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Abstract
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Aquatic ecosystems provide essential ecosystem services, but are also highly vulnerable to
global change. Climate change, eutrophication and browning, for example, collectively drive
the increase of harmful algal blooms in freshwaters. While cyanobacterial blooms have been
intensively studied, blooms caused by other algal species have received far less attention.

The aim of my thesis was to increase our understanding of the causes and consequences
of the freshwater raphidophyte Gonyostomum semen (Ehrenberg) Diesing, which forms high
biomass blooms in lakes all over the world. I used laboratory experiments, field studies and
lake monitoring data to investigate how G. semen growth is affected by environmental factors
related to water color, and how G. semen blooms affect carbon cycling in lakes.

High iron concentration (>200 pg L) was found to be a requirement for G. semen growth,
but not for bloom formation. Rather, increase in dissolved organic carbon (DOC) concentration
may drive bloom formation, possibly by a combination of providing additional nutrients to
lakes as DOC is imported from terrestrial sources, and by reducing light availability for other
competing phytoplankton species. Gonyostomum semen can possibly avoid light limitation and
form blooms over a wide range of DOC concentration (8 — 20 mg L) due to its diel vertical
migration and special pigment composition, although there likely exists a DOC threshold at
which also G. semen growth becomes light limited.

By fixing CO, through photosynthesis, G. semen did considerably reduce the partial pressure
of CO, (pCQO,) in the studied lakes. Furthermore, the relationship between pCO, and G. semen
became stronger with decreasing DOC concentration, suggesting that reduction in pCO, caused
by G. semen is highest in moderately colored lakes (8 — 12 mg DOC L"). This resulted in
temporary reduction in CO, emission to the atmosphere during summer, though it is unlikely
that it changes annual carbon emissions. Organic matter (OM) generated by G. semen was
transported to the sediments, though this did not appear to affect carbon burial rates. However,
G. semen increased the fraction of autochthonous OM that sank to the sediment, which may
result in altered CO, and methane (CH,) production on a short-term basis.

In summary, G. semen growth is dependent on sufficient iron concentrations, while bloom
formation is likely controlled by DOC. Blooms temporarily affect in-lake carbon dynamics
through increased rates of CO, fixation via photosynthesis, transport of autochthonous OM to the
sediment and subsequent changes in CO, and CH, production. Thus, G. semen may contribute
to changes in ecosystem functioning in lakes experiencing browning.
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Even the small things on Earth are wonderful and great,
And of small things worlds are built.”

Christian Gottfried Ehrenberg, 1818

German natural scientist
First to scientifically describe the alga Gonyostomum semen






List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.

L

II.

II1.

IV.

Miinzner, K., Gollnisch, R., Rengefors, K., Koreiviene, J. and
Lindstrom, E.S. (2021) High iron requirements for growth in the
nuisance alga Gonyostomum semen (Raphidophyceae). Journal
of Phycology 57, 1309-1322.

Miinzner, K., Langenheder, S., Weyhenmeyer, G.A., Csitari, B.
and Lindstrom, E.S. (2022) Carbon dioxide reduction by photo-
synthesis undetectable even during phytoplankton blooms in two
lakes. Submitted to Scientific Reports.

Miinzner, K., Gauthier, V.A., Tranvik, L.J. and Lindstrom,
E.S. (2022) Effects of a dominant algal species (Gonyostomum
semen) on the carbon balance of brown water lakes. Manuscript.

Miinzner, K., Lindstrém, E.S. and Rohrlack, T. (2022) The influ-
ence of the nuisance alga Gonyostomum semen (Raphi-
dophyceae) on carbon dioxide flux from boreal lakes. Manu-
Script.

Reprints were made with permission from the respective publishers.



Additional publications

In addition to the papers included in this thesis, the author contributed to the
following report:

I. Miinzner, K. (2019) Gonyostomum semen i svenska sjoar — fore-
komst och problem. Uppsala University, p. 19.



Contents

AADSITACE -ttt ettt ettt ettt et e sttt et et et e bt et et e e ne e e e eteeneens 9
SUMIMATIES ...eteeetieieeieert ettt ettt ettt sttt e e te e s bt e sbeesnteeateeabeenbeenes 11
Popular SCIence SUMMATY .........cccceririerieninienieneeteneeieeee et 11
Populdrvetenskaplig sammanfattning.............cceeeveveveecieecriecrieciieneeseenieens 15
Populérwissenschaftliche Zusammenfassung ............ccccocceveevenireenienne. 19
INErOAUCTION. ...ttt st 23
Algal blooms in aquatiC €COSYSLEMS .......eevveriueeriieriienieneerieneeeeeeeeeneens 24
The freshwater raphidophyte Gonyostomum semen...............cc.ccueevveneee. 25
BloOMS Of G. SETMEMN ..ottt 26
Aims and objectives Of this thesiS........cccvvvirriierciieeie e 29
IMETROMS ..ttt 30
Laboratory EXPeriment ............cccevvereerienieesieenieesieeseeseesnessseeseesseesens 30
Field StUAIES. ..c..eemieiieeieieeee ettt 30
Swedish lake monitoring data ............ccceevievieeieeiiecre e 31
Detection and quantification of G. Semen ............ccceeevvevveercreeecreeereenne 32
Organic matter quantification and Origin ........cccccevceeveieriieeiiiesieereeneenieane 32
Greenhouse gas analysiS.......cceereerierierienieeie ettt 33
Other lake water variables..........cccoverieriniiieninieee e 33
Results and DISCUSSION .......eeuveriiiriieniienienie ettt st st 35
What causes G. semen bloOmS? ..........cccceeieiniiiniiiiieiieee e 35
Does iron promote G. semen Growth? ...........ccceeeeveeeieeniieeecieeeieeeree e 35
Does DOC limit G. semen growth?..........ccoccevevireenininieninieieneneens 37
How does G. semen affect carbon cycling in lakes? ...........cccceveveriennnne 40
Impact of G. semen on organic matter sedimentation quantity and
QUALTEY 1.ttt ettt ettt et ettt et e et estaessaeesbeesbeeseessaessseesbeenseensaeraens 40
Impact of G. semen on lake CO; dynamics........c.cccveeeveeveerenveenreesreenieens 42
What is the best approach to monitor G. semen blooms?..............ccoecn...n. 45
Conclusions and future perspective ........c.ceveerierierieeieeieeneenee e 50
ACKNOWICAZEMENLS......ecvieiieiieiieeieeie ettt eteesieesee e e seeseaeeebeesseesseesaeseens 52

