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ABSTRACT

High nutrient concentrations caused by human activities is a global problem in fresh and coastal
waters. Large areas of the Baltic Sea are also severely eutrophicated due to the past and present
nitrogen (N) and phosphorus (P) emissions; consequently, ephemeral macroalgae exist in abundance.
Nutrients incorporated in the marine biomasses have potential as part of a solution for amelioration
of eutrophication in a world aiming towards a circular economy. Nutrients could be circulated back
to the land and used for fertilization. Collected marine biomass also has potential for several other
purposes.

In this thesis, I studied organisms adhering to the substratum in respect of their use for bioremediation
and, furthermore, for valorization in the northern Baltic Sea’s blue economy. Article I investigates
the potential of filamentous macroalgae and sessile invertebrates for bioremediation. It studied the
weight of the biomass attaching to the substratum, contents of particulate organic carbon (POC),
particulate organic nitrogen (PON), and particulate organic phosphorus (POP) in the invertebrate’s
fraction and macroalgae as well as concentrations of arsenic (As), cadmium (Cd), copper (Cu), lead
(Pb), and zinc (Zn) in the biomass. Article I focuses on the fatty acid concentrations and profiles of
two green algae (Ulva intestinalis and Cladophora glomerata) and one red alga (Ceramium
tenuicorne) in relation to ambient N and P availability. Article III reviews studies around the world
on the potential of macroalgae in biofuel production.

Biomass on the artificial substrata is almost exclusively composed of the green algae Ulva spp. and
C. glomerata, the red algae Polysiphonia fibrillosa and C. tenuicorne, the brown algae Pylaiella
littoralis and Ectocarpus siliculosus, the blue mussels (Mytilus trossulus), the bay barnacles
(Amphibalanus improvisus), and the hydroids Cordylophora caspia and Gonothyraea loveni. Over
95% of biomass is composed of sessile invertebrates; due to this and the small size of the northern
Baltic Sea macroalgae, the removal of both invertebrates and macroalgae seems the most feasible
practice in the current situation. Amelioration of small-scale nutrient loads is possible. The other most
feasible utilizations for the total biomass would be as fertilizer as such or after composting and as
additional feed material in biogas production.

The Cd content may limit the utilizable amount of biomass for the use as fertilizer as such. The Cd
content varied according to the cultivation site and the incubation time. Limits set in the EU for the
metals As, Cd and Pb may be exceeded if animal feed were composed exclusively of a certain fraction
or fractions of biomass. Among the studied macroalgae, the lowest concentrations of all heavy metals
were in Ulva spp., and it seemed to be a safe choice for solely algal-based feed applications regarding
the measured metals.

Fatty acid composition is important in nutrition and in the refining of high value products. This study
indicates that linoleic (C18:2n-6, LA) and arachidonic (C20:4n-6, AA) acid levels in C. glomerata
could be regulated by nutrient manipulation. Elevated concentrations of these fatty acids were
associated with higher N availability.

In practice, low biomass yield and lack of established infrastructure for cultivation, harvesting and
utilization pose a challenge for a large-scale utilization of the northern Baltic Sea sessile organisms.
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1. INTRODUCTION

Persistent, high nutrient concentrations, i.e., eutrophication, induced by human activities is a global
problem in fresh and coastal waters (McCrackin et al. 2017; Hamilton et al. 2018). Excess nutrients
enhance primary production, which eventually leads to several changes in the aquatic environment,
including oxygen depletion (Carstensen et al. 2014; McCrackin et al. 2017), increased turbidity
(Bonsdorff et al. 1997) and changes in species abundances (Carstensen et al. 2014). In addition to the
deterioration of the prevalent ecosystem, eutrophication often leads to negative economic impacts,
for example, on fisheries and on recreational value via phenomena like anoxia that prevents fish

reproduction and survival (McCrackin et al. 2017), and excess macroalgal wash ups on the beaches
(Bucholc et al. 2014).

The primary cure for eutrophication would be to stop such activities that result in nutrient leakage
into the sea. However, this is not easily done, because certain practices, like farming, are to be
continued, anyway. Climate change also increases nutrient load via increased precipitation
(Carstensen et al. 2014). In the Baltic Sea and in many other coastal areas around the world, sediment
is so rich in nutrients of anthropogenic origin that the eutrophicated state of the marine environment
is maintained via internal loading, regardless of reductions in the external load, such as municipal
waste waters (Pitkédnen et al. 2001; Andersson et al. 2014; Petersen et al. 2014; Puttonen et al. 2016).

Several practices can be realized on land to diminish nutrient leakage into the sea (Ahtiainen et al.
2014). Already existing consequences of eutrophication could be possibly ameliorated by removal of
aquatic biomass (Hanninen 1996; Lindahl and Kollberg 2008; Huo et al. 2011). Cultivation of red
macroalgae has improved the eutrophication status of both enclosed and open coastal sea areas in
China (He et al. 2008; Huo et al. 2011). The term bioremediation in this thesis refers to the removal
of aquatic biomass in order to remove harmful substances, such as excessive nutrients and heavy
metals, from the water body.

Strong motivation for the prevention of eutrophication and alleviation of its consequences comes
from legislation. The European Water Framework Directive gives guidelines for European water
policy and requires all Member States to achieve good ecological and chemical status of surface
waters (Directive 2000/60/EC). Its internal part, the Nitrates Directive, aims to protect waters from
agricultural nitrates run off (Council Directive 91/676/EEC). The Marine Strategy Framework
Directive requires Member States to achieve a good environmental status of their marine waters
(Directive 2008/56/EC). These two Directives, along with the Helsinki Commissions Baltic Sea
Action Plan (BSAP 2018), require countries to undertake active initiatives to reach a good
environmental status of their marine areas. However, current measures have proven insufficient to
achieve the set goals; therefore, new measures are needed. Cultivation, harvesting and utilization of
marine biomasses could provide part of a solution for the requirements of The Renewable Energy
Directive (Directive (EU) 2018/2001) and The European Commission’s Circular Economy Action
Plan (COM/2015/0614). However, the potential of the northern Baltic Sea macroalgal and
invertebrate biomasses to provide solutions and novel measures to achieve the goals set forth by
European and Baltic Sea policies is not yet fully investigated.



1.1 Potential of sessile biomass

Ambient conditions, like seawater temperature and the quantity and quality of solar radiation, affect
the organism’s chemical composition (Stengel et al. 2011; Fernandez et al. 2015). The chemical
composition of macroalgae and invertebrates enables their utilization in several ways, as well as the
refining of a wide variety of compounds. Macroalgae and mussels can be used as fertilizer as such,
or, after processing them (Lindahl and Kollberg 2008; Lill et al. 2012; Ammenberg and Feiz 2017;
Alobwede et al. 2019), they are potential material for production of feed and food (Prou and
Goulletquer 2002; Jonsson and Holm 2010; Rebours et al. 2014; Bikker et al. 2016) and a source for
health-promoting products (Grienke et al. 2014; Parjikolaei et al. 2016). Macroalgae have potential
as biosorbents in metal removal (Carrilho and Gilbert 2000; Lill et al. 2012) or as raw material for
biofuels, as well as for chemicals and cosmetics (Fitton et al. 2015; Bikker et al. 2016). Instead of
real tests or applications, evaluations on the use of sessile organisms for other purposes than food are
mostly based on their chemical composition (Petersen et al. 2014; McCauley et al. 2016; Biancarosa
et al. 2018), although some pilot-scale tests have been run, especially on biofuel research (Barbot et
al. 2016) and on their use as fertilizer (Lindahl and Kollberg 2008).

Alleviation of eutrophication can be an opportunity for blue economy solutions that use marine
resources in a way that provides economic value. Economic feasibility can often even be increased
when the resource is used for multiple purposes (Baghel et al. 2016; Tedesco and Stokes 2017), for
example, first for extraction of valuable compounds like pigments and lipids and then the remainder
for biofuel and fertilizer (Baghel et al. 2016; Pechsiri et al. 2016; Tedesco and Stokes 2017).
Resources in a circular economy are aimed to circle without losing them, often benefitting the
environment as well (Geissdoerfer et al. 2017). Aquatic biomass has potential for both the blue and
circular economies (Baghel et al. 2016).

1.2 Biomass of the Baltic Sea

At least 97% of the Baltic Sea suffers from severe eutrophication caused by past and present nitrogen
(N) and phosphorus (P) emissions (HELCOM 2018). Eutrophication favors fast-growing, ephemeral
macroalgal species that tend to have high nutrient uptake rates (Pedersen and Borum 1997; Karez et
al. 2004). This makes them potentially efficient in bioremediation.

Heavy metal concentrations in the Baltic Sea sediment have been high during the past decades
because of industrialization (Rainbow et al. 2000; Vallius 2014). Despite a trend towards general
decrease, concentrations of arsenic (As), cadmium (Cd) and mercury (Hg) remain elevated in the
sediments of the northern Baltic Sea (Vallius 2014). When mass-occurring, filamentous algae detach,
loose algal masses are formed on the sea bottom creating hypoxic conditions (Vahteri et al. 2000;
Ronnberg and Bonsdorff 2004), which may promote metal and P release from sediment (Voigt 2007;
Andersen et al. 2017). Several macroalgal species, both living and non-living, are efficient heavy
metal accumulators (Davis et al. 2003; Zbikowski et al. 2007; Lill et al. 2012; Gubelit et al. 2016;
Zeraatkar et al. 2016). Depending on the further utilization of the cultivated biomass, heavy metals
may restrict biomass use or heavy metals need to be removed prior to use (Nkemka and Murto 2010).

Fishery in the Baltic Sea is presently a considerable factor in nutrient removal from the sea area
(Hjerne and Hansson 2002; Korpinen et al. 2018). There is no large-scale utilization of marine sessile
organisms, especially not in the northern Baltic Sea (Gren et al. 2009; Malta and Agraso Martinez



2017). Additional options to remove nutrients are needed since the sea is largely eutrophic and the
area affected by overload of nutrients has become larger compared to previous evaluation (Andersen
et al. 2011; Fleming-Lehtinen et al. 2015). Bioremediation by biomass removal and utilization of the
northern Baltic Sea macroalgae and invertebrates has been little studied, except for some assessments
on blue mussels (Gren et al. 2009) and macroalgae (Lill et al. 2012; Gubelit et al. 2015). This thesis
discusses these themes to fill in some of the gaps of knowledge.

2. AIMS OF THE THESIS

The aims of my thesis were to:

1. Study if filamentous macroalgae and sessile invertebrates could be used for bioremediation
in the northern Baltic Sea

2. Study macroalgal fatty acid concentrations in relation to nutrient availability

3. Assess potential utilization capacity of the filamentous macroalgae and sessile invertebrates

In study I, we studied nutrient removal capacity of sessile organisms cultivated on non-seeded
artificial substrata in brackish water in the northern Baltic Sea. Further utilization of harvested
biomass as fertilizer and in biogas production is shortly discussed.

In study II, we studied the fatty acid (FA) content and composition of two green algae (Ulva
intestinalis and Cladophora glomerata) and one red alga (Ceramium tenuicorne) in relation to N and
P availability. The FA composition in nutrition is discussed.

Study III reviews the potential of macroalgae in biofuel production.

In this thesis, I assess bioremediation and utilization potential of common northern Baltic Sea
macroalgae and invertebrates by reviewing the main findings from studies I and II and by inhering
information of macroalgae in biofuel production from study III.

Part of the research reported here (I, IT) was performed in the Baltic Sea Region Programme 2007-13
project Sustainable Uses of Baltic Marine Resources, SUBMARINER, which aimed to find new
sustainable uses for Baltic marine resources.

3. MATERIALS AND METHODS

The Baltic Sea is shallow with a medium depth of 54 m, with a large catchment area (1 650 000 km?)
in relation to the surface area (390 000 km?), and with limited exchange of water through the Danish
straits (Andersen and Pawlak 2006; Myrberg et al. 2006). Almost the entire Baltic Sea is eutrophic
(HELCOM 2018). The field experiments were performed in, and the species for the laboratory
experiments were collected from, the northern Baltic Sea. The area has ice cover during the winter
(Myrberg et al. 2006), no significant tidal water, and the water is low in salinity [(0-7 psu) (Andersen
and Pawlak 2006)]. There is strong seasonal variation in species abundance (Takolander 2018),
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temperature and irradiance (Myrberg et al. 2006). Environmental conditions also vary between the
years (Kiirikki and Lehvo 1997).

3.1 Description of the study area (I, II)

The experiment on biomass accumulation on artificial substrata (I) was performed in two localities
on the coast of southern Finland (Fig. 1). In Ryméttyld, Naantali, the cultivation substrata were placed
in the strait of Himmaérd in close proximity to fish cages cared for by the Natural Resources Institute
Finland (N60.18, E21.57). A ferry route and two commercial fish farms were in the same strait within
a distance of 300 to 450 m from the experiment’s set-up. The other set-up was located in Tvarminne,
Hanko, in a nature preserve area in a strait formed by a few islands (N59.50, E23.15). The water depth
at the study sites in Rymattyld was 10-13 m and 8-10 m in Tvérminne. Salinity averages during the
study period were 5.2 in Tvdrminne and 6.2 in Rymattyld. Temperature ranged from —0.3 to 24.2 °C
in Tvirminne and from —0.2 to 23.7 °C in Rymittyld. The total phosphorus (tot-P) concentration in
the water was higher in Tvirminne than in Rymattyld during the 2011 and 2012 growing seasons.
The total nitrogen (tot-N) concentration did not differ between locations; both concentrations were
higher in the 2011 growing season than in 2012.

The algae to study concentration of fatty acids (FAs) in relation to available nutrients (II) were
collected from rocks in the depth of 0-0.2 m by the Tvarminne Zoological Station (N59.84, E23.25),
Tvérminne (Fig. 1) and the nearby islands Joskar (N59.85, E23.26) and Halsholmen (N59.84, E23.26)
in August 12, 2013 (Ulva intestinalis and Cladophora glomerata) and September 30 — October 1,
2013 (U. intestinalis and Ceramium tenuicorne).
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Fig. 1. Study sites Rymaittyld and Tvarminne on the coast of Finland. In Rymittyl4, the cultivation
lines were situated in the strait of Himmar6. In Tvarminne, the substrata were located in a strait
formed by a few islands. Algae to study fatty acids were collected by the Tvarminne Zoological
Station, Tvdrminne, and the nearby islands Joskér and Halsholmen.
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3.2 Biomass accumulation and concentration of nutrients and heavy metals in the
biomass (I)

In both localities, Rymattyld and Tvarminne, new and clean net and rope substrata of the size 60.7
cm x 29.5 cm and 50.6 cm X 25.1 cm, respectively, were incubated in the sea from May 2011 until
October 2011 and July/August 2012 (Fig. 2). A special set for following biomass gain on monthly
bases was set in Tvarminne in May 2011 and sampled once a month from August to September 2012,
excluding July 2012. This set is referred to as the biomass line later in the text. All installations were
lowered a few meters below the surface for the winter period (Table 1).

Fig. 2. The substrata two weeks after installation. Photo by Milla Suutari.

Table 1. Schedule showing the installation, samplings, and lowering and raising the substrata in
Rymiattyld and Tviarminne during the 2011 and 2012 study period. The biomass line in Tvirminne
was used to monitor biomass gain on a monthly basis on the substrata. Nutrient, heavy metal, species
and biomass samples were taken in Rymittyld and Tvarminne in 5 to 14 October 2011 and 23 July to
1 August 2012. Table reshaped from study I.

2011 2012
Lowering for the Raising back to the
Into the sea Sampling winter surface Sampling
Rymattyla 19 May 5-11 Oct 16 Dec 6 May 30 July-1 Aug
Tvarminne 16 May 12-14 Oct 29 Nov 16 and 18 Apr 23-27 July
Biomass line 16 May 9 Aug, 6-7 Sept, 4 Oct 29 Nov 18 Apr 26 Apr, 23 May, 20 June, 28 Aug, 18 Sept
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The substrata collected from the sea were rinsed in ion exchanged water to remove loose material.
The sampling area from which the attached organisms were scraped was 0.14 m? for the nets and 0.12
m? for the ropes. The nets were scraped on both sides and the ropes all around. The macroalgae were
sorted by species into five groups according to the dominant taxa and put into separate plastic bags.
The rest of the biomass (mainly fauna: blue mussels, bay barnacles, and polyps), consisting of
particles of size > 80 um, were put in a separate plastic bag. Size separation was performed by filtering
the remaining biomass through a plankton net. Samples from the biomass line were also put in plastic
bags but without sorting out macroalgae and invertebrates.

The sample bags were frozen as soon as possible either in dry ice or by placing them in a —85 °C
freezer to avoid changes in organisms’ chemical composition. When the initial freezing was
performed, all the samples were stored at =20 °C until the laboratory measurements. All the handling
and storage was performed using plastic items to avoid contamination with metals.

The samples were dried and weighed to measure the total and species-specific biomass gain. Nutrient
analyses were made of samples collected from the net and rope substrata. Particulate organic carbon
(POC) and particulate organic nitrogen (PON) contents of the attached biomass were analyzed using
Leco TruSpec®Micro-analyzer. Particulate organic phosphorus (POP) of the attached biomass was
analyzed using Thermo Scientific Aquakem 250 photometric analyzer according to Solorzano and
Sharp (1980). Tot-P and tot-N were additionally measured from water samples collected next to each
installation all through the growing seasons with 2- to 4-week intervals, and they were analyzed
according to Grasshoff et al. (1983) and Solorzano and Sharp (1980). Salinity and temperature at the
study sites were logged continuously (DST CT logger, Star-Oddi Iceland). The measurements of
metal concentrations were performed for the samples collected from net substrata. Concentrations of
arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn) were analyzed according to the
methods described in Nobrega et al. (2012) and standards USEPA (2007) and ISO 17294-2:2003
(ISO 17294-2) ().

3.3 Macroalgal fatty acids (II)

The macroalgae were collected from natural populations in August 12, 2013 (U. intestinalis and C.
glomerata) and September 30 — October 1, 2013 (U. intestinalis and C. tenuicorne). The algae were
rinsed with seawater and all visible epiphytes were removed. A sample of each species, referred to as
“’initial’’ later in the text, was frozen at —80 °C for further analysis.

Macroalgal samples of 5 g wet weight per each aquarium were placed in 1 L plastic boxes covered
with a thin mesh. The boxes were incubated in 30 L aquariums. The experiment in both August and
October consisted of eight aquariums per species, comprehending four nutrient treatments using the
macronutrients N and P. The nutrient treatments were Control, N treatment, P treatment, and N + P
treatment. The aquarium water was mixed of ion exchanged water using Tropic Marine sea salt
adjusting salinity at 5.8. The daily nitrogen additions (in N treatment and N + P treatment) were 80
pg 1" NaNOs-N and the daily phosphorus additions (in P treatment and N + P treatment) were 17.7
ug I"! of KH2PO4-P. Besides that, small amounts of nitrogen (1.5 ug NaNO3-N 1) and phosphorous
(0.4 ug KH2PO4-P 17") were added daily to all aquariums.

During the experiments, ion-exchanged water was added to the aquariums to compensate for
evaporation. The water was circulated using standard aquarium filters without filtering material
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(Eheim 2006020). Illumination was set to follow the natural light rhythm (light:dark 18:6 in August
and 16:8 in October (Philips TLD58W/965 and Philips TL-D 90 De Luxe Pro 58W/965). Light
intensity both in August and October was 55 pmol m? s! (LI-COR LI-190R quantum sensor). The
aquariums were placed in a temperature-controlled room with temperature during the experiments of
18.4+0.3 °C in August and 18.2+0.5 °C in October.

The experiments lasted for 10 days, August 13-22, 2013 and October 1-10, 2013. The nutrient
concentrations, NO3, NO2, NH4 and POg, in the aquariums were measured every second day before
and after the nutrient additions. The analyses were made according to Grasshoff et al. (1983) and
Solorzano and Sharp (1980). The macroalgae were rinsed with ion-exchanged water, weighed and
frozen at —80 °C at the end of the experiments. Prior to lipid extraction, the samples were freeze dried,
pulverized, and stored at —70 °C in gaseous N to avoid chemical transformations.

The extraction of lipids was performed as described in Natunen et al. (2017) with modifications from
Parrish (1999) using chloroform-methanol extraction. FA methylation was performed in methanol-
sulphuric acid solution (Christie and Han 2010; Natunen et al. 2017; Tossavainen et al. 2019). Olive
oil (Supelco), methylated and analyzed along with the samples, was used as a control to the
methylation process. The samples were analyzed using a gas chromatograph—mass spectrometer (GC-
MS) (GCMS-QP2010 Series, Shimadzu). The retention times in a standard fatty acid methyl ester
(FAME) mix (Larodan Fine Chemicals FAME 37 mix, 10 mg/mL, 99%) and mass spectra
(http://lipidlibrary.aocs.org/) were used to identify the FAs. Since FA C18:0 was present in our
samples, the deuterated FA C18:0-D3 (99%, Larodan Fine Chemicals, Sweden) was used as the
internal standard for the quantification of fatty acid methyl esters (FAMESs). The total fatty acid (TFA)
content was calculated as the sum of identified and quantified FAs. The proportions of saturated,
monounsaturated and polyunsaturated FAs, as well as the ratios of n-6 to n-3 polyunsaturated FAs
(PUFAs) were calculated. FAs were compared by the species and nutrient treatments.

3.4 Macroalgae in biofuel production (III)

The review covers information found using Google and Google Scholar web search engines, the Web
of Science website and an article search in the Helka database (a shared collection and circulation
service of the Helka libraries). The searches were centered on macroalgal chemical composition and
factors affecting it, with focus on production of bio-oil, syngas, biodiesel, biobutanol, bioethanol,
biogas and hydrogen (Hz). Literature searches were performed during the time period from February
2009 until July 2014. In total 174 journal publications, web pages and other references from the years
1950 — 2014 were reviewed.

3.5 Bioremediation potential and other utilizations (I, I1, IIT)

Potential in bioremediation was estimated by measuring biomass and nutrient content by taxon on a
certain area of substratum. This was compared to the input of nutrients into the Archipelago Sea and
from fish farms and sewage treatment plants. Biomass on the biomass line is not included for the
comparisons of total biomass between the locations and for estimations of bioremediation potential,
because sampling times are different for biomass line in Tvirminne and the other substrata in
Tvéarminne (Table 1).

14



Assessment of suitability for different utilizations was performed by reviewing the newest
information in literature and combining it with the analyses of metals, FAs and nutrients from studies
I and II. Assessing the use in biofuel production was based on paper I1I and literature review.

3.6 Statistical analyses

Statistical analyses were performed using SPSS 21.0 statistical software (I, II, this summary).
Comparisons between the type of substrata and locations were made for this summary using a
different test type from the article I. In this summary I used independent samples two tailed t-test,
which confirmed article I’s results. Levene’s test was used to test the equality of variances. Equal
variances were assumed when p-value of the test was > 0.05. Biomass on biomass line is not included
in biomass comparisons between the two locations, not in the original article (I) nor in this summary.
It was also kept separate and tested separately from the comparisons on biomass on different substrata
in Tvarminne (I, this summary). Test results from tests performed only for this summary are available
in the text. Only significances are shown in this summary for the tests used in the original articles;
otherwise test results can be found in the original articles. Confidence intervals of 95% were used for
statistically significant differences.

4. RESULTS

4.1 Biomass accumulation and concentration of nutrients and heavy metals in the
biomass (I)

Considering practical work with substrata, the ropes were more robust. The type of nets used in the
experiment (I) broke easily and were unsuitable for a long-term cultivation. Furthermore, since the
total biomass per area of substratum was similar or higher on ropes compared to nets (I), I will focus
in this summary on growth and biomass on the rope substrata.

4.1.1 Species composition

The most abundant macroalgal species on the artificial substrata were the green algae Ulva spp. and
Cladophora glomerata, the red algae Polysiphonia fibrillosa and Ceramium tenuicorne, and the
brown algae Pylaiella littoralis and Ectocarpus siliculosus. There were also some individuals of the
green alga Cladophora rupestris and red alga Polysiphonia fucoides. The most abundant invertebrates
on the substrata were blue mussels (Mytilus trossulus), bay barnacles (Amphibalanus improvisus) and
the hydroids Cordylophora caspia and Gonothyraea loveni (Table 2) (I).

4.1.2 Total biomass

The average net monthly gain was higher during the first growing season until October 2011,
compared to the period from October 2011 to September 2012 (I). In October 2011, considering the
ropes in Ryméttyld and Tvarminne, there was no difference in total biomass between these locations,
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but the next summer’s biomass on rope substrata in Rymattyld was higher [t(12)=3.302, p=0.006, 2-
tailed]. In July/ August 2012, the total biomass on ropes was 3.3 kg m? dry weight (DW) in
Rymiittyl4, and 2.3 kg m 2 DW in Tvéirminne (I) (Table 2).

4.1.3 Macroalgal biomass

Macroalgal biomass in the second growing season was clearly higher than in the first season, although
still low compared to the total biomass. Algal biomass per m 2 of rope substrata was 4.2 g DW
(Rymaittyld) and 4.9 g DW (Tvérminne), i.e., 0.3% of the total biomass on ropes both in Rymadttyla
and in Tvarminne in October 2011. Ulva spp. was the dominant species in both locations. Algal
biomass on ropes had increased to 77.9 g m™ DW in Rymiittyl4, and 108.1 g m™ DW in Tvéarminne
by the end of July/beginning of August 2012. These were 2.4% and 4.8% of total biomass,
respectively. At this point, C. glomerata formed the highest biomass in both places (I) (Table 2).

Table 2. Species composition and biomass on the rope substrata, g DW m™ and kg DW ha’!
substratum, in Rymdittyld and Tvarminne in October 2011 and July/ August 2012. Incubation of the
substrata started in May 2011. Biomass of the invertebrates was not measured by species.

July/
October 2011 August 2012 July 2012
Rymaéttyla  Tvarminne | Rymattyla  Tvarminne

Brown algae - Pylaiella littoralis (Linnaeus) Kjellman

o ) 0.1 0 34 5.8
Phaeophyceae Ectocarpus siliculosus (Dillwyn) Lyngbye
Red algae - Polysiphonia fibrillosa (Dillwyn) Sprengel 0.3 0 1.4 0.001
Rhodophyta  Polysiphonia fucoides (Hudson) Greville
Ceramium tenuicorne (Kitzing) Waern 0.5 0 4.1 0.1
Green algae - Cladophora glomerata (Linnaeus) Kitzing 0.8 0.6 68.5 101.8
Chlorophyta Cladophora rupestris (Linnaeus) Kitzing
Ulva spp. Linnaeus 2.4 4.4 0.4 0.3
Macroalgae in total, g DW m™ 4 5 78 108
Bivalves - Mytilus trossulus (Gould, 1851)
Bivalvia
Maxillopoda Amphibalanus improvisus (Darwin, 1854)
Hydrozoans - Cordylophora caspia (Pallas, 1771)
Hydrozoa Gonothyraea loveni (Allman, 1859)
Invertebrates in total, g DW m™ 1427 1430 3208 2162
Total biomass (algae + invertebrates), g DW m™ 1431 1435 3286 2270
Total biomass (algae + invertebrates), kg DW ha™ 14310 14352 32859 22702
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4.1.4 Nutrients

During the study period from May 2011 to September 2012 (no water samples were taken during the
winter period between November 2011 and March 2012), both the tot-N and tot-P concentrations in
water were higher in year 2011 (N: p <0.001, P: p=10.001). Tot-P concentration in water was higher
in Tvarminne than in Rymittyld (p < 0.001); similarly, POP was higher in total biomass as well as in
C. glomerata and filamentous brown algae in Tvirminne (p = 0.037, p = 0.003, p < 0.001,
respectively) (I). The average P content, covering the samples from both years and locations, was
similar in all macroalgal species and the invertebrate fraction with a variation of 2.2-3.0 g kg "' DW.

Ulva spp. and P. fibrillosa had the highest POC and PON contents. POC content in Ulva spp. was
344 gkg ' DW and in P. fibrillosa 322 g kg”' DW. Temporal variation in algal nutrient concentrations
was observed, unlike in the invertebrates. The highest PON contents were measured in Ulva spp. with
more than 44 g kg'! DW in 2011. The following year, it was clearly lower, 12.2-14.4 g kg"! DW,
and the average PON content, with both years included, was higher in P. fibrillosa (41.2 g kg ' DW)
compared to 29 g kg~! DW in Ulva spp. Covering both years, invertebrates had low average carbon
(C) (172 gkg ' DW) and N (18 g kg ! DW) contents compared to macroalgae.

In macroalgal and invertebrate fractions, the mass C/N ratio varied from 7 in C. tenuicorne and
filamentous brown algae in 2011 to 22 and 27 in Ulva spp. in 2012. In Ryméittyl4, on ropes the total
biomass mass C/N ratio decreased a little from 11 in October 2011 to 8 in July/August 2012. In
Tvédrminne, the mass C/N ratio in total biomass on ropes rose from 9 in October 2011 to 11 in July
2012 (Table 3).

The atomic N/P ratios were highest in P. fibrillosa (Table 3).

Table 3. The mass C/N ratios and atomic N/P ratios in the invertebrate and macroalgal fractions as
well as in the total biomass on the substrata.

Cladophora Polysiphonia  Ceramium Filamentous

Invertebrates  Ulva spp. glomerata fibrillosa tenuicorne  brown algae | Total biomass

2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012|2011 2012
C/Nmass Rymattyla 11 8 8 27 8 19 8 9 7 10 7 14 11 8
ratio  Tvarminne 9 11 8 22 8 15 * 8 * 11 * 12 9 11

N/P atomic Rymattyld 15 21 35 13 19 20 40 39 25 31 31 20 15 21
ratio  Tvarminne 14 21 34 23 23 14 * *x* * 22 * 13 14 20

*species were not present on the rope substrata
**calculation was not possible, due to the absence of the measurement of POP content
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The total attached biomass contained 200 kg N and 29 kg P ha™ substratum in Rymattyld, and 273
kg N and 43 kg P ha™ substratum in Tvarminne after the first growing season, a period of 5 months.
The next summer, 3.8 and 1.4 times as much N, kg ha™ substratum was bound in the total biomass in
Rymiittyld and Tvarminne, respectively. The P content in the total biomass was 2.8 times as much in
Rymittyld, whereas in Tvarminne the P content was slightly lower compared to the first year (Table
4a). P content in percentages did not change between the years, neither in the total biomass nor in the
macroalgal biomass. In total biomass, the highest share of N was in Rymittyld in 2012. In macroalgal
biomass, the highest percentages of N were in 2011 (Table 4b).

Table 4. a) Total and macroalgal biomass, kg DW ha™ rope substratum, as well as N and P content,
kg ha™ in the total and macroalgal biomass of rope substrata after five and 14.5-month incubation
periods in Rymdttyld and Tvarminne. Calculations refer to the area of substratum. b) N and P content,
% in the total and macroalgal DW biomass of rope substrata after five and 14.5-month incubation
periods in Ryméttyld and Tvéarminne.

a) October 2011 July/August 2012 July 2012
Rymattyla Tvarminne Rymattyla Tvdrminne

Total biomass, kg DW ha™ 14310 14352 32859 22702

N kgha™ 200 273 753 369

P kgha™ 29 43 81 40

Macroalgal biomass, kg DW ha™ 42 49 779 1081

N kgha™ 16 21 13.6 20

P kgha™ 0.1 0.1 14 3.2

b) October 2011 July/August 2012 July 2012
Rymattyla Tvdarminne Rymattyla Tvdarminne

Total biomass, DW

N, % 1.4 19 2.3 16

P, % 0.2 0.3 0.2 0.2

Macroalgal biomass, DW

N, % 3.9 43 1.8 19

P, % 0.3 0.3 0.2 0.3
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4.1.5 Heavy metals

Concentrations of As, Cd, Cu, Pb and Zn in algae were taxa dependent and were, on average, far
lower in the invertebrate fraction than in macroalgae (I). Among the studied macroalgae, the lowest
concentrations of all heavy metals were in Ulva spp., and it seemed to be a safe choice for solely
algal-based feed applications regarding measured metals. Cd, Cu and Zn concentrations were higher
in Rymattyla than in Tvérminne (Cd: p=0.042, Cu: p=p <0.001, Zn: p=0.005) (I). Table 5 presents
metals calculated as g ha™ of the area of substratum.

Table 5. Total and macroalgal biomass, kg DW ha™ substratum, as well as the As, Cd, Cu, Pb and
Zn contents, g ha™ substratum, in the total and macroalgal biomass of rope substrata after five and
14.5-month incubation periods in Rymadttyld and Tvarminne. Calculations refer to the area of
substratum.

October 2011 July/August 2012 July 2012
Rymattyla Tvarminne Rymattyla Tvarminne
Total biomass, kg DW ha™ 14310 14352 32859 22702
Asgha™ 85 15 52 47
Cdgha™ 8 2 10 4
Cugha™ 182 34 189 97
Pbgha™ 63 7 28 22
Zngha™ 1320 769 2396 1260
Macroalgal biomass, kg DW ha™’ 42 49 779 1081
Asgha™ 0.2 0.1 6.2 6.9
Cdgha™ 0.03 0.004 11 0.4
Cugha™ 0.6 0.3 12.9 11.7
Pbgha™ 0.1 0.02 3.7 7.5
Zngha™ 2.6 11 75.1 70.4

4.2 Macroalgal fatty acids (II)

The differences in macroalgal FA content found in this study were more related to taxonomy than
nutrient availability. It seemed that n-6 series FAs linoleic (C18:2n-6, LA) and arachidonic (C20:4n-
6, AA) acids could be regulated in C. glomerata by nutrient manipulations. Elevated concentrations
of these FAs were associated with higher N availability.

Ulva intestinalis contained the highest percentage of PUFAs, and its polyunsaturated FA/saturated
FA (PUFA/SFA) ratio was higher than this ratio in C. glomerata or C. tenuicorne. U. intestinalis also
contained the highest proportion of a-linolenic acid (C18:3n-3, ALA) (% of TFA), a precursor for the
synthesis of n-3 FAs eicosapentaenoic (C20:5n-3, EPA) and docosahexaenoic (C22:6n-3, DHA)
acids (Pereira et al. 2012). The essential FAs ALA and LA were the most abundant among the PUFAs
in U. intestinalis.

EPA was present in all the three species but at the highest proportion (% of TFA) in C. tenuicorne
and in the highest concentration in C. glomerata (11).
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Palmitic acid, C16:0, was the most abundant FA in all species (II). The highest TFA content, 7 — 8.7
mg g' DW, was in C. glomerata. All three species had n-6/n-3 ratios of 0.4-0.5 (II). Seasonal
variation was seen when the TFA content in U. intestinalis was significantly higher in August than
in October (p <0.01) (I). The FA profiles of U. infestinalis were very similar in both seasons (II).

4.3 Macroalgae and other biomass in biofuel production (I, III)

Considering the macroalgal chemical composition and generally high carbohydrate concentration but
negligible lignin content, the most suitable conversions might be fermentation into biobutanol or
bioethanol and anaerobic digestion to produce biogas or hydrothermal gasification to produce syngas
(ITL, this thesis). However, in the northern Baltic Sea, the filamentous macroalgal biomass per area is
so low (I) that solely macroalgal-based biofuel production seems unrealistic. Production of biofuels
from sessile biomass also needs an optimization of the practically the whole production chain,
including transportation, storage and extraction technologies. This is especially crucial in the northern
Baltic Sea, since there is no large-scale utilization of macroalgae or sessile invertebrates at all.
Multiple utilizations or combined production of several products is important in order to reach
economic feasibility (III). Low mass C/N ratio of macroalgal and total biomass is not optimal for
biogas production via anaerobic digestion (I).

5. DISCUSSION

5.1 Biomass on the substrata

All the species present on the substrata are common in the southern coast of Finland (Hénninen 1996;
Vahteri et al. 2000; Lehvo and Béck 2001). The higher biomass on the rope substrata in Rymattyla
compared to Tvarminne in 2012 may be due to both salinity and temperature. The mean salinity was
higher in Rymattyld (6.2) compared to Tvarminne (5.2) (I). A large part of the biomass on the
substrata is composed of blue mussels that live close to their lower salinity limit in the northern Baltic
Sea (Vuorinen et al. 2015). Blue mussels grow larger in higher salinity (Westerbom et al. 2002; Gren
et al. 2009), and indeed, the mussel biomass has been reported to decline along with the decreasing
salinity from the Archipelago Sea, where Rymaittyla lies, to Tvirminne and continues to decline
towards the eastern Gulf of Finland (Westerbom et al. 2002). Faster growth rate of blue mussels,
driven mainly by higher salinity, also existed in the Archipelago Sea compared to Tvérminne
(Westerbom et al. 2002). Other environmental factors, like predation, may also have had impact on
differences between the locations in the amount of biomass on the substrata. Low temperature reduces
the growth of the mussels (Westerbom et al. 2002). The water temperature in the Archipelago Sea is
higher in comparison to the Gulf of Finland (Westerbom et al. 2002). During the years of this
investigation, the mean water temperature in Rymattyld was 18.8 °C between the June 14, 2011 and
October 12, 2011, and 17.6 °C in Tvarminne. The next year, during the period from May 25 to July
30, mean water temperatures were 15.1 °C and 13.4 °C in Rymittyld and Tvarminne, respectively (I).

The difference in the dominant macroalgal species between the years (Table 2) may be the result of
macroalgal species’ seasonality in the northern Baltic Sea (Kiirikki and Lehvo 1997; Lotze et al.
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1999). This means that, since samples were taken in different seasons, Ulva spp. was dominant in
October and Pylaiella littoralis and Cladophora glomerata in July/August, even though the
incubation time also differed. Varying environmental conditions between the years and outplacement
of the substrata, in addition to seasonality, also impacted on community structure and species
abundance during the given time period (Kiirikki and Lehvo 1997; Kraufvelin et al. 2007).

It is likely that the dominance of green algae persists from summer to summer despite the annual and
local scale variation in algal abundance. This is supported by previous studies in the northern Baltic
Sea (Kiirikki and Lehvo 1997; Golubkov et al. 2018), as well as by the assessed influences of climate
change (Takolander 2018). C. glomerata has previously been reported as the dominant species in
Tvéarminne (Kiirikki and Lehvo 1997), and it is characterized as a common species in the northern
Baltic Sea (Olafsson et al. 2013). C. glomerata and Ulva spp. are the dominant algal species in the
uppermost part of the littoral zone in the easternmost and heavily eutrophic part of the Gulf of Finland
(Golubkov et al. 2018).

5.2 Filamentous macroalgae and invertebrates as nutrient offsets

The effectiveness of cultivation as a bioremediation measure depends on several factors, such as the
growth rate of the organisms targeted in the measure and the scale of cultivations in relation to the
amount of nutrient removal, as well as the frequency of biomass removal (Carmichael et al. 2012;
Verhofstad et al. 2017; Wei et al. 2017). Mussels’ ability to filtrate and bind nutrients in particulate
organic matter from the water column depends largely on external variables, such as temperature and
salinity (Carmichael et al. 2012). Tissue N and P content in macroalgae are determined more by
macrolagal species thallus morphology than by nutrient levels in their environment (Bucholc et al.
2014).

The atomic N/P ratio of biomass (Table 3) shows that more N than P is removed by the biomass
growing on artificial substrata. A decrease in this ratio could be observable even in the local sea water
with large-scale cultivations (Bucholc et al. 2014). In China, cultivation of macroalgae on a large
scale has improved the state of entire sea areas (He et al. 2008; Huo et al. 2011). Improvements were
obtained by cultivations of red macroalga Porphyra yezoensis with 800 kg DW ha™! a™! from a farming
area of 300 ha and of Gracilaria verrucosa from a farming area of 7.5 ha (He et al. 2008; Huo et al.
2011). Results from the southern Baltic Sea indicate that local improvements in the eutrophication
status are possible in sites where beach-cast plant biomass is collected (Bucholc et al. 2014). The C,
N and P contents in macroalgal and invertebrate fractions in study I were at the same range as those
in Bucholc et al. (2014), with the exception of Polysiphonia fibrillosa with a higher content of N (I).

The cultivation of mussels (Mytilus sp.) in the Baltic Sea seems to be an efficient tool for controlling
eutrophication (Gren et al. 2009), but at least cost efficiency may not be true in the northern areas of
the sea where growth is slow (Hedberg et al. 2018). Additionally, the impact of deposits from the
mussel culture on biogeochemical processes at the sea bottom needs more investigation (Gren et al.
2009; Stadmark and Conley 2011). Several unwanted environmental consequences are possible when
a large-scale mussel cultivation is practiced. Intensive cultivations may lead to changes in
phytoplankton communities, collapse of the zooplankton community, and even to plankton blooms
or starvation and death of natural mussel populations. Especially in the northern Baltic Sea, where
there is no previous knowledge of intense cultures and their impact on the unique environment,
cultivation impacts must be thoroughly investigated and monitored (Hedberg et al. 2018).
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The biogeochemical processes affected by biodeposits seem either to promote bioremediation or to
release nutrients from sediments, depending on local conditions, such as the sediment type
(Carmichael et al. 2012). Assimilation into tissues has been estimated as the dominant removal rate
for N until harvest size in oysters (Crassostrea virginica) cultivated in the northeastern USA. After
that, enhanced denitrification by the presence of oyster cultivations can become more important.
Scaling up local measurements for bigger installations in different sea areas must be carefully
considered, since different environmental conditions and cultivation density may impact on growth
rate or physiological state and, furthermore on bioremediation capacity. For example, the oxygen
concentration in water may decline at high density cultivations, leading to a reduced nutrient
assimilation by bivalves (Carmichael et al. 2012).

Both in Rymittyld and Tvédrminne, the substratum area of one ha would produce a harvest of
approximately 14 000 kg DW in total biomass after an incubation period of five months from May
until October. The next year the total biomass was 33 000 kg DW ha™ substratum in Rymattyld, and
23 000 kg DW ha™ substratum in Tvdrminne (Table 2). The annual emissions originating from fish
farms in the Archipelago Sea were 2 286 kg N and 294 kg P per operating farm (Mékinen 2008) if
nutrient emissions were shared evenly among the farms operating in the area. Results from Rymattyla
show that to ameliorate N and P loads from one farm would require the substrata surface area of
almost 11.5 ha in the first growing season. If the cultivation lines consisted of one-meter long rope
substrata with similar distances between the ropes as were now in one substratum,
1150 approximately 100- meter-long cultivation lines fulfilled this need. If lines were in 2 m distance
from each other, 23 ha of sea surface would be covered. Only 3.6 ha of substrata surface area and
consequently 7.2 ha of sea surface area would be required to remove the same amount of nutrients in
Rymittyld in the middle of the second growing season (July/August). For similar reductions in
Tvérminne, the required surface areas in comparison to Rymattyl4 were somewhat smaller in the first
growing season, and twice as much in the second year. The installations’ structure should be designed
to promote as high a biomass as possible for a certain area of the sea surface to maximize effectiveness
on bioremediation. Blue mussels do grow well in the Baltic Sea at least to the depth of 4 m
(Minnhagen 2017). Since most of the biomass on the substrata is composed of blue mussels, we can
make a conservative estimate that if the substrata consisted of three meter long ropes, then only 7.6
ha and 5.6 ha of sea surface would be required in Rymattyld and Tvéarminne, respectively, at the end
of the first growing season to ameliorate nutrient loads from one farm. The sea surface-area demand
would be less than 2.5 ha in Rymittyld and less than 5 ha in Tvdrminne during the next growing
season (in July/August). These could already be considered as feasible surface-area demands. A sea
surface area of 350 ha for mussel production has been seen as a realistic area demand on the west
coast of Sweden (Lindahl and Kollberg 2008).

Depending on the location and incubation time, an N discharge from two sewage treatment plants of
the Finnish Capital region (HSY 2019) could be ameliorated by harvesting the total biomass from a
substratum area of 1 400-5 200 hectares. The required substratum area to ameliorate P load from these
treatment plants (HSY 2019) only is much less, 284-793 ha. Given the preceding structure just
described, with 3 m long cultivation lines, the sea surface-area demand for P removal would still be
190 ha at a minimum. Table 6 presents the required substratum areas to ameliorate fish farm and
sewage treatment plant nutrient loads. Annual anthropogenic P load into the Archipelago Sea was,
on average, 531 000 kg in years 2008-2012 (Ymparisto.fi). A substratum surface area of 6 600 ha
would be needed to ameliorate this. Due to wide area demands, it is clear that the whole human-
induced nutrient input to the Baltic Sea cannot be ameliorated by cultivating sessile organisms on the
artificial substrata.

22



Table 6. Areas of substratum, ha, required to ameliorate nutrient loads from an average fish farm and
the capital region sewage treatment plants in Finland.

Required substratum area to ameliorate nutrient load

October 2011 July/August 2012 July 2012
Rymattyla Tvarminne Rymattyla Tvdarminne
Average annual discharge from
11.5h 8.4h 36h 7.4 h
afish farm 2 286 kg N + 294 kg P* @ @ e °
Discharge from sewage
treat t plantsin Finnish
reatment plams In Finmis 5240 ha 3839ha 1392 ha 2840 ha

Capital Region 1048 000 kg N +
23000 kg P**

*in 2006 (calculated from Mékinen 2008)
**in 2018 (HSY 2019)

Removal of all the attached biomass after the first growing season seems the most feasible practice
(D), regardless of the higher content of incorporated nutrients on the second summer, to minimize
cultivation-related labor. The labor cost is the major share of the total annual costs in mussel
cultivation for bioremediation purposes (Petersen et al. 2014). Bioremediation costs of mussel
cultivations are reported to increase the further north in the Baltic Sea the cultivation is practiced
(Gren et al. 2009). Much work is needed in the autumn and spring, if cultivation installations were
kept underwater over the winter in the northern Baltic Sea, to lower and lift cultivations to prevent
the ice from destroying installations during wintertime. However, despite the increasing labor costs
in overwinter cultivations, Petersen et al. (2014) estimated N mitigation being the most cost efficient
when installations were incubated until May of the next year. This practice resulted in N removal
approximately 1.5 times that of the previous autumn (Petersen et al. 2014). Our installations
incorporated 3.8 and 1.4 times as much N in July/August compared to October, in Rymattylda and
Tvirminne, respectively (Table 4a). Mussel cultivations have survived for several years in the Aland
archipelago without submerging (Minnhagen 2017). Since sessile organisms grow several meters
below the surface (Minnhagen 2017), an option might also be to install the substrata well below the
surface, then to lift them close to the surface the next spring. The actual costs and work hours should
be calculated to really understand cost-effectiveness in the northern Baltic Sea.

The mussels in long-line mussel cultivations in Denmark start to fall off the lines after a one-year
incubation period (Petersen et al. 2014). Since algal species growing on the substrata are seasonal
(Kraufvelin et al. 2007; Takolander 2018), they also detach in the end of their life cycle; consequently,
the nutrients bound in them slowly diffuse back into the sea water as the algal biomass decay.
Preventing this and avoiding the potential extra labor related to lowering the cultivations supports the
idea of an autumn harvest.

Due to apparently high cultivation costs, other utilizations for the biomass should be discovered than
just bioremediation alone. Abatement costs for nutrients via mussel farming in the Baltic Sea have
been estimated to be lower in the southern part of the Baltic Sea, and even reaching zero, if mussels
are sold for food or feed (Gren et al. 2009). The abundance of the blue mussels may decrease in the
future due to the predicted decline in salinity in the northern Baltic Sea, including in Finnish waters
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(Vuorinen et al. 2015; Westerbom et al. 2019). Blue mussels would no longer be potential factors in
bioremediation solutions in these areas in that case. However, sessile invasive species, such as the
zebra mussel Dreissena polymorpha, might extend their distribution and abundance in the future
(Leppékoski et al. 2002) and become more significant in nutrient offsetting. D. polymorpha already
inhabits the Baltic Sea and lives in areas with salinity too low for the blue mussels (Oganjan and
Lauringson 2014). Filamentous macroalgae in the northern Baltic Sea are so small that their
significance in nutrient offsetting seems minimal even if their abundance increased in the coming
years (Table 4).

5.3 Fertilizers

Biomass from the sea collected for bioremediation purpose can be part of a circular economy when,
for example, nutrients of land origin are recycled back to the land as a fertilizer (Seghetta et al. 2016).
Composted macroalgae and mussels (Chmielewska and Medved’ 2001; Lindahl and Kollberg 2008),
macroalgae and mussels as such (Ammenberg and Feiz 2017; Alobwede et al. 2019), macroalgal
extract (Shahbazi et al. 2015), or the remaining biomass or process water after fuel conversion
processes (Cherad et al. 2013; Pechsiri et al. 2016) could be used for fertilization. Carbon dioxide
(CO2) produced in anaerobic digestion and hydrothermal gasification (Cherad et al. 2014, III) can
also be used to fertilize aquatic cultures (Cherad et al. 2013; Ferella et al. 2017). Study I shows that
total biomass on the substrata could be used to fertilize several crop plant species so that the
recommendations of fertilization for these species are fulfilled (I).

Basic requirements in Finnish agriculture allow the use of 325 kg P ha™! farmland during a period of
five years; in the horticulture of certain plants, 560 kg P ha™! in five years is allowed (Finnish Food
Authority 2019). An annual permitted total N on farmland is 170 kg ha™! in manure and organic
fertilizers containing manure (Government Decree 1250/2014; Finnish Food Authority 2019).
Biomass should be collected from a substratum area of 0.5-0.6 ha to reach the same amount of N in
Tvarminne. This biomass would contain 18-27 kg P depending on the incubation time. A substratum
area of 8.5 ha would have been required in Tvirminne 2012 to collect the same amounts of nutrients
from macroalgal fraction. Rymattyld and the 2011 growing season in Tvarminne required wider areas.
Reaching 170 kg N in Rymattylé from the total biomass would require a substratum area of 0.2 or 0.9
ha with 18 and 25 kg P in 2012 and 2011, respectively. However, since the annual average limit of
Cd in farmland in Finland is 1.5 g Cd ha! (7.5 g ha™! per 5 years) (Ministry of Agriculture and Forestry
of Finland 2011), the Cd may restrict the usable amount of biomass and, consequently, the
fertilization of farmland. 170 kg N is utilizable only from the total biomass and macroalgal fraction
collected in Tvdrminne at the end of the first growing season (Table 7), but 170 kg N in macroalgal
fraction requires a substratum area of 80 ha in comparison to 0.6 ha for the total biomass. This shows
that, depending on the cultivation site, an autumn harvest may be advisable to maximize the utilizable
nutrients in relation to heavy metals.

These estimations are based on nutrient and heavy metal contents in biomass (I). Composting or some
other processing of material was not tested. The high content of blue mussels in the total biomass
may cause a strong odor problem with their direct use as a fertilizer (Olrog and Christensson 2008).
Due to the high calcium content of mussel and bay barnacle (Ullmann et al. 2018) shells, the total
biomass is likely to also have a liming effect on soil (Olrog and Christensson 2008; Spangberg et al.
2013). High concentrations of heavy metals, especially Cd, are possible in the digestate from
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anaerobic digestation in the Baltic Sea macroalgae, but removal of heavy metals is possible (Nkemka
and Murto 2010; Nkemka 2012).

Table 7. The amount of total biomass, kg DW, that contains 1.5 g Cd, as well as the N and P contents,
kg, in this amount after five and 14.5-month incubation periods in Rymittyld and Tvarminne.

October 2011 July/August 2012 July 2012
Rymattyla Tvarminne Rymattyla Tvdrminne
Total biomass, kg DW 2646 13245 5144 8253
Cd, g 1.5 1.5 15 1.5
N, kg 37 252 118 134
P, kg 5 40 13 15

Macroalgae improve the soil structure in addition to their fertilizing effect (Harlén and Zackrisson
2001). It would be advisable to also measure the salt content of biomass when used directly as a
fertilizer and to rinse it, if necessary. Macroalgae have successfully been used in the cultivation of
leek in the Aland Islands (Harlén and Zackrisson 2001).

5.4 Biofuels

Macroalgae can be used to produce several types of biofuels (III). Paper III review the potential of
macroalgae as raw material in bio-oil, synthesis gas, biodiesel, biobutanol, bioethanol, biogas and H»
production, and study I also reviews producing biogas from the biomass growing on artificial
substrata in the northern Baltic Sea.

The chemical composition of macroalgae is often especially suitable for biogas, biobutanol and
bioethanol productions because of the high carbohydrate content (III). The water content of fresh
macroalgae is high, even over 90% (McDermid and Stuercke 2003); due to this, macroalgae are
suitable for conversion processes designed for wet biomass: anaerobic digestion (Milledge et al.
2019) and hydrothermal processes (Schumacher et al. 2011; Cherad et al. 2014). Blue mussels
(Mytilus edulis) also have a high moisture content (around 60% with the shells, 80% in meat)
(Nkemka 2012; Colombo et al. 2016). Drying prior to conversion for biofuel is possible, but if not
performed naturally under the sun, it demands extra energy or chemicals and is an extra step in the
production process (Herrmann et al. 2015; Milledge et al. 2019). Macroalgal biomass was very low
in this study compared to the total biomass on the substrata; thus, in the following chapters, I will
evaluate those biofuel conversions that seem the most feasible for the total biomass on the substrata
and can tolerate high water content. Evaluation of feasibility is based on information received from
papers I, IIT and the literature searches for this thesis.

5.4.1 Biogas

Biogas production via a microbiological process occurs when methanogenic bacteria digest biomass
in anaerobic conditions (Vergara-Fernandez et al. 2008). Grondahl et al. (2009) have analyzed the
Baltic Sea macroalgae and blue mussels in a combined use for bioremediation and biogas production.
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Based on the net energy budget for the full process chain and calculated on a unit mass of N, blue
mussels in the Baltic Sea seem effective in nutrient recovery but not in biogas production, whereas
macroalgae were efficient in biogas production (Gréndahl et al. 2009). Biogas production from blue
mussels requires almost as much or even more energy than what is achieved from the produced biogas
(Grondahl et al. 2009; Ammenberg and Feiz 2017). Results by Grondahl et al. (2009) are largely
determined by different harvesting methods for algae and mussels, with mussel harvesting being more
energy intensive. Due to the current very poor energy balance of mussels in anaerobic digestion
(Grondahl et al. 2009; Ammenberg and Feiz 2017), one can also assume a poor balance for the total
biomass. | suggest that conversion of the total biomass for biogas should be investigated anyway,
since the northern Baltic Sea macroalgae are small and their proportion on the substrata was low (I).

The mass C/N ratio is crucial in biogas production via anaerobic digestion, in which enough C in
relation to N ensures optimal biogas yield (Habig et al. 1984; Marquez et al. 2014). Too high N
content may lead to formation of excess ammonia (NH3), thus inhibiting biogas production. Lack of
N reduces bacteria growth (Marquez et al. 2014). A favorable mass C/N-ratio in the digester is
suggested to lie between 25 and 30 (Marquez et al. 2014). Total biomass had a mass C/N ratio of 10
in both years in our study. The only fraction that reached the optimal ratio or had it close to optimal
was Ulva spp. in 2012 (Table 3). Due to the low C/N mass ratio, mixing with higher C-containing
material is a preferred solution for biogas production (I). Optimization of the anaerobic digestion
process has been shown to have a large impact on decreasing the greenhouse gas emissions and on
improving the energy budget of the whole supply chain of cultivated kelp (Saccharina latissima) to
biogas and fertilizer production in western Sweden (Pechsiri et al. 2016). Upscaling of the cultivation
area also improved energy returns on investment and decreased the greenhouse gas emissions per unit
of produced biogas (Pechsiri et al. 2016).

Previous studies from the Baltic Sea confirm the necessity of the addition of carbon-rich material
when macrophytes and macroalgae are used for anaerobic biogas production (Dubrovskis et al. 2012;
Bucholc et al. 2014). Another factor that needs to be considered is that a high concentration of
bioavailable heavy metals in the raw material may reduce methane (CH4) yield (Nkemka and Murto
2010).

5.4.2 Synthesis gas

From the technical point of view, hydrothermal gasification might be one of the most suitable
conversion methods for the total biomass attaching to the substrata.

The method is tolerant of the ash content and alkali salts (Cherad et al. 2014), both of which can be
relatively high in macroalgal biomass (Schumacher et al. 2011, III). In fact, inorganic salts appear to
corroborate the formation of high gas yields, since the salts act as catalysts promoting the gasification
(Schumacher et al. 2011; Cherad et al. 2014). Conversely, they also cause fouling and slagging of ash
(Ross et al. 2008; Cherad et al. 2013) if not handled with technical solutions (Cherad et al. 2014).
Macroalgae, like meat of mussels (Mytilus sp.) (Fernandez et al. 2015), are also often rich in
carbohydrates (III), which is suitable for hydrothermal gasification (Cherad et al. 2014). Especially
gasification in supercritical water results in near to complete gasification of feedstock (Cherad et al.
2014) and seems efficient with macroalgae (Cherad et al. 2014, III). Gas produced via this method
consists primarily of H2, CO2 and CH4 (Schumacher et al. 2011; Cherad et al. 2014) and can further
be used to produce other products (Spivey & Egbebi 2007).
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Constituents of biogas and synthesis gas can be used to produce several compounds or be separated
and used for distinct purposes (Cherad et al. 2014; Ferella et al. 2017; III). Side products of these
processes, such as the process water or digestate, can also further be used as fertilizers, for example
(Cherad et al. 2014; Pechsiri et al. 2016).

5.5 High value products

Nutritional supplements, cosmetics and pharmaceuticals (Pereira et al. 2012; Pimentel et al. 2018)
are potential algal and mussel high-value products (Pereira et al. 2012; Fernandez et al. 2015).
Concerning the FAs, the amounts and ratios of PUFA/SFA and n-6/n-3 series FAs are especially
significant for these fields (Simopoulos 2006; Pereira et al. 2012).

Human nutrition should include more PUFAs than saturated fatty acids (SFAs) (Pereira et al. 2012;
McCauley et al. 2016). Ulva intestinalis was the most favorable for its PUFA content and the ratio of
PUFASs/SFAs, in this sense.

Vertebrates are not able to synthetize n-3 FAs EPA and DHA sufficiently for their needs; therefore,
their intake from feed and food is important (Burdge and Wootton 2002; Burdge et al. 2002; Pereira
et al. 2012). EPA is often the most abundant PUFA in macroalgae (Pimentel et al. 2018). EPA was
the most abundant PUFA in Ceramium tenuicorne in study II and the second most abundant PUFA
in C. glomerata. The highest concentration of EPA in our study was measured in C. glomerata.

C. glomerata is the choice with TFA contents of 7 — 8.7 mg g™ DW (II) when only maximum TFA
content is looked for. Low n-6/n-3 ratio, which was detected in all three species — C. glomerata, U.
intestinalis and C. tenuicorne (II) — is considered favorable for human health (Pereira et al. 2012).
The FA composition and content may remarkably change seasonally in macroalgae (11, IIT), whereas
seasonal variation in DHA content in blue mussels (M. edulis) has been documented (Fernandez et
al. 2015).

Other algal compounds, in addition to FAs, with commercial interest are pigments, lipids, proteins,
polysaccharides and phenolic compounds (Stengel et al. 2011). Blue mussels (M. edulis) also have
potential in production of nutritional supplements due to their protein, lipid and carbohydrate
composition (Fernandez et al. 2015). Since the algal biomass on the substrata was low, high-value
products might be the most feasible utilization if algae alone were utilized. Algae differ widely in
their chemical composition based on their taxonomic entity (Stengel et al. 2011). Due to this, and
since the dominant species were the green algae, in both locations and years, applications solely based
on algae might be the most effective when designed suitably for the green algae C. glomerata and
Ulva spp. However, separation of these two species from the other algae may be difficult. Dominance
of one species might be obtained by adjusting the incubation time, location and substratum material,
as can be indicated from study I’s results.

5.6 Restrictions of the use of biomass

5.6.1 Heavy metals

Not only macroalgae (Chan et al. 2003; Akcali and Kucuksezgin 2011), including C. glomerata
(Chmielewska and Medved’ 2001), P. littoralis (Lill et al. 2012) and U. intestinalis (Gubelit et al.
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2016), but also barnacles [Balanus amphitrite, current name Amphibalanus amphitrite (WoRMS
2018)] (Rainbow and Wang 2005) are reported to accumulate heavy metals.

Heavy metal concentrations in the surface sediments of the northern Baltic Sea have declined during
the past decades (Vallius 2014). However, As, Cd and Hg remain at levels harmful to the environment
in some areas (Vallius 2014). Eutrophication may enhance heavy metal bioavailability when decaying
organic biomass causes anoxia in bottom sediments, releasing heavy metals bound in sediment
(Gubelit et al. 2016). Cd, Cu and Zn also bind strongly in the algal tissue in around pH 7 (Carrilho
and Gilbert 2000). Hypoxic conditions in the Baltic Sea may result in a pH as low as 7.2 (Ulfsbo et
al. 2011), and climate change is predicted to generally decrease the pH of the Baltic Sea (Takolander
2018). Cd and Zn concentrations in all fractions (the red algae are excluded from the comparison,
since we had no metal samples of them from Tvéirminne) were higher in Rymattyla than in Tvarminne
in our study. Higher overall heavy metal concentrations in Rymdttyld than in Tvdrminne remain
unclear. Heavy metal concentrations vary from site to site in the northern Baltic Sea (Voigt 2007),
and they should always be checked prior to utilization of the biomass.

Limits set for certain metals were exceeded if feed or fertilizer were composed exclusively of a certain
fraction or fractions of biomass on the substrata. The content of As in filamentous brown algae
exceeded the limit for a certain type of animal feed, as determined in Directive 2002/32/EC of the
European Parliament and of the Council. The content of Cd exceeded the limits for several types of
animal feed in all the other taxa, either of the year or the location, except in Ulva spp. Pb also exceeded
thresholds for certain types of animal feed, except in invertebrates, Ulva spp. and P. fibrillosa
(Directive 2002/32/EC). The limit values of Cd for a farmland fertilizer were exceeded in P. fibrillosa
and filamentous brown algae (Ministry of Agriculture and Forestry of Finland 2011).

5.6.2 Availability of biomass and technology

Besides heavy metals, another potential restriction on the utilization of macroalgal and invertebrate
biomass is the current lack of established technology to handle marine biomasses other than fish in
the northern Baltic Sea. Processes must be adjusted to handle new biomasses, most likely in annually
varying quantities.

The naturally occurring seasonal variation in the abundance and chemical composition of organisms
in the northern Baltic Sea pose a challenge for utilization. Physical conditions during winter (ice,
storms) may also prevent harvesting of biomass and cut the continuous supply of biomass.
Furthermore, if the availability of the required biomass or compound is not continuous, this may
interfere with the production process and finally restrict commercialization of the product.

5.7 Establishment of the cultivations
5.7.1 Selecting a site for the installations

Biomass cultivation infrastructure should be located so that it does not conflict with other activities
on the site, such as boat traffic or fishing. Environmental conditions should be suitable for installing
cultivation infrastructure and collecting biomass, i.e., the water depth, water current and openness to
wind and waves should be such that they do not prevent cultivation operations. Table 8 presents issues
to be considered when selecting a site for the cultivations, as well as practical features for the
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substratum. The effectiveness of the system increases in bioremediation if light and temperature are
not limiting the growth (Lamprianidou et al. 2015). One should take installation in the low heavy
metal location into consideration when the biomass collected is going to be further utilized and the
target is not the removal of metals. This may mean lower nutrient concentrations in the water in some
locations, since eutrophication and high heavy metal concentrations seem to be interlinked (Voigt
2007). However, biomass with low heavy metal concentration is potential raw material for food and
feed applications, fertilizer (I), and for several biofuel production techniques (III). Study I indicated
that macroalgae can grow on thin growth substratum, but the sessile fauna was not present on it.
Installations should be incubated two meters below the surface if the aim is to grow mussels and
avoid barnacles and algae (Hamilton et al. 2013).

A controlled way to promote biomass cultivations would be to include potential sites in the Maritime
spatial plan that is under development and going to be completed in 2021. Sites that are clearly
unsuitable could be avoided in this way. Monitoring of the environmental impacts of the cultivations
should still be carried on, because there is very little information on their impact, especially in the
northern Baltic Sea with its unique environmental characteristics (Hedberg et al. 2018). After all,
finding space for large-scale cultivations will be especially difficult close to the shore where nutrient
loads occur. The Archipelago Sea has narrow waterways and a lot of traffic. Traffic is high also in
the Gulf of Finland. Nutrient-induced changes closer to the shore might not be alleviated if
cultivations are located in the open sea. Several small-scale cultivations at a distance from each other
make utilization of the harvested biomass difficult. Local utilization of harvest seems recommendable
for small-scale cultivations.

Table 8. Issues to be considered when selecting the right site for the installation to collect biomass
and practical features for the substratum. Importance of harmful substances depends on the
application of how the biomass is about to be treated.

Site of installation
- appropriate in view of the investigation
- enables desired quality of biomass (impact of nutrients/harmful substances)
- notin the way of other activities, e.g., traffic
- vulnerability of nearby habitats
- ease of installation, ease of growth collection
In view of further use:
- distance to the end user
- eventual harmful substances
Substratum
- robustness, resistant to the power of water movement
- shape and structure, supports good growth of attached organisms
- easyto handle
- reusable, sustainable

5.7.2 Planning the production chain

Prior to a full-scale establishment of the cultivations for bioremediation and other purposes, basically
the whole production chain must be carefully planned. Figure 3 presents the steps prior to
establishment of commercial cultivation. Steps for production of high-value products, such as
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ingredients for cosmetics, may differ from biomass production for bioremediation, fertilizer and
biofuels, uses that only require high quantities of biomass (Fig. 3).

When a decision to start cultivations is made, the first step for both purposes is to survey suitable
cultivation sites while considering the ecological aspects and impacts to the other marine uses. Since
the quality and quantity of available biomass depends on the site (I), the factors affecting it also need
be evaluated. Second, the structure of the installations ought to be designed for easy maintenance and
harvest and for maximal quantity of desired biomass. Besides the installations, the equipment and a
boat needed for harvesting also ought to be efficient and easy to handle. Third, it should be studied
whether the installations must be lowered, removed or if they can stay as they are over winter.
Harvesting methods for the biomass composing of both invertebrates and algae could probably be
adopted or modified from the harvesting methods used for mussels, since blue mussels are the main
component of biomass. Fourth, since both the yield and the chemical composition of the biomass
depend on the season and harvesting frequency, they both should be optimized. The fifth question to
be solved is the logistics of storage and transport of the harvested material to the end users on land.

Utilization of biomass for high-value products starts by identifying valuable components in algae or
in other biomass (Fig. 3). The next step is to identify the factors influencing the accumulation of the
valuable components and how the accumulation could be maximized. Commercial-scale extraction
may need improvements to the current technology, adjusted to the Baltic Sea species, although several
macroalgal compounds are commercially utilized today (White and Wilson 2015; Malta and Agraso
Martinez 2017). Establishment of the commercial-scale production chain may also involve the
environmental impact assessment, environmental permits and authority inspections.

Use in bioremediation, fertilizers and biofuels Use in high value products

Storage on land or
straight to the end use site/s?

t (" (1) Seasonal variation in
When to collect the biomass? | the biomass amount & Handling and storage prior to distribution
Frequency? chemical composition to the end users
f Maintainance over winter 1
[ Harvesting method and equipment? ] [ Site selection ]
: 1
Structure and maintenance of the (1) Nets vs. ropes . .
installations Winter Efficient extraction
£ ({1, 1) Species composition m
Quality of the available | Invertebrates+algae: As, Cd, Cu, What impacts the presence and amount S;.-a;onal ERENED
biomass? Pb, Zn, POC, POP, PON of the valuable compounds? Nutrient availabilit
- CEttmenavalabiitys
4 \_Algae: FA content & composition t
[ (1) Amount of available biomass? ]
t e
Survey suitable/available sites dentify valuabl (1) Algae: FA content
for the cultivation entify valuable components & composition
[ At all stages of the process: Environmental impact assessment? Environmental permits? Authority inspections? }

Fig. 3. The key steps to be solved out prior to a full-scale establishment of the cultivations for
bioremediation and other purposes. Text in the green circles identifies which issues were investigated
in studies I-I1I.
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Value in bioremediation can be calculated by comparison to the other bioremediation measures. Costs
related to bioremediation are likely to decline if a chain of multiple utilizations for the produced
biomass can be realized (Baghel et al. 2016; Tedesco and Stokes 2017). Baghel et al. (2016)
demonstrated refining six products of commercial value from one macroalgal sample without
compromising each product’s yield. Tedesco and Stokes (2017) also report CHs content in biogas
after extraction of high-value compounds close to the yield of unextracted biomass. A profitability
analysis by Baghel et al. (2016) has resulted four times higher profit for a stream of products
compared to the agar production alone from the red macroalga Gracilaria corticata. The stream of
multiple products from the northern Baltic Sea biomass should be investigated. Meanwhile, due to
the general lack of infrastructure for mussel- (Ammenberg and Feiz 2017; Minnhagen 2017) and
macroalgal- (Balina et al. 2017) based products or other utilization in the Baltic Sea, the most likely
profitable utilization for the total biomass might be a direct use as a fertilizer, as has also been
estimated for the blue mussels (Ammenberg and Feiz 2017). This does not require establishment of
processing plants and not necessarily even a continuous substrate yield. Mussels’ fertilization effect
has been tested in Sweden with the results on the crop yielding ca. 85% compared to the chemical
fertilizer (Olrog and Christensson 2008). Another option would be using the collected biomass in a
local-scale biogas plant as an additional substrate. Use of blue mussels as animal feed has also been
estimated to be more profitable than their use in biogas production (Ammenberg and Feiz 2017). The
small size of the mussels and macroalgae in the northern part of the Baltic Sea makes reaching
economic sustainability even more difficult compared to the southern part of the sea.

In summary, challenges to achieving the economical sustainability of biomass production in the
northern Baltic Sea are the small size of the mussels and macroalgae, the lack of cultivation and
utilization infrastructure, cold wintertime, seasonality in the amount and chemical composition of
macroalgal biomass and seasonality in chemical composition of mussel biomass. Even a lack of
knowledge of the abundance of utilizable algae (Balina et al. 2017) and a lack of knowledge of the
utilizable chemical components hinder currently a wide-scale utilization of sessile organisms in the
northern Baltic Sea. Figure 3 represents which steps were investigated in this thesis.

5.8 Assessment of the methodology used in the studies

Commonly used methods to study organisms’ nutrient offset capacity are particle removal by deposit
feeders, nutrient assimilation and biogeochemical processes brought about by invertebrate or algal
assemblages (Carmichael et al. 2012). The total biomass on a certain area also impacts an organism’s
bioremediation capacity (Petersen et al. 2014). The effectiveness of biomass removal in
bioremediation can be estimated by comparing its costs to the costs of other actions against
eutrophication (Gren et al. 2009; Petersen et al. 2014). The ice cover during winter may create an
extra workload and require special solutions and careful evaluation of the most feasible incubating
period for the substrata.

The biomass yield and tissue (including the shell and gut content) nutrient content in this study were
used to evaluate the bioremediation potential of macroalgae and sessile invertebrates. Tissue nutrient
content is commonly considered a reliable method, since measuring assimilation by particle removal
or filtration rate is difficult, and biogeochemical processes vary according to local conditions
(Carmichael et al. 2012). Studies on sediment N and P fluxes are recommended when cultivating
biomass for bioremediation purposes (Stadmark and Conley 2011).
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NO., NO3, NH4 and PO4 were measured in study 1I’s aquarium tests, since they represent nutrients N
and P in the forms readily available for macroalgae (Corey et al. 2013).

Heavy metal concentration in biomass can be used to estimate usability of biomass in solutions in
which heavy metals may cause harm or when there are limits for it in the end product (Petersen et al.
2014; I10).

Temperature and salinity affect growth and chemical composition of algae and mussels (Westerbom
et al. 2002; Gren et al. 2009; Stengel et al. 2011), so these parameters were used as background
information for differences in the biomass on the substrata.

It would be interesting to focus in the future on the bioavailability of nutrients and heavy metals from
the collected marine biomass for crop plants in the northern climate. The impact of biomass on the
soil structure should also be studied. The actual costs of the cultivation and harvesting, including
labor cost, should be compared to the value attainable from the collected biomass.

6. CONCLUSIONS

On the DW basis, sessile organisms naturally attaching to the artificial substrata in the northern Baltic
Sea consisted mainly of the invertebrates blue mussels (Mytilus trossulus) and bay barnacles
(Amphibalanus improvisus) and the hydroids (Cordylophora caspia and Gonothyraea loveni). The
size of the organisms is small and their biomass per area on the substratum of both invertebrates and
macroalgae is low in the northern Baltic Sea in comparison to the oceanic and southern Baltic Sea
sessile organisms. Due to the low biomass and the practically complete lack of infrastructure to collect
and refine this biomass, the most suitable utilizations might currently be 1. removal of nutrients from
the sea, 2. use as fertilizer as such or after composting, and 3. as additional feed material in biogas
production in locations where the distance is short from the harvesting site to the plant. Utilization of
the total biomass is advisable, since macroalgal biomass formed less than 5% of the total biomass.

Amelioration of small-scale nutrient loads can be accomplished by removing biomass from the
substrata. A large-scale amelioration would require such a wide substratum and sea surface areas that
the area demand seems impractical. Therefore, non-seeded artificial substrata with naturally attached
organisms is not a solution for amelioration of the whole human-induced nutrient input to the Baltic
Sea. Costs related to the operation were not calculated in this study, and the actual costs and overall
workload should be calculated to really understand cost-effectiveness in the northern Baltic Sea.
Solutions that include several utilizations are likely to be economically most feasible.

The utilizable amount of the total and macroalgal biomass depended strongly on the Cd content in
biomass for their direct use as a fertilizer. The Cd content varied according to the site and to the
incubation time of the substrata being higher in Rymattyla than in Tvarminne. As, Cd, Cu, Pb and Zn
in algae were taxa dependent and, on average, far lower in the invertebrate fraction than in
macroalgae.

Combining with other feed material is recommendable for biogas production by anaerobic digestion,
because, as the only feed, the mass C/N ratio both in macroalgae and in total biomass was low,
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enabling formation of excess NH3, which is toxic to methanogenic micro-organisms, thus inhibiting
biogas production.

The limit values for Cd, set in the EU regulation, were exceeded for several types of animal feed,
depending on the time and location of sampling, but the limit was never exceeded in Ulva spp. The
content of As exceeded the limit for a certain type of animal feed in filamentous brown algae. Pb
exceeded thresholds for certain types of animal feed, except in invertebrates, Ulva spp. and
Polysiphonia fibrillosa.

The macroalgal FA concentrations were more related to taxonomy than nutrient availability. Only in
Cladophora glomerata did it seem that n-6 series FAs, LA and AA could be regulated by nutrient
manipulations. Elevated concentrations of these FAs were associated with higher N availability. The
LA is an essential FA in vertebrates’ nutrition. Ulva spp. seems promising to human and animal
nutrition with respect to both its metal content and the FA profile and composition. U. intestinalis, C.
glomerata and C. tenuicorne all had low n-6/n-3 ratio, which is considered favorable for human
nutrition.

The naturally occurring seasonal variations, not only in the abundance and chemical composition of
organisms in the northern Baltic Sea but also in their physical conditions (ice, storms), determine the
feasible harvesting time for the biomass. The right time may vary according to what type of biomass
is required.

In conclusion, sessile biomass collected from the northern Baltic Sea has potential for several
utilizations. However, development of the processes from cultivation to utilization and a cost-
efficiency analysis for different utilizations are badly needed. Low biomass is a challenge for
utilization.

33



7. ACKNOWLEDGEMENTS

This thesis work was financed by The Foundation for Research of Natural Resources in Finland,
Neste Oil Ltd., Maa- ja vesitekniikan tuki ry, and the European Regional Development Fund through
the Baltic Sea Region Programme 2007-13 project Sustainable Uses of Baltic Marine Resources,
SUBMARINER.

The field work was performed in the vicinity of Tvirminne Zoological Station, University of
Helsinki, Hanko and the Finnish Game and Fisheries Research Institute, Rymattyld. I would like to
thank the personnel of both stations. I also want to thank Markku Riittonen for the boat and assistance
during the installation of the experiment in Ryméttyld. Thank you to Ari Ruuskanen and Lari Jarvinen
for your help after winter when the submerged installations had to be located.

I would especially like to thank my supervisors, PhD Elina Leskinen, PhD Kirsi Kostamo and PhD
Jukka Seppild. Thank you for your support, guidance, patience and all the time you have given
throughout these years. Thank you also for contributing to the papers included in this thesis. Elina, I
especially thank you for your endless positivity, effort and feedback considering this work. Thank
you, Kirsi, for the great tips regarding the direction of this work and seeing the big picture. Jukka,
thank you for your support with the laboratory and field work and for providing me the excellent
facilities of the Finnish Environment Institute, as well as a number of laboratory workers. Without
your belief in my work, I would never have completed it.

Many thanks to Prof. Kimmo Kahilainen for acting as custos and to Prof. Emer. Illppo Vuorinen for
acting as my opponent. [ am grateful for the pre-examiners of my thesis, Prof. Anna-Stiina Heiskanen
and Prof. Veijo Jormalainen.

Sincere thanks to the members of my thesis advisory committee, Prof. Jorma Kuparinen, Prof. Hannu
Lehtonen, and Prof. Jukka Horppila, for having faith that I am on a right path with my thesis work.

Warm thanks to my co-authors Marika Tossavainen, Kristian Spilling, Kurt Fagerstedt, Jorma
Kuparinen, Pirjo Kuuppo, Jaanika Blomster and Janni Ketola. Thank you for investing your time and
expertise towards my PhD work. Kristian Spilling, thank you also for giving a hand in the field. I am
very grateful to Marika Tossavainen, who shared her expertise in fatty acids. I want also to thank
Jukka Pellinen for the instructions regarding laboratory work in the AlmaLab, University of Helsinki.

Warm thanks also for you all not yet mentioned: people who participated in the laboratory and field
work. You kept up a good spirit, and we had a lot of laughs and good conversations.

Thanks to my great colleagues at the university and the Finnish Environment Institute, it was always
nice to come to work.

I wish to express special thanks to Jaanika Blomster, who originally guided me to the path of PhD
studies. Also, warm thanks to Kaj Kronstrom for encouraging me to start with this topic.

Thank you also for my parents for the summers in the archipelago. They were the best summers ever
and especially when accompanied by Aila, Jussi and Nelli the dog. I believe those summers ignited
my love towards the Baltic Sea.

And finally, Matti, thank you for everything.

34



8. REFERENCES

Ahtiainen H, Artell J, Elmgren R, Hasselstrom L, Hakansson C (2014) Baltic Sea nutrient reductions
— What should we aim for? Journal of Environmental Management, 145, 9-23.

Akcali I, Kucuksezgin F (2011) A biomonitoring study: Heavy metals in macroalgae from eastern
Aegean coastal areas. Marine Pollution Bulletin, 62, 637—645.

Alobwede E, Leake JR, Pandhal J (2019) Circular economy fertilization: Testing micro and macro
algal species as soil improvers and nutrient sources for crop production in greenhouse and field
conditions. Geoderma, 334, 113-123.

Ammenberg J, Feiz R (2017) Assessment of feedstocks for biogas production, part II — Results for
strategic decision making. Resources, Conservation and Recycling, 122, 388-404.

Andersen JH, Pawlak J (2006) Nutrients and eutrophication in the Baltic Sea. Effects/ Causes/
Solutions. Baltic Sea Parliamentary Conference (BSPC), 32 pp., Nordic Council, Copenhagen.

Andersen JH, Axe P, Backer H, Carstensen J, Claussen U, Fleming-Lehtinen V, Jarvinen M,
Kaartokallio H, Knuuttila S, Korpinen S, Kubiliute A, Laamanen M, Lysiak-Pastuszak E, Martin G,
Murray C, Mehlenberg F, Nausch G, Norkko A, Villnds A (2011) Getting the measure of
eutrophication in the Baltic Sea: towards improved assessment principles and methods.
Biogeochemistry, 106, 137-156. DOI 10.1007/s10533-010-9508-4

Andersen JH, Carstensen J, Conley DJ, Dromph K, Fleming-Lehtinen V, Gustafsson BG, Josefson
AB, Norkko A, Villnds A, Murray C (2017) Long-term temporal and spatial trends in eutrophication
status of the Baltic Sea. Biological Reviews, 92, 135-149.

Andersson 1, Jarsjo J, Petersson M (2014) Saving the Baltic Sea, the inland waters of its drainage
basin, or both? Spatial perspectives on reducing P-loads in eastern Sweden. AMBIO: A Journal of the
Human Environment, 43, 914-925.

Baghel RS, Trivedi N, Reddy CRK (2016) A simple process for recovery of a stream of products
from marine macroalgal biomass. Bioresource Technology, 203, 160—165.

Balina K, Romagnoli F, Pastare L, Blumberga D (2017) Use of macroalgae for bioenergy production
in Latvia: review on potential availability of marine coastline species. Energy Procedia, 113, 403—
410.

Barbot YN, Al-Ghaili H, Benz R (2016) A Review on the Valorization of Macroalgal Wastes for
Biomethane Production. Marine Drugs, 14(6), 120. DOI 10.3390/md14060120

Biancarosa I, Belghit I, Bruckner CG, Liland NS, Waagbe R, Amlund H, Heesch S, Lock E-J (2018)
Chemical characterization of 21 species of marine macroalgac common in Norwegian waters:
benefits of and limitations to their potential use in food and feed. Journal of the science of Food and
Agriculture, 98, 2035-2042.

Bikker P, van Krimpen MM, van Wikselaar P, Houweling-Tan B, Scaccia N, van Hal JW, Huijgen
W1IJ, Cone JW, Lopez-Contreras AM (2016) Biorefinery of the green seaweed Ulva lactuca to
produce animal feed, chemicals and biofuels. Journal of Applied Phycology, 28, 3511-3525. DOI
10.1007/s10811-016-0842-3

35



Bucholc K, Szymczak-Zyta M, Lubecki L, Zamojska A, Hapter P, Tjernstrdm E, Kowalewska G
(2014) Nutrient content in macrophyta collected from southern Baltic Sea beaches in relation to
eutrophication and biogas production. Science of the Total Environment, 473—474,298-307.

Bonsdorff E, Blomqvist EM, Matilla J, Norkko A (1997) Coastal eutophication: causes, consequences
and perspectives in the Archipelago areas of the northern Baltic Sea. Estuarine, Coastal and Shelf
Science, 44, 63-72.

BSAP 2018. Implementation of the Baltic Sea Action Plan 2018. Three years left to reach good
environmental status. Brussels Ministerial Meeting 2018. HELCOM. Baltic Marine Environment
Protection Commission.

Burdge GC, Jones AE, Wootton SA (2002) Eicosapentaenoic and docosapentaenoic acids are the
principal products of alpha-linolenic acid metabolism in young men. British Journal of Nutrition, 88,
355-363.

Burdge GC, Wootton SA (2002) Conversion of o-linolenic acid to -eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids in young women. British Journal of Nutrition, 88,411—
420. DOI 10.1079/BJN2002689

Carmichael RH, Walton W, Clark H (2012) Bivalve-enhanced nitrogen removal from coastal
estuaries. Canadian Journal of Fisheries and Aquatic Sciences, 69, 1131-1149.

Carrilho ENVM, Gilbert TR (2000) Assessing metal sorption on the marine alga Pilayella littoralis.
Journal of Environmental Monitoring, 2, 410—415.

Carstensen J, Gustafsson B, Andersen JH, Conley DJ (2014) Deoxygenation of the Baltic Sea during
the last century. Proceedings of the National Academy of Science of the United States of America,
111(15), 5628-5633.

Chan SM, Wang W-X, Ni I-H (2003) The uptake of Cd, Cr, and Zn by the macroalga Enteromorpha
crinita and subsequent transfer to the marine herbivorous Rabbitfish, Siganus canaliculatus. Archives
of Environmental Contamination and Toxicology, 44, 298-306.

Cherad R, Onwudili JA, Ekpo U, Williams PT, Lea-Langton AR, Carmargo-Valero M, Ross AB
(2013) Macroalgae Supercritical Water Gasification Combined with Nutrient Recycling for
Microalgae Cultivation. Environmental Progress & Sustainable Energy, 32(4), 902-909.

Cherad R, Onwudili JA, Williams PT, Ross AB (2014) A parametric study on supercritical water
gasification of Laminaria hyperborea: A carbohydrate-rich macroalga. Bioresource Technology, 169,
573-580.

Chmielewska E, Medved’ J (2001) Bioaccumulation of heavy metals by green algae Cladophora
glomerata in a refinery sewage lagoon. Croatica Chemica Acta, 74, 135-145.

Christie WW, Han X (2010) Lipid analysis: Isolation, Separation, Identification and Lipidomic
Analysis. 4th edn. The Oily Press, Bridgwater, Somerset, UK.

Colombo J, Varisco M, Isola T, Crovetto C, Rost E, Risso S (2016) Composicién quimica proximal
y perfil de acidos grasos del mejillon Mytilus edulis provenientes de cultivos y bancos naturales en el
Golfo San Jorge, Argentina. Proximate chemical composition and fatty acid profile of the blue mussel
Mpytilus edulis from rocky shores and long line cultures in San Jorge Gulf, Argentina. Revista de
Biologia Marina y Oceanografia, 51(2), 293-299.

36



COM/2015/0614. Communication from the Commission to the European Parliament, the Council,
the European Economic and Social Committee and the Committee of the Regions. Closing the loop -
An  EU action plan for the Circular  Economy. https://eur-lex.europa.cu/legal-
content/EN/TXT/?7uri=CELEX:52015DC0614. Referred 16 December 2019.

Council Directive 91/676/EEC. Council Directive of 12 December 1991 concerning the protection of

waters against pollution caused by nitrates from agricultural sources. https://eur-
lex.europa.eu/eli/dir/1991/676/2008-12-11. Referred 16 December 2019.

Corey P, Kim JK, Duston J, Garbary DJ, Prithiviraj B (2013) Bioremediation potential of Palmaria
palmata and Chondrus crispus (Basin Head): effect of nitrate and ammonium ratio as nitrogen source
on nutrient removal. Journal of Applied Phycology, 25, 1349—1358. DOI 10.1007/s10811-013-9977-
7

Davis TA, Volesky B, Mucci A (2003) A review of the biochemistry of heavy metal biosorption by
brown algae. Water Research, 37, 4311-4330.

Directive 2000/60/EC. Directive 2000/60/EC of the European Parliament and of the Council of 23
October 2000 establishing a framework for Community action in the field of water policy. https://eur-
lex.europa.cu/eli/dir/2000/60/2014-11-20. Referred 16 December 2019.

Directive 2002/32/EC. Directive 2002/32/EC of the European Parliament and of the Council of 7
May 2002 on undesirable substances in animal feed. https://eur-lex.europa.eu/eli/dir/2002/32.
Referred 13 November 2018.

Directive 2008/56/EC. Directive 2008/56/EC of the European Parliament and of the Council of 17
June 2008 establishing a framework for community action in the field of marine environmental policy
(Marine Strategy Framework Directive). https://eur-lex.europa.eu/eli/dir/2008/56/2017-06-07.
Referred 16 December 2019.

Directive (EU) 2018/2001. Directive (EU) 2018/2001 of the European Parliament and of the Council
of 11 December 2018 on the promotion of the use of energy from renewable sources. https://eur-
lex.europa.eu/eli/dir/2018/2001/0j. Referred 16 December 2019.

Dubrovskis V, Plume I, KazulisV, Celms A, Kotelenecs V, Zabarovskis E (2012) Biogas production
potential from agricultural biomass and organic residues in Latvia. In: //th International Scientific
Conference — Engineering for Rural Development Proceedings. (eds Malinovska L, Osadcuks V),
Latvia  University = of  Agriculture,  Faculty = of  Engineering, 11, 566-571.
http://tf.1lu.lv/conference/proceedings2012/. Accessed 16 November 2015.

Ferella F, Puca A, Taglieri G, Rossi L, Gallucci K (2017) Separation of carbon dioxide for biogas
upgrading to biomethane. Journal of Cleaner Production, 164, 1205-1218.

Fernandez A, Grienke U, Soler-Vila A, Guihéneuf F, Stengel DB, Tasdemir D (2015) Seasonal and
geographical variations in the biochemical composition of the blue mussel (Mytilus edulis L.) from
Ireland. Food Chemistry, 177, 43-52.

Finnish Food Authority (2019) Ympdristokorvauksen sitoumusehdot 2015. Sisdltdd 2015-2019
muutokset. Ruokavirasto/ Finnish food authority. https://www.ruokavirasto.fi/viljelijat/tuet-ja-
rahoitus/ymparistokorvaus/perustaso/.

37



Fitton JH, Dell’ Acqua G, Gardiner V-A, Karpiniec SS, Stringer DN, Davis E (2015) Topical Benefits
of Two Fucoidan-Rich Extracts from Marine Macroalgae. Cosmetics, 2, 66-81. DOI
10.3390/cosmetics2020066

Fleming-Lehtinen V, Andersen JH, Carstensend J, Lysiak-Pastuszak E, Murray C, Pyhild M,
Laamanen M (2015) Recent developments in assessment methodology reveal that the Baltic Sea
eutrophication problem is expanding. Ecological Indicators, 48, 380-388.

Geissdoerfer M, Savaget P, Bocken NMP, Hultink EJ (2017) The circular economy — A new
sustainability paradigm? Journal of Cleaner Production, 143, 757-768.

Golubkov SM, Berezina NA, Gubelit YI, Demchuk AS, Golubkov MS, Tiunov AV (2018) A relative
contribution of carbon from green tide algaec Cladophora glomerata and Ulva intestinalis in the
coastal food webs in the Neva Estuary (Baltic Sea). Marine Pollution Bulletin, 126, 43-50.

Government Decree 1250/2014. Government Decree on Limiting Certain Emissions from Agriculture
and Horticulture. https://www.finlex.fi/fi/laki/alkup/2014/20141250. Referred 20 December 2019.

Grasshoff K, Erhardt M, Kremling K (eds) (1983) Methods of seawater analysis. Verlag Chemie,
Weinheim, pp. 125-187.

Gren I-M, Lindahl O, Lindqvist M (2009) Values of mussel farming for combating eutrophication:
An application to the Baltic Sea. Ecological Engineering, 35, 935-945.

Grienke U, Silke J, Tasdemir D (2014) Bioactive compounds from marine mussels and their effects
on human health. Food Chemistry, 142, 48—60.

Grondahl F, Brandt N, Karlsson S, Malmstrom ME (2009) Sustainable use of Baltic Sea natural
resources based on ecological engineering and biogas production. In: Ecosystems and Sustainable
Development VII (by Brebbia CA, Tiezzi E), 153-161.

Gubelit YI, Makhutova ON, Sushchik NN, Kolmakova AA, Kalachova GS, Gladyshev MI (2015)
Fatty acid and elemental composition of littoral “green tide” algae from the Gulf of Finland, the Baltic
Sea. Journal of Applied Phycology, 27, 375-386. DOI 10.1007/s10811-014-0349-8

Gubelit Y, Polyak Y, Dembska G, Pazikowska-Sapota G, Zegarowski L, Kochura D, Krivorotov D,
Podgornaya E, Burova O, Maazouzi C (2016) Nutrient and metal pollution of the eastern Gulf of
Finland coastline: Sediments, macroalgae, microbiota. Science of the Total Environment, 550, 806—
819.

Habig C, De Busk TA, Ryther JH (1984) The effect of nitrogen content on methane production by
the marine algae Gracilaria tikvahiae and Ulva sp. Biomass, 4, 239-251.

Hamilton HA, Ivanova D, Stadler K, Merciai S, Schmidt J, Van Zelm R, Moran D, Wood R (2018)
Trade and the role of non-food commodities for global eutrophication. Nature Sustainability, 1(6),
314-321. DOI 10.1038/s41893-018-0079-z

Hamilton C, Ozolina Z, Diaz E, Kraufvelin P (2013) The Baltic EcoMussel Project — Final Report.
Central Baltic INTERREG IV A Programme 2007-2013, European Union, European Regional
Development Fund.

Harlén A, Zackrisson A-C (2001) Ekonomisk analys av algskdrd och anvdndning av fintradiga alger.
2001, 42, Lénsstyrelsen Vistra Gotaland. EU Life algae LIFE96ENV/S/380.

38



He P, Xu S, Zhang H, Wen S, Dai Y, Lin S, Yarish C (2008) Bioremediation efficiency in the removal
of dissolved inorganic nutrients by the red seaweed, Porphyra yezoensis, cultivated in the open sea.
Water Research, 42, 1281-1289.

Hedberg N, Kautsky N, Kumblad L, Wikstrom SA (2018) Limitations of using blue mussel farms as
a nutrient reduction measure in the Baltic Sea. Report 2/2018, Baltic Sea Centre, Stockholm
University.

HELCOM (2018) State of the Baltic Sea — Second HELCOM holistic assessment 2011-2016. Baltic
Sea Environment Proceedings 155.

Herrmann C, FitzGerald J, O’Shea R, Xia A, O’Kiely P, Murphy JD (2015) Ensiling of seaweed for
a seaweed biofuel industry. Bioresource Technology, 196, 301-313.

Hjerne O, Hansson S (2002) The role of fish and fisheries in Baltic Sea nutrient dynamics. Limnology
and Oceanography, 47(4), 1023—-1032.

HSY (2019) Jatevedenpuhdistus pddkaupunkiseudulla 2018. Viikinmiden ja Suomenojan
jatevedenpuhdistamot. HSY:n julkaisuja 3/2019, Helsinki Region Environmental Services Authority.

http://lipidlibrary.aocs.org/, AOCS Lipid Library®. Accessed 4 April 2017.

Huo YZ, Xu SN, Wang YY, Zhang JH, Zhang YJ, Wu WN, Chen YQ, He PM (2011) Bioremediation
efficiencies of Gracilaria verrucosa cultivated in an enclosed sea area of Hangzhou Bay, China.
Journal of Applied Phycology, 23, 173—182.

Héanninen J (1996) Keinotekoisten riuttojen kayttd kalanviljelylaitosten ravinnepéaéstojen
vahentdmisessé. Esiselvitys. Lounais-Suomen ympdristékeskuksen monistesarja 10/96.

ISO 17294-2 (2003) Water quality—application of inductively coupled plasma mass spectrometry
(ICP-MS)—part 2: determination of 62 elements.

Jonsson L, Holm L (2010) Effects of toxic and non-toxic blue mussel meal on health and product
quality of laying hens. Journal of Animal Physiology and Animal Nutrition, 94, 405—412.

Karez R, Engelbert S, Kraufvelin P, Pedersen MF, Sommer U (2004) Biomass response and changes
in composition of ephemeral macroalgal assemblages along an experimental gradient of nutrient
enrichment. Aquatic Botany, 78, 103-117.

Korpinen S, Laamanen M, Suomela J, Paavilainen P, Lahtinen T, Ekebom J (eds) (2018) Suomen
meriympdriston tila 2018 (State of the marine environment in Finland 2018). SYKE Publications 4,
Finnish Environment Institute SYKE.

Kiirikki M, Lehvo A, (1997) Life strategies of filamentous algae in the northern Baltic Proper. Sarsia,
82(3), 259¢267. DOI 10.1080/ 00364827.1997.10413653

Kraufvelin P, Ruuskanen AT, Nappu N, Kiirikki M (2007) Winter colonisation and succession of
filamentous macroalgae on artificial substrates and possible relationships to Fucus vesiculosus in
early summer. Estuarine, Coastal and Shelf Science, 72, 665-674.

Lamprianidou F, Telfer T, Ross LG (2015) A model for optimization of the productivity and
bioremediation efficiency of marine integrated multitrophic aquaculture. Estuarine, Coastal and Shelf
Science, 164, 253-264.

39



Lehvo A, Béck S (2001) Survey of macroalgal mats in the Gulf of Finland, Baltic Sea. Aquatic
Conservation: Marine and Freshwater Ecosystems, 11, 11-18.

Leppékoski E, Gollasch S, Gruszka P, Ojaveer H, Olenin S, Panov V (2002) The Baltic — a sea of
invaders. Canadian Journal of Fisheries & Aquatic Sciences, 59, 1175-1188.

Lill J-O, Salovius-Laurén S, Harju L, Rajander J, Saarela K-E, Lindroos A, Heselius S-J (2012)
Temporal changes in elemental composition in decomposing filamentous algae (Cladophora
glomerata and Pilayella littoralis) determined with PIXE and PIGE. Science of the Total
Environment, 414, 646—652.

Lindahl O, Kollberg S (2008) How mussels can improve coastal water quality. Mussel farming — a
way to combat eutrophication. Bioscience explained, 5(1).

Lotze HK, Schramm W, Schories D, Worm B (1999) Control of macroalgal blooms at early
developmental stages: Pilayella littoralis versus Enteromorpha spp. Oecologia, 119, 46—54.

Malta E-j, Agraso Martinez MM (2017) Macro- and microalgae in the BIOSEA project. Contents of
priority compounds, their dynamics and main uses. State of the Art report of BIOSEA, a project under
the Bio Based Industries Joint Undertaking under the European Union’s Horizon 2020 Research and
Innovation Programme. CTAQUA, El Puerto de Santa Maria (Spain), 59 pp.

Marquez GPB, Santiafiez WJE, Trono Jr GC, Montafio MNE, Araki H, Takeuchi H, Hasegawa T
(2014) Seaweed biomass of the Philippines: Sustainable feedstock for biogas production. Renewable
and Sustainable Energy Reviews, 38, 1056—1068.

McCauley JI, Meyer BJ, Winberg PC, Skropeta D (2016) Parameters affecting the analytical profile
of fatty acids in the macroalgal genus Ulva. Food Chemistry, 209, 332-340.

McCrackin ML, Jones HP, Jones PC, Moreno-Mateos D (2017) Recovery of lakes and coastal marine
ecosystems from eutrophication: A global meta-analysis. Limnology and Oceanography, 62, 507—
518.

McDermid KJ, Stuercke B (2003) Nutritional composition of edible Hawaiian seaweeds. Journal of
Applied Phycology, 15, 513-524.

Milledge JJ, Nielsen BV, Maneein S, Harvey PJ (2019) A Brief Review of Anaerobic Digestion of
Algae for Bioenergy. Energies 2019, 12, 1166. DOI 10.3390/en12061166

Ministry of Agriculture and Forestry of Finland (2011) Asetus nro 24/11.
http://www.finlex.fi/data/normit/37638-11024fi.pdf. Accessed 29 December 2019.

Minnhagen S (2017) Farming of blue mussels in the Baltic Sea. A review of pilot studies 2007 — 2016.
Published 2017-09-28, Kalmar Municipality.

Myrberg K, Leppéranta M, Kuosa H (2006) Itdmeren fysiikka, tila ja tulevaisuus. Helsinki University
Press, Palmenia.

Maikinen T (ed) (2008) Fishery as a preventive action against the nutrient loading from fish farming:
fish farming net loading system, a preliminary study. In: Riista- ja kalatalous — Selvityksid 2/2008.
Finnish Game and Fisheries Research Institute, Helsinki.

40



Natunen K, Seppéld J, Koivula R-J, Pellinen J (2017) Monitoring cell-specific neutral lipid
accumulation in Phaeodactylum tricornutum (Bacillariophyceae) with Nile Red staining - a new
method for FlowCAM. Journal of Phycology, 53, 396—404.

Nkemka V (2012) Two-stage conversion of land and marine biomass for biogas and biohydrogen
production. Doctoral thesis. Printed in Sweden by Media-Tryck, Lund university, Lund.

Nkemka VN, Murto M (2010) Evaluation of biogas production from seaweed in batch tests and in
UASB reactors combined with the removal of heavy metals. Journal of environmental management,
91, 1573-1579.

Nobrega JA, Pirola C, Fialho LL, Rota G, de Campos Jorddo CEKMA, Pollo F (2012) Microwave-
assisted digestion of organic samples: how simple can it become? Talanta, 98, 272-276.

Oganjan K, Lauringson V (2014) Grazing rate of zebra mussel in a shallow eutrophicated bay of the
Baltic Sea. Marine Environmental Research, 102, 43-50.

Olrog L, Christensson E (2008) Anvindning av musslor och musselrester som godselmedel i
jordbruket. The Rural Economy and Agricultural Societes Report 2008:1.

Parjikolaei BR, Bruhn A, Eybye KL, Larsen MM, Rasmussen MB, Christensen KV, Fretté¢ XC (2016)
Valuable Biomolecules from Nine North Atlantic Red Macroalgae: Amino Acids, Fatty Acids,
Carotenoids, Minerals and Metals. Natural Resources, 7, 157-183.

Parrish CC (1999) Determination of total lipid, lipid classes, and fatty acids in aquatic samples. In:
Lipids in freshwater ecosystems. (eds Arts MT, Wainman BC), 1st edn. Springer, New York, pp 4—
20.

Pechsiri JS, Thomas JE, Risén E, Ribeiro MS, Malmstrom ME, Nylund GM, Jansson A, Welander
U, Pavia H, Grondahl F (2016) Energy performance and greenhouse gas emissions of kelp cultivation
for biogas and fertilizer recovery in Sweden. Science of The Total Environment, 573, 347-355.

Pedersen MF, Borum J (1997) Nutrient control of estuarine macroalgae: growth strategy and the
balance between nitrogen requirements and uptake. Marine Ecology Progress Series, 161, 155—-163.

Pereira H, Barreira L, Figueiredo F, Custddio L, Vizetto-Duarte C, Polo C, Resek E, Engelen A,
Varela J (2012) Polyunsaturated Fatty Acids of Marine Macroalgae: Potential for Nutritional and
Pharmaceutical Applications. Marine Drugs, 10, 1920-1935. DOI 10.3390/md10091920

Petersen JK, Hasler B, Timmermann K, Nielsen P, Terring DB, Larsen MM, Holmer M (2014)
Mussels as a tool for mitigation of nutrients in the marine environment. Marine Pollution Bulletin,
82, 137-143.

Pimentel FB, Alves RC, Rodrigues F, Oliveira MBPP (2018) Macroalgae-Derived Ingredients for
Cosmetic Industry—An Update. Cosmetics, 5, 2. DOI 10.3390/cosmetics5010002

Pitkédnen H, Lehtoranta J, Rédike A (2001) Internal Nutrient Fluxes Counteract Decreases in External
Load: The Case of the Estuarial Eastern Gulf of Finland, Baltic Sea. AMBIO: A Journal of the Human
Environment, 30(4), 195-201. DOI 10.1579/0044-7447-30.4.195

Prou J, Goulletquer P (2002) The French mussel industry: present status and perspectives. Bulletin of
the Aquaculture Association of Canada, 102(3), 17-23.

41



Puttonen I, Kohonen T, Mattila J (2016) Factors controlling phosphorus release from sediments in
coastal archipelago areas. Marine Pollution Bulletin, 108, 77—S86.

Rainbow PS, Wolowicz M, Fialkowski W, Smith BD, Sokolowski A (2000) Biomonitoring of trace
metals in the Gulf of Gdansk, using mussels (Mytilus trossulus) and barnacles (Balanus improvisus).
Water Research, 34, 1823—1829.

Rainbow PS, Wang W-X (2005) Trace metals in barnacles: the significance of trophic transfer.
Science in China Series C: Life Sciences, 48, 110—117.

Rebours C, Marinho-Soriano E, Zertuche-Gonzalez JA, Hayashi L, Vasquez JA, Kradolfer P, Soriano
G, Ugarte R, Abreu MH, Bay-Larsen I, Hovelsrud G, Redven R, Robledo D (2014) Seaweeds: an
opportunity for wealth and sustainable livelihood for coastal communities. Journal of Applied
Phycology, 26, 1939-1951. DOI 10.1007/s10811-014-0304-8

Ross AB, Jones JM, Kubacki ML, Bridgeman T (2008) Classification of macroalgae as fuel and its
thermochemical behavior. Bioresource Technology, 99, 6494—6504.

Ronnberg C, Bonsdorff E (2004) Baltic Sea eutrophication: area-specific ecological consequences.
Hydrobiologia, 514, 227-241.

Schumacher M, Yanik J, Sinag A, Kruse A (2011) Hydrothermal conversion of seaweed in a batch
autoclave. The Journal of Supercritical Fluids, 58, 131-135.

Seghetta M, Terring D, Bruhn A, Thomsen M (2016) Bioextraction potential of seaweed in
Denmark—An instrument for circular nutrient management. Science of the Total Environment, 563—
564, 513-529.

Shahbazi F, Seyyed Nejad M, Salimi A, Gilani A (2015) Effect of seaweed extracts on the growth
and biochemical constituents of wheat. The International Journal of Agriculture and Crop Sciences,
8, 283-287.

Simopoulos AP (2006) Evolutionary aspects of diet, the omega-6/omega-3 ratio and genetic variation:
nutritional implications for chronic diseases. Biomedicine & Pharmacotherapy, 60, 502-507.

Solorzano L, Sharp JH (1980) Determination of total dissolved phosphorus and particulate
phosphorus in natural waters. Limnology and Oceanography, 25, 754-758.

Spivey JJ, Egbebi A (2007) Heterogeneous catalytic synthesis of ethanol from biomass-derived
syngas. Chemical Society Reviews, 36, 1514—1528.

Spéangberg J, Jonsson H, Tidéker P (2013) Bringing nutrients from sea to land — mussels as fertiliser
from a life cycle perspective. Journal of Cleaner Production, 51, 234-244.

Stadmark J, Conley DJ (2011) Mussel farming as a nutrient reduction measure in the Baltic Sea:
Consideration of nutrient biogeochemical cycles. Marine Pollution Bulletin, 62, 1385—1388.

Stengel DB, Connan S, Popper ZA (2011) Algal chemodiversity and bioactivity: Sources of natural
variability and implications for commercial application. Biotechnology Advances, 29, 483-501.

Takolander A (2018) Assessing the effects of climate change on Baltic Sea macroalgae — implications
for the foundation species Fucus vesiculosus L. Academic dissertation, University of Helsinki.

42



Tedesco S, Stokes J (2017) Valorisation to biogas of macroalgal waste streams: a circular approach
to bioproducts and bioenergy in Ireland. Chemical Papers, 71, 721-728. DOI 10.1007/s11696-016-
0005-7

Tossavainen M, Ilyass U, Ollilainen V, Valkonen K, Ojala A, Romantschuk M (2019) Influence of
long term nitrogen limitation on lipid, protein and pigment production of Euglena gracilis in
photoheterotrophic cultures. Peer.J, 7:¢6624. DOI 10.7717/peerj.6624

Ulfsbo A, Hulth S, Anderson LG (2011) pH and biogeochemical processes in the Gotland Basin of
the Baltic Sea. Marine Chemistry, 127, 20-30.

Ullmann CV, Gale AS, Huggett J, Wray D, Frei R, Korte C, Broom-Fendley S, Littler K, Hesselbo
SP (2018) The geochemistry of modern calcareous barnacle shells and applications for
palaeoenvironmental studies. Geochimica et Cosmochimica Acta, 243, 149-168.

USEPA (2007) METHOD 3051A. Microwave assisted acid digestion of sediments, sludges, soils,
and oils. Revision 1, February 2007. https://www.epa.gov/hw-sw846/sw-846-test-method-
3051amicrowave-assisted-acid-digestion-sediments-sludges-soils-andoils. Referred 15 May 2016.

Vahteri P, Mikinen A, Salovius S, Vuorinen 1 (2000) Are drifting algal mats conquering the
Archipelago Sea? AMBIO: A Journal of the Human Environment, 29, 338-43.

Vallius H (2014) Heavy metal concentrations in sediment cores from the northern Baltic Sea:
Declines over the last two decades. Marine Pollution Bulletin, 79, 359-364.

Vergara-Fernandez A, Vargas G, Alarcon N, Velasco A (2008) Evaluation of marine algae as a source
of biogas in a two-stage anaerobic reactor system. Biomass and Bioenergy, 32, 338-344,

Verhofstad MJIM, Poelen MDM, van Kempen MML, Bakker ES, Smolders AJP (2017) Finding the
harvesting frequency to maximize nutrient removal in a constructed wetland dominated by submerged
aquatic plants. Ecological Engineering, 106, 423—430.

Voigt H-R (2007) Heavy metal concentrations in four-horn sculpin Triglopsis quadricornis (L.)
(Pisces), its main food organism Saduria entomon L. (Crustacea), and in bottom sediments in the
Archipelago Sea and the Gulf of Finland (Baltic Sea). Proceedings of the Estonian Academy of
Sciences (Biology Ecology), 56, 224-238.

Vuorinen I, Hénninen J, Rajasilta M, Laine P, Eklund J, Montesino-Pouzols F, Corona F, Junker K,
Meier HEM, Dippner JW (2015) Scenario simulations of future salinity and ecological consequences
in the Baltic Sea and adjacent North Sea areas—implications for environmental monitoring. Ecological
Indicators, 50, 196-205.

WeiZ, Youl, WuH, Yang F, Long L, Liu Q, Huo Y, He P (2017) Bioremediation using Gracilaria
lemaneiformis to manage the nitrogen and phosphorous balance in an integrated multi-trophic
aquaculture system in Yantian Bay, China. Marine Pollution Bulletin, 121, 313-319.

Westerbom M, Kilpi M, Mustonen O (2002) Blue mussels, Mytilus edulis, at the edge of the range:
population structure, growth and biomass along a salinity gradient in the north-eastern Baltic Sea.
Marine Biology, 140, 991-999.

Westerbom M, Mustonen O, Jaatinen K, Kilpi M, Norkko A (2019) Population Dynamics at the
Range Margin: Implications of Climate Change on Sublittoral Blue Mussels (Mytilus trossulus).
Frontiers in Marine Science, 6, 292.

43



White WL, Wilson P (2015) World seaweed utilization. In: Seaweed sustainability. Food and non-
food applications. (eds Tiwari BK, Troy DJ), Elsevier, USA.

WoRMS (2018). Balanus amphitrite Darwin, 1854. Accessed at:
http://www.marinespecies.org/aphia.php?p=taxdetails&id=106211 on 2018-10-04.

Ymparisto.fi. https://www.ymparisto.fi/fi
FI/Meri/Mika_on Itameren_tila/Itameren_fosforikuorma_Suomesta. Accessed 23 December 2019.

Zbikowski R, Szefer P, Latala A (2007) Comparison of green algae Cladophora sp. and
Enteromorpha sp. as potential biomonitors of chemical elements in the southern Baltic. Science of
the Total Environment, 387, 320-332.

Zeraatkar AK, Ahmadzadeh H, Talebi AF, Moheimani NR, McHenry MP (2016) Potential use of
algae for heavy metal bioremediation, a critical review. Journal of Environmental Management, 181,
817-831.

Olafsson E, Aarnio K, Bonsdorff E, Arroyo NL (2013) Fauna of the green alga Cladophora glomerata
in the Baltic Sea: density, diversity, and algal decomposition stage. Marine Biology, 160, 2353-2362.
DOI 10.1007/s00227-013-2229-1

44



	ABSTRACT
	TABLE OF CONTENTS
	ABBREVIATIONS
	1. INTRODUCTION
	2. AIMS OF THE THESIS
	3. MATERIALS AND METHODS
	4. RESULTS
	5. DISCUSSION
	6. CONCLUSIONS
	7. ACKNOWLEDGEMENTS
	8. REFERENCES



