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Abstract
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The Baltic Sea is located between 53°N to 66°N and from 10°E to 30°E and is the
second largest brackish water body in the world. It consists of several basins where
the Baltic Proper is the major water mass. Around 85 million people live in the
catchment area of the Baltic Sea, which subjects it to a range of environmental
pressures, such as increased nutrient inputs from human activities (eutrophication),
shipping, over-fishing, acid rain and trace metals released from anti-fouling paint.
All these stressors, combined with low alkalinity, variable salinity and limited water
exchange, makes the Baltic Sea a very sensitive area that may be less resilient to
future stressors such as climate change or increased shipping activities.
Microplankton communities consist of small heterotrophic bacteria, picoplankton,
phytoplankton, cyanobacteria and smaller grazers, such as ciliates and zooplankton.
In the Baltic Proper, there is a succession of blooms, within the microplankton
community, from diatoms and dinoflagellates in the early spring to cyanobacteria
during summer and ending with a second diatom and dinoflagellate bloom in the
autumn. The cyanobacteria of the Baltic Proper bloom every summer and are
dominated by Aphanizomenon sp. and Nodularia spumigena. Dolichospermum spp.
is present but is less abundant. The effects of climate change were tested on a natural
microplankton community, as well as on isolated cyanobacteria species from the
Baltic Sea. To simulate effects of climate change, the temperature was increased
from 12°C to 16°C, salinity decreased from 6-7 to 3-4 and atmospheric pCO.-levels
was increased from 380 ppm to 960 ppm. The biovolume of Aphanizomenon sp. and
N. spumigena increased when temperature was increased by 4°C. When salinity was
decreased by three units, both the growth and photosynthetic activity of N.
spumigena were reduced while Aphanizomenon sp. was unaffected, and the growth
of Dolichospermum sp. was increased. Furthermore, present-day salinities were
beneficial, in terms of increased biovolumes, of diatoms, dinoflagellates and ciliates,
compared to reduced future salinity. Increased atmospheric pCO- had no effect on
any of the species in the microplankton community. These results show that the
future microplankton community may be positive, in terms of increased biovolume,
for the cyanobacteria species Aphanizomenon sp. and Dolichospermum spp. An
increase of cyanobacteria blooms may open up to the possibility to grow and/or
harvest these species as a source of biofuel or fatty acids (FA). Dolichospermum sp.
yielded higher total FA content per biovolume, compared to the other two
cyanobacteria species in phosphorus-depleted medium and Aphanizomenon sp. in
nitrogen-depleted medium. Natural nutrient levels in the Baltic Proper are low both



in nitrogen and phosphorus, which indicates a possible future market for biofuel and
FA technologies.

Additionally, the effects of seawater scrubbing (SWS) were tested on a natural
summer-bloom microplankton community. Three different concentrations of
scrubber water were added; 1%, 3% and 10%. To elucidate effects of decreased pH
alone, water acidified with HSOs was added in equal concentrations. The six
treatments were compared to a control without acidifying substances. SWS or the
corresponding pH treatments, did not have a direct effect on microplankton species
composition and biovolume. However, the increased amount of Cu and Zn in the
scrubber water, combined with significant decrease in pH and alkalinity already at
the 1% scrubber water treatment calls for precaution when implementing scrubber
units on the shipping fleet of the Baltic Sea. The accumulated effects of long-term
repeated addition constantly throughout the year, i.e. in a shipping lane, are yet to be
elucidated.

Keywords: cyanobacteria, pH, seawater scrubbing, temperature, salinity, pCOx,
SOx, trace metals, fatty acids, Aphanizomenon sp., Nodularia spumigena,
Dolichospermum spp.
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1. Bakgrund

1.1 Ostersjon

Ostersjon ar uppdelad i flera olika bassianger, med bl.a. Bottenviken langst i norr,
Finska bukten i 6ster och Egentliga Ostersjon, som ar den storsta vattenmassan. |
sydvast ar Ostersjon forenad med Kattegatt genom Danska sundet. Ostersjon ar
varldens nast storsta brackvattenomrade, bara Svarta havet ar storre. Att vattnet ar
bréackt betyder att det ar ett mellanting mellan havets naturliga salthalt pa ca 32-33
och sotvatten. Man kan se hela Ostersjon som ett jéttestort estuarium, dar floder och
aar kontinuerligt rinner ut med sitt sota vatten. Saltvatten, som &r tyngre &n sotvatten,
rinner 1angs med botten in i Ostersjon frén Kattegatt. Detta medfor att i hela Ostersjon
ar det en skillnad i salthalten med vattendjupet samt &ven mellan de olika
bassdngerna. Langst i norr och oster, dit saltvattnet har svart att ta sej, &r
saltvattennivan lagst, bara 2-3. | Egentliga Ostersjon ar saltnivan 6-7.

Forutom varierande salthalt har Ostersjon varierande alkalinitet. Alkalinitet ar havets
buffringsférmaga. Havsvatten har en alkalinitet pa éver 2055 pmol kg, i Ostersjon
ar alkaliniteten betydligt lagre med 1551 i Egentliga Ostersjon och 774 umol kg™
mot Bottenviken. Vattenmassor med lagre alkalinitet har lagre formaga att sta emot
pH-forandringar. Darfor ar Ostersjon mer kansligt mot forsurning &n andra
vattenmassor, som t.ex. 6ppet hav.

Ca 85 miljoner manniskor bor i Ostersjons avrinningsomrade. Detta medfor att
Ostersjon utsatts for en mangd stressfaktorer som t.ex. dvergodning, 6verfiske, surt
regn och lackande gifter fran batbottenfarger. Alla dessa faktorer, tillsammans med
att Ostersjon har lag alkalinitet och varierande salthalt, gor att Ostersjon har mindre
motstandskraft mot eventuella framtida forandringar som klimatforandringar eller
Okad fartygstrafik.

Mikroplanktonsamhallen bestar av véxtplankton, cyanobakterier, heterotrofa
bakterier och mindre betare som ciliater och djurplankton. Véxtplankton och
cyanobakterier ar s.k. primadrproducenter, dvs. att de precis som landvaxter anvander
solljus for att leva och fotosyntetisera. De ar darmed basen i naringskedjan och bidrar
med energi och foda for betare. Deras tillvaxt bestdms av, och begrénsas av,
tillgangen till naring, ljus, temperaturniva och salthalt.
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| Ostersjon ar det en succession i mikroplanktonsamhallet under aret (Fig. 1). Pa
varen nar ljuset ar tillrackligt startar varblomningen med Kkiselalger och
dinoflagellater. De forbrukar nastan all néring i vattnet. PA sommaren kan darfor de
kvavefixerande cyanobakterierna ta over, eftersom de kan leva i laga fosfatnivaer
och kan anvanda (fixera) atmosfarens kvave som loser sig i vattnet. Pa hosten blir
det ofta en omblandning av vattnet till exempel genom stormar och da kan
naringsnivan stiga och en dkning av kiselalger och dinoflagellater sker igen.

Cyanobakterierna i Ostersjon tillvaxer varje sommar, men om férhallandena pa
sommaren ar sarskilt gynnsamma, dvs. om temperaturen ar hog och det blaser lite,
tillvaxer de kvdvefixerande cyanobakterierna extra mycket och bildar
sommarblomningen. Eftersom vissa av cyanobakteriearterna ar giftiga, samt att de
garna lagger sig pa ytan i stora sjok som sedan flyter in mot land, ar dessa
sommarblomningar otrevliga for semesterfirare runt hela Ostersjon. Giftet &r normalt
inte farligt for manniskor, men hundar och boskap som dricker vattnet kan bli sjuka.

Sommarblomningen av cyanobakterier &r ett naturligt forekommande fenomen som
har funnits dnda sedan Ostersjon bildades for ca 8000 &r sedan, men det finns studier
som visar att under de senaste 20 aren har blomningarna blivit varre; dels att de tacker
storre omraden samt att mangden cyanobakterier varje sommar har OKkat.
Sommarblomningen domineras av arterna Aphanizomenon sp. och Nodularia
spumigena. En tredje art &r narvarande, men inte lika dominerande; Dolichospermum
spp. Aphanizomenon sp. foredrar lite kallare vatten sa den tillvaxer forst i
blomningen, senare under sommaren tar N. spumigena over.



1.2 Klimatférandringar

Klimatférandringar definieras som langtidsforandringar i det globala medelklimatet.
Medelklimatet bestams av den inkommande energin fran solen, av jordens
egenskaper och atmosfarens reflektion och absorption samt stralningen av energi
mellan jordytan och atmosfaren. Exempelvis, vaxthusgaser i atmosfaren Okar
absorptionen av den utgaende stralningen fran jorden, vilket resulterar i ett varmare
klimat. En véaxthusgas ar koldioxid, CO.. Mangden CO: i atmosféren har 6kat de
senaste 250 aren, p.g.a. industrialiseringen, fran ca 280 ppm till lite 6ver 400 ppm ar
2017. FN:s klimatpanel IPCC (International Panel on Climate Change) har med hjalp
av olika modeller tagit fram olika scenarier for framtida klimat, beraknat pa
ekonomisk tillvéxt, populationsstorlek och teknologiutveckling. Ett av scenarierna
ar AlFl, som har den hogsta ©Okningen av CO. i atmosfaren och av
medeltemperaturen. Vid ar 2100 skulle da CO. halten okat till 960 ppm och
medeltemperaturen med 4,8°C. Regionalt for Ostersjdomradet tror man &ven att
nederbdrden kommer oka, vilket kommer att 6ka avrinningen av féarskvatten till
Ostersjon och darmed minska salthalten med ca 3 enheter.