RETETENCES cccoiiiiiiieiiee e, 54



Abbreviations

Absasa/36s ratio of absorbance measured at 254 and 365 nm
CH4 methane

CO; carbon dioxide

DIC dissolved inorganic carbon

DOC dissolved organic carbon

DOM dissolved organic matter

HAB harmful algal bloom

HPLC high-performance liquid chromatography

oM organic matter

pCO, partial pressure of CO,

POC particulate organic carbon

gPCR quantitative PCR

SITES Swedish Infrastructure for Ecosystem Science
SUVA2s4 specific ultraviolet absorbance measured at 254 nm

TOC total organic carbon



Abstract

Aquatic ecosystems provide essential ecosystem services, but are also highly
vulnerable to global change. Climate change, eutrophication and browning,
for example, collectively drive the increase of harmful algal blooms in fresh-
waters. While cyanobacterial blooms have been intensively studied, blooms
caused by other algal species have received far less attention.

The aim of my thesis was to increase our understanding of the causes and
consequences of the freshwater raphidophyte Gonyostomum semen (Ehren-
berg) Diesing, which forms high biomass blooms in lakes all over the world.
I used laboratory experiments, field studies and lake monitoring data to inves-
tigate how G. semen growth is affected by environmental factors related to
water color, and how G. semen blooms affect carbon cycling in lakes.

High iron concentration (>200 pg L") was found to be a requirement for G.
semen growth, but not for bloom formation. Rather, increase in dissolved or-
ganic carbon (DOC) concentration may drive bloom formation, possibly by a
combination of providing additional nutrients to lakes as DOC is imported
from terrestrial sources, and by reducing light availability for other competing
phytoplankton species. Gonyostomum semen can possibly avoid light limita-
tion and form blooms over a wide range of DOC concentration (8§ —20 mg L~
") due to its diel vertical migration and special pigment composition, although
there likely exists a DOC threshold at which also G. semen growth becomes
light limited.

By fixing CO; through photosynthesis, G. semen did considerably reduce the
partial pressure of CO; (pCOy) in the studied lakes. Furthermore, the relation-
ship between pCO; and G. semen became stronger with decreasing DOC con-
centration, suggesting that reduction in pCO, caused by G. semen is highest
in moderately colored lakes (8 — 12 mg DOC L™). This resulted in temporary
reduction in CO; emission to the atmosphere during summer, though it is un-
likely that it changes annual carbon emissions. Organic matter (OM) gener-
ated by G. semen was transported to the sediments, though this did not appear
to affect carbon burial rates. However, G. semen increased the fraction of au-
tochthonous OM that sank to the sediment, which may result in altered CO»
and methane (CH4) production on a short-term basis.

In summary, G. semen growth is dependent on sufficient iron concentrations,
while bloom formation is likely controlled by DOC. Blooms temporarily
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affect in-lake carbon dynamics through increased rates of CO, fixation via
photosynthesis, transport of autochthonous OM to the sediment and subse-
quent changes in CO, and CH4 production. Thus, G. semen may contribute to
changes in ecosystem functioning in lakes experiencing browning.
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Summaries

Popular science summary

Freshwater is a crucial natural resource on Earth. We rely on it as a source of
drinking water, use it for food production, e.g. for irrigation and fish farming,
and for recreational activities, such as swimming, boating and fishing. Lakes,
rivers and wetlands are also home to about 6% of all known plant and animal
species, even though they only cover about 1% of the Earth’s surface. Healthy
freshwaters are therefore indispensable for human societies and global biodi-
versity, which is why we have to protect and conserve them.

However, freshwaters face many threats, because they are closely connected
to the surrounding land, called the catchment. Water flows from land to the
sea by passing through lakes and rivers, and it transports many things on its
way, like soil particles, nutrients and pollutants. As a result, what happens in
a catchment has a huge effect on the lakes and rivers that are found within it.
For example, industrial-scale agriculture uses a lot of fertilizers, causing ex-
cess nutrients (nitrogen and phosphorus) to flow into lakes and rivers. This is
known as eutrophication, and it often leads to algal blooms, the rapid growth
of small, unicellular organisms. Such algal blooms can be harmful to humans
and life in lakes and rivers, if they become too big or the algae produce toxins.
Toxins can directly kill fish, mussels and other aquatic animals, and indirectly
cause diseases and even death in land-dwelling animals and humans when
they consume water or animals from affected lakes and rivers. After algae
grow to large amounts, they die and are broken down by bacteria, which uses
up oxygen. If oxygen concentrations become too low, many fish and inverte-
brates (e.g. mussels) will suffocate and die.

Another large-scale threat to freshwaters is warming as a result of climate
change. We know, for example, that more algal blooms will likely occur when
lakes become warmer, especially those caused by cyanobacteria, which grow
fast in warmer waters. To keep lakes and rivers healthy, it is crucial to under-
stand how harmful algal blooms form and what consequences they have. Yet,
we still do not fully understand how physical, chemical and biological factors
interact when algal blooms develop, e.g. how eutrophication (chemical) and
climate change (physical) affect algal growth. We also lack knowledge about
how algal blooms impact other aspects of freshwaters, like how nutrients
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circulate and are transformed in the process (=biogeochemical cycling of nu-
trients).

Another change we can observe in freshwaters is that they are becoming
darker in color in northern regions, like Scandinavia, which is called “brown-
ing”. Browning happens because more dissolved organic carbon (DOC) and
iron are transported from land to lakes and rivers. Researchers believe that this
is a result of climate change, lakes and rivers recovering from acidification in
the 1960s and 1970s, and changes in how we use and manage land in catch-
ments. Most likely, the browning of freshwaters will continue in the future,
and this could, for instance, make the use of freshwaters as drinking water
sources more difficult. Furthermore, it will become more complicated to pre-
dict algal blooms. Dissolved organic carbon acts like a filter, reducing light
from entering freshwaters and, thus, increasing shading. As a result, algae be-
come less efficient at primary production (=harvesting energy through photo-
synthesis) and are growing slower. Some algae called “flagellates”, however,
can move freely through the water column with the help of their flagella
(=tail), which helps them to avoid shading and having their growth limited by
light. This could lead to more algal blooms caused by flagellates.

In general, cyanobacterial blooms have received by far the largest attention
when it comes to research and management efforts, because they are the most
common blooms found in freshwaters and are often toxic. However, blooms
caused by other algal species are also on the rise, like blooms caused by green
algae forming at the bottom of lakes, and flagellate blooms in lakes experi-
encing browning. Yet, we lack knowledge about the extent, causes and con-
sequences of such blooms, because they are not always included in environ-
mental monitoring and because we do not completely understand how eu-
trophication, climate change and browning together generally drive algal
growth.

In this thesis, | aim to improve our understanding of algal blooms caused by
the freshwater raphidophyte Gonyostomum semen, which is a flagellate spe-
cies. It is the most common freshwater raphidophyte and forms high biomass
blooms in lakes all over the world. Those blooms come in the form of brown
slime, because G. semen shoots out slime threads when it is touched. This
slime protects it from grazing by zooplankton and can destroy the cells of
other algae so that G. semen can become the dominant algal species in a lake.
It is often found in lakes that experience browning, like in Northern Europe,
where it has also spread to more lakes and formed more blooms over the last
decades. Consequently, one of my research questions was to find out how fac-
tors related to water color, namely DOC and iron, affect the growth and bloom
formation of G. semen. Another research question was to investigate how G.
semen blooms change the flow (=biogeochemical cycling) of carbon in lakes,
such as carbon burial in the sediment and carbon dioxide (CO;) emissions to
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the atmosphere. The reason for this is that during G. semen blooms, large
amounts of organic matter are produced, part of which is carbon. This is then
available as a food source to other animals, like zooplankton and aquatic in-
sects, or bacteria, which release carbon in form of CO after breaking it down.
Alternatively, organic matter originating from G. semen could sink to the sed-
iment and be buried, thus storing carbon in the lake.

By exposing laboratory cultures of G. semen and two other common algal
species (a green alga and a cyanobacteria) to different iron concentrations, |
found that G. semen requires high iron concentrations (>200 pg L) to be able
to grow. Compared to the other two species, this iron concentration was 20 —
40 times higher. However, there was no evidence that higher iron concentra-
tions lead to more or larger G. semen blooms. Instead, bloom formation ap-
peared to be controlled by DOC concentration. Comparing G. semen biomass
in lakes with different DOC concentrations with the help of field studies and
monitoring data revealed that G. semen biomass was highest in lakes ranging
8 — 20 mg DOC L. These are relatively high DOC levels at which algal
growth should be limited because of how little light is available as a result of
shading. However, G. semen can migrate up and down in the water column
during the day (=diel vertical migration), which helps it to escape light limi-
tation to a certain degree. Furthermore, it has special pigments that are adapted
to low light levels, which could give it an extra advantage against other flag-
ellate species. As lakes become browner in the future, more lakes will become
suitable habitats for G. semen, and blooms will form in previously unaffected
lakes. Monitoring and management efforts should be focused on lakes with
DOC concentrations from 8 — 20 mg L', since that is where blooms will most
likely and most often occur.

In three field studies, lake CO; concentrations as the partial pressure of CO»
(pCO,) were measured, as well as how much organic matter and carbon settled
from the lake water column to the sediment. I found that, by fixing CO,
through photosynthesis, G. semen can considerably reduce pCO, in lakes,
even when only relatively small amounts of the alga are present. This can even
result in reduced CO, emissions from lakes to the atmosphere, although only
in the short-term. How yearly lake CO, emissions are changed by the presence
of G. semen remains an open question and should be addressed in future stud-
ies that include seasons other than summer. Another finding was that the rela-
tionship between pCO; and G. semen became stronger the less DOC was pre-
sent in the lake. This suggests that reductions in pCO, caused by G. semen are
highest in moderately colored lakes (8 — 12 mg DOC L), possibly because
G. semen growth is less inhibited by light limitation there.

The sedimentation rate of organic material and carbon did not change in re-
sponse to the amount of G. semen. However, the settling organic matter be-
came richer in algal-associated carbon (=autochthonous carbon), which shows
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that G. semen biomass gets transported to the sediment. Autochthonous car-
bon is also an easily available food source for bacteria and other microbes in
the sediment. This could lead to microbes quickly degrading the organic ma-
terial from G. semen blooms, so more CO; and methane (CH4) may be released
to the lake after blooms, and eventually into the atmosphere. Another outcome
could be that G. semen biomass that reaches the sediment is no longer availa-
ble as a food source for zooplankton, and indirectly, fish that feed on them.
This, together with G. semen dominating algal communities during blooms,
could force zooplankton to switch to other, less energy-rich food sources. As
a result, G. semen could affect food webs in the brown water lakes where it
forms the largest blooms.

In conclusion, I have shown how iron and DOC together explain under which
conditions we find G. semen and where we can most commonly expect the
highest biomass blooms to occur. I have also greatly improved our understand-
ing of how G. semen impacts the biogeochemical cycling of carbon in lakes.
It is possible that G. semen contributes to the changes of ecological processes
in lakes that experience browning, so the impacts of G. semen described here
could apply more generally across the range where G. semen occurs.
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Populérvetenskaplig sammanfattning

Sotvatten dr en oumbdrlig resurs pa jorden. Vi midnniskor anvinder sotvatten
som dricksvatten, for att producera mat, t.ex. genom bevattning i landsbruk
och fiskodling, och for fritidsaktiviteter, sdsom simning, segling och fiske.
Sjoar, floder och vétmarker dr ocksa hem for ungefar 6% av alla kénda véxt-
och djurarter, trots att de bara utgor ca. 1% av jordens yta. Darfor dr intakta
sotvattensmiljoer oumbérliga for ménskliga samhéllen och den globala biolo-
giska mangfalden, vilket dr anledningen till varfor vi behdver skydda och be-
vara dem.

Det finns dock ménga hot mot s6tvattensmiljoer, eftersom de péverkas starkt
av den omgivande marken, deras sa kallade avrinningsomrade. Vattnet rinner
fran land genom sjoar och floder och sedan ut i havet, och bar med sig bland
annat jordpartiklar, ndringsdmnen och miljofarliga dmnen. Séledes har det
som hénder i1 avrinningsomradet en enorm paverkan pé sjoar och vattendrag
nedstroms. Ett exempel &r industriellt jordbruk, som krdver stora méangder
gbdningsmedel och leder till att ndringsimnen som kvive och fosfor skoljs
med till ndrliggande sjoar och vattendrag. Den hér processen kallas for eutro-
fiering, och leder ofta till algblomningar, det vill séga kraftig tillvixt av sma,
encelliga organismer. Algblomningar kan vara farliga for ménniskor och livet
i vatten, om en algblomning blir giftig eller kraftig. Nér fiskar, musslor och
andra vattenlevande djur fér i sig alggifter, s kan de d6, och dven landlevande
djur och ménniskor kan bli sjuka eller dé ndr de kommer i kontakt med vattnet
eller dter forgiftade djur. Efter en blomning, sa sjunker de doda algerna ner till
botten och bryts ned av bakterier i sedimentet, vilket forbrukar syre. Om sy-
rekoncentrationen blir for 1ag kvdvs méanga fiskar och ryggradsldsa djur, som
till exempel musslor.

Global uppvarmning dr ett annat storskaligt hot mot s6tvattensmiljoer. Vi vet
till exempel att det sannolikt kommer att bli fler algblomningar nér sjéar och
vattendrag blir varmare. Detta géller sdrskilt cyanobakterier, som véxer snabbt
i varmare vatten. For att skydda véra vatten mot algblomningar ar det avgo-
rande att forstd varfor de uppstér och dessutom vilka konsekvenser blomning-
arna far. Vi forstér till exempel inte helt hur fysiska, kemiska och biologiska
faktorer interagerar med varandra nér en algblomning utvecklas, till exempel
hur eutrofiering (kemisk) och global uppvarmning (fysisk) paverkar tillvixten
av alger. Vi vet inte heller hur algblomningar paverkar andra aspekter av sot-
vattensmiljoer, exempelvis hur ndringsdmnen cirkulerar och omsitts i proces-
sen (=biogeokemiskt kretslopp av ndringsdmnen).

En fordndring som vi kan se i sotvattensmiljoer &r att de blir morkare i fargen
inordliga regioner som Skandinavien, vilket kallas for forbruning. Férbruning
sker pa grund av att mer 16st organiskt kol (DOC, engelska: dissolved organic
carbon) och jdrn transporteras fran land till vatten. Forskare har visat att
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anledningen till detta kan vara en kombination av den globala uppvérmningen,
sOtvattensmiljoers aterhdmtning fran forsurningen efter 1960- och 1970-talet
och hur markanviandningen har foréndrats i avrinningsomraden. Vattenfargen
kommer sannolikt att fortsitta att 6ka dver tid, vilket kan gora det svarare och
dyrare att anvinda dem som dricksvattentéikter. Det blir ocks&d mer komplice-
rat att forutse algblomningar. Lost organiskt kol fungerar som en parasoll:
mindre ljus kan komma genom vattnet, sa att det blir skuggigare for organ-
ismerna. Foljaktligen blir algernas fotosyntes ldgre och de véxer ddirmed lang-
sammare. Det finns dock sé kallade flagellater, som kan rora sig fritt genom
vattnet med hjélp av sina flageller (="gissel”). Pa det sittet kan de soka béttre
ljusforhallanden och ddrmed motverka att skuggas och deras tillvixt begrin-
sas inte lika starkt. Darfor kan forbruning leda till att det blir flera algblom-
ningar av flagellater i framtiden.

Blomningar av cyanobakterier 4r mest uppmirksammade inom forskning och
vattenforvaltning, eftersom det &r vanligast att blomningar i sdtvatttensmiljoer
orsakas av cyanobakterier, och for att de ofta ar giftiga. Algblomningar orsa-
kade av andra arter blir dock allt vanligare, till exempel algblomningar av
gronalger pé botten, och flagellaters blomningar i bruna sjoar. Vi saknar dock
fortfarande kunskap om omfattning, orsaker och konsekvenser av sidana
blomningar, eftersom de inte alltid ingér i miljodvervakningen och for att vi
inte riktigt forstar hur eutrofiering, global uppvérmning och forbruning till-
sammans paverkar tillvéxten av dessa alger.

Syftet med denna avhandling &r att béttre forstd algblomningar som orsakas
av soOtvattensarten Gonyostomum semen, som tillhor klassen nélflagellater
(Raphidophycae) och som kan roéra sig fritt i vattnet. Den dr den vanligaste
nalfalgellaten i1 sotvattensmiljoer och orsakar stora algblomningar i sjéar over
hela varlden. Dessa blomningar ar slemmiga, genom att celler exploderar och
skjuter ut slemtrader nér de vidrors. Darfor kallas algen dven for ”gubbslem”.
Slemmet skyddar algen fran att bli uppéten av djurplankton och kan forstora
andra algarters celler, vilket leder till att gubbslem kan bli helt dominerande.
Gubbslem ar sérskilt forekommande i bruna sjoar, till exempel i Nordeuropa.
Dar har algen ocksa spridit sig till fler sjdar och orsakat fler algblomningar
under de senaste decennierna. Darfor dr en av mina fragestillningar hur fak-
torer relaterad till vattenfirg, dvs. DOC och jérn (som ocksa okat i ménga
sj0ar), paverkar tillvixten och bildandet av gubbslemsblomningar. En annan
fragestéllning handlar om hur gubbslemsblomningar férdndrar omséittningen
av kol inom sjdar och utbyte av kol med andra miljder, sdsom inlagring av kol
i sedimentet och utslépp av koldioxid (CO») till atmosféaren. Anledningen till
detta ar att det bildas stora mangder organiskt material under gubbslemsblom-
ningar, vilka innehaller kol. Det organiska materialet dr sedan tillgédngligt som
en fodokélla for djur, som djurplankton och vattenlevande insekter, eller for
bakterier som bryter ned organiskt material och producerar CO,. Alternativt
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kan det organiska materialet sjunka ned till sedimentet och lagras in dér, och
pa sé sitt kan kol lagras i sjoar under en langre tid.

Genom att utsétta laboratoriekulturer av gubbslem och tva andra algarter (en
gronalg och en cyanobakterie) for olika jirnkoncentrationer fann jag att gubb-
slem har hoga jiarnkrav (>200 pg L) for att kunna vixa. Den behovde 20 —
40 génger mer jirn &n de andra tvé arterna som studerades. Det finns dock
inget som tyder pa att hdgre jarnkoncentrationer leder till fler eller kraftigare
gubbslemsblomningar i naturen. Det verkar istéllet som att blomningarna styrs
av DOC-koncentrationerna 1 sjdarna. Jag undersokte forekomsten av gubbs-
lem i sjoar med olika DOC-koncentrationer med hjélp av faltstudier och mil-
joovervakningsdata, och det visade sig att biomassan av gubbslem var som
hogst i sjoar med 8 — 20 mg DOC L. De relativt hdga DOC-koncentration-
erna borde begrinsa tillvixten av gubbslem genom att minska ljustillgangen
genom skuggning. Gubbslem kan dock rora sig upp och ner i vattnet under
dagen (=daglig vertikal migration) och pa sa sétt delvis undvika att begrénsas
av ljustillgdngen. Dessutom har den speciella pigment som &r anpassade for
laga ljusnivaer, vilket ger den en fordel framfor andra flagellater. Nér sjoar
blir brunare i framtiden, kommer dessa att utveckla sig som lampliga livsmil-
joer for gubbslem, och gubbslemsblomningar kommer troligtvis att uppsta i
sjoar som tidigare inte paverkades av dem. Insatser inom miljodvervakning
och vattenforvaltning borde dérfor fokuseras pd sjoar med DOC-koncentrat-
ioner mellan 8 — 20 mg L, eftersom det sannolikt &r dir de flesta gubbslems-
blomningarna kommer att forekomma.

Under tre faltstudier undersoktes CO, koncentrationen i sjdar i form av parti-
altryck av CO; (pCO»), sdvil som hur mycket organiskt material och kol som
sjonk fran sjovattnet till sedimentet. Jag upptiackte att gubbslem kan minska
pCO; betydligt i sjoar genom kolfixering under fotosyntes, &ven nér det finns
bara relativt sma méngder av algen. Detta kan leda till att mindre CO; slépps
ut frén sjoar till atmosfdaren under en kortare tidsperiod. Det ar fortfarande
oklart hur mycket det arliga koldioxidutsléppet paverkas av gubbslem, och
framtida studier borde darfor inkludera andra arstider &n sommar. Vi observe-
rade ocksa att kopplingen mellan pCO; och gubbslem blev starkare ju mindre
DOC som fanns i sjon. Det tyder pa att minskningar av pCO; kopplat till gubb-
slem #r hogst i mattligt bruna sjdar (8 — 12 mg DOC L"), méjligtvis for att
tillvixten av gubbslem himmas minst av ljus vid den koncentrationen.

Jag fann att sedimentationshastigheten av organiskt material och kol inte pa-
verkades av hur mycket gubbslem som fanns i sjdarna. Det organiska materi-
alet blev dock rikare pé kol som hirstammar fran alger (=autoktont kol), vilket
visar att biomassa av gubbslem transporteras till sedimentet. Autoktont kol ar
ocksé en lattillgénglig fodokélla for bakterier och andra mikrober som finns i
sedimentet. Detta skulle kunna leda till att organiskt material fran gubbslems-
blomningar bryts ned snabbt, s& att CO, och metan (CHa) bildas och, slutligen,
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sldpps ut till atmosfaren. En annan f6ljd skulle kunna vara att biomassa av
gubbslem som sjunker till sedimentet inte ldngre blir tillgéngligt som foda for
djurplankton, och ddrmed indirekt, for fiskar som dter dem. Tillsammans med
dominansen av gubbslem i algsamhillet skulle detta under blomningar kunna
tvinga djurplankton att byta till andra, mindre energirika fodokéllor. Darmed
ar det mojligt att gubbslem kan paverka néringsvédven i bruna sjoar dir den
blommar.

Sammanfattningsvis har jag visat hur bade koncentrationer av jairn och DOC
kan paverka forekomst av i gubbslem i sjoar och var det med hogst sannolikhet
uppstér flest och kraftigast blomningar. Jag har ocksa avsevért forbéttrat var
kunskap om hur gubbslem paverkar kolets biogeokemiska kretslopp i sjoar.
Det dr mojligt att forekomst och blomningar av gubbslem i framtiden bidrar
till en forédndring av ekologiska processer i brunvattensjdar inom stora delar
av sitt utbredningsomrade.
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Populdrwissenschaftliche Zusammenfassung

Oberflachengewisser, wie Seen und Fliisse, sind kostbare Ressourcen. Wir
Menschen nutzen sie fiir die Entnahme von Trinkwasser, zur Bewésserung in
der Landwirtschaft, fiir die Fischerei und fiir Freizeitaktivititen wie Schwim-
men, Angeln und Bootsausfliige. AuBerdem sind ungefdhr 6% aller bekannten
Planzen- und Tierarten in Seen, Fliissen und Feuchtgebieten zuhause, obwohl
diese nur etwa 1% der Erdoberfliche ausmachen. Gesunde Oberflachenge-
wasser sind somit unentbehrlich fiir uns als Gesellschaft und fiir die weltweite
Artenvielfalt. Daher miissen wir sie schiitzen und fiir zukiinftige Generationen
bewahren.

Oberflachengewisser sind jedoch vielen Bedrohungen ausgesetzt, da sie eng
mit dem sie umgebenden Land verbunden sind, dem sogenannten Einzugsge-
biet. Wasser flieffit vom Land in Seen und Fliisse und zuletzt ins Meer. Auf
diesem Wet transportiert es Bodenpartikel, Nahrstoffe und Schadstoffe. Aus
diesem Grund haben alle Umwelteinfliisse im Einzugsbegiet von Oberfla-
chengewissern groBBen Einfluss auf Seen und Fliisse. Ein Beispiel dafiir ist die
industrielle Landwirtschaft, in der groBe Mengen Diingemittel eingesetzt wer-
den. Uberschiissige Nihrstoffe (z.B. Stickstoff und Phosphor) werden aus den
Boden ausgespiilt und gelangen in Fliisse und Seen. Dieser Vorgang wird Eu-
trophierung genannt und fithrt hdufig zur massenhaften Vermehrung von Al-
gen oder Cyanobakterien, den sogenannten Algenbliiten. Werden solche Al-
genbliiten zu grof oder produzieren die Algen Giftstoffe, konnen sie fiir
Menschen und das Leben in Seen und Fliissen schédlich sein. Die Giftstoffe
der Algen konnen Fische, Muscheln und andere Wasserlebewesen toten, aber
auch Krankheiten bei Menschen und Tieren hervorrufen oder zum Tod von
Landlebewesen und Menschen fiihren, wenn das Wasser oder tote Tiere kon-
sumiert wurden. Der Abbau von abgestorbenen Algen kann ebenso fiir Was-
serlebewesen problematisch sein. Wenn Algen absterben, werden diese von
Bakterien zersetzt, welche dabei Sauerstoff verbrauchen. Wird der Sauerstoff-
gehalt im Gewésser zu niedrig, kann es zu Massensterben von Fischen und
wirbellosen Tieren (z.B. Muscheln) durch Sauerstoffmangel kommen.

Auch der Klimawandel ist eine groBBe Bedrohung fiir Oberflichengewisser.
Wir wissen zum Beispiel, dass dass die Anzahl der Algenbliiten mit steigender
Wassertemperatur zunimmt.Das betrifft besonders Cyanobakterien, die sich
in wirmeren Gewdssern schnell vermehren. Um Seen und Fliisse zu schiitzen
ist es von grofiter Bedeutung, dass wir verstehen unter welchen Umstédnden
Algenbliiten entstehen und welche Folgen sie haben. Bisher verstehen wir
noch immer nicht genau, wie physikalische, chemische und biologische Ein-
flisse bei der Bildung von Algenbliiten zusammenwirken: etwa, wie Eu-
trophierung und globale Erwdrmung das Algenwachstum beeinflussen. Zu-
dem fehlt das Wissen dariiber, wie Algenbliiten andere Prozesse in
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Oberfachengewidssern beeinflussen, etwa, wie Nihrstoffe in Seen
umgewandelt werden (=biogeochemische Néhrstoffkreislaufe).

Eine weitere Verdnderung, die wir in Oberfldchengewéssern beobachten kon-
nen, ist die sogenannte Braunung. Seen und Fliisse, vor allem in nérdlichen
Regionen wie Skandinavien, werden dunkler, weil mehr geldster organischer
Kohlenstoff (engl.: dissolved organic carbon, DOC) und Eisen vom Land in
die Gewisser gelangen. Wissenschaftler gehen davon aus, dass eine Kombi-
nation unterschiedlicher Faktoren fiir diesen Effekt verantwortlich ist: der Kli-
mawandel, die Erholung der Gewisser von der Ubersiuerung in den 1960er
und 1970er Jahren, sowie Verdnderungen in der Landnutzung in Wasse-
reinzugsgebieten. Hochstwahrscheinlich  wird die  Bridunung von
Oberflachengewdssern sich in Zukunft fortsetzen, was dazu fithren konnte,
dass das Trinkwasser ungenie3bar wird. Nicht zuletzt macht die Braunung die
Vorhersage von Algenbliiten komplizierter. Gelster organischer Kohlenstoff
verhélt sich wie ein Filter: er verringert die Lichteinstrahlung in die Gewdésser,
sodass diese in groBBerem Umfang beschattet werden. Infolgedessen wird die
Primérproduktion (=Energiegewinnung durch Fotosynthese) von Algen inef-
fizienter und ihr Wachstum verlangsamt sich. Einige Algen, die sogenannten
Flagellaten, konnen sich allerdings mit Hilfe ihrer Flagellen (=Geieln) frei
im Wasser bewegen, sodass sie die Beschattung durch DOC und das dadurch
verminderte Wachstum vermeiden konnen. Dies konnte dazu fiihren, dass Fla-
gellaten in Zukunft mehr Algenbliiten ausldsen.

Bisher haben sich Forschung und Gewésserschutz iiberwiegend auf Cyano-
bakterien konzentriert, da sie die am hiufigsten vorkommende Algenart in
Oberflachengewissern sind. Dariiber hinaus sind Cyanobakterien oft giftig.
Allerdings werden auch Algenbliiten von anderen Algenarten zunehmend
héufiger. Beispiele dafiir sind Griinalgenbliiten am Grund von Seen und Fla-
gellatenbliiten in verbrdunenden Seen. Wir wissen allerdings zu wenig iiber
das AusmaB, die Ausldser und die Folgen solcher Algenbliiten, weil sie oft
von Gewdsseriiberwachungsmalinahmen nicht erfasst werden und wir nicht
ausreichend verstehen, wie Eutrophierung, Klimawandel und Braunung das
Algenwachstum gemeinsam vorantreiben.

Das Ziel meiner Doktorarbeit war es daher, unser Verstindnis von Al-
genbliiten zu verbessern, die von der SiiBwasserraphidophyte Gonyostomum
semen, einer Flagellate, ausgelost werden. Gonyostomum semen stellt wel-
tweit die am weitesten verbreitete Raphidophyte in Oberflachengewéssern dar
und fiihrt in Seen zu Algenbliiten mit hoher Biomasse. Solche Algenbliiten
sind braun und schleimig, weil G. semen bei Beriihrung Schleim absondert.
Dieser Schleim beschiitzt die Alge davor, von Zooplankton (=tierisches
Plankton) gefressen zu werden und kann die Zellen anderer Algen zerstoren.
Dadurch kann G. semen die dominierende Algenart in Seen werden. Man
findet sie oft in verbraunenden Seen, zum Beispiel in Nordeuropa, wo sie sich
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iiber die letzten Jahrzehnte in mehr und mehr Seen ausgebreitet hat und immer
Ofter Algenbliiten auslost. Deshalb war eine meiner Forschungsfragen, wie
sich die Wasserfarbe anhand der Faktoren DOC und Eisen auf das Wachstum
und die Bliitenbildung der G. semen-Alge auswirkt. Eine weitere Forschungs-
frage war, wie sich G. semen-Bliiten auf den Kohlenstoffkreislauf in Seen aus-
wirken. Dabei war zu klédren, wie viel Kohlenstoff im Sediment gespeichert
und wie viel Kohlendioxid (CO,) in die Atmosphédre ausgestofSen wird. Der
Grund dafiir ist, dass wahrend G. semen-Bliiten viel organisches Material ge-
bildet wird, das zum Teil aus Kohlenstoff besteht. Dieses Material steht dann
fiir Tiere als Nahrungsquelle zur Verfiihrung, wie zum Beispiel Zooplankton
und Wasserinsekten, oder fiir Bakterien, die es abbauen und dabei CO; frei-
setzen. Andererseits kann das von G. semen gebildete organische Material
auch zum Sediment absinken und darin gebunden werden, sodass Kohlenstoff
im See gespeichert wird.

Im Labor setzte ich Kulturen der G. semen-Alge und zweier anderer, weit ver-
breiteter Algenarten (eine Griinalge und eine Cyanobakterie) unter-
schiedlichen Eisenkonzentrationen aus. Dabei zeigte ich, dass das Wachstum
der G. semen-Alge hohe Eisenkonzentrationen (>200 ug L) benétigt. Im
Vergleich zu den anderen beiden Algenarten war die benétigte Eisenkonzent-
ration fiir das Wachstum von G. semen 20 — 40 Mal hoher. Allerdings gab es
keine Anzeichen dafiir, dass hohere Eisenkonzentrationen zu mehr oder
groBBeren G. semen-Bliiten fithren. Stattdessen schien DOC die Bliitenbildung
zu regulieren. Vergleiche der G. semen-Biomasse in Seen mit unter-
schiedlichen DOC-Konzentrationen im Rahmen von Feld- und Uber-
wachungsstudien ergaben, dass die G. semen-Biomasse in Seen mit DOC-
Konzentrationen von 8 — 20 mg DOC L' am gréBten war. Dies sind relative
hohe DOC-Konzentrationen, unter denen Algenwachstum eigentlich begrenzt
sein sollte, da infolge der von DOC ausgelosten Beschattung nur relativ wenig
Licht im See vorhanden ist. Allerdings kann G. semen wéhrend des Tages in
der Wassersdule herauf und hinab wandern (=tégliche Vertikalwanderung,
English: diel vertical migration). Diese Fahigkeit hilft der Alge, ihren Lich-
tbedarf zu decken, den sie zum Wachsen braucht. Aulerdem besitzt sie spezi-
elle Pigmente, welche an schwache Lichtverhéltnisse angepasst sind. Dadurch
koénnte die Alge einen Vorteil gegeniiber anderen Flagellatenarten haben.
Wenn Seen in Zukunft weiter verbraunen, konnten mehr Seen zu geeigneten
Lebensrdumen fiir G. semen werden, und G. semen-Bliiten konnten sich in
mehr Seen etablieren. Der Fokus von Gewisseriiberwachungs- und -
schutzmaBnahmen sollte somit auf Seen mit DOC-Konzentrationen zwischen
8 — 20 mg L' liegen, da sich dort am wahrscheinlichsten und hiufigsten G.
semen-Bliiten bilden werden.

In drei Feldstudien wurden die CO,-Konzentrationen in Seen als Partialdruck
(pCO,) gemessen, ebenso wie das organische Material und der Kohlenstoff,
welche zum Sediment der Seen hinabgesunken sind. Ich konnte zeigen, dass
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G. semen den pCO; des Sees durch die Aufnahme von CO, wihrend der Fo-
tosynthese mafigeblich verringern kann, selbst wenn nur relativ wenige Algen
vorhanden sind. Dies kdnnte moglicherweise dazu fiihren, dass der CO,-Aus-
stoB von Seen reduziert wird, wenn auch nur kurzfristig. Es bleibt offen, ob
sich der jdhrliche CO;-Ausstofl von Seen durch die Anwesenheit der G. se-
men-Alge verdndert. Zukiinftige Studien sollten diese Frage aufgreifen und
auch in weiteren Jahreszeiten neben der Hauptwachtumszeit Sommer unter-
suchen. Ein weiteres Ergebnis war, dass der Zusammenhang zwischen pCO»
und G. semen-Biomasse umso stirker waren, je niedriger die DOC-Konzen-
tration im See war. Dies konnte darauf hinweisen, dass die durch G. semen
verursachte Verringerung des pCO, in mitteldunklen Seen (8 — 12 mg DOC
L") am hochsten waren, mdglicherweise da das G. semen-Wachstum dort am
wenigsten durch Beschattung beeintriachtigt war.

Die Sedimentationsrate des organischen Materials und des Kohlenstoffs ve-
randerte sich nicht durch die vorhandene G. semen-Menge. Das absinkende
organische Material wurde allerdings reicher an Kohlenstoff, der von Algen
gebildet wurde (=autochthoner Kohlenstoff). Demnach wird G. semen-Bio-
masse zum Sediment transportiert. Autochthoner Kohlenstoff ist eine einfach
zersetzbare Nahrungsquelle fiir Bakterien und andere Mikroben im Sediment.
Dies konnte dazu fiihren, dass Mikroben im Sediment das organische Material
der G. semen-Bliiten relativ schnell zersetzen, sodass nach den Bliiten mehr
CO; und Methan (CH4) im See produziert und letztendlich in die Atmosphére
ausgestoBen wird. Es konnte auch sein, dass das von G. semen gebildete
organische Material zum Sediment sinkt und so nicht ldnger als Nahrungs-
quelle fiir Zooplankton im Wasser zur Verfiigung steht, und damit indirekt
auch nicht fiir Fische, die Zooplankton fressen. In Verbindung mit G. semens
Dominanz der Algengemeinschaft wihrend ihrer Bliiten konnte dies dazu
fithren, dass Zooplankton auf andere Nahrungsquellen mit niedrigerem Ener-
giegehalt umsteigen muss. Infolgedessen konnte G. semen das Nahrungsnetz
in verbrdunenden Seen beeinflussen, da es dort die grofiten Bliiten bildet.

Zusammenfassend konnte ich im Rahmen meiner Doktorarbeit zeigen, wie
das Zusammenspiel von Eisen und DOC die Rahmenbedingungen im See er-
klart, unter denen die G. semen-Alge vorkommt und die grof3ten Algenbliiten
bildet. Zudem habe ich zu einem besseren Verstindnis davon beitragen kon-
nen, wie die G. semen-Alge den Kohlenstoftkreislauf in Seen beeinflusst. Es
ist moglich, dass das Vorkommen und die Bliiten der G. semen-Alge zu den
Verdnderungen der dkologischen Prozesse in verbrdunenden Seen beitrigt,
die wir innerhalb des Verbreitungsgebiets dieser Alge beobachten.
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Introduction

Aquatic ecosystems provide some of the most essential ecosystem services on
Earth by providing food and drinking water, habitat, recreation and many
more (Barbier et al. 2017, Hilt et al. 2017). They are also tightly linked to
other ecosystems, as water movement drives physical, chemical and biological
exchange between e.g. aquatic and terrestrial ecosystems (Lamberti and
Chaloner 2010). This exposes them to a multitude of anthropogenic stressors,
such as urban development, pollution, climate change and intense agriculture.
As a result, aquatic ecosystems are highly vulnerable to global change (Reid
et al. 2019, Rosenzweig et al. 2007).

One major threat to aquatic ecosystems is eutrophication, an increase in nutri-
ent concentrations as a result of human activity, e.g. intense agriculture and
urbanization. Eutrophication leads to rapid growth of microalgae, making it a
major cause of algal blooms (Carpenter et al. 1998, Paerl and Otten 2013).
Algal blooms can be harmful to humans, organisms and ecosystems by pro-
ducing toxins and forming high biomasses. Toxins can kill both aquatic and
terrestrial organisms, as they accumulate in the food web, and humans may
lose access to drinking water, food resources, recreational areas and aquacul-
ture products (Hallegraeff 1993, Anderson et al. 2012, Imai et al. 2006). High
biomass blooms can also disrupt the energy transfer to higher trophic levels
by depleting nutrients and being inaccessible to consumers (Sunda et al. 2006,
Karpowicz et al. 2020). They may also cause fish and invertebrate death due
to oxygen depletion when being degraded by bacteria (Imai et al. 2006, An-
derson et al. 2012). Thus, management and protection of aquatic ecosystems
are crucial to protect human health and ecosystem services provided by
aquatic ecosystems. Yet we still do not fully understand how physical, chem-
ical and biological factors interact when algal blooms develop (Wells et al.
2020). There is also a knowledge gap on how algal blooms affect processes
across ecosystems, e.g. biogeochemical cycles (Litchman et al. 2015). These
circumstances make it difficult to predict algal blooms and the impacts they
might have on the functioning of aquatic ecosystems.

Another change observed in freshwaters is the increase in water color, usually
referred to as browning (Forsberg 1992, Freeman et al. 2001, de Wit et al.
2016). This change has been linked to increases of dissolved organic carbon
(DOC) concentrations, as well as iron (Weyhenmeyer et al. 2014). It is be-
lieved that a combination of climate change, recovery from acidification and
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changes in land use and management practices are responsible for this (Mon-
teith et al. 2007, Kritzberg et al. 2020). Browning of freshwaters is expected
to continue in the future (de Wit et al. 2016) and will impact water quality and
the functioning of ecosystems (Solomon et al. 2015, Creed et al. 2018). For
example, drinking water treatment will become more complicated and expen-
sive, recreational value of freshwater bodies may decrease and energy transfer
through food webs may become less efficient (Kritzberg et al. 2020, Taipale
et al. 2016). Phytoplankton community structure is shifting in response to
browning (Urrutia-Cordero et al. 2017, Senar et al. 2021), indicating that algal
blooms caused by cyanobacteria and mixotrophic flagellates may become
more common as lakes become browner. However, primary production also
becomes light limited when lake DOC concentrations reach a certain thresh-
old, because less light can penetrate the water column (4.8 — 11 mg L™, Thrane
et al. 2014, Seekell et al. 2015, Bergstrom and Karlsson 2019). This makes it
difficult to predict how algal bloom dynamics will change in response to the
browning of freshwaters, especially in regard to species adapted to low light
conditions.

Algal blooms in aquatic ecosystems

Harmful algal blooms (HABs) have occurred throughout human history (Hal-
legraeff et al. 2021), but the frequency and the geographical reach of HABs,
as well as the number of microalgae species associated with them, has in-
creased over the last decades (Anderson 1989, Hallegraeff 1993, Anderson et
al. 2012). Cyanobacteria blooms, for example, are increasing in number and
intensity, and are impacting marine and freshwater ecosystems more severely
than a few decades earlier (Paerl and Huisman 2008, O’Neil et al. 2012). Since
cyanobacteria blooms pose a large threat to freshwater use by humans, other
bloom forming freshwater algal species have received less attention both in
management and research. Yet, as freshwaters face the combined conse-
quences of eutrophication, climate change and land use changes caused by
humans, the negative impacts of non-cyanobacterial blooms are starting to
emerge. The chrysophyte Prymnesium parvum, for example, causes massive
fish kills in rivers, brackish lakes and reservoirs during blooms (Lindholm et
al. 1999, Sager et al. 2008, Southard et al. 2010), most recently in the Oder
River in Poland and Germany in summer 2022 (Wolter et al. 2022). Benthic,
filamentous algal blooms caused by green algae are becoming recognized as
a future management problem in oligotrophