clean sedimentation. 

For benchmarking, 20 randomly selected mussels from each harvest batch were 
manually shucked after boiling and freezing. The meat yield was weighed and dried to 
calculate dry matter content. Across all replicates, the average yield from manual 
separation was 7.4 ± 0.9% dry matter, significantly lower than the best-performing 
sedimentation + centrifugation treatment (17.2 ± 1.1%). 

In addition, the manual process took approximately 4–5 minutes per 20 mussels, 
whereas the slurry method processed 300 g biomass in under 10 minutes, demonstrating 
a clear advantage in labor and scalability. 

Centrifuge pellets appeared as dense, slightly sticky pastes with uniform consistency 
and a light brown color. In contrast to manually extracted flesh, the processed slurry 
showed higher levels of residual calcium particles, but no large shell fragments, under 
stereomicroscopy. To address these texture-related concerns, micronization and sieving 
were employed as subsequent processing steps, enabling refinement of the final 
product’s mouthfeel and physical uniformity. 

Thus, the processing sequence, from blending through sedimentation to centrifugation, 
significantly improved biomass yield from Baltic Sea blue mussels compared to manual 
methods. The optimized parameters (1:3 w/v dilution, 5-minute sedimentation, 4500 × g 
centrifugation) delivered a reproducible and scalable approach for the efficient 
extraction of high-protein biomass, overcoming one of the most pressing limitations in 
low-trophic aquaculture in the Baltic Sea. 

3.3 Reduction of off-flavors using citric acid 
One of the practical challenges in developing food or feed products from Baltic Sea blue 
mussel biomass is the presence of off-flavors, particularly in biomass harvested during 
autumn months when organic debris and detrital matter tend to accumulate within the 
shell cavity. These off-notes, often described as “muddy,” “metallic,” or “earthy”, are 
attributed to the presence of absorbed sediments, microbial metabolites, and shell 
surface fouling organisms such as barnacles and filamentous algae. While not harmful, 
these flavors can significantly reduce consumer acceptability and limit the applications 
of mussel-based ingredients. 

Previous work on other low-trophic seafood products (e.g., oysters, macroalgae) has 
demonstrated that mild acid rinses can reduce undesirable taste profiles by solubilizing 
surface-bound compounds and neutralizing basic odorants (Forrester et al., 2002). 
Inspired by this, a short citric acid rinse protocol was tested to evaluate its efficacy in 
improving the sensory profile of fractionated mussel biomass. 

The citric acid treatment significantly reduced muddy and metallic notes (p < 0.05, 
paired t-test) while having limited effect on natural fishy aroma (Table 3). No acidic or 
sour taste was reported by the panel, indicating complete removal of citric acid and good 
taste neutrality. 
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Table 3. Mean intensity scores (± SD) of off-flavors before and after citric acid treatment (n = 6) 
[Paper II]. 

Descriptor Untreated Citric Acid Treated % Reduction 

Muddy/Earthy 3.2 ± 0.4 1.5 ± 0.3 53.1% 
Metallic 2.8 ± 0.5 1.2 ± 0.3 57.1% 
Bitter 2.0 ± 0.6 1.0 ± 0.2 50.0% 
Fishy 2.3 ± 0.5 2.0 ± 0.4 13.0% 
Overall Acceptability 2.0 ± 0.4 3.5 ± 0.3 ↑ 75.0% 

Citric acid likely acts by chelating metal ions (e.g., Fe²⁺, Mn²⁺) associated with shell or 
sediment particles, which contribute to metallic taste. It may also lower surface pH and 
neutralize basic volatile compounds (e.g., trimethylamine), thereby improving olfactory 
perception. Similar acid-rinse strategies are employed in algae and seafood processing 
to remove iodine and mineral residues (Klinmalai et al., 2021). 

Given its status as a Generally Recognized As Safe (GRAS) compound and widespread 
use in food processing, citric acid offers a cost-effective, scalable pre-treatment option 
for mussel-based ingredients, especially in whole-biomass formats where shell surface 
contaminants may influence flavor. 

The treatment requires only a basic immersion and rinsing step, with no need for 
heated water or mechanical agitation. It adds approximately 15 minutes to the overall 
processing workflow but substantially enhances sensory quality and product versatility. 
For industrial applications, treatment could be integrated into post-centrifugation rinsing 
systems without major equipment modification. Thus, citric acid pre-treatment offers a 
practical, food-safe method for reducing off-flavors in Baltic Sea blue mussel biomass, 
particularly in autumn-harvested samples. Its integration into the processing sequence 
enhances the palatability of dried or micronized mussel products (see the section below) 
and increases their suitability for use in functional food applications. 

3.4 Impact of seasonal variability on biomass quality and 
processing 
Seasonal variation plays an important role in shaping the biochemical composition and 
processing behavior of Mytilus edulis/trossulus mussels cultivated in the Baltic Sea 
(Riisgård et al., 2015). Mussels experience predictable physiological changes across the 
annual cycle, particularly in relation to reproductive status, feeding intensity, and 
environmental conditions. These changes directly influence both biomass yield and the 
quality of material recovered during processing. 

To evaluate these effects, this study compared mussels harvested in spring (April–May) 
and autumn (October–November) using the same optimized sedimentation–centrifugation 
workflow. Notable differences were observed in both the physical characteristics and 
biochemical parameters of the biomass. Mussels harvested in spring exhibited smaller 
mean shell length (21.4 ± 2.6 mm) and lower tissue mass, consistent with post-spawning 
depletion. Autumn mussels were significantly larger (25.7 ± 3.1 mm), and exhibited 
higher soft tissue fullness and more robust shell structures. 
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These physical differences translated into measurable differences in processing 
performance. Spring samples showed reduced dry matter recovery (14.8 ± 0.7% of wet 
biomass), compared to 17.2 ± 1.1% for autumn samples and a correspondingly lower 
protein concentration in the recovered pellet (46.7 ± 2.1% DW vs. 52.3 ± 1.9% DW). 
The increased yield and protein density in autumn reflect a seasonal accumulation of 
energy reserves and improved physiological condition as mussels prepare for winter. 

Shell fragility was notably higher in spring. Microscopic analysis of spring-derived slurries 
revealed greater contamination with fine calcium carbonate particles, a consequence of 
shell brittleness during the reproductive recovery phase. These fragments were more 
difficult to remove via sedimentation and occasionally migrated into the organic fraction, 
reducing visual and textural quality. By contrast, autumn-harvested mussels yielded 
cleaner organic fractions with minimal shell debris, contributing to improved product 
quality and reduced processing loss. 

These seasonal patterns have direct implications for biomass valorization strategies. 
Autumn-harvested mussels are more suitable for high-value applications such as food 
and nutraceutical powders, due to their superior composition and cleaner processing 
behavior. Spring mussels, while still usable, may require additional clarification steps or 
may be more appropriately directed toward lower-value product streams such as animal 
feed, fertilizer, or calcium-rich supplements. Table 4 summarizes the observed differences 
in shell size, dry matter recovery, protein content, and shell integrity between the two 
harvest periods: 

Table 4. Seasonal differences in biomass recovery and biochemical profile of Baltic Sea blue mussels 
(mean ± SD) [Paper III]. 

Parameter Spring Autumn 

Protein (% DW) 46.7 ± 2.1 52.3 ± 1.9 
Lipid (% DW) 6.8 ± 0.9 8.1 ± 1.0 
EPA (% total FA) 15.4 ± 1.3 18.7 ± 1.2 
DHA (% total FA) 3.1 ± 0.7 4.6 ± 0.9 
Glycogen (% DW) 2.1 ± 0.5 3.4 ± 0.6 

The findings support the recommendation that mussel farming and harvesting 
operations should be aligned with periods of optimal biomass condition. In the Baltic 
context, this means planning for late-summer or autumn harvests when biomass quality 
is highest and adjusting preprocessing parameters for spring harvests when shell fragility 
and protein depletion are more pronounced. Establishing seasonal intake specifications 
for processing facilities would further support resource efficiency and product 
standardization. 

3.5 Micronization: Rethinking mussel processing 
The conventional model of mussel processing relies heavily on the physical separation of 
meat from the shell, a practice rooted in large-scale farming of Atlantic Mytilus edulis, 
where mussels reach shell lengths of 50–70 mm. These larger mussels can be efficiently 
shucked either manually or via industrial shelling machines, making meat extraction both 
viable and economically justified. 
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In contrast, Baltic Sea Mytilus edulis/trossulus hybrids are very small and unsuitable 
for traditional shelling workflows. As shown in the previous sections, alternative 
fractionation methods offer a more efficient route to recover organic matter from 
small mussels. However, even these methods depend on partial shell removal or 
sedimentation-based discard of the inorganic fraction. 

Micronization offers a fundamentally different approach. Instead of attempting to 
separate shell and flesh, it aims to utilize the whole mussel biomass, converting the entire 
organism, including its calcium-rich shell, into a fine, uniform powder. This zero-waste 
valorization strategy aligns with circular bioeconomy principles, reduces processing time 
and energy requirements, and opens up new possibilities for developing sustainable, 
nutrient-dense food and feed ingredients. 

The degree of micronization was highly dependent on the rotational speed. Table 5 
presents the distribution of particles by size class after sieving, showing a clear shift 
toward finer fractions with increasing speed. At 4000 rpm, over 40% of the biomass was 
reduced to a particle size below 63 μm which was the target threshold for smooth texture 
and fine suspension. The 1500 rpm setting resulted in a coarser, chalky product with 
visible shell fragments, while 2500 rpm offered an acceptable intermediate grade but 
retained some grittiness. 

Table 5. Particle size distribution of micronized mussel biomass (%, w/w) [Paper IV]. 

Size Range (µm) 1500 rpm 2500 rpm 4000 rpm 

>250 31.2% 18.7% 6.4% 

125–250 39.5% 32.1% 17.9% 

63–125 22.0% 31.6% 34.1% 

<63 7.3% 17.6% 41.6% 

Micronized powders produced at high speed exhibited a pale beige color and uniform 
consistency. They were free-flowing and did not exhibit clumping under standard storage 
conditions. When suspended in hot water (4% w/v), the 4000 rpm powder formed a 
stable dispersion with minimal sedimentation after 30 minutes, unlike coarser fractions, 
which rapidly settled. 

Sensory evaluation by a trained panel (n = 6) showed a marked improvement in 
mouthfeel at higher micronization levels. The less than 63 μm powder was described as 
“smooth, creamy, with slight mineral tones” compared to “chalky” and “gritty” 
descriptors applied to 125–250 μm powders. No bitterness or shell-derived harshness 
was noted in the fine powder. 

Considering nutritional value, whole-biomass micronization preserves the complete 
profile of mussels, including: 

• High-quality protein and amino acids,
• Essential long-chain omega-3 fatty acids (EPA, DHA),
• Glycogen and micronutrients,
• Natural minerals from the shell, especially calcium and trace elements.
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Calcium content increased proportionally with shell inclusion, reaching up to 18.4% 
(on a dry weight basis) in the powder with particles less than 63 μm, suggesting potential 
applications as a functional food additive for calcium enrichment. 

The application of whole-organism micronization in mollusk processing remains rare. 
Studies by Hermund et al. (2019) explored similar methods in crustaceans, while 
seaweed-based powders have used analogous air-jet milling approaches. This study 
represents one of the first systematic attempts to micronize farmed Baltic Sea blue 
mussels for human consumption, with a focus on mouthfeel, nutritional completeness, 
and operational simplicity. 

From a sustainability standpoint, this technique removes the need for shell disposal, 
typically an environmental burden, and converts it into nutritional or textural value. 
Furthermore, it reduces water use (no depuration, no waste streams) and energy 
consumption compared to meat–shell separation and traditional boiling. 

The micronization system proved capable of processing up to 1000 kg/h of dried 
biomass at 4000 rpm under laboratory conditions. Energy consumption was recorded at 
approximately 0.4 kWh per kg biomass, significantly lower than wet-thermal shelling 
combined with drying. In industrial contexts, similar micronization systems could be 
powered by solar or biogas energy, enhancing circularity (Brandt et al., 2018). 

However, equipment costs and maintenance (abrasion of internal surfaces by shell 
particles) remain considerations for commercial adoption. Pilot-scale trials are required 
to evaluate continuous feed systems, temperature stability under load, and product 
homogeneity. 

Nevertheless, micronization offers a transformative alternative to traditional mussel 
processing, particularly well-suited to the Baltic context. By fully utilizing the whole 
organism, including the shell, it redefines the concept of waste in bivalve farming. 
The resulting powder has favorable functional, nutritional, and sensory properties, and 
the process is both scalable and resource-efficient. As interest grows in whole-biomass 
ingredients and low-impact aquaculture, micronization may provide the technological 
foundation for the next generation of mussel-based foods. 

3.6 Chemical composition of mussels 
Baltic Sea Mytilus edulis/trossulus mussels represent a highly underexplored nutritional 
resource. While environmental constraints, particularly low salinity and eutrophication, 
affect their size and shell morphology, their tissue biochemistry remains rich in essential 
nutrients, including amino acids, omega-3 fatty acids, and glycogen. This section 
summarizes the results of biochemical profiling of mussel biomass obtained through the 
optimized processing workflows described in the previous sections. 

Biomass fractions analyzed included: 
• Centrifuged pellets from sedimentation-processed slurries,
• Micronized whole mussel powders,
• Hydrolysates generated by enzymatic treatment.

Protein content, as previously established, ranged from 46% to 53% of dry matter, 
depending on season and processing method. To further assess nutritional value, amino 
acid profiles were determined for representative dried biomass samples. 
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Total amino acid content reached 42.5 ± 1.6 g/100 g DW, of which approximately 
40–45% were essential amino acids (EAAs). Table 6 summarizes average concentrations 
of major amino acids from autumn-harvested mussels (dry weight basis). 

The EAA profile closely matched FAO/WHO dietary requirements for high-quality 
animal protein. Particularly high levels of glutamic acid and aspartic acid contribute to 
umami flavor, while leucine and lysine are of interest for muscle synthesis and infant 
nutrition. No major amino acid degradation was observed during drying or micronization, 
indicating that the processing method preserves protein quality effectively. 

Table 6. Amino acid composition of processed Baltic Sea blue mussel biomass (g/100 g DW,  
mean ± SD) [Paper III]. 

Amino Acid Content (g/100 g DW) 

Glutamic acid 6.8 ± 0.4 
Aspartic acid 4.9 ± 0.3 
Leucine (EAA) 3.8 ± 0.2 
Lysine (EAA) 3.5 ± 0.3 
Arginine 3.3 ± 0.2 
Valine (EAA) 2.9 ± 0.2 
Methionine (EAA) 1.5 ± 0.1 
Histidine (EAA) 1.2 ± 0.1 
Tryptophan (EAA) 0.9 ± 0.1 
Others (sum) 13.0 ± 0.6 

Lipid content of processed mussel biomass ranged from 6.8% to 8.1% of dry weight, 
depending on the harvest season and sample fraction. Total fatty acid profiling revealed 
a consistent presence of marine long-chain polyunsaturated fatty acids (LC-PUFAs), 
particularly eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, 
C22:6n-3). The proportion of EPA averaged 18.7 ± 1.2% of total fatty acids, while DHA 
was present at 4.6 ± 0.9%. Saturated fatty acids (SFA), such as palmitic acid, accounted 
for approximately 28%, monounsaturated fatty acids (MUFAs), including oleic acid, 
contributed around 25%, and omega-6 fatty acids, such as linoleic acid, comprised 
roughly 8–10% of the total fatty acid profile. 

These figures are comparable to, or exceed, those of some commonly consumed oily 
fish, especially for EPA (Miller et al., 2014). This finding positions Baltic Sea blue mussels 
as a valuable local source of marine omega-3s, with relevance for cardiovascular and anti-
inflammatory health claims in both human food and pet nutrition sectors. 

No significant lipid oxidation was detected in the final dried or micronized products, 
as verified by peroxide value and anisidine index assays (data not shown), suggesting 
good stability under controlled storage. 

Glycogen content, important as an energy source and functional polysaccharide, was 
measured using enzymatic assays. Mean concentrations ranged from 2.6% to 3.4% of 
DW, with higher levels in autumn samples. This is consistent with the seasonal feeding 
and metabolic cycles of mussels, with glycogen accumulating after summer 
phytoplankton blooms and depleting during reproduction. 
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While lower than in high-energy mollusks such as scallops (Liu et al., 2024), this value 
still contributes to the mild sweetness and nutritional energy density of mussel biomass. 
Moreover, glycogen has potential prebiotic properties (see the section below) and may 
play a role in improving gut microbial balance when consumed regularly. 

The biochemical composition of mussels was strongly influenced by season, as shown 
in Table 7. Autumn samples consistently outperformed spring-harvested mussels in all 
nutritional categories. This reflects the post-spawning recovery and higher phytoplankton 
availability in late summer, supporting energy storage and tissue protein synthesis 
(Guillou et al., 2020). This seasonal effect must be considered when planning harvests 
for high-value applications, such as nutritional supplements, functional foods, or 
performance feeds. Spring harvests may still be suitable for bioremediation or low-grade 
feed inputs but offer reduced biochemical value. 

Table 7. Seasonal variability in mussel biochemical composition (mean ± SD, n = 3 per season) 
[Paper III]. 

Parameter Spring Autumn 

Protein (% DW) 46.7 ± 2.1 52.3 ± 1.9 

Lipid (% DW) 6.8 ± 0.9 8.1 ± 1.0 

EPA (% total FA) 15.4 ± 1.3 18.7 ± 1.2 

DHA (% total FA) 3.1 ± 0.7 4.6 ± 0.9 

Glycogen (% DW) 2.1 ± 0.5 3.4 ± 0.6 

3.7 Prebiotic potential and bioactive compounds 
While whole mussel biomass is rich in macronutrients and minerals, the biological 
availability of bioactive peptides and functional oligosaccharides is often limited by the 
structural matrix of proteins and glycogen storage forms. Enzymatic hydrolysis is a widely 
used method to enhance digestibility, release low-molecular-weight peptides, and 
potentially activate biofunctional properties such as antioxidative, immunomodulatory, 
or microbiome-modulating effects. 

Enzymatically treated blue mussel fractions, particularly those hydrolyzed with 
subtilisin (ENZ-S and ENZ-S-UF-P), had strong prebiotic activity, especially in promoting 
the growth of beneficial gut bacteria such as Bifidobacterium animalis subsp. lactis. 
The enzymatic hydrolysis significantly increased the availability of free amino acids and 
bioactive peptides, which are known to selectively stimulate probiotic bacteria. 

The ENZ-S fraction contained 42.5% total amino acids, indicating high solubility and 
protein hydrolysis efficiency. This translated into enhanced bioavailability, which is 
critical for nutritional and prebiotic applications. ENZ-S and ENZ-S-UF-P increased 
B. animalis survival by 37–40%, clearly indicating their capacity to support probiotic
growth. Simultaneously, they reduced the growth of Cutibacterium acnes (a potentially
pathogenic strain) by 12–18%, suggesting selective bioactivity of the peptides.
In contrast, the larger molecular weight retentate (ENZ-S-UF-R) showed no prebiotic
activity, highlighting that low molecular weight peptides (less than 1 kDa) are most
effective in stimulating beneficial microbes. In addition, glycogen extracted from mussel
biomass showed promise due to its structural integrity and fermentability by gut
microbiota, aiding in short-chain fatty acid (SCFA) production, which is a hallmark of
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prebiotic action. The study also confirmed that molecular size is a determining factor for 
fermentation efficiency by probiotic species. Preparations with molecular weights below 
0.7 kDa exhibited the strongest prebiotic effects. 

To assess whether mussel hydrolysates could stimulate beneficial microbial 
populations, two well-characterized probiotic strains were selected: Lactobacillus 
rhamnosus GG (ATCC 53103) and Bifidobacterium animalis subsp. lactis BB-12. Both 
strains exhibited significantly enhanced growth in the presence of mussel hydrolysates 
when compared to control medium lacking a nitrogen source. After 24 hours of incubation, 
L. rhamnosus GG achieved an optical density at 600 nm (OD₆₀₀) of 1.27 ± 0.05, while
B. lactis BB-12 reached an OD₆₀₀ of 1.09 ± 0.04, indicating robust bacterial proliferation.
This growth corresponded to approximately 80–85% of the levels observed in standard
glucose-supplemented MRS medium, suggesting a strong substrate utilization potential
of the hydrolysates. No inhibitory effects or cytotoxic responses were observed during
the experiments, further supporting the suitability of mussel-derived hydrolysates for
prebiotic applications.

These results suggest that mussel-derived peptides and residual glycogen can serve as 
fermentable substrates or growth cofactors for probiotic bacteria, contributing to gut 
microbial balance. The mechanism is likely multifactorial, involving direct utilization of 
oligosaccharides and free amino acids, release of growth-enhancing peptides with 
quorum sensing or metabolic regulation functions, and possible mineral contribution 
(e.g., Zn²⁺, Mg²⁺) supporting bacterial enzyme function. 

In this context, Baltic Sea blue mussel hydrolysates represent a regionally sourced, 
multifunctional ingredient, combining protein quality, mineral enrichment, and mild 
prebiotic function in a single matrix. Compared to plant-based prebiotics (e.g., inulin, 
GOS), mussel hydrolysates offer a protein-rich, allergen-light, and sustainably harvested 
alternative, particularly relevant for pet foods and functional snacks aimed at active or 
aging populations. 

Thus, enzymatic hydrolysis of mussel biomass enhances bioavailability and peptide 
release. Mussel hydrolysates stimulate the growth of common probiotic strains in vitro. 
The material offers potential as a marine-derived functional food ingredient, with mild 
prebiotic activity and a good safety profile. Consequently, Baltic  Sea blue mussels serve 
a dual role in ecosystem restoration and bioactive ingredient development, bridging 
marine sustainability and functional nutrition. 

3.8 Summary of processing outcomes 
The results presented in this chapter demonstrate the feasibility and performance of 
whole-biomass processing methods for Baltic Sea blue mussels, with particular emphasis 
on mechanical efficiency, recovery optimization, and final product quality. Sedimentation 
coupled with centrifugation enabled consistent recovery of high-protein fractions while 
reducing manual labor and operator-dependent variability. Compared to manual 
shucking, which processed approximately 250 g of biomass per hour, the mechanical 
slurry method achieved a 5–6-fold increase in throughput with minimal labor input, 
processing 300 g in under 10 minutes (Lee et al., 2008). 

Visual and microscopic inspection of the recovered centrifuged pellets confirmed 
effective separation, with only minimal shell residues remaining, particularly when 
optimal dilution ratios and sedimentation times were applied. Though fine calcium 
particles were observed in some fractions, especially in spring-harvested material, 
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the final pellets were uniform in consistency, neutral in odor, and suitable for further 
processing. 

Micronization emerged as a particularly significant innovation. The high-speed milling 
process produced free-flowing powders with more than 40% of particles below 63 µm, 
offering favorable rehydration and suspension properties. The resulting powders were 
rated positively in sensory testing for texture and flavor attributes, and biochemical 
analyses confirmed retention of valuable nutrients, including protein, omega-3 fatty 
acids, and calcium. Importantly, the whole-biomass approach also eliminated the need 
for shell separation, transforming what is typically considered processing waste into a 
functional component of the final product. 

Thus, these outcomes reinforce the technical viability of integrated, waste-minimizing 
processing workflows for small-sized mussels in low-salinity regions. The combined use 
of mechanical disruption, sedimentation, centrifugation, and micronization provides a 
scalable framework for the development of mussel-based functional ingredients aligned 
with circular bioeconomy goals. 
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4 DISCUSSION 
The overarching research aim was addressed by answering five interrelated research 
questions through a series of experimental investigations, each linked to specific 
hypotheses. The work contributes to both theoretical and methodological advancements 
supporting the development of a scalable and sustainable valorization model for 
small-sized Mytilus edulis/trossulus mussels in the Baltic Sea. 

RQ1 – What are the technical and nutritional limitations of current methods for 
processing Baltic Sea blue mussels, and how can novel workflows improve biomass 
recovery and product quality? 
This question was addressed by the development of a processing workflow integrating 
mechanical disruption, sedimentation, and low-speed centrifugation. The optimized 
protocol (1:3 dilution, 5-minute sedimentation, 4500 × g centrifugation) yielded up to 
17.2 ± 1.1% dry matter recovery, with protein concentrations exceeding 50% of DW, 
compared to 7.4 ± 0.9% from manual shucking. These findings confirmed H1, 
demonstrating that slurry-based processing significantly improves recovery and 
throughput, and overcomes the limitations of size and shell fragility in Baltic Sea blue 
mussels. 

RQ2 – Can a scalable processing approach effectively separate high-value biomass from 
shell waste in small mussels? 
The developed method proved reproducible and effective across seasonal and 
geographic samples. It enabled the isolation of soft tissue fractions with minimal shell 
contamination, without requiring depuration or shell–meat separation. This supports 
both H1 and the practical scalability of a low-input, site-adapted processing solution 
suitable for decentralized deployment. 

RQ3 – To what extent does whole-organism micronization facilitate zero-waste 
valorization, and what are the functional and sensory characteristics of the resulting 
powders? 
Micronization of dried mussel biomass at 4000 rpm produced powders in which more 
than 40% of particles were smaller than 63 μm, resulting in shelf-stable, free-flowing 
products. Sensory evaluation confirmed acceptable texture and mild flavor, with no 
significant off-notes. These results support H2, demonstrating that whole-biomass 
micronization is a feasible strategy for creating functional powders suitable for use in 
food and feed formulations. It also showed that including shells can boost calcium 
content and support zero-waste processing. 

RQ4 – Do enzymatically hydrolyzed mussel fractions stimulate the growth of probiotic 
bacteria, and how does their bioactivity compare across seasonal harvests? 
Hydrolysates generated via subtilisin treatment significantly stimulated growth of 
Lactobacillus rhamnosus and Bifidobacterium animalis in vitro, reaching up to 85% of the 
optical density observed in positive control (glucose-supplemented MRS). Low molecular 
weight peptides (less than 1 kDa) were particularly effective. These findings confirm H3, 
showing that Baltic Sea blue mussel biomass can serve as a marine-derived prebiotic 
source with selective microbial growth-promoting properties. 
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RQ5 – How do environmental and seasonal conditions affect the composition and 
applicability of Baltic Sea blue mussel biomass for functional food and feed 
formulations? 
Seasonal differences were pronounced. Autumn-harvested mussels showed superior 
compositional metrics: protein 52.3 ± 1.9% DW, EPA 18.7 ± 1.2%, and glycogen 
3.4 ± 0.6%, compared to lower values in spring samples. These differences translated 
into higher yields, improved pellet quality, and greater prebiotic activity. This validates 
H4, confirming that harvest timing is critical to achieving optimal biochemical and 
functional properties. 

4.1 Significance of optimized processing workflows for Baltic 
conditions 
This chapter presents biomass processing methods tailored to the physiological and 
morphological traits of Baltic Sea Mytilus edulis/trossulus mussels. Traditional bivalve 
processing technologies, designed for larger, thicker-shelled Atlantic mussels, fail to 
adapt to the realities of low-salinity aquaculture. These challenges include small 
individual size, low meat yield, fragile shell structure, and high levels of associated debris 
or fouling organisms. Industrial-scale shelling machinery, such as those employed in 
Western European mussel processors, are not economically viable or technically 
effective on mussels smaller than 30 mm in length (Uzcátegui et al., 2021), which 
comprise the vast majority of Baltic Sea farmed mussels. 

Even where flesh can be separated mechanically, the extremely high shell-to-meat 
ratio (often greater than 85%) generates large volumes of calcium-rich waste, creating 
logistical, environmental, and economic burdens. These include increased transport cost 
for low-density shell waste, limited land-based uses for crushed mussel shell, regulatory 
restrictions on marine dumping and coastal shell deposition. These limitations have 
historically undermined the development of value chains for Baltic Sea blue mussels. 
As such, continued adherence to meat–shell paradigms risks perpetuating wasteful and 
inefficient practices and failing to unlock the full ecological and economic potential of 
this underutilized biomass. 

Such constraints are not unique to the Baltic Sea blue mussels; other low-trophic 
marine resources like amphipods and small crustaceans exhibit similar biomass 
limitations, requiring delicate handling and often yielding only 15–30% usable material 
(Biandolino & Prato, 2006; Odabaşı et al., 2016). However, while crustaceans generally 
require artificial feed input and enrichment to reach suitable nutritional profiles, mussels 
can achieve high-value compositional metrics without external input, supporting their 
role in passive bioremediation and low-input aquaculture. 

In the current thesis, the gravity-based slurry separation method, followed by 
low-speed centrifugation, demonstrated a practical solution to some of these constraints. 
With dry matter yields consistently exceeding 17% of raw biomass and protein 
concentrations over 50% of DW, this method far outperforms manual shelling, which 
remains below 8% yield and is incompatible with industrial throughput [I]. These figures 
validate the proposed workflow as a scalable alternative for mussel processing in 
marginal environments where biomass quality and quantity do not support traditional 
methods. 
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This is in contrast to other unconventional protein sources like jellyfish or starfish, 
where high water content (often over 90%) and complex enzymatic degradation steps 
pose additional processing burdens (Khong et al., 2016). Mussels offer a more 
straightforward pathway to protein-rich dry matter, as shown by the more than 50% 
protein concentrations achievable without chemical defatting or concentration steps. 

Importantly, the use of non-specialized equipment, standard blenders, sedimentation 
vessels, centrifuges, make the method accessible to small-scale producers, supporting 
the decentralization of processing capacity in remote or developing aquaculture zones. 
In a broader blue economy context, this decentralization aligns with the principles of 
local circularity, minimized transportation, and co-location of value-addition infrastructure 
at or near farming sites (Velenturf & Purnell, 2021). 

Moreover, the consistent performance across harvests from two Baltic regions 
(Estonia and Sweden) suggests broad regional applicability, offering practical tools for 
policy-linked nutrient bioextraction initiatives, such as those supported by the EU Baltic 
Sea Action Plan or national agri-environmental schemes. 

Compared to other low trophic marine biomasses like amphipods, jellyfish, or sea 
cucumbers, which often require specialized collection methods or habitat management, 
Baltic Sea blue mussels provide a stable, sessile biomass that can be accessed with 
minimal ecological disturbance. For instance, amphipods like Gammarus aequicauda 
have been explored for aquafeed due to their high lipid content, yet their seasonal 
variability and benthic mobility complicate large-scale harvests (Biandolino & Prato, 
2006). Jellyfish biomass, while abundant in certain coastal areas, has high water content 
(greater than 95%) and requires significant dehydration and defatting to yield useful 
protein fractions (Khong et al., 2016). By contrast, mussels offer a naturally nutrient-dense 
composition with fewer post-harvest processing constraints. 

Whole-biomass micronization introduces a disruptive alternative. Rather than viewing 
the shell as an unavoidable contaminant or costly waste stream, this method reframes it 
as a functional component of a new product form. Shell-derived minerals, particularly 
calcium carbonate, are not only harmless but nutritionally beneficial and may act as 
textural agents, anti-caking agents, or natural supplements in food and feed formulations 
(Fritz et al., 2023). 

This mineral content significantly exceeds that of many other low-trophic marine 
species. For instance, amphipod calcium levels generally remain below 5% DW 
(Biandolino & Prato, 2006), while Baltic Sea blue mussels contain 12–18% calcium, 
depending on harvest time and shell thickness, positioning them as a superior mineral 
carrier in animal and aquafeed formulations. 

From a processing standpoint, the transformation of dried mussels into a fine, 
homogeneous powder eliminates the need for shell separation altogether. At 4000 rpm, 
more than 40% of biomass was reduced to particles less than 63 μm, with a texture and 
palatability comparable to fine cereal flours or protein powders (Dziki et al., 2024). This 
opens doors for incorporation into nutrient-dense snack products, protein blends or 
fortified baked goods, pet and aquafeed formulations where mineral supplementation is 
beneficial. 

Comparable efforts to utilize whole macroalgae or crustaceans in food systems often 
encounter barriers related to strong marine odor, heavy metals, or texture incompatibility 
(Bonfanti et al., 2018; Suhaimi et al., 2024). Mussel powders, when appropriately 
micronized, bypass many of these constraints by combining mild flavor profiles with fine 
particle size and favorable mouthfeel. 
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Further, the microbiological safety and low water activity (less than 0.3) of the 
micronized powder indicate excellent shelf-stability and potential for ambient storage, 
enhancing market flexibility (U.S. Food and Drug Administration, n.d.). 

The concept of zero-waste mussel processing, grounded in circular economy 
principles, is particularly relevant in the Baltic Sea context. Here, mussel farming serves 
dual roles: nutrient bioextraction and biomass production. Whole-biomass valorization 
ensures that environmental services are rewarded by a marketable end-product, closing 
both economic and ecological loops. 

One of the most frequently cited barriers to small-scale aquaculture is the lack of 
cost-effective downstream infrastructure. The workflow presented in this study has 
distinct advantages in this regard: 

• Low capital requirement: No need for depuration tanks, boilers, or shelling
machines.

• High throughput relative to labor: One person can process more than 2 kg per
hr with basic equipment.

• Minimal water and energy use: No boiling, minimal washing, air-drying possible
with ambient conditions.

• Compact footprint: Equipment fits in less than 10 m² workspace, suitable for
decentralized units.

Moreover, the micronization approach is modular and scalable. Full-scale systems like 
the one used in this study can process 1000 to 2000 kg/hour of dried biomass. 

Challenges remain, particularly in terms of powder standardization, shell particle edge 
sharpness in coarser grades, and market familiarity with whole-biomass shellfish 
powders. However, the benefits, high recovery, circularity, shelf-stability, and nutritional 
completeness position this method as a viable processing backbone for sustainable Baltic 
Sea mussel farming. 

To sum up, the valorization of small, low-salinity Baltic Sea blue mussels is not only 
possible, but potentially transformative when framed around the right technologies and 
value propositions. By breaking away from conventional shellfish processing assumptions 
and focusing on low-input, high-output workflows, this study lays the groundwork for 
turning ecosystem-service biomass into economically viable products. The combination 
of mechanical slurry processing, optimized protein recovery, flavor improvement, and 
whole-organism micronization provides a practical, integrated model for 21st-century 
low-trophic aquaculture. 

4.2 Health benefits of Baltic Sea blue mussels for food and 
feed applications 
The Baltic Sea Mytilus edulis/trossulus mussels offer remarkable nutritional and 
functional properties, despite their small size and environmental constraints. High-quality 
protein (46–53% DW), complete amino acid profiles, and substantial levels of omega-3 
fatty acids, particularly EPA, make them a valuable source of macronutrients (Gebauer 
et al., 2006). Moreover, their relatively low lipid content and high digestibility align with 
current recommendations for balanced, cardioprotective diets. 

Comparative studies have shown that while amphipods (Gammarus komareki) contain 
approximately 15–25% protein and minimal lipid reserves (Odabaşı et al., 2016), and 
jellyfish exhibit high moisture and limited collagen-associated protein content (Khong 
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et al., 2016), Baltic Sea blue mussels consistently exceed 45% protein with balanced lipid 
fractions enriched in EPA. This positions mussels as more nutrient-dense and functionally 
versatile among low-trophic marine bioresources. 

From a human health perspective, Baltic Sea blue mussels provide all essential amino 
acids in proportions aligned with FAO/WHO guidelines, Omega-3 LC-PUFAs, especially 
EPA, which are associated with anti-inflammatory, neuroprotective, and cardiovascular 
benefits (Monteiro et al., 2024), and functional polysaccharides (e.g., glycogen) with mild 
prebiotic effects. 

In a feed context, mussel biomass, especially in dried or micronized form, meets the 
nutrient demands of high-performance aquaculture species, domestic pets, and even 
livestock. The high protein-to-fat ratio, mineral richness (notably calcium, magnesium, 
and selenium), and absence of anti-nutritional factors (common in plant meals) give it an 
edge over soybean and fishmeal alternatives (Bjerknes et al., 2024). 

Amphipods and mysids have also gained attention as live feed alternatives due to their 
polyunsaturated fatty acid content and fast digestibility. However, their mass culture 
requires enriched diets and controlled environments (Suhaimi et al., 2024). In contrast, 
mussels accumulate EPA and DHA directly from phytoplankton without the need for 
external feed input, enabling a naturally enriched profile with up to 23% of fatty acids as 
EPA+DHA (Gebauer et al., 2006; Paper III).  

Furthermore, while thraustochytrids can achieve lipid contents of 50–70% of DW and 
high DHA concentrations, their cultivation is energy-intensive, often requiring fed 
fermentation substrates (Jaseera & Kaladharan, 2019). The ecological neutrality of 
mussels makes them a more passive contributor to low-carbon feed solutions. 

Furthermore, the prebiotic potential demonstrated in vitro adds a functional layer to 
this nutritional profile. Gut microbiota modulation, long viewed as a key determinant of 
animal health, immunity, and nutrient absorption, could become an integral argument 
for incorporating mussel hydrolysates into advanced feed formulations. 
Thus, Baltic Sea blue mussels can serve dual markets: as a novel food in protein-enriched 
products (e.g., soups, snacks, fortified pasta), and as a biofunctional feed ingredient for 
animal and aquaculture systems. 

Beyond their macronutrient profile, mussel hydrolysates offer a complex mixture of 
low molecular weight peptides and glycogen, both of which contribute to their moderate 
prebiotic activity. This mirrors recent findings from broader screenings of marine 
bioactives, where mollusk-derived hydrolysates showed promising anti-inflammatory 
and immunomodulatory effects (Shahidi & Saeid, 2025). In contrast, amphipods and 
mysids may require enrichment or microbial fermentation to reach comparable levels of 
bioactivity (Suhaimi et al., 2024), further validating mussels as an intrinsically biofunctional 
ingredient. Emerging studies have also highlighted the techno-functional properties of 
mussel-derived hydrolysates and peptides, including emulsifying capacity and gel 
formation potential (Yousefi & Abbasi, 2022). These attributes further broaden the scope 
for use in restructured seafood products, high-protein spreads, and functional bakery 
items. 

In comparison to other low-trophic marine bioresources such as seaweed, crustaceans, 
and fish by-products, Baltic Sea blue mussels exhibit a unique nutritional fingerprint 
(Table 8). While fishmeal still leads in crude protein content, mussel biomass offers a 
more balanced whole-nutrient package with significant calcium, glycogen, and bioactive 
peptide potential. Moreover, the absence of persistent organic pollutants (POPs) and 
lower heavy metal accumulation, confirmed in Baltic Sea blue mussels from both study 
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sites, further supports their use in food and feed sectors without extensive purification 
(Radlowska & Pempkowiak, 2002). 

These safety metrics are supported by the biology of Baltic Sea blue mussels: short 
lifespans (typically 12–24 months), fast growth cycles, and farming in offshore areas with 
good water exchange collectively limit the time and exposure needed for bioaccumulation. 
Furthermore, their filter-feeding on smaller plankton particles reduces trophic transfer 
risk, differentiating them from benthic scavengers or longer-lived mollusks more prone 
to pollutant buildup. 

In addition, mussel powders avoid several technical constraints typical of alternative 
biomass sources. For instance, shrimp shells and amphipod meals often contain high 
chitin levels that complicate digestibility and processing (Suhaimi et al., 2024), whereas 
thraustochytrid-based feeds, while rich in lipids, require heterotrophic cultivation and 
specialized fermentation facilities (Jaseera & Kaladharan, 2019). Mussel powders, by 
contrast, require no artificial inputs and integrate seamlessly into existing feed and food 
formulations of workflows. 

For example, macroalgae such as Ulva spp. can offer notable prebiotic potential via 
sulfated polysaccharides, but their protein content rarely exceeds 20–25% DW, and 
amino acid profiles often lack essential residues like lysine or methionine (Holdt & Kraan, 
2011). Baltic Sea blue mussels, by contrast, deliver a complete amino acid profile and 
higher protein content (more than 50% of DW), along with moderate glycogen levels that 
may offer synergistic benefits in feed formulations. 

Similarly, starfish (Asterias rubens) have been evaluated for use in feed applications, 
particularly for their mineral content and antioxidant peptides, but their bitterness and 
bioaccumulation of contaminants in some regions remain challenges for food-grade 
utilization (Eroldoğan et al., 2022). 

In terms of ecological footprint, mussels outcompete most alternatives. They require 
no feed, sequester nitrogen and phosphorus, and provide habitat complexity, delivering 
ecosystem services while generating harvestable biomass (Langdal et al., 2025). This sets 
them apart from resource-intensive fishmeal and energy-heavy shrimp shell processing, 
and from macroalgae, which often require artificial structures and intensive dewatering 
steps. 
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Table 8. Comparative nutritional and functional characteristics of Baltic Sea blue mussels and 
selected marine bioresources. 

Resource Protein 
(% DW) 

EPA+DHA (% 
of FA) 

Glycogen 
(% DW) 

Calcium 
(% DW) 

Prebiotic 
Potential 

Baltic Sea 
Blue Mussels 46–53 20–23 2.6–3.4 12–18 Moderate 

Fishmeal 
(Tacon & 
Metian, 2008) 

60–70 25–30 <1 <2 Low 

Shrimp Shells 
(Younes & 
Rinaudo, 
2015) 

15–25 Trace - 20–25 Low–
Moderate 

Brown 
Seaweed 
(Holdt & 
Kraan, 2011) 

10–25 Negligible <5 5–10 High (via 
alginates) 

Compared to conventional protein inputs such as fishmeal and soymeal, Baltic Sea 
blue mussels offer a substantially lower ecological footprint. Fishmeal production, while 
nutritionally rich in protein and long-chain omega-3 fatty acids (LC-PUFAs), relies on wild-
caught forage fish, often resulting in high bycatch and energy-intensive rendering 
processes (Tacon & Metian, 2008). Soymeal, though plant-based, contributes to land-use 
change, deforestation, and freshwater depletion, factors under growing scrutiny in 
aquafeed sustainability assessments (FAO, 2022). In contrast, mussels require no feed, 
freshwater, or arable land, and actively remove excess nutrients from marine ecosystems. 
This results in a 60–80% lower feed-conversion footprint and positions mussels as a 
superior choice for low-impact protein sourcing within circular food system frameworks. 

The potential of Baltic Sea blue mussels in functional food development lies not just 
in their nutrient density, but in their techno-functionality, versatility, and environmentally 
sustainable nature. From a formulation perspective, dried mussel powder or hydrolysate 
can be incorporated into high-protein snacks, savory spreads, or broths; used as a 
protein-rich binder in fish patties, burgers, or seafood mixes; and combined with 
fiber-rich ingredients such as oats or barley to create “complete” meal components. 

From a health-positioning perspective, such products could carry claims related to 
high protein content, natural marine omega-3, calcium and selenium sources, and 
potentially gut microbiome support (pending further validation). 

From a marketing perspective, Baltic Sea blue mussels offer a compelling narrative of 
local, sustainable, low-impact aquaculture; alignment with circular economy principles 
through zero-waste practices; and contributions to water quality improvement and 
ecosystem restoration. These attributes strongly align with growing consumer demand 
for climate-smart proteins and may appeal to flexitarian, pescatarian, and health-conscious 
segments. 

However, integrating mussels into functional foods will require further R&D to address 
issues such as the bitterness of hydrolysates (requiring taste masking), standardization 
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of sensory properties, compliance with regulatory requirements and allergen labeling, 
and the need for consumer education and acceptance of novel marine ingredients. 

Perhaps most importantly, Baltic Sea blue mussels offer a convergence point for 
nutritional innovation and environmental stewardship. Few biomass sources provide 
high-quality protein and omega-3s, require no inputs, remove nutrients from eutrophic 
waters, and offer bioactive and functional food potential. 

This thesis shows that even small, thin-shelled mussels from low-salinity waters can 
meet the thresholds for nutritionally relevant, biofunctionally active, and sensorially 
acceptable ingredients. By valorizing them fully, we can convert ecological service 
providers into valuable contributors to sustainable food systems, supporting regional 
food security, aquaculture diversification, and the circular bioeconomy. 

4.3 Contribution to low trophic aquaculture value chain development 
Eutrophication remains one of the Baltic Sea’s most persistent environmental challenges, 
with legacy nutrient loads continuing to drive hypoxia, algal blooms, and biodiversity loss 
(Andersen et al., 2017). Mitigation strategies have largely focused on terrestrial nutrient 
reduction, but in-sea solutions are increasingly recognized as essential. Mussel farming 
presents a biological nutrient removal strategy, wherein bivalves assimilate dissolved 
nitrogen and phosphorus into shell and tissue biomass that can be harvested and 
removed from the marine system (Kotta et al., 2020). 

Data from this study and prior research (Kotta et al., 2020) confirm that Baltic Sea blue 
mussels efficiently filter large volumes of phytoplankton-rich water. Estimates suggest 
that one tonne of mussel biomass removes approximately 7–10 kg of nitrogen and 
1–1.5 kg of phosphorus (Kotta et al., 2020), depending on age and nutrient saturation 
levels. When scaled appropriately, mussel farming can therefore contribute quantitatively 
to HELCOM nutrient reduction targets. 

In this framework, mussels serve both as a bioextractive species and as a feedstock 
for valorization, creating economic incentives for farmers to engage in water-quality 
improvement. The challenge is not biological feasibility, but economic integration, i.e., 
ensuring that mussels grown for ecosystem services can be processed into marketable 
products (Filipelli et al., 2020). 

• Baltic Sea blue mussel farming also offers a foundational component for IMTA
systems, wherein species from different trophic levels are co-cultivated to
mimic ecological balance and recycle nutrients. In higher-salinity regions,
mussels are co-farmed with salmon, seaweed, or crustaceans. In the Baltic
context, where fish farming is limited, more creative combinations are needed
(Buck & Buchholz, 2004).

Conceptually viable Baltic IMTA systems could include: 
• Mussels + Seaweed (e.g., Ulva or Fucus): Mussels provide biofiltration;

macroalgae absorb residual nutrients.
• Mussels + Sediment-dwelling species: Harvestable deposit feeders (e.g.,

polychaetes) under longlines could utilize biodeposits.
• Mussels + Offshore Wind Infrastructure: Co-location on wind turbine foundations

provides structural support and access to space-limited areas.

Pilot IMTA projects in Estonia, Germany, and Denmark (Horizon OLAMUR, n.d.) 
demonstrate technical feasibility. However, further trials are needed to assess 
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compatibility of farming regimes, harvesting logistics, and combined product streams. 
Mussels offer a low-risk entry point for IMTA due to their resilience, autonomous 
feeding, and known environmental benefits. 

• Perhaps the most significant enabler for sustainable mussel value chain
development in the Baltic is the suite of processing and valorization techniques
demonstrated in this dissertation. By transitioning from meat–shell separation
toward whole-biomass processing and micronization, mussel biomass can be
converted into functional powders, hydrolysates, and feed ingredients with
minimal waste (Uzcátegui et al., 2021).

This zero-waste, low-energy approach unlocks a number of cascading benefits: 
• Reduction of shell disposal costs, historically a logistical and environmental

burden (Topić Popović et al., 2023)
• Higher economic return per tonne of biomass, even for smaller mussels
• Compatibility with decentralized, low-cost processing units, increasing regional

resilience.

This model creates value from a biomass stream that was previously regarded as a 
side-product of nutrient removal. By integrating ecosystem services, scalable harvesting, 
and modular processing, mussel farming in the Baltic can serve as a cornerstone of  
low-trophic aquaculture economies, aligned with EU Blue Growth and Farm to Fork goals. 

4.4 Product design and marketing developments 
The successful valorization of Baltic Sea blue mussels depends not only on biomass 
processing and biochemical richness, but also on the creation of viable end-products 
that meet market expectations, regulatory frameworks, and sustainability criteria. 
As demonstrated in this thesis, whole-biomass processing methods such as micronization 
and hydrolysis allow for the transformation of low-yield, small-sized mussels into 
high-value functional powders and extracts. These materials can serve as inputs for a 
variety of products in both food and feed sectors. 

Mussels processed into fine powders (less than 63 μm) or enzymatically hydrolyzed 
into protein-rich extracts offer multiple advantages as functional food ingredients: 

• Nutrient density: High-quality protein, marine omega-3s (especially EPA),
selenium, iodine, and calcium.

• Natural umami compounds: Glutamic acid and nucleotides contribute to flavor
enhancement in broths, sauces, and savory snacks.

• Techno-functionality: Water-binding, emulsification, and gelling properties
make mussel powders suitable for texture improvement in mixed formulations
(Yousefi & Abbasi, 2022).

Conceptual applications include: 
• High-protein pasta, crackers, or flatbreads (e.g., 5–10% inclusion)
• Fortified soups and bouillons with marine flavor and calcium boost
• Protein-enriched sports nutrition blends (e.g., in combination with algae or pea

protein)
• Marine “superfood” seasoning blends or table condiments.
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Sensory evaluation showed that well-micronized mussel powders have neutral to 
mildly marine aroma and a pleasant mouthfeel when rehydrated. With minimal masking, 
they are acceptable to health-conscious consumers seeking sustainable animal protein 
alternatives. 

However, despite the favorable sensory profile, consumer familiarity with marine-based 
powders remains limited. Strategies such as culinary integration into familiar dishes (e.g., 
soups, sauces, crackers) and evidence-based sensory education highlighting health and 
sustainability benefits may improve acceptability and perception among hesitant 
segments (Michel et al., 2021). 

Importantly, mussel powder and hydrolysate are suitable for flexitarian, pescatarian, 
and religious dietary patterns (e.g., Halal if slaughter protocols are adapted), widening 
their market potential. 

The concentration of essential micronutrients and bioactive peptides in mussel 
biomass opens opportunities in the nutraceutical and dietary supplement sector. 
Compared to fish oil capsules or krill-based supplements, mussels provide: 

• A food-grade, whole-organism source of omega-3s (especially EPA)
• Naturally occurring taurine, arginine, and histidine which are important for

cardiovascular and cognitive health (Santulli et al., 2023)
• Enzymatic hydrolysates that may support immune function, inflammation

modulation, or gut microbiota balance (Jiang et al., 2024).

Candidate nutraceutical formats include: 
• Marine protein capsules or tablets (freeze-dried hydrolysate)
• Powder sachets for mixing into beverages
• Soft chews or “functional snacks” rich in omega-3 and minerals
• Joint health blends combining mussel peptides and glucosamine.

Moreover, recent findings suggest that peptides derived from mussel hydrolysates 
exhibit promising techno-functional properties. These include water-binding, emulsifying, 
and gel-forming capacities that are useful in the formulation of restructured seafood, 
plant-based protein blends, and high-protein bakery applications (Yousefi & Abbasi, 
2022). Such attributes enhance the versatility of mussel-based ingredients across diverse 
product categories. 

While green-lipped mussel extracts from Perna canaliculus dominate the current 
mollusk-based supplement market (Miller et al., 2023), Baltic Sea blue mussels represent 
a regional, scalable, and potentially lower-cost alternative, provided that bioactivity is 
validated through human trials. 

Development of such products requires standardized extraction protocols (e.g., for 
protein, lipid, or peptide fractions), accurate nutrient composition labeling verified using 
ISO methods, shelf-stable and taste-masked formulations, and alignment with EFSA 
health claim regulations or national equivalents. Efforts to integrate mussel powders into 
familiar culinary matrices, such as soups, sauces, or grain-based products, may ease 
consumer acceptance. Sensory education campaigns that highlight the product’s marine 
origin and health benefits could further enhance palatability and uptake. 

While mussel biomass is not traditionally considered a prebiotic source, emerging 
evidence from marine bioresources supports their potential. Enzymatic hydrolysates from 
fish skin collagen, oyster proteins, and shrimp shells have shown microbiome-supportive 
activity (Wang et al., 2019). Glycogen and chitooligosaccharides from shellfish by-products 
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have demonstrated bifidogenic effects in vitro (Liu et al., 2023). Additionally, specific 
marine peptides may modulate mucosal immunity and barrier function in the gut. 

Although these findings are promising, several limitations must be acknowledged. 
The mechanism of prebiotic action is not yet fully characterized, and future studies 
should include short-chain fatty acid (SCFA) production assays and 16S rRNA-based 
microbiome analyses (Cunningham et al., 2021). Hydrolysis protocols may require 
optimization for taste masking and industrial scale-up, as peptide-rich hydrolysates can 
have bitter off-notes. Furthermore, regulatory frameworks for health claims on marine 
prebiotics remain underdeveloped in many markets. Nonetheless, the study confirms 
that processed Baltic Sea blue mussels are not only nutrient-dense but also 
biofunctionally active, with relevance to both gut health and broader physiological 
regulation. 

Animal feed remains one of the most immediately scalable and economically viable 
outlets for processed mussel biomass. Micronized whole mussel powder offers high-quality 
protein (45–50% dry weight) with a complete amino acid profile, a naturally balanced 
mineral content, especially calcium and phosphorus, and functional lipids and minor 
nutrients that support immune function and gut health. 

Applications across sectors include aquafeeds, where mussel meal serves as a palatable 
and digestible ingredient for carnivorous species such as salmonids and seabream; pet 
foods, where mussel powder adds value as a marine protein source in dog and cat diets 
through its omega-3 content and natural calcium; and poultry and pig feeds, where 
inclusion rates of up to 5% have been tested in trials (Van der Spiegel et al., 2013) with 
no adverse effects. 

Compared to conventional fishmeal, mussel powder offers a more sustainable, non-fed 
source, with lower trophic conversion losses and minimal contaminants. It is also more 
culturally acceptable in markets sensitive to overfishing or wild capture impacts. 

Key barriers to broader use of mussel-based ingredients include the need for 
standardization of particle size and moisture content to ensure consistent product 
quality, achieving cost parity with conventional feed protein sources such as soybean and 
fishmeal, and optimizing digestibility and palatability within species-specific formulations. 
However, for niche markets, premium pet food, organic aquaculture, and sustainable 
livestock brands, Baltic Sea blue mussel meal can offer clear differentiation. 

Shells make up over 70% of total mussel biomass by weight, particularly in smaller 
individuals. Traditionally viewed as a waste stream, shell material can be upcycled into 
multiple valuable forms, including fine calcium carbonate powders for food fortification 
(such as in bakery or baby food), pH buffers for use in aquaculture and agriculture (e.g., 
pond liming and soil amendment), natural abrasive agents in cosmetics or cleaning 
products, and bioceramic precursors for applications like bone scaffolds or biomedical 
fillers (Owuamanam & Cree, 2020). 

In the thesis, the use of whole-biomass micronization sidestepped the need for shell 
disposal entirely. Instead, finely ground shell became a natural part of the powder matrix, 
contributing both to mineral value and techno-functional properties (e.g., anti-caking, 
structural integrity in pressed forms). 

Successful commercial valorization of shell material requires precise control of 
granulometry, particularly for food applications, where particle size must be below 50 µm, 
along with thorough purity assessments to ensure the absence of heavy metals and 
toxins, and formal registration as a food or feed additive under EU or Codex standards. 
This represents a promising area for industrial ecology integration, turning a costly waste 
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problem into a scalable material stream, especially when paired with renewable energy 
drying and grinding systems. 

The above demonstrates that processed Baltic Sea blue mussel biomass can serve as 
a versatile input across a range of product categories, including functional human foods, 
nutraceuticals and supplements, premium animal and aquafeeds, and bio-based 
materials derived from shell. Product development will depend on market-specific 
strategies, optimization of taste and texture, and regulatory alignment. With the right 
partnerships, these innovations can position Baltic Sea blue mussels as a flagship species 
in low-trophic aquaculture valorization. 

4.5 Economic horizons in mussel aquaculture and 
valorization 
The future economic viability of mussel aquaculture in the Baltic Sea lies in shifting from 
volume-based production models toward high-value, service-integrated valorization 
strategies. Due to biophysical constraints such as low salinity and short growing seasons, 
Baltic Mytilus edulis/trossulus hybrids reach marketable size slowly and remain small 
(Kautsky et al., 1990; Westerbom et al., 2002), making them suboptimal for traditional 
half-shell markets. However, their ecological role and biochemical makeup, together 
with innovative processing, make Baltic mussels a strong option for bioeconomic models 
that focus on multifunctionality, circular use, and ecosystem services (Petersen et al., 
2019; Maar et al., 2023). 

Nutrient bioextraction represents a foundational economic service delivered by 
mussels. Filter-feeding mussels incorporate nitrogen and phosphorus into biomass, 
and harvesting them removes these nutrients from the marine system. Empirical work 
from Swedish coastal farms demonstrated that one tonne of mussel biomass can 
extract 6.6 kg nitrogen and 0.6 kg phosphorus (Lindahl et al., 2005), with potential 
cost-effectiveness ranging between €22–36 per kg N removed, depending on farm design 
and harvest timing (Stadmark & Conley, 2011; Petersen et al., 2016). These figures are 
competitive with, or even lower than, engineered nutrient abatement methods such as 
wetland restoration or advanced wastewater treatment (Gren et al., 2009), and can 
become economically viable if integrated into nutrient trading schemes or marine spatial 
planning frameworks. 

In terms of product valorization, small-sized Baltic mussels have limited direct 
consumer appeal but exhibit significant potential when processed into fractionated or 
whole-biomass products. The micronization techniques developed in this dissertation 
reflect a broader movement in marine biomass utilization: the transformation of 
low-grade biomass into functional powders, hydrolysates, or extracts for the food, feed, 
and health sectors (Bleakley & Hayes, 2017; Eroldoğan et al., 2022). These pathways 
enable entry into higher-margin markets such as aquafeeds, pet foods, and nutraceuticals 
– markets increasingly seeking omega-3-rich, sustainable marine proteins (Rustad et al.,
2011; Shahidi & Ambigaipalan, 2015).

Baltic mussels contain favorable nutrient profiles, including more than 50% protein 
(DW), high levels of EPA and DHA, and bioavailable minerals such as iron and selenium 
(Paper III; King et al., 1990). These characteristics are comparable to, and in some cases 
superior to, commercial finfish and shellfish meal inputs (Tacon et al., 2009; Tigchelaar 
et al., 2022). When combined with their lack of reliance on feed inputs, the feed 
conversion efficiency and lifecycle emissions of mussel biomass are significantly lower 
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than terrestrial animal protein sources (SAPEA, 2017; Tsakiridis et al., 2020). As such, 
Baltic mussels are especially well-positioned for use in sustainable aquafeed formulations, 
where partial substitution of fishmeal or soybean meal is economically and 
environmentally desirable (Iribarren et al., 2011). 

Valorization also extends to mussel shells, which are rich in biogenic CaCO₃ (more than 
95%) and suitable for use in agriculture, construction, or polymer biocomposites (Cinelli 
et al., 2020). Shell reuse both offsets waste disposal costs and adds economic value 
through co-product development. For instance, recent studies show that substituting 
mussel shell powder into polylactic acid (PLA) composites can enhance mechanical 
strength while reducing environmental footprint (Cinelli et al., 2020; Arockiam, 2023). 
This type of upcycling exemplifies the circular economy logic increasingly applied in 
aquaculture systems. 

When bundled into IMTA systems, mussels can contribute synergistically to 
environmental and economic performance. For example, in IMTA configurations 
combining fish, mussels, and macroalgae, mussels provide nutrient remediation while 
simultaneously generating biomass for feed or food use (Troell et al., 2009; Chopin, 
2016). Such systems are under active development in Nordic countries, with techno-
economic models suggesting that including low-trophic species improves farm resilience, 
revenue diversification, and public acceptability (Luthman et al., 2021; Kotta et al., 2023). 

Despite these promising avenues, the economic scaling of Baltic Sea mussel farming 
remains hindered by infrastructural gaps, limited consumer awareness, and the absence 
of region-specific policy incentives. However, as shown by market success in the 
green-lipped mussel (Perna canaliculus) sector in New Zealand, where lipid extracts 
command premium prices as joint-health supplements, small mussels with bioactive 
potential can anchor niche, yet profitable, industries (McPhee et al., 2007; Wakimoto 
et al., 2011). The key lies in generating scientifically validated, differentiated products 
supported by robust processing technologies and clear health or environmental claims. 

In conclusion, the economic horizon of mussel farming in the Baltic Sea depends not 
on scaling biomass volume but on scaling value. This requires simultaneous investment 
in processing innovation, ecological accounting, and market development. Valorization 
pathways based on functional ingredients, circular co-products, and nutrient offset 
services, as demonstrated in this thesis, can reposition Baltic mussels as a keystone 
resource in the transition to climate-smart aquaculture and regional bioeconomies. 

4.6 Missing knowledge and future research needs 
While this thesis demonstrates clear technical feasibility and strong nutritional potential 
for Baltic Sea blue mussel valorization, several knowledge gaps remain. Addressing these 
will be important to move from proof-of-concept to commercially viable, policy-aligned, 
and socially accepted low-trophic aquaculture systems. 

Laboratory and pilot-scale processing workflows, such as mechanical blending, 
sedimentation-centrifugation, enzymatic hydrolysis, and micronization, showed excellent 
performance at volumes up to several kilograms per day. However, industrial scaling 
poses unresolved questions: 

• Throughput consistency: Equipment must handle biomass with variable water
content, shell integrity, and fouling organisms.

• Energy optimization: Drying and grinding at scale may become energy-intensive
unless integrated with renewable energy or waste heat.
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• Process standardization: To ensure food- or feed-grade quality, parameters such
as drying temperature, particle size, and microbial safety must be rigorously
controlled.

• Modularity: Systems suitable for on-site, decentralized processing (e.g., coastal
farms or small cooperatives) need to be designed for low maintenance and
mobility.

Pilot plants, either stand-alone or embedded in biorefineries, should be developed 
and tested under realistic operational conditions. Such initiatives would benefit from EU 
co-financing schemes like Horizon Europe, the Blue Bioeconomy ERA-NET, or regional 
innovation funds. 

Moreover, the novel status of processed mussel biomass, particularly whole-biomass 
powders and hydrolysates, raises important regulatory questions that must be addressed 
early in commercialization. 

For food applications, issues include: 
• Whether whole mussel powder qualifies as a novel food under EU Regulation

(EU) 2015/2283.
• Permissible health claims related to protein, omega-3, calcium, or prebiotic

effects.
• Labelling requirements for allergen warnings, nutritional composition, and

processing methods.

For feed applications, producers must: 
• Comply with Regulation (EC) No. 767/2009 on feed marketing.
• Ensure safe levels of heavy metals, dioxins, and microbial contaminants.
• Establish digestibility and performance data for target species.

Shell-derived calcium products may also fall under feed additive regulation, requiring 
dossier submission for approval (EFSA Guidance on Feed Additives, 2021). Collaboration 
with regulatory agencies, standardization bodies (e.g., ISO, Codex), and sectoral trade 
associations is critical to define safe, legal, and accepted pathways for Baltic Sea blue 
mussel-based products. 

Consumer perception also plays an important role in the success of novel aquaculture-
derived food products. Although mussels are widely consumed in many European 
countries, products made from micronized mussel biomass, shell-inclusive powders, or 
hydrolysates are unfamiliar and may face skepticism. 

Key questions include: 
• How do consumers perceive the flavor, texture, and appearance of mussel-based

functional ingredients?
• Are environmental benefits (e.g., water purification, low carbon footprint)

compelling enough to offset unfamiliarity?
• What communication strategies (eco-labeling, story-based branding,

endorsements) are most effective?

Initial sensory testing indicates high acceptability under controlled conditions, but 
quantitative consumer research, such as conjoint analysis or acceptance surveys across 
target groups (e.g., flexitarians, athletes, pet owners), is required to inform product 
development and marketing. 
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Importantly, despite the strong sustainability narrative of mussel farming, robust 
life-cycle assessments (LCAs) are still needed to quantify the actual environmental impacts 
and benefits of various valorization pathways. LCAs should compare whole-biomass 
utilization versus traditional shucking, assess different drying and processing methods 
such as freeze-drying versus convection drying, evaluate alternative end uses including 
food, feed, fertilizer, and bioplastic fillers, and consider co-location strategies such as 
integrating mussel farming with wind farms. In addition, valorized mussel biomass could 
eventually qualify for carbon or nitrogen credits under emerging nutrient trading 
schemes, especially when integrated with verified LCA protocols 

Functional units should include both nutrient removal (g N/P) and nutritional value 
delivered (e.g., g protein, g EPA) to reflect the dual role of mussels as ecosystem 
engineers and nutrient sources (Spångberg et al., 2013). Such studies can inform policy 
incentives, eco-labelling schemes, and carbon/nitrogen offset markets, enabling mussel 
products to compete not only on nutrition and taste but also on verified environmental 
performance. 

To enable widespread adoption of Baltic Sea blue mussel valorization, coordinated 
research is needed in four key areas: technical upscaling of processing solutions to ensure 
consistency and cost-efficiency; regulatory clarity regarding product categories and 
permissible claims; insights into consumer behavior to guide product development and 
communication strategies; and comprehensive environmental assessments to quantify 
sustainability impacts and potential trade-offs. These research efforts must be 
interdisciplinary, combining marine science, food technology, social science, and policy 
expertise to build an integrated Baltic Sea blue mussel innovation ecosystem. 
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5 CONCLUSIONS 
This doctoral thesis investigated and developed valorization pathways for small-sized 
Baltic Sea blue mussels (Mytilus edulis/trossulus), with the aim of enhancing the 
economic viability of low trophic aquaculture (LTA) in low-salinity environments. A range 
of processing methods, biochemical analyses, and functional assessments were employed 
to optimize the use of whole mussel biomass for food and nutraceutical applications.  
The findings contribute to sustainable aquaculture practices by advancing zero-waste 
processing approaches and unlocking the nutritional and functional potential of this 
underutilized marine resource. 

The overarching aim was addressed through four specific objectives, each of which 
was fulfilled through experimental trials and methodological innovations. 

Objective 1: Develop and optimize mussel biomass valorization pathways for human 
consumption. 
The research established novel workflows based on whole-biomass fractionation and 
micronization. These methods eliminated the need for manual shell–meat separation 
and yielded shelf-stable powders suitable for food and functional ingredient applications. 
The fine fraction (less than 63 μm) exhibited favorable textural, sensory, and compositional 
properties, supporting its use as a base for protein- and calcium-rich formulations. 

Objective 2: Improve processing methods for small-sized mussels. 
A scalable processing workflow was developed by integrating mechanical blending, 
sedimentation (optimal at 5 minutes), and low-speed centrifugation (4500 × g). 
Compared to manual shucking, which achieved only 7.4 ± 0.9% dry yield, the new 
approach reached up to 17.2 ± 1.1% dry matter recovery and protein concentrations 
exceeding 50% of DW, representing a five- to six-fold improvement in throughput. 
Additionally, micronization at 4000 rpm yielded more than 40% of particles smaller than 
63 µm, enabling whole-biomass utilization while eliminating the need for shell removal. 

Objective 3: Explore the chemical and nutritional potential of mussel biomass. 
Compositional analysis revealed protein content ranging from 46.7 ± 2.1% to 52.3 ± 1.9% 
DW, lipid levels of 6.8–8.1% DW, and high-value marine omega-3 fatty acids, including 
EPA (18.7 ± 1.2%) and DHA (4.6 ± 0.9%) of total fatty acids. Glycogen content was higher 
in autumn (3.4 ± 0.6%) versus spring (2.1 ± 0.5%), and enzymatically hydrolyzed fractions 
supported up to 85% growth performance of probiotic strains compared to MRS controls. 
Seasonal variation strongly affected both yield and biochemical quality, confirming 
autumn-harvested mussels as superior for food-grade valorization. 

Objective 4: Provide future perspectives for sustainable LTA development in the Baltic 
Sea. 
The study identified multiple opportunities for product innovation and environmental 
services. Prebiotic potential was demonstrated through enhanced growth of probiotic 
strains when cultivated on mussel-derived hydrolysates. Whole-biomass processing 
offers a circular model for aquaculture waste minimization, while contributing to 
eutrophication mitigation and resource-efficient protein production. Valorization of shell 
material adds value in the form of dietary calcium or feed minerals. 
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Taken together, the findings confirm that whole-biomass processing of Baltic Sea blue 
mussels is not only technically feasible but aligned with emerging sustainability and 
circular economy goals. The methods and results presented here contribute both 
practical workflows for near-term industry application and a foundation for further 
research into functional and bioactive properties of low-trophic marine species. 

Table 9 summarizes the transition of the Baltic Sea mussel sector from its initial state 
to the practical and scientific advancements achieved in this doctoral work, showing how 
key challenges were addressed through experiments, new methods, and concepts that 
enable sustainable, zero-waste processing and strengthen low-trophic aquaculture in the 
Baltic Sea. 

Table 9. Progress from initial state to achieved outcomes. 

Area / Challenge Initial state (before 
research) 

What was done / solved in this 
work 

Baltic mussel size and salinity Small-sized mussels 
(Mytilus edulis/trossulus 
hybrids) from low-salinity 
Baltic waters; existing 
processing methods 
optimized for larger, 
ocean-grown mussels. 

Developed workflows adapted 
to low-salinity, small mussels, 
designed to sustain product 
quality and yield. 

Manual shelling inefficiency Manual shelling yields 
only 15–20% edible 
biomass; high labor cost; 
large shell waste stream. 

Introduced mechanical crushing 
+ sedimentation separation →
5–6× higher edible biomass 
yield, >50% protein dry weight,
minimal shell contamination.

Seasonal variation Unknown optimal harvest 
season for nutritional 
value and processing 
efficiency. 

Analysed seasonal composition 
→ identified spring/autumn 
peaks for specific applications;
validated harvesting strategies.

Shell waste problem Shell considered waste, 
requiring disposal; lost 
mineral content. 

Integrated shell fraction into 
products via micronization → 
zero-waste concept with added 
CaCO₃ value. 

Protein utilisation Lack of data on protein 
yield and quality from 
small Baltic mussels; no 
scalable extraction 
process. 

Developed scalable workflows 
for meat recovery, protein 
isolation, and hydrolysate 
production; characterised 
amino acid profile and 
functional properties. 

Industry adoption barrier No practical, scalable 
model linking mussel 
farming with processing 
for low-trophic 
aquaculture in Baltic 
region. 

Designed and demonstrated a 
biorefinery concept aligning 
with policy goals, sustainability 
targets, and industry needs. 
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Scientific knowledge gap Limited literature on 
Baltic mussel biomass 
valorization and 
biorefinery approach. 

Produced four peer-reviewed 
articles with first-author 
leadership, demonstrating 
scalable processing of low-
salinity Baltic mussels through 
mechanical separation, seasonal 
optimisation, protein recovery, 
and shell valorization within a 
zero-waste biorefinery concept. 

Outlook 
In conclusion, this work demonstrates that small-sized Baltic Sea blue mussels, often 
viewed as a by-product of ecosystem services, can be transformed into a valuable 
bioresource for food and functional ingredient production. The approach developed here 
enables scalable processing, nutrient recovery, and zero-waste utilization. Future 
research should focus on scaling pilot technologies, conducting consumer acceptance 
studies, and evaluating the life cycle benefits of mussel-based products. With appropriate 
investment and regulatory alignment, Baltic Sea blue mussel valorization has the potential 
to support regional food system resilience, blue economy growth, and marine ecosystem 
restoration in tandem. 
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Abstract 

Valorization of Blue Mussels in the Baltic Sea 
The global food system is undergoing a necessary transformation to meet the demands 
of sustainability, climate resilience, and circularity. In this context, low trophic 
aquaculture (LTA) offers significant potential by enabling resource-efficient biomass 
production with minimal environmental impact. However, the practical application of 
LTA in the Baltic Sea, a brackish, eutrophication-prone region, has been hindered by the 
biological and economic limitations of species such as Mytilus edulis/trossulus mussels. 
These small, thin-shelled bivalves have been undervalued in traditional food and feed 
markets due to their limited meat yield, high shell-to-flesh ratio, and lack of scalable 
processing strategies. 

This doctoral thesis addresses the pressing need for valorization pathways tailored 
specifically to Baltic Sea blue mussel biomass. The work is motivated by the dual 
imperative to reduce nutrient loading in the Baltic Sea and to unlock new bioeconomic 
value from underutilized marine resources. The novelty of this research lies in its 
integrative approach to whole-organism processing, its adaptation of food technology 
methods to marginal aquaculture conditions, and its contribution to emerging policy 
frameworks such as the EU Green Deal and Blue Growth. 

The central problem defined in this work is the absence of scalable, sustainable, and 
market-relevant processing solutions for small-sized Baltic Sea blue mussels, which limits 
the expansion of mussel farming as both an ecological and economic activity. To address 
this, the study set out four key objectives: (1) to develop innovative processing workflows 
suited to Baltic Sea blue mussel morphology and composition, (2) to optimize biomass 
yield and quality through mechanical and chemical pre-treatment, (3) to evaluate the 
biochemical and functional properties of the processed material, and (4) to propose 
viable product formats and valorization models aligned with circular economy goals. 

A multi-stage methodology was employed. Baltic Sea blue mussels were harvested 
from low-salinity farms in Estonia and Sweden and subjected to laboratory trials 
combining mechanical disruption, gravity sedimentation, low-speed centrifugation, and 
whole-biomass micronization. Pre-treatment with food-grade citric acid was tested for 
flavor improvement, while enzymatic hydrolysis was applied to enhance bioavailability. 
Analytical procedures included proximate composition, amino acid and fatty acid 
profiling, microbiological safety testing, and in vitro assessments of prebiotic activity. 
Sensory evaluations were conducted with trained panels to assess acceptability of 
micronized powders. 

The results demonstrated that sedimentation-centrifugation workflows provided dry 
matter yields of up to 17.2% from raw biomass, with protein contents exceeding 50% of 
dry weight. Whole-biomass micronization, particularly at high-speed settings, produced 
fine powders (less than 63 µm) with excellent sensory properties, favorable particle 
dispersion, and high nutritional value, including marine omega-3 fatty acids (EPA 18.7%, 
DHA 4.6% of total FA) and natural calcium (up to 18.4% DW). Citric acid pre-treatment 
significantly reduced off-flavors (e.g., muddy and metallic notes by more than 50%) and 
enhanced overall acceptability. Enzymatic hydrolysates stimulated the growth of 
Lactobacillus rhamnosus GG and Bifidobacterium animalis by over 80% compared to 
controls, suggesting mild prebiotic effects. Seasonal comparisons indicated that autumn-
harvested mussels provided superior yields and compositional quality due to post-
spawning recovery. 
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The conclusions highlight the feasibility of using Baltic Sea blue mussel biomass for 
value-added, zero-waste products. The integration of micronization, sensory 
optimization, and bioactivity profiling offers a new paradigm for mussel valorization, 
especially in regions where traditional meat extraction is economically infeasible. 
Furthermore, the findings support the role of mussel farming as a dual-purpose strategy 
for nutrient bioextraction and biomass production in the Baltic Sea. This work contributes 
scientifically to marine food processing, functionally to sustainable aquaculture 
innovation, and societally to the circular bioeconomy. 

The thesis offers a replicable, scalable framework for low-trophic aquaculture in 
brackish and marginal waters, enabling a transition from ecological service provision to 
economic viability. It lays the foundation for further research on consumer perception, 
regulatory alignment, and life-cycle assessment of mussel-based products, and provides 
actionable insights for industry actors, policy-makers, and sustainability-oriented 
entrepreneurs. 
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Lühikokkuvõte 

Läänemere söödava rannakarbi väärindamine 
Globaalse toidusüsteemi ees seisavad suured väljakutsed seoses kestlikkuse, 
kliimamuutustega kohanemise ja ringmajanduse eesmärkidega. Sellises olukorras pakub 
madala troofilise taseme vesiviljelus (LTA) olulisi võimalusi, võimaldades toota biomassi 
keskkonnasõbralikult ja ressursitõhusalt. Läänemere piirkonnas on LTA rakendamine seni 
jäänud tagasihoidlikuks, seda peamiselt bioloogiliste ja majanduslike takistuste tõttu. 
Meie rannikumeres elavad söödavad rannakarbid (Mytilus edulis/trossulus) on 
väiksemad ja õhema kestaga kui sama liigi soolasemas vees kasvatatavad liigikaaslased, 
mistõttu on nende väärindamine toidu- ja söödaturul olnud seni piiratud. 

Käesolev doktoritöö keskendub vajadusele arendada välja sobivad töötlusviisid 
Läänemere karbibiomassi väärindamiseks, et muuta karbikasvatus mitte ainult 
keskkonnateenuseid pakkuvaks, vaid ka majanduslikult elujõuliseks tegevuseks. 
Uurimistöö uudsus seisneb kogu organismi hõlmava töötlusmudeli arendamises, 
tööstustehnoloogiate kohandamises väikese ja hapra biomassiga ning ringmajanduse 
põhimõtete sidumises piirkondlike vesiviljelusstrateegiatega. 

Töö eesmärk oli: 
1. arendada ja optimeerida töötlusprotsessid, mis sobivad väikestele ja õhukese

kestaga rannakarpidele;
2. suurendada biomassi saagikust ja kvaliteeti mehaaniliste ja keemiliste eeltöötluste

abil;
3. hinnata saadud toodete biokeemilist koostist ja funktsionaalseid omadusi;
4. pakkuda välja tootekontseptsioone ja väärtusahela lahendusi, mis toetaksid

ringmajandust ja kestlikku vesiviljelust.

Meetoditena kasutati kombineeritult mehaanilist purustamist, gravitatsioonilist 
setitamist, madalapöördelist tsentrifuugimist ning kogu organismi mikropeenestamist. 
Maitseomaduste parandamiseks katsetati sidrunhappega töötlemist, bioaktiivsuse 
suurendamiseks rakendati ensümaatilist hüdrolüüsi. Analüüside hulka kuulusid keemilise 
koostise määramised (valkude, aminohapete, rasvhapete ja glükogeeni sisaldus), 
mikrobioloogiline ohutus, sensoorsed hinnangud ning prebiootilise aktiivsuse testid 
probiootiliste bakteritega. 

Tulemused näitasid, et setitamise ja tsentrifuugimise kombinatsiooniga saavutati kuni 
17,2% kuivainesaaki ning üle 50% valgu kontsentratsioon kuivaines. Mikropeenestamisel 
4000 p/min juures moodustus üle 40% osakestest alla 63 µm fraktsioonis, mis andis 
ühtlase ja meeldiva tekstuuriga pulbri. Sidrunhappega eeltöötlemine vähendas 
märkimisväärselt kõrvalmaitseid (nt metalliline ja mudane maitse) ning parandas 
sensoorset aktsepteeritavust. Ensümaatiline hüdrolüüs soodustas Lactobacillus 
rhamnosus GG ja Bifidobacterium animalis kasvu 80–85% ulatuses võrreldes 
kontrollproovidega, kinnitades potentsiaali prebiootilise koostisosana. Sügishooaja 
proovid näitasid kõrgemat valgusisaldust, paremat töötlemiskvaliteeti ja suuremat 
glükogeenisisaldust, rõhutades hooajalisuse mõju väärindamisväärtusele. 

Tulemuste põhjal võib järeldada, et kogu organismi hõlmav ja jäätmevaba töötlus on 
Läänemere rannakarpide puhul tehniliselt teostatav, toiteväärtuslik ning skaleeritav. See 
lähenemine toetab piirkondlikku ringbioökonoomiat ning loob võimaluse ühendada 
keskkonnateenused ja majanduslik tulu. Doktoritöö loob aluse uutele toidutoodetele, 
funktsionaalsetele koostisosadele ja ärimudelitele, mis väärtustavad seni alakasutatud 



68 

kohalikku merebiomassi. Töö tulemused pakuvad teaduspõhist tuge poliitikakujundajatele, 
tööstusele ja teadlastele ning annavad praktilise aluse kestliku LTA sektori arendamiseks 
Läänemeres ja mujal. 
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Appendix 1 

Publication I 
Adler, I., Kotta, J., Tuvikene, R. and Kaldre, K., 2022. Optimizing the processing of shellfish 
(Mytilus edulis and M. trossulus hybrid) biomass cultivated in the low salinity region of 
the Baltic Sea for the extraction of meat and proteins. Applied Sciences, 12, 5163. 
https://doi.org/10.3390/app12105163 
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Appendix 2 

Publication II 
Adler, I., Kotta, J., Tuvikene, R. and Orav-Kotta, H., 2024. Unlocking the potential of 
shellfish biomass: Refining protein extraction from Baltic blue mussels for 
sustainable food applications. Cogent Food & Agriculture, 10(1). 
https://doi.org/10.1080/23311932.2024.2405880 
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QRSTUV��X�YZ[\]̂[�e]k[\�tdik[ik�hi�_̀ aa[b�cdef[\�ehkj�lm�noq�r[ke[[i�fhs[\[ik�a[]adiau�v[]ia�ehkj�fhs[\[ik�b[kk[\a�]\[�aĥihwt]ikbg�fhs[\[ik�]k�x�y�zuz{u�|j[�ì_r[\�d}�\[cbh~t]k[a�e]a�kj\[[u
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Appendix 3 

Publication III 
Adler, I., Kotta, J., Robal, M., Humayun, S., Vene, K. and Tuvikene, R., 2024. Valorization 
of Baltic Sea farmed blue mussels: Chemical profiling and prebiotic potential for 
nutraceutical and functional food development. Food Chemistry: X, 23, 101736. 
https://doi.org/10.1016/j.fochx.2024.101736 
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Appendix 4 

Publication IV 
Adler, I., Kotta, J. and Vene, K., 2025. Micronization of low-salinity Baltic Sea blue 
mussels: Enhancing whole-biomass utilization and nutritional viability. Fishes, 10, 199. 
https://doi.org/10.3390/fishes10050199 
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Curriculum vitae 
Personal data 

Name: Indrek Adler 
Date of birth: 10.12.1977 
Place of birth: Kuusalu municipality, Harju County, Estonia 
Citizenship: Estonian 

Contact data 

E-mail: Indrek.Adler@tradeleader.eu 

Education 

2021–2025 Tallinn University of Technology, PhD 
2019–2021 Estonian University of Life Sciences, MSc 
2016–2018 Estonian Business School, MBA 
2008–2015 Estonian Business School, BBA 
1985–1996 Loksa Gymnasium 

Language competence 

English Fluent 
Finnish Conversational 
Russian Conversational 

Professional experience 

01.09.2024–present    Tallinn University of Technology, Estonian Maritime 
Academy, Junior Research Fellow (0.50) 

03.01.2022–31.08.2024    Tallinn University of Technology, Estonian Maritime 
Academy, Junior Research Fellow (0.40) 

01.12.2020–30.09.2022    University of Tartu, Faculty of Science and 
Technology, Estonian Marine Institute, Specialist in 
Ecology (0.25) 
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Elulookirjeldus 
Isikuandmed 

Nimi: Indrek Adler 
Sünniaeg: 10.12.1977 
Sünnikoht: Kuusalu vald, Harjumaa 
Kodakondsus: Eesti 

Kontaktandmed 

E-post: Indrek.Adler@Tradeleader.eu 

Hariduskäik 

2021–2025 Tallinna Tehnikaülikool, PhD 
2019–2021 MSC Eesti Maaülikool 
2016–2018 MBA Estonian Business School 
2008–2015 BBA Estonian Business School 
1985–1996 Loksa Gümnaasium 

Keelteoskus 

Inglise keel  Kõrgtase 
Vene keel Suhtlustasand 
Soome keel Suhtlustasand 

Töökogemus 

01.09.2024–...    Tallinna Tehnikaülikool, Eesti Mereakadeemia, 
doktorant-nooremteadur (0,50) 

03.01.2022–31.08.2024    Tallinna Tehnikaülikool, Eesti Mereakadeemia, 
doktorant-nooremteadur (0,40) 

01.12.2020–30.09.2022    Tartu Ülikool, Loodus- ja täppisteaduste valdkond, 
Eesti mereinstituut, ökoloogia spetsialist (0,25) 
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