Okar CO- i atmosfaren, kan detta leda till havsforsurning. Nar CO; I6ser sig i vattnet
kan det reagera med vatten och bilda kolsyra H.COs. Detta dar en svag syra som
snabbt l6ser upp sig i bikarbonatjoner H>CO3z och vétejoner H*. Det sker fler
reaktioner, men sammanfattningsvis &r det koncentrationen av H" i vattnet som
definierar pH, dar 6kande méngd H* ger ett lagre pH.

Det finns andra mekanismer som kan sédnka pH. En av dem ar SWS (seawater
scrubbing), eller skrubbning. SWS dr en metod for att minska utsléppen av
fartygsavgaser till luften, som bl.a. bidrar till surt regn och utslapp av sotpartiklar.
Vid SWS leds avgaserna genom en trumma, ddr en dimrida av vattendroppar loser
svavel- och kvaveoxider i avgaserna. Vattendropparna kondenserar inuti trumman
och skrubbervattnet far ett pH-varde under 3. Avgaserna leds nu som vanligt ut
genom skorstenen, skrubbade fran sotpartiklar och svavel- och kvaveoxider som
orsakar surt regn. Skrubbervattnet sldpps ut i vattnet medan fartyget ar pa oppet
vatten. En fordel med att anvanda SWS &r att man da har tillatelse att anvanda bransle
med hogre svavelhalt. Sedan 1 januari 2015 ar Ostersjon ett SECA-omrade (Sulphur
Emission Control Area) dar hogsta svavelhalten i fartygsbransle sanktes fran 1 % till
0,1 %. Har man déremot en skrubber installerad kan man fortsatta anvanda det
billigare hogsvavelbrénslet.



2. Min avhandling

| denna avhandling har vi studerat hur mikroplanktonsamhallet i Egentliga Ostersjon
paverkas av framtida klimatférandringar, i form av 6kad COz-halt i atmosfaren, 6kad
temperatur och minskad salthalt. Dessutom har vi studerat effekterna av
skrubbervatten pa mikroplanktonsamhallet, samt ifall cyanobakterier kan nyttjas
inom industrin, som biobransle eller som fettsyraproducenter.

| avhandlingen presenteras experiment bade fran laboratoriet och ute i falt.
Laboratorieexperimenten ar utfoérda pa de arter av cyanobakterier som bildar
sommarblomningen. Faltexperimenten ar utférda pa Askdélaboratoriet i Trosa
skargard mitt under sommarblomningar. Da har vi anvant hela det naturliga
mikroplanktonsamhallet och sedan utsatt det for olika behandlingar.

2.1 Resultat

Om temperaturen i Egentliga Ostersjon Okar med 4°C okar tillvixten av
cyanobakterierna Aphanizomenon sp. och Nodularia spumigena (artikel 1). Detta
skulle kunna innebéra att blomningarna startar tidigare under sasongen, eftersom den
optimala vattentemperaturen for cyanobakterierna skulle nas tidigare pa
forsommaren. Om salthalten skulle minska med 3 enheter skulle Aphanizomenon sp.
inte paverkas alls, medan tillvéaxten av N. spumigena skulle minska (artikel 1).
Varken Aphanizomenon sp. eller N. spumigena paverkades av 6kad CO--halt.

Nar effekterna av minskad salthalt i kombination med 6kad CO,-halt testades pa ett
naturligt mikroplanktonsamhalle (artikel I1) fick vi liknande resultat: N. spumigena
gillar inte minskad salthalt, Aphanizomenon sp. paverkades inte alls och
Dolichospermum spp. gillade kombinationen minskad salthalt och 6kad CO»-halt.
Eftersom dessa tre arter alla ar tradformiga kvavefixerande arter i Ostersjon, samt att
manga arter generellt gynnas av O0kande temperatur, kan man tianka sig att dven
Dolichospermum spp. skulle paverkas i form av 6kad tillvaxt vid +4°C. | ett framtida
mikroplanktonsamhalle i Ostersjon, dar temperaturen okat med 4°C, salthalten
minskat med 3 enheter och atmosfarens CO.-halt 6kat till 960 ppm, ar det mojligt att
Aphanizomenon sp. bdrjar blomningen tidigare pa sasongen och att den stracker sig
till omraden med lagre salthalt. Sedan tar Dolichospermum spp. éver dominansen,
medan N. spumigena finns i mindre méngd. Om det skulle bli kraftigare blomningar
av cyanobakterier finns det en mojlighet att skorda dem fran vattnet och anvanda
som biobrénsle eller utvinna deras fettsyror till den industriella marknaden.



Dolichospermum spp. har hdgst mangd fettsyra per biovolym (artikel 1) medan N.
spumigena ar lattast att odla i laboratoriet och ger mest biomassa pa kortast tid.

Né&r skrubbervatten tillsattes i tre olika koncentrationer (1 %, 3 % och 10 %) till ett
naturligt mikroplanktonsamhélle och jamfordes med behandlingar d&r forsurat vatten
tillforts i samma koncentrationer samt en kontrollbehandling dér inget skrubber- eller
forsurat vatten tillsatts. Vi fann ingen effekt i tillvaxten av mikroplankton mellan
nagon av behandlingarna (artikel 111). Daremot sag vi tydligt att redan vid de lagsta
koncentrationerna, 1 %, sanktes pH och alkalinitet, samt att farliga metaller fanns i
vattnet. Detta betyder att dven om vi inte sag nagra effekter i vart 14-dagars
experiment, ar det sannolikt att effekterna hade kommit senare. Dessutom studerades
en engangstillforsel av skrubbervatten. | verkligheten ar det flera fartyg med
skrubbers installerade som kommer att trafikera Ostersjons fartygsleder dygnet runt,
aret runt. Denna standiga tillforsel kan vara negativ for det mikroplanktoniska
ekosystemet.

2.2 Framtida studier

| vara experiment har vi studerat hur mikroplanktonsamhallet i Egentliga Ostersjon
paverkas av klimatforandringar och SWS. Fartygstrafiken forvantas fordubblas de
narmsta trettio aren, och inforandet av skrubbers ombord pa fartyg har redan borjat.
Daremot saknas det studier pa hur ekosystemet paverkas. | denna avhandling
presenteras en av de fa experimentella studier som har utforts. Flera, och langre,
studier pa framforallt upprepade utsléapp av skrubbervatten behovs verkligen!

Dessutom har vi inte studerat hur det ser ut pa hogre nivaer i naringskedjan. Det
skulle t.ex. vara intressant att studera hur fettsyranivaerna i mikroplankton forandras
med framtida klimat eller av SWS-paverkan. Fettsyranivaerna och deras
sammanséattning ar viktiga for fodokvalitén for betare hogre upp i naringskedjan. Om
betarna paverkas, paverkas aven smafisk, som sill, och storre fisk som torsk.

Det finns verkligen utrymme for fler studier inom dessa omraden!
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1. Introduction
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1.1 The Baltic Sea

The Baltic Sea is located between 53°N to 66°N and from 10°E to 30°E and consists
of several basins (Fig. 1); e.g. the Bothnian Bay in the north, the Gulf of Finland in
the east, and the Baltic Proper that is the major water mass. The Baltic Sea is
connected to the Kattegat by the Danish straits in south west. The Baltic Sea is the
second largest brackish water body in the world (after the Black Sea), due to riverine
inflow of fresh water in the Baltic Sea catchment area and limited water exchange
through the narrow and shallow Danish straits. The less saline brackish water from
the Baltic Sea flows on the surface through the Danish straits, while saline deep-
water from the North Sea, via the Kattegat, periodically flows into the Baltic
(Stigebrandt 2001). The Baltic Sea is functionally a large estuary, divided into sub-
basins, each with its own characteristic properties.
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This inflow of saline water is sporadic and major inflows, which oxygenate the
bottom of the Baltic Sea and mix the water masses, occur only rarely. Therefore,
there is a constant halocline in the Baltic Sea. Furthermore, there is a salinity gradient
above the halocline in the Baltic Sea. Since saline water flows north-east at the
bottom, there is a counter current from river runoffs of fresh water south-west
throughout the Baltic Sea. This results in the Bothnian Bay and Gulf of Finland
having the lowest salinities of 2-3, around 7 in the Baltic Proper to around 25 in the
Kattegat (Rodhe 1998).

The salinity gradient is also reflected in surface alkalinity (Ar), since Ar is closely
related to salinity. The Kattegat has an alkalinity of 2055 umol kg, decreasing to
1551 in the Baltic Proper and is 774 umol kg?' towards the Bothnian Bay
(summarized in Hjalmarsson et al. 2008). Seawater’s ability to withstand pH change
Is governed by the At of the water. Therefore the brackish Baltic Sea is potentially
sensitive to acidification.

Around 85 million people live in the catchment area of the Baltic Sea, which subjects
it to a range of environmental pressures, such as increased nutrient inputs from
human activities (eutrophication), shipping, over-fishing, acid rain and trace metals
released from anti-fouling paint. All these stressors, combined with low alkalinity,
variable salinity and limited water exchange, make the Baltic Sea a very sensitive
area that may be less resilient to future stressors such as climate change or increased
shipping activities.

1.2 Microplankton

Microplankton communities consist of small heterotrophic bacteria, picoplankton,
phytoplankton, cyanobacteria and smaller grazers, such as ciliates and zooplankton.
Phytoplankton are the primary producers and form the basis of the food chain
providing energy for smaller grazers. Phytoplankton, together with picoplankton and
cyanobacteria, are limited in their growth by light, temperature, salinity and nutrients.

In the Baltic Proper, there is a succession of blooms, i.e. seasonal high abundance of
cells, within the microplankton community, from diatoms and dinoflagellates in the
early spring to cyanobacteria during summer and ending with a second diatom and
dinoflagellate bloom in the autumn. During winter, low light conditions prevent
extensive phytoplankton production resulting in less zooplankton but also nutrient-
rich water (Fig. 2). When light conditions are more favourable and nutrients have
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been mixed up from deeper water during winter storms, the phytoplankton spring-
bloom starts. During the spring-bloom, diatoms consume nearly all inorganic
nitrogen but leave a small amount of phosphate. This situation gives the nitrogen
fixing cyanobacteria a competitive advantage over other phytoplankton groups,
resulting in massive blooms from June to August. Autumn mixing increases sea
surface nutrient concentrations and together with sufficient light, the autumn
phytoplankton bloom starts, dominated by diatoms and dinoflagellates with a
corresponding later peak in zooplankton. Studies based on time series data from 1979
to 2008 have shown that the total phytoplankton biomass has increased in the Baltic
Proper, concurrently temperature has increased and salinity decreased (Suikkanen et
al. 2013).

The cyanobacteria of the Baltic Proper bloom every summer and some of the
cyanobacteria species causing the blooms are toxic. Therefore, the extensive blooms
affect not only recreational activities, but are also lethal for domestic animals that
drink the water (Edler et al. 1985, Nehring 1993) as well as animals of higher trophic
levels in the Baltic food chain (Kankaanpaa et al. 2002, Sipid et al. 2002, Karjalainen
et al. 2006). The cyanobacterial blooms are a natural phenomenon (Bianchi et al.
2000) but for the last years the blooms have become more frequent and cover larger
areas (Kahru et al. 1994, Finni et al. 2001) and starts earlier in the summer, however,
with large decadal-scale variations (Kahru & Elmgren 2014).

In the Baltic Proper the summer-blooms are dominated by the cyanobacteria
Aphanizomenon sp. (Morren ex Bornet & Flahault) and Nodularia spumigena
(Mertens ex Bornet & Flahault) (Janson & Hayes 2006). Dolichospermum spp. (Ralfs



ex Bornet & Flahault, previous Anabaena Bory ex Bornet & Flahault (Wacklin et al.
2009)) is also present but is less abundant (Sellner 1997, Stal et al. 2003).
Aphanizomenon sp. prefers lower temperatures than N. spumigena and therefore it is
the first cyanobacteria that occurs in early summer in large quantities. Later during
the summer N. spumigena takes over and can create massive blooms during calm
weather (Sellner 1997, Kononen et al. 1998, Jonasson 2006) possibly related to its
ability to cope with high intensities of ultraviolet radiation (Mohlin & Wulff 2009).
N. spumigena produces a toxin, nodularin, which in humans, damages the liver and
can be tumour inducing in low doses (Runnegar et al. 1988, Ohta et al. 1994,
Humpage & Falconer 1999, Song et al. 1999). Wild and domestic animals have been
Killed by nodularin (Edler et al. 1985, Nehring 1993) and the toxin might be harmful
to fish as well (Kankaanpaa et al. 2002). Nodularin can also be accumulated in the
food web (Kankaanpaa et al. 2002, Sipia et al. 2002, 2008, Karjalainen et al. 2008,
Persson et al. 2009). The concentration of nodularin in N. spumigena varies under
different environmental conditions, such as temperature, salinity, radiation and
nutrient concentrations (Lehtimaki et al. 1994, Granéli et al. 1998, Hobson et al.
1999, Repka et al. 2001, Mazur-Marzec et al. 2005, Pattanaik et al. 2010).

1.3 Climate change
1.3.1. Background

Climate change can be defined as the long-term changes in the global mean climate.
The mean climate is determined by the incoming energy from the Sun, by the
properties of the Earth and the atmosphere’s reflection, absorption and emission of
energy within the atmosphere and at the surface. For example, greenhouse gases in
the atmosphere increase the absorption of outgoing radiation, resulting in warmer
climate on Earth. One such greenhouse gas is CO.. It occurs naturally in the
atmosphere, but due to human activities, i.e. industrialisation, CO2 has increased in
the last 250 years, from about 280 ppm to 380 ppm in 2005 (Solomon et al. 2007)
and presently (2017) just over 400 ppm (https://www.co2.earth/). CO, emissions
from human activities are considered the single largest anthropogenic factor
contributing to climate change. 29% of the atmospheric CO is taken up by terrestrial
biosphere by photosynthesis, 26% dissolves in the ocean and the rest remains in the
atmosphere (Le Quéré et al. 2009). These CO: sinks can, however, not compensate
for the increase of CO- releases from e.g. burning of fossil fuel.
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Figure 3. The global climate of the 21 century based on several models and for different scenarios.
In paper | and paper 11 the ALFI scenario was chosen. Picture adapted from IPCC 2001.

There are several emission scenarios projected for 2100 with differing economic
growth, population and technological development. The scenario chosen in paper |
and paper 11 is the A1FI scenario, with rapid economic growth, a global population
that peaks mid-century and with an emphasis on fossil intensive technologies (IPCC
2001). In the aspect of CO2 emissions and atmospheric CO> concentration, the A1FI
scenario can be considered the worst case scenario (Fig. 3). By the year 2100
atmospheric CO2 concentration would then reach 960 ppm and global average
temperature would increase by 4.8°C.

1.3.2. Ocean acidification

The definition of ocean acidification (OA) is the reduction of pH over an extended
time-period, primarily caused by the uptake of atmospheric CO> (Fig. 4), but it can
be caused by other chemical additions to the ocean. When atmospheric CO: dissolves
in the ocean it can remain in the form as dissolved gas and referred to as CO2(aq),
and can be used by plants and phytoplankton in their photosynthesis. Some part of
CO2(aq) reacts with water creating carbonic acid, H.COs. This is a weak acid that
quickly dissociates in water forming bicarbonate ions, HCOs", and hydrogen ions,
H*. Some of the H" remains in the ocean lowering pH, while others combine with
carbonate ions COs?, forming more bicarbonate ions. Seawater pH can be expressed
on different scales. Throughout this thesis the total scale, pHt = -log1o{[H*] + [HSO4
1}, has been used as recommended by Dickson (2010).

Increased atmospheric CO- levels would therefore lead to changes in the carbonate
chemistry system of seawater, with increased CO2(aq), HCOs™ and H* while CO3z*
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would decrease. CO»(aq), HCOs and COs* are the three inorganic forms that
constitutes the dissolved inorganic (DIC) pool in seawater. A typical seawater of pH
8.2 has 89% in the form HCOs", 0.5% CO; and 10.5% COs* (Gattuso & Hansson
2011). COs: is the ultimate source of DIC for photosynthetic organisms. However,
since CO: is limited many organisms have carbon concentration mechanisms
(CCMs). CCMs use both HCOs and CO. to concentrate inorganic carbon
intracellularly, which later can be used in photosynthesis. Since both CO, and HCOs’
will increase with increased atmospheric CO: levels, ocean acidification may
stimulate photosynthesis, but with differing results within and between groups
(Riebesell & Tortell 2011, and references within). COs? is used by many calcifying
organisms in shells and skeleton as CaCOs, such as molluscs, crustaceans,
echinoderms, corals, foraminifera and some phytoplankton. OA will both reduce the
amount of CO3s? in the seawater making it harder to produce CaCOs-structures, while
increased H* may dissolve CaCOs-structures, resulting in deformed shells and
skeletons. Among phytoplankton the Coccolithophores are the main calcifying
organisms. These are, however, more or less absent in the Baltic Sea (Hallfors 2004,
Thomsen 2016).

1.3.3. Projections for the Baltic Sea

Global climate change is a potential threat to all ecosystems (Fischlin et al. 2007).
Changes that occur globally will affect the Baltic Sea as well. But due to its
geographical location, large seasonal contrasts and enclosure for example, there are
some differences in Baltic Sea projections compared to global ones. For example,
global warming was about 0.05°C per decade from 1861 to 2000, while the trend for
the Baltic Sea was 0.08°C per decade (HELCOM 2007). Future mean annual
temperatures, based on regional modelling studies for the Baltic Sea, projects an
increase of 3°C to 5°C by the year 2100.

For the Baltic Proper, the major part of the Baltic Sea, annual precipitation, surface
water temperature (HELCOM 2007) and atmospheric partial pressure of CO2 (pCO3)
levels (Meehl et al. 2007) are projected to increase. There are some uncertainties
whether precipitation will increase or decrease in the Baltic Sea catchment area, and
precipitation changes will likely affect different parts of the Baltic Sea differently.
However, present projections suggest an increase in the entire catchment area during
winter, while during summer only the northern part will have increased precipitation
(Fig. 5) (HELCOM 2013). Salinity may decrease from current values of 6-7 to 3-4,
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and pCO: levels may increase from 380 ppm to 960 ppm, by year 2100 (HELCOM
2007).

Increasing surface water temperatures can increase stratification, leading to nutrient
depletion and hence a competitive advantage for diazotrophic cyanobacteria in the
euphotic zone (e.g. Paerl & Paul 2011, Wells et al. 2015). Moreover, a stagnant water
column will expose the species in the euphotic zone to high intensities of ambient



radiation. N. spumigena continues to grow under both nutrient deficiency and high
ambient radiation intensities including ultraviolet radiation (Mohlin & Wulff 20009,
Pattanaik et al. 2010, Mohlin et al. 2012). Furthermore, the stabilization of the water
column in association with increasing temperatures may cause the spring-bloom to
begin earlier (Hagstrom & Larsson 1984) and potentially also the cyanobacteria
bloom (Kahru & Elmgren 2014). Higher temperatures and stratified water may
favour dinoflagellates (Klais et al. 2013) and cyanobacteria over diatoms, thereby
affecting the composition of the phytoplankton community (Andersson et al. 1996,
Wrona et al. 2006). The increase in water temperature may also increase bacterial
activity, change nutrient and carbon recycling in surface waters, and thereby
influence phytoplankton species composition and primary production. Changes in
the timing and magnitude of phytoplankton blooms and in the species composition
will likely affect even higher trophic levels such as fish.

An increase in atmospheric pCO> (and a corresponding increase in seawater pCO>)
may increase photosynthesis in phytoplankton (Raven et al. 2005, Hutchins et al.
2007), however, the response differs between groups of microalgae and between
cyanobacteria species. For example, N2 and CO: fixation rates of the diazotrophic
filamentous cyanobacteria Trichodesmium sp. increased with elevated pCO:
(Hutchins et al. 2007), while the same pCO: level resulted in an increase in growth
of the picocyanobacteria Synechococcus sp. but not Prochlorococcus sp. (Fu et al.
2007).

Diazotrophic bloom-forming cyanobacteria in the Baltic Sea are cosmopolitan
species existing in fresh and brackish waters. A salinity decrease may therefore not
have a negative effect on these cyanobacteria. Laboratory studies on N. spumigena
and Aphanizomenon sp. (Lehtimaki et al. 1997, Plinski & Jozwiak 1999) have shown
highest growth rates of N. spumigena in salinities ranging from 5 to 20, but this
species can tolerate salinities up to 30. Highest growth rates of Aphanizomenon sp.
have been observed at salinities between 0 and 10. However, the production rate of
the hepatotoxin nodularin was highest in salinities of 5-15. Consequently, a decrease
in salinity may increase toxin levels (Blackburn et al. 1996).



1.4 Seawater scrubbing
1.4.1 Background

As previously described, the Baltic Sea is not only exposed to anthropogenic
stressors such as increased nutrient inputs from human activities, i.e. eutrophication,
over-fishing, acid rain, trace metals released from anti-fouling paint, climate change
in the form of increased atmospheric CO., reduced salinity and increased
temperatures, but also shipping.

The Baltic Sea region is one of the world’s most intensively travelled areas, e.g. more
than sixty thousand ships pass from Skagerrak to Kattegat annually and the ship
traffic is forecasted to be doubled in the coming thirty years (Kadin 2008). Shipping
is one of the largest individual polluting industries with respect to emissions of
harmful substances; primarily sulphur oxides (SOx), nitrogen oxides (NOx) (Corbett
& Fischbeck 1997, Hassellov et al. 2013) but also fine particulate matter (Jalkanen
et al. 2014) and PAHs (McElroy et al. 1989). Both SOx and NOx have an acidifying
effect in seawater, and in addition NOx results in eutrophication (Doney et al. 2007).
Both substances are produced in the fuel combustion process and are released to the
atmosphere causing acid rain.

One way to reduce the negative effects of acid rain is to decrease the sulphur content
in shipping fuel. Starting from January 1st 2015, the Baltic Sea is part of a SECA-
area (Sulphur Emission Control Area) resulting in highest allowed sulphur content
in ship fuel was reduced from 1.00% to 0.10% (European Union, 2012). This shift in
fuel-type may result in higher costs for shipping companies and therefore an exhaust
abatement method called seawater scrubbing (SWS) may be attractive. With SWS
ships can continue using cheaper fuel with higher sulphur content, as the scrubber
cleans the fumes from SOx, a small proportion of NOx and some particles. In the
scrubbing process the water inside the scrubber, in which SOx and NOx are dissolved,
becomes highly acidic. When the scrubber operates in closed-loop mode, this water
Is collected and processed when the ship reach the harbour, while in open-loop mode
the scrubber water is mixed with large volumes of seawater before it is discharged to
the sea, causing a decrease in pH. How large decrease in pH this will cause is
dependent on the temperature, salinity and alkalinity of the water (Karle & Turner
2007).



1.4.2 Production of scrubber water

In paper Il the effects of SWS was tested on a natural summer-bloom
microplankton community. Ambient seawater, collected at Askd Laboratory was
used to produce scrubber water. The scrubbing process was conducted at an engine
laboratory at the department of Shipping and Marine Technology, Chalmers
University of Technology. The lab was equipped with a four cylinder 100 kW engine
from Volvo Penta and a scrubber unit made of stainless steel holding a length of 50
cm and a diameter of 40 cm (Fig. 6). A marine gas oil (MGO) with 1.0 % sulphur
was used in the experiment. The exhausts were fed from the engine through an
isokinetic heated probe kept at 250°C to the scrubber unit using a vacuum pump. A
small portion of the gas flow was sampled before and after the scrubber unit and
analysed continuously with respect to SOz, NOx, CO, CO2, and O.. The engine
exhaust flow rate was monitored using a mass flow meter and was kept at 37 | min*
throughout the experiment. Ambient seawater was pumped to the scrubber unit
through 7 different nozzles to create a mist. The very fine droplet size creates a
substantial surface area extension, allowing for effective gas-water exchange.
Similarly, a series of perforated stainless steel plates creates a surface area extension
to enable efficient condensation of the wash water. Typical pH for the scrubber
discharge water is less than pH 3 and thereby extremely corrosive. Hence the
scrubber discharge water is usually diluted with seawater onboard to protect the
construction material. The pH of the discharged scrubber water used in paper 11l
was 2.8.

Scrubber
discharge
water

Figure 6. Schematic drawing of Chalmers”™ laboratory sized scrubber (left), and the actual
scrubber unit (right). Water is pumped into the scrubber through six nozzles creating a mist
curtain, which the exhaust gases meet when led into the scrubber. A series of perforated
stainless steel plates enables efficient condensation of the wash water. Cleaned exhausts are

released and scrubber water is collected or diluted. Illustration by I-M Hassellév and photo by E
Ytreberg.
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Phytoplankton, cyanobacteria, flagellates and smaller grazers, are all part of the
summer-bloom microplankton ecosystem in the Baltic Sea. They are the basis of the
food web and therefore it is important to study possible treatment effects on these
organisms. There might be interactive effects between species or taxa of
microplankton, and also since those effects will have a cascading effect on all other
organisms higher up in the food web. The future microplankton ecosystem of the
Baltic Sea will be exposed to a combination of multiple factors of climate change,
and also future scrubbing activities. The possible impacts of these stressors are
presented in this thesis. The specific aims of each paper were:

Paper |: to determine the projected future impacts of climate change by scenario
A1FI on the two cyanobacteria species dominating the summer-bloom in the Baltic
Sea, by (1) reduced salinity and increased temperature, and (2) increased temperature
and increased atmospheric CO; levels. Both species, Aphanizomenon sp. and
Nodularia spumigena, were cultivated as single species and together with the other
species to elucidate any inter-specific competition.

Paper I1: to determine possible future effects of climate change on a natural summer-
bloom microplankton ecosystem, dominated by three species of cyanobacteria, by
(1) testing the projected scenario ALFI for the Baltic Proper with reduced salinity
and increased atmospheric CO: levels, compared to present-day levels.

Paper I11: to determine possible future effects of seawater scrubbing on a natural
summer-bloom microplankton ecosystem of the Baltic Proper, by (1) adding
scrubber water in three concentrations, and (2) exclude effects created by reduced
pH alone.

Paper IV: to investigate the application potential of the three bloom-forming
cyanobacteria of the Baltic Sea; Aphanizomenon sp., N. spumigena and
Dolichospermum sp., for biofuel production and by-products, by (1) screening
whether their fatty acid (FA) content is suitable for a potential biofuel production,
(2) whether nutrient enrichment can change and enrich total FA content and/or FA
composition, and (3) whether these cyanobacteria contain promising marine
products, such as lipopeptidic compounds, of importance for future industrial use.
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3. Methods
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The studies included in this thesis range from laboratory studies with isolated single
species of cyanobacteria (paper 1V), to multifactorial (paper 1) and
interdisciplinary, field experiments on natural microplankton ecosystems (paper 11
and paper I1l). There are a range of published laboratory studies focusing on
different treatment effects on isolated single species of phytoplankton including
cyanobacteria, trying to find the optimum growth rate regarding salinity, pH,
temperature etc. for specific specie. Laboratory experiments with single species are
perfect for initial mechanistic studies. For all field experiments presented in this
thesis, there has been at least one laboratory experiment prior to the main experiment.
The subsequent field experiments, on natural microplankton communities, are the
result of collaborations between marine chemists, marine biologists and molecular
microbiologists (paper I1) or marine chemists, marine biologists, oceanographers,
modellers, meteorologists and maritime environmental scientists and
ecotoxicologists (paper 111). There are many advantages to interdisciplinary
research. For example, already at the planning stage and set-up of experiments
everyone brings specific knowledge from their research areas that are often crucial
to an improved end result. Interdisciplinary work leads to broadened perspectives
and all partners leave the project with new connections and scientific insights into
each other’s specific research areas.

3.1 Laboratory vs. field experiments

There are many advantages with laboratory experiments, compared to field
experiments. In the laboratory, you have control over the parameters you want to
study, and you can keep all other abiotic factors equal. Experiments are set-up in a
temperature controlled room where light intensities, and duration, nutrients, salinity
are also controlled, all of which are important for microplankton growth. There is
even the possibility to study a single strain of a species in different experiments, as
with Nodularia spumigena (strain KAC12) and Aphanizomenon sp. (strain KAC15)
in paper | and paper 1V, removing effects of species plasticity while only focusing
on the effect of the treatment(s) tested. However, intraspecific variation has been
observed between N. spumigena strains (Wulff et al. 2007), therefore the best
approach would be to also study several strains of a species when working in
laboratory environments.
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When working with natural microplankton communities in the field, as in paper 11
and paper |11, the problem with strain specificity is absent, due to the variation both
within species, groups and the entire community. There is a possibility to find effects
of treatments within groups, such as smaller diatoms being affected differently to
larger ones (paper I1), or on group level: diatoms were found to be more resilient
than cyanobacteria (paper I11).

Natural microplankton communities consist of small heterotrophic bacteria,
picoplankton, phytoplankton, cyanobacteria and smaller grazers, such as ciliates and
zooplankton. In both field experiments in this thesis, the natural community was
filtered prior to the experiments (mesh size 200 or 250 pm) in order to remove large
grazers capable of extensively grazing the organisms of interest. Although large
phytoplankton, such as Coscinodiscus spp., and bundles of Aphanizomenon sp. are
thus discarded, the feeding rate of copepods was not the focus of this work. However,
some juvenile copepods pass through the plankton nets, therefore the water volume
required in field experiments are much larger than those in laboratory studies, in
order to increase the phytoplankton to copepod ratio.

Another reason for increased volumes in field experiments compared to laboratory
experiments, is the generally lower biomass concentration in the field. Therefore, for
each parameter measured at each sampling occasion, at least ten times more water
volume must be extracted from the experimental container in a field study compared
to in the laboratory. For example, when sampling for biovolume for a laboratory
experiment, a few millilitres are preserved with Lugol’s solution for subsequent
analysis, while in a field experiment duplicate samples of 50 ml each are preserved.

Laboratory studies are conducted in a limited space (a bench in the temperature
controlled room, or even in a water bath on the bench there). Therefore, smaller
volume cell culture flasks were used (75 ml, paper I, and 750 ml, paper 1V) in
laboratory studies and aquaria (~4 ) or plastic bags (~50 1) in field studies (paper 11
and paper 11, respectively). Since neither the cultures used in laboratory studies are
axenic, nor the water in field studies are bacteria free, there is always the risk of
bottle-effects (ZoBell & Anderson 1936), even with daily mixing of the experimental
water.

While abiotic factors, such as light intensity and temperature can be controlled in
laboratory studies, they can instead follow natural cycles in field studies. The
microplankton community inside the experimental containers are subjected to natural
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diurnal changes in light and temperature. However, in the Baltic Proper some species
have the ability to migrate vertically through the water column daily (Hajdu et al.
2007), to avoid damaging radiation intensities as well as to ensure optimum nutrient
concentrations. This is not a possibility in confined aquaria or bags, and in both field
experiments in this thesis, experimental containers were covered with layers of mesh
to mimic light intensities at a water depth of 1-2.5 m. The irradiance must then be
monitored, and more mesh added or removed depending on cloud coverage at the
site.

In paper IV, we present a laboratory study focusing on the bloom-forming
cyanobacteria of the Baltic Proper as a potential source for biofuel and fatty acids.
The cyanobacteria Aphanizomenon sp., Nodularia spumigena and Dolichospermum
sp. were cultivated in full nutrient medium and phosphorus- or nitrogen-depleted
medium (Fig. 7), all in order to elucidate the highest biomass or most advantageous
fatty acid composition.

3.2 Multifactorial experiment

Natural ecosystems are not subjected to one stressor at a time, but to a combination
of multiple stressors. However, not all stressors can be applied at once, so some
screening must be done. Therefore, in paper I, two laboratory experiments were
conducted where combinations of two parameters were studied on single species of
cyanobacteria, but also on the two species together. The objective in paper | was to
study the effects of climate change in the Baltic Proper on the two species dominating
the cyanobacteria summer-bloom. For the Baltic Proper, annual precipitation, surface
water temperature (HELCOM 2007) and atmospheric pCO--levels (Meehl et al.
2007) are projected to increase. Therefore, salinity may decrease from current 7 to 4
while mid-summer water temperatures may increase from 12 to 16°C, and pCO:
levels may increase from 380 ppm to 960 ppm, by year 2100. In experiment A (Fig.
7), the effects of temperature and salinity on N. spumigena and Aphanizomenon sp.
were studied. Temperature and salinity were kept at ambient present-day levels, but
also combined with future levels, resulting in four treatments. Both species were
cultured as single species, and together with the other species. In experiment B (Expt
B) the set-up was similar, with the two species alone or together, but this time
temperature and pCO> were tested, both at ambient present-day levels and increased
future levels.
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Figure 7. Experimental set-up of Expt A and Expt B in paper I, and in paper II, paper 111 and
paper 1V. Treatments are ambient present-day levels or future increased temperature and pCO2 or
decreased salinity, three levels of scrubber water and their respective pH-treatments and three
levels of nutrient treatments, on three single species of cyanobacteria of the Baltic, Aphanizomenon
sp., Nodularia spumigena or Dolichospermum sp., and on the natural microplankton community.
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Figure 8. Experimental set-up in paper I, with green mesh covering the aquaria and continuous

flow through of water (left) and the aquaria being bubbled with CO2-enriched air (right). Photos
by M Karlberg.
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3.3 ...and interdisciplinary experiments

In paper 11, the multifactorial approach to study projected climate change effects
was continued, examining the combined effect of decreased salinity and increased
atmospheric pCO2, but this time on a natural summer bloom microplankton
community (Fig. 7). This time marine chemists, marine biologists and molecular
microbiologists collaborated, from both the University of Gothenburg and the
University of Copenhagen, in a mix of professors, post-docs, PhD students and
master students.

The natural microplankton community was collected using a plankton net (mesh size
25 um) from sampling station B1 outside of Asko Laboratory (Fig. 1), and inoculated
in 0.2 um filtered water with salinity of either 6 or 3. To mimic atmospheric pCO:-
levels, all aquaria were bubbled with synthetic air containing either 380 patm CO:
or 960 patm (Fig. 8). Since all aquaria were sealed, the headspace became saturated
with the two pCO:z-levels, thus mimicking atmospheric pCO.-levels. In climate
change studies, bubbling with CO2-enriched air is considered as one of the
recommended methods to study future increases in atmospheric CO2-levels
(Riebesell et al. 2011).

In paper 11, a group of scientists from different areas of natural science and from
three different universities came together forming the interdisciplinary project
SHIpH (http://www.lighthouse.nu/project/shiph). The project group included marine
biologists, oceanographers, modellers and marine chemists from the University of
Gothenburg (Department of Biological and Environmental Sciences and Department
of Marine Sciences), meteorologists from Uppsala University and maritime
environmental scientists and ecotoxicologists from Chalmers University of
Technology, all focusing on their specific area, but learning from each other at the
same time. SHIpH is a project where air, sea, and shipping is connected through
modelling and experiments and the results will support future policy development
for regulation and monitoring of SOx and NOx emissions from shipping. The research
focus in paper 111 was to examine the effects of seawater scrubbing (SWS) and the
consequences of the acidifying substances SOx and NOx from shipping for the Baltic
Sea. The project name ShipH is therefore a clever wordplay of “ship” and “pH”.

In paper 111 the effect of SWS was studied on a natural microplankton community.
SWS reduces the pH, and releases trace metals, soot particles and PAH:s (McElroy
et al.1989, Corbett & Fischbeck 1997, Jalkanen et al. 2014), and can therefore add to
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the stressors from climate change. Scrubber water was added in 1%, 3% or 10%
concentration of the total experimental water volume. To elucidate the effects of
reduced pH alone, pH-treatments were established, where H>SO4 was added instead.
The pH-treatments had equal concentrations of acidified water as the scrubber water
treatments; 1%, 3% or 10%. These six treatments were compared to a control,
without acidifying substances.

3.4 Methods for microplankton quantification

In all studies included in this thesis, the main result has been which the effect that
the different treatments have had on the microplankton species composition,
abundance and growth; both in volume and cell numbers. These have been analysed
by light microscopy of preserved samples in either a Sedgewick rafter or in a
sedimentation chamber according to Utermdéhl (1958). In studies where isolated
filamentous species were used (paper | and paper 1V), the filaments were measured
and all cells, including vegetative and heterocysts, were counted. In paper Il and
paper Il1, where natural microplankton ecosystems were studied, in addition to
measuring filaments and counting cells, all other organisms were measured and
counted and identified to species, genus or group level. From this the biovolume of
each organism could be calculated (Box 1) according to Olenina et al. (2006). The
advantage of both measuring biovolume and cell numbers are that in some cases
there is no difference in cell numbers between treatments, but there is in biovolume,
i.e. the individual cells becomes larger, but not the total cell numbers. In other cases
we do not see a treatment effect on the total biomass of diatoms, but there may be
one when comparing small and large diatoms (paper I1). Although light microscopy
analysis of microplankton is time-consuming and monotonous work, and novel
machines have come out on the market, such as the FlowCam®, there is so much
more information to be gained by light microscopy! This gives information not only
on biovolumes, species composition etc. but also on unusual species. One treatment
may not have an effect on the total biovolume, but on the number of heterocysts, or
on the length of each filament. Therefore, measuring and counting gives the option
to choose how much data is presented and on which level. There is also the possibility
of comparing results with other studies following the same protocols, and with the
large amount of stored data from monitoring programs in the Baltic Sea. Not at least,
working with light microscopy also confers the privilege of viewing the wonderful
and beautiful world of microplankton!
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Box 1: Biovolume analysis

Microplankton identification, counting and biovolume calculation are the main variables presented in this thesis.
The analysis followed established methods (Utermohl 1958) and protocols (HELCOM COMBINE 2014).
Samples were preserved with Lugol’s solution, stored in the dark and analysed within a few months. A well-
mixed sample was poured in a Sedgewick rafter or sedimentation chamber, depending on the microplankton
density of the sample. The volume of the sedimentation chamber is also depending on the density of the sample,
and in paper 11 and paper 111 chambers of 10 or 25 ml were used. The 50 ml chamber illustrated below was only
used to get an overview of the species in paper 1. The settling time of the sedimentation chambers depends on
the volume of the sedimentation chamber, and for 10 and 25 ml chambers minimum settling time is 8 and 18
hours, respectively.

The sample was analysed in an inverted microscope, starting at magnification 100 with large and sparsely
distributed species. In this magnification the entire chamber bottom was counted. At higher magnification only a
part of the bottom, or one or two transects were counted. The specific species were always counted in the same
magnification for all samples.

The diameter and height of all organisms were measured and, where needed, divided into size classes (Olenina
et al. 2006). For many organisms, some measurements for biovolume calculations are impossible to make in the

microscope. These are the hidden dimensions, such as the thickness (d,) of Dinophysis acuminata. In this case,
d>=0.5 x d;.

Longer chain-forming or filamentous species, such as Nodularia spumigena, were measured in 100 pm length
units. Cells, heterocysts and akinetes were counted per 100 um length units, in at least 30 units per sample. Below
are examples of species, their geometric shape and formula for biovolume calculation.

Flattened ellipsoid

(4.

Volume: V=ma/6 xdy; X dy x h

di: large diameter

d, small diameter
h: height Dinophysis acuminata

Cylinder
Volume: V=n/4 x d? x h

d: diameter
h: height Nodulaia spumigena

Double cone
Volume: V =n/12 x d® x h 0

d: diameter
h: height

Photos by M Karlberg

Heterocapsa triquetra
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Furthermore, microscopy analysis of microplankton samples integrates the results
that can be obtained from many other variables, such as photosynthetic pigment
composition/concentration, particulate organic carbon (POC), photosynthetic
activity and primary productivity. For POC calculations conversion factors between
biovolume and carbon content, can be taken into consideration whether the organism
is a general phytoplankton, diatom, colony or filament (Menden-Deuer & Lessard
2000, HELCOM COMBINE 2014). Many of the previously mentioned variables
offer faster analysis protocols, which gives a snap-shot on how the treatments affect
the microplankton, such as the photosynthetic activity measurement with a WATER-
PAM. One thing to keep in mind with photosynthetic activity, and primary
productivity, is that if you see an effect in these parameters, you will see it
subsequently during microscopy analysis by the growth of microplankton.

There are, however, variables that produce information additional to biovolume and
species composition. One example is fatty acid (FA) composition in microplankton.
FA composition is of importance both when microplankton are used as a food source
for higher trophic levels (e.g. Brett & Miiller-Navarra 1997, Brown et al. 1997) and
for the biofuel industry (e.g. Tamiya 1957, Dismukes et al. 2008). In paper 1V, FA
composition in the three bloom-forming species of the Baltic Proper was analysed in
addition to biovolume measurements (Fig. 9). The aims were to find which treatment
yielded highest biovolume, total amount of FA, as well as the proportions and
amounts of saturated FA (SAFA), monounsaturated FA (MUFA) and
polyunsaturated FA (PUFA).
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Figure 9. Graphical abstract for paper 1V, illustrating the possibility to harvest cyanobacteria from
the Baltic Sea for biofuel use, and the proportion of fatty acids in the treatment with highest total

fatty acid content: Dolichospermum sp. in phosphorus depleted medium after 7 days. Illustration by
K Karlberg.
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4. Main results and discussion
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4.1. Effects of climate change on microplankton

4.1.1. Effects of temperature

If temperature alone would increase by 4°C in the Baltic Proper, this would result in
an increase in biovolume and photosynthetic activity of both Aphanizomenon sp. and
Nodularia spumigena (paper 1). The third cyanobacteria species in the Baltic Proper
summer-bloom, Dolichospermum spp. also had increased biovolume at higher
temperatures (Giordanino et al. 2011, Brutemark et al. 2015a). Higher biovolumes at
increased temperatures were expected since most organisms have higher metabolic
rates at higher temperatures. Furthermore, the elevated temperature of 16°C was in
the optimal range for both Aphanizomenon sp. and N. spumigena (Lehtimé&ki et al.
1997, Plinski & Jozwiak 1999). However, Aphanizomenon sp. is the first species in
the succession of bloom-forming cyanobacteria in the Baltic Proper, and has optimal
growth at lower temperatures than at least N. spumigena and possibly also
Dolichospermum spp. Therefore Aphanizomenon sp. might not benefit from
increased temperatures as much as the other two species. The cyanobacteria bloom
in the Baltic Proper starts when the water temperature rises above 16-17°C (Edler
1979, Niemi, 1979). An increase in temperature may result in cyanobacteria blooms
starting earlier, perhaps already in the spring (Kahru & Elmgren 2014). Since
Aphanizomenon sp. both has a higher growth rate than N. spumigena at lower
temperatures (Lehtiméki et al. 1997), and is a holoplanktonic genus that has
vegetative filaments in the water column throughout the year, and do not rely on
akinete germination (Suikkanen et al. 2010), it might dominate the future Baltic
Proper in late spring when temperatures are not as high as during summer. The end
of the bloom, with akinete formation for Dolichospermum spp., and some of the N.
spumigena strains, is initiated by a drop in temperature (Li et al. 1997, Suikkanen et
al. 2010). Therefore, an increase in temperature would prolong the cyanobacteria
summer-bloom, by delaying the moment of akinete formation. The spring and
autumn blooms presently consist of dinoflagellates and diatoms that prefer the colder
waters in these seasons. An increase in temperature with mild winters and decreased
ice cover in the Baltic Sea, have resulted in an increase of dinoflagellate biomass
while diatoms decrease in the Baltic Proper the spring-bloom (Klais et al. 2013).
However, further increase of temperature may inhibit these cold water species and
favour the warm water cyanobacteria species (Paerl & Paul 2012) and ultimately
change the species composition of the Baltic Proper. However, one must keep in
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mind that this may be the case when temperature alone is increased, while all other
abiotic factors remain at present day levels.

4.1.2. Effects of salinity

If the salinity in the future Baltic Proper were reduced by 3 units compared to present-
day values, the photosynthetic activity of N. spumigena would be reduced, while
Aphanizomenon sp. would be unaffected (paper I). A reduction in photosynthetic
activity may result in a subsequent decrease in growth rate, although this was not
seen during the experimental period of seven days in our study. In similar laboratory
experiments as in paper |, effects of decreased salinities could be viewed first after
7 days, with highest growth of Aphanizomenon sp. in salinity 0 or 5, while N.
spumigena preferred salinity 7-20 (Lehtimaki et al. 1997, Mazur-Marzec et al. 2005).
In the experiment in paper 11, which was conducted for 12 days, there was still no
effects of decreased salinity on Aphanizomenon sp. while N. spumigena had lower
biovolumes in decreased salinity, and therefore preferred the present-day salinity in
the Baltic Proper. The study in paper Il was conducted on a natural microplankton
community, with all three bloom-forming cyanobacteria species present. Here,
Dolichospermum spp. had higher biovolumes in lower salinity treatments. Similar
results, with Dolichospermum sp. cultivated in differing salinity, from 0 to 6, show
higher growth rates for strains in lower salinity (Engstrom-Ost et al. 2011, Brutemark
et al. 2015b).

Furthermore, present-day salinities were beneficial, in terms of increased
biovolumes, of diatoms, dinoflagellates and ciliates, compared to reduced future
salinity (paper I1). This further indicates that the cyanobacteria species of the Baltic
Sea may have a competitive advantage over other groups in the future. However,
cyst-forming species, such as the dinoflagellate Alexandrium ostenfeldii, can show a
high genotypic and phenotypic plasticity resulting in a thriving toxic population
when both future salinity and temperature conditions were tested on growth rate and
toxin production (Kremp et al. 2016). The toxin of A. ostenfeldii has the potential to
negatively affect co-occurring dinoflagellates (Hakanen et al. 2014), creating a shift
in composition within the dinoflagellate community.

4.1.3. Effects of pCO,

In paper | there were no significant effects on either biovolume or photosynthetic
activity of Aphanizomenon sp. or N. spumigena when atmospheric pCO- levels were
increased from present 380 patm to future 960 patm. Elevated pCO: levels in paper
Il stimulated the biovolume of Dolichospermum spp., while still having no effect on
Aphanizomenon sp. or N. spumigena (Fig. 10). This is contradictory to other studies
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where increased pCO: levels have had negative effects (Eichner et al. 2014) or
positive effects (Wannicke et al. 2012) on the growth of N. spumigena. Also for
Dolichospermum sp. there are studies with differing results than ours, where growth
was not increased by elevated pCO- levels (Brutemark et al. 2015a). It certainly
seems that there is a variability between experiments using one strain cultivated alone
(Wannicke et al. 2012, Eichner et al. 2014, Brutemark et al. 2015a), or in presence
of another species (paper 1) and in field experiments (paper Il), making
interpretations for future ecosystems more difficult. However, elevated pCO: levels
had no effect on Aphanizomenon sp. or N. spumigena.

Although there was no statistical interaction effect for salinity and pCO,, the
treatment with highest Dolichospermum spp. biovolume was the A1FI-treatment;
with decreased salinity and increased pCO; (Fig. 10).

What is notable in paper Il is the shift in species dominance within the cyanobacteria
community. At the start of the experiment, 87% of the cyanobacteria community was
Aphanizomenon sp., with some Dolichospermum spp. and N. spumigena (Fig. 11).
After 12 days Dolichospermum spp. completely dominated the cyanobacterial
community. For flagellates, green algae, diatoms or dinoflagellates, there were no
difference in biovolume between present-day 380 patm to future 960 patm (Fig. 10).
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Figure 10. Biovolumes of diazotrophic cyanobacteria (a) and, (b) biovolumes of flagellates, green
algae, diatoms and dinoflagellates. The different treatments are four combinations of salinity (S6,
S3) and carbon dioxide concentrations (380 patm, 960 patm). Vertical lines show standard error
(n=4). Redrawn from paper II.
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Figure 11. Percentage contribution of the three filamentous cyanobacteria species from all treatments in
paper II; (a) initially, Day 0 and (b) at Day 12.

4.2. Effects of seawater scrubbing on microplankton

In paper Ill, the effects of SWS were tested on a natural summer-bloom
microplankton community. Scrubber water was added in 1%, 3% or 10%
concentration of the total experimental water volume and compared to treatments
with acidified water at the same concentrations as well as a control without acidifying
substance.

Initially, the microplankton community was a typical cyanobacterial summer-bloom;
dominated by Aphanizomenon sp. with some Nodularia spumigena and a small
proportion of Dolichospermum spp., as well as flagellates and ciliates (Fig. 12). After
14 days, Aphanizomenon sp. was absent in all treatments, while the biovolume of
diatoms had increased in all treatments. There was no difference in biovolume of
microplankton between any of the treatments on day 14, but with an indication of
more diatoms in the 10% scr treatment. A possible reason for the shift in species
dominance between Day 0 and Day 14 was the comparable high amount of NO>
+NOs in all treatments. Cyanobacteria have the ability to outcompete diatoms and
dinoflagellates when nitrogen is low, such as during the summer-bloom, but not in
this experiment, with elevated nutrient-levels.

None of the species or groups seem to be affected by decreased pH, which is
consistent with results by Nielsen et al. (2010) and Paul et al. (2015). In our
experiment, the pH was initially 8.51 in Ctrl, 6.89 in 10% scr and 7.12 in 10% pH
(complete dataset in paper Ill). As seen above, reduced pH by increased
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Figure 12. Biovolume (mm? IY) for all microplankton groups and species; Aphanizomenon
sp., Dolichospermum sp., Nodularia spumigena, other cyanobacteria, ciliates, chlorophytes,
flagellates, diatoms and dinoflagellates, at Day 0 and Day 14 in the untreated control (Ctrl),
1%, 3% and 10% added scrubber water (1% scr, 3% scr and 10% scr) and their reflective pH
treatments (1% pH, 3% pH and 10% pH).

atmospheric CO2-levels (paper | and paper I1) or by addition of scrubber water or
acidified water (paper IlIl) may not have an effect on the biovolume of
microplankton of the Baltic Proper. These organisms are subjected to diurnal changes
in pH, due to photosynthesis and respiration, and was measured both in the field and
in experimental bottles during the experiment in paper Il (Fig. 13). Large variations
in pH due to the diurnal cycle of primary productivity have also been observed in
coastal surface waters (Fransson et al. 2004, Ploug 2008, Schulz & Riebesell 2013).
However, the long-term effects of increased pCO2/decreased pH on microplankton
in the Baltic Proper are yet to be studied. For example, when the Antarctic diatom
Nitzschia lecointei was exposed to increased pCO, 960 patm/decreased pH 7.8, a
reduction in growth was seen after 147 days (Torstensson et al. 2015). This shows
that studies over a few days or weeks may not show the true result of how future
microplankton in the Baltic Sea will react to increased pCO2/decreased pH.

Climate change effects, such as increased atmospheric pCO., are affecting the
ecosystem over long decadal time-periods. Adding on the acidifying effects of SWS,
may not be the smartest idea, especially with so few studies conducted in this area.
As seen in paper 111, there were significant decrease in pH and alkalinity in the
treatment with lowest concentration of scrubber water, compared to the control. This
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Figure 13. Variation in pHrt over 24 hours. The continuous bubbling of COz-enriched
synthetic air provides a fluctuating pH during the diurnal cycle of primary production. The
different treatments are four combinations of salinity (S6, S3) and carbon dioxide
concentrations (380 patm, 960 patm) plus in situ sea surface values. Vertical lines show
standard error (n=4).

calls for precautions when implementing scrubber units on the shipping fleet of the
Baltic Sea. The Baltic Sea is a sensitive area with low alkalinity, compared to oceanic
water. The accumulated effects of long-term repeated addition of SWS, constantly
throughout the year, i.e. in a shipping lane, are yet to be elucidated.

Scrubber water is not only acidic, but also contains elevated concentrations of trace
metals, particularly, higher concentrations of Al, Cr, Cu, Co, Mn, Mo, Zn and Ni,
where several of these have detrimental effects on microorganisms (Sunda 1989).
There is a wide range in the sensitivity of different algal species to trace metal
toxicity (Fisher & Frood 1980, Brand et al. 1986). In general, cyanobacteria are most
sensitive to elevated levels of Cu and Zn, dinoflagellates intermediate and either
diatoms (Whitaker et al. 1978, Brand et al. 1986) or chlorophytes (Horne & Goldman
1974, Miao et al. 2005, Levy et al. 2007) least sensitive. The concentration of Cu
required to reduce growth or photosynthetic activity varies greatly within groups of
microplankton. In Levy et al. (2007) effects could be seen on a few species, of both
diatoms and dinoflagellates, at the Cu concentration in the 1% scr treatments in this
experiments. In Horne and Goldman (1974), effects of Cu concentrations
corresponding to the 3% scr treatment in this experiment (80 nM) could be seen on
two species of cyanobacteria; Aphanizomenon sp. and Anabaena sp. (presently
Dolichospermum spp.), while having no effects on the diatom Melosira sp. and the
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chlorophyte Oocystis sp. In Brand et al. (1986), the effects were notable on diatoms,
dinoflagellates or cyanobacteria first at very high Cu concentrations, approximately
1-5 uM, which is comparable to the pure scrubber water in this experiment; 1.4 uM.
For Zn results are similar, there are no negative effects on any groups at Zn
concentrations in this experiment, and only if 100% scrubber water would have been
used (Jensen et al. 1974, Miao et al. 2005), there might have been reduced growth of
photosynthetic activity. For diatoms (Fisher & Frood 1980, Brand et al. 1986, Sunda
1989), chlorophytes (Bilgrami & Kumar 1997), dinoflagellates (Saifullah 1978, Levy
2007) and cyanobacteria (Whitaker et al. 1978) there seems to be an interspecific
tolerance to elevated trace metal concentration, where some species are very
sensitive and others tolerant. In this 14 days experiment, which can be considered a
long term experiment regarding metal exposure since these types of experiments
usually run from a few hours to days, we did not see any negative effects on the total
biovolume of different groups of microplankton or on their photosynthetic activity.
In experiments where CuSO4 have been added to natural microplankton ecosystems
in lakes, in order to control the toxic cyanobacterial blooms dominated by
Aphanizomenon flos-aquae, there was a shift towards a diatom-, chlorophyte- or
chrysophyte dominated ecosystem, depending on the amount of CuSO, added and
timing of the addition in the season (Whitaker et al 1978). Increased SWS in the
Baltic Sea, in combination with cyanobacteria being most sensitive to increased trace
metal concentrations, may result in a shift in species dominance within the Baltic Sea
summer microplankton community; from a filamentous cyanobacteria dominated
one, towards groups or species with higher tolerance to elevated trace metal
concentration.

4.3. Cyanobacteria as biofuel?

In paper 1V, we focused on the bloom-forming cyanobacteria of the Baltic Proper
as a potential source for biofuel and fatty acids (FA). If there is a risk for longer
lasting blooms with higher biomass than presently observed, can we benefit from it,
turning them into biofuel? Which culture medium yields the most biovolume and FA
content and composition? There may even be a potential benefit from increased
cyanobacteria blooms and perhaps the Baltic can be relieved from toxic blooms, by
harvesting the natural blooms and turning them into biofuels?

In paper I, where the future effects of climate change were tested on two species of
cyanobacteria, there were no effects on biovolume of Aphanizomenon sp. or N.
spumigena when salinity was decreased or atmospheric pCO: levels increased.
However, for both species the biovolume increased with increased temperature.
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Temperature may have similar effect on Dolichospermum spp. In paper I, where
the future effects of climate change were tested on a natural microplankton
community, there was a shift in species dominance from Aphanizomenon sp. to
Dolichospermum sp. when salinity was decreased in combination with increased
pCO: levels. Therefore, it is possible that the future cyanobacterial bloom will be
dominated by Dolichospermum spp. rather than Aphanizomenon sp. and N.
spumigena. In paper 1V, these three species were screened for their total FA content
as well as proportion and amount of saturated FA (SAFA), monounsaturated FA
(MUFA) and polyunsaturated FA (PUFA). Dolichospermum sp. had the highest total
FA after 7 days in phosphorus-depleted medium, Aphanizomenon sp. after 14 days
in nitrogen-depleted medium, while none of the media had an impact on the total FA
content of N. spumigena.

Total FA was measured and calculated as pg mm-3, i.e. depending on the biovolume
of cyanobacteria. Dolichospermum sp. had the highest amount of FA per biovolume,
but N. spumigena had in all treatments, throughout the experiment, at least five times
the biovolume of the other species. Nevertheless, N spumigena would still not have
reached the total FA content of Dolichospermum sp. Therefore, N spumigena would
be suitable for biomass production, but not as a FA producer.

Of the SAFA, MUFA and PUFA, there are specific FA within these groups that are
of particular interest in commercial production and for use in several anti-cancer
and anti-heart disease drugs of the pharmaceutical industry (Plaza et al. 2009).
These are the monounsaturated hexadecanoic acid (16:1(n-7)), octadecanoic acid
(18:1(n-9)), polyunsaturated octadecatrienoic acid (18:3(n-3)), eicosapentaenoic
acid (EPA,; 20:5(n-3)) and docosahexaenoic acid (DHA; 22:6(n-3)), which are all
present in Dolichospermum sp., Aphanizomenon sp. and N. spumigena (paper V).

5. Conclusion and future prospects
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Based on the results from the studies included in this thesis, | conclude that there is
clearly a need to further investigate the possible future impacts of climate change and
SWS on the natural microplankton community of the Baltic Sea. In the studies
presented here, there was a clear result of increased biovolume of Aphanizomenon
sp. and Nodularia spumigena when temperature was increased by 4°C. When salinity
was decreased by three units both the growth and photosynthetic activity of N.
spumigena was reduced while Aphanizomenon sp. was unaffected and the growth of
Dolichospermum spp. was increased. Furthermore, present-day salinities were
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beneficial, in terms of increased biovolumes, of diatoms, dinoflagellates and ciliates,
compared to reduced future salinity. Increased atmospheric pCO. had no effect on
any of the species in the microplankton community. These results show that the
future microplankton community may be advantageous, in terms of increased
biovolume, for the cyanobacteria species Aphanizomenon sp. and Dolichospermum
spp. The long-term effects of future climate change must be further studied.

We have shown that it is possible to extract biomass and fatty acids from the
cyanobacteria species in the Baltic Sea, and another study has shown the possibility
to harvest the natural summer-bloom in the Baltic Sea (Grondahl 2009). A possible
future increase of the duration, biomass and area of blooms should really push the
development of these technologies. Relieving the future ecosystem from toxic
blooms, and increasing recreational values throughout the Baltic Sea area is
something to look forward to!

Although seawater scrubbing did not have any statistical effects on the biological
variables microplankton species composition and biovolume, we believe this may
not be the full story. Presented here is a one-time addition of scrubber water to a
natural microplanktonic ecosystem. The accumulated effects of long-term repeated
addition throughout the year, i.e. in a shipping lane, are yet to be elucidated. Other
factors, such as soot particles or PAH:s, and cocktail effects of trace metals, pH
reduction, lowered alkalinity and salinity, increased temperature, must also be further
studied. Furthermore, here the effects on the microplankton at the base of the food
chain were studied, and there is always a potential risk for negative effects at higher
trophic levels. For example, the fatty acid composition may be altered (which was
not measured in the field experiments), which is essential for growth and recruitment
at higher trophic levels (e.g. Brett & Muller-Navarra 1997, Brown et al. 1997).

The Baltic Sea is a sensitive area, which is already exposed to multiple stressors such
as eutrophication, over-fishing and climate change. Therefore, the precautionary
principle must rule before implementing scrubber units on board the shipping fleet.
Preferably, more studies and field experiments should be conducted before any final
conclusions can be drawn of the effects of seawater scrubber on the microplanktonic
community during summer-blooms in the Baltic Sea.
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att du var sa tapper pa Asko 2014. Jag kommer for alltid tanka pa dej varje gang jag
ar i ett termokonstantrum, och ska forsoka att inte go loco nér jag &r dar... Men vi vet
ju vems fel det var och som ville picta utav bara h-vete... Justin Pearce for ditt mod
att smaka svenska delikatesser som messmaor. Och for din brytning; g"day mate! Kai
Lohbeck, | usually don’t even greet people the first 6 months, then it takes about a
year before | truly get to know a person and really like them. It is truly a shame that
your post doc is finished so soon, it wold have been great to know you for a year and
a half already! Wait a minute, hmmm... Inger Wallentinus som vet allt och
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dessutom kan rota fram referensen till det pa ett par minuter. Vilken skatt att ha dej
pa Botan! Monica Appelgren som man kan prata med allt om. Botan kommer snart
aldrig bli sej likt... Sven Toresson, Botans egna MacGyver, som kan fixa allt.
Outtréttligt. Till mina doktorandkollegor som jag undervisat med under aren: Lisa
A, Johanna, Alexander, Oskar, Sten, Malin, Jonna samt framfér allt Jenny och
Emelie. Vad roligt vi har haft, men J och E, lat oss hoppas att vi aldrig mer behover
ratta labrapporter...

En stor kram till alla doktoranderna pa 5e vaningen: mina rumskompisar Lisa
Sundgqvist, Malin Olofsson och Louise Eriander. Vilken tur att vi séallan var dar
allihopa samtidigt, da hade nog ingen av oss disputerat vid det har laget... Och jag
ser verkligen fram emot din tradgardsblogg/bok/tv-program, Louise! Jag har bestamt
att du ska gora nat sant och jag ar van vid att fa min vilja igenom. Sa det sa! Daniela
de Abreu, thanks for all the delicious cashews! But especially for letting me and F
into your home in Maputo. | will always treasure having seen the real Maputo, where
you can buy fresh-squeezed sugar cane juice by the side of the road. Mmm...
Gurpreet Kaur Kahlon (again) hang in there, you can do it and we’re all cheering
for you! Josefin Sefbom, vad tomt det blev ndr du forsvann! Du har, och kommer
alltid att ha en sangplats i vart hem, var i vérlden det &n &r. Susanna Gross aka The
GIF Master som alltid redan har kollat upp allt som man nansin skulle velat Googla,
som alltid peppar och som for alltid kommer veta den faktiska betydelsen av spank
the monkey... Fabian Roger, min absoluta favorit tysk-fransos! Det var roligt att
trana din svenska och sedan se folks forvirrade miner nér de inte forstod vad du sa.
Lange var jag den enda som forstod fabianska... Som jag sa till Kai, det tar ett tag
att lara k&nna mej, men nu nar du gjort det, och jag faktiskt tycker om dej, kommer
du vara fast for livet! Du har gott om tid att férsoka dvertala mej om att rédvin smakar
gott och mer &n ”’ja, det smakar rétt”. Det har dessutom varit ovarderligt att dela den
hér sista doktorandtiden tillsammans. Att kunna dela alla panikattacker, diverse
gruppdynamiker, fruktstunder och kopp efter kopp med kaffe har varit oerséattligt.
Och en stor kram som tack for att jag har fatt lana din soffa, annars hade den har
avhandlingen inte blivit klar...

Ett stort och varmt tack till alla studenter under aren. Jag har haft sa roligt och det
har varit ett privilegium att inspirera er och visa er tylakoidernas varld, tvarsnitt av
vaxter, dygnsmatningar i PAM, marina mikroalger och mer. Ett av de bésta ljuden
jag vet ar nar man hor ett ja-haaa i kurslabbet, nar ni forstar vad jag pratar om eller
ser det jag ser i mikroskopet. Tank pa att man maste vilja, kisa och ha fantasi for att
se saker i mikroskop... Jag kommer verkligen att sakna undervisningen.
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Franciska Steinhoff, jag tyckte det var sa fruktansvart nar du flyttade till Norge. Na
er det virkelig grejt, sa jeg kan gve skikkelig pa min norsk! Det ar sa roligt att ha en
staende inbjudan till sjuttonde maj varje ar, d&ven om det inte alltid blir sa... Jag
saknar dej!

Ett stort tack till Mats som har vett att bo pa varma platser sa vi hade nanstans att fly
nar det regnade sidledes i Goteborg. Men jag kommer kanske aldrig forlata dej for
att du flyttade fran Seychellerna... Mamma, pappa och syster Karin som alltid
uppratthallit mitt biologiintresse. Men jag kommer aldrig tycka att man aker och
badar i havet nar man aker ut i Stockholms skargard...

Framfor allt, ett stort tack till de underbara Kristian och Zelda. Jag alskar er! Vilket
talamod ni har haft den senaste tiden! Zellis som lart sej rita gubbar, simma, néstan
hela alfabetet, och massa mer, medan mamma bara har varit pa jobbet. Tur att Skype
finns och att du har vérldens bésta pappa som tagit hand om allt! K min &lskling, mitt
livs kérlek, min basta van, tack for ditt otroligt stora talamod. Nu ska vi spela bradspel
som fa-an! Tack for att du har torkat tarar i jobbiga stunder, bade irl och 6ver Skype.
Tack for att du kommer med rad nar det behdvs och har vett att vara tyst nar jag bara
behover raljera och prata av mej... Ingen kanner mej sa val som du. Snart kanske vi
hamnar i Australien, eller San Diego, eller Japan, eller eh Mdélnlycke... Oavsett
kommer vi vara tillsammans igen. Du &r bast!
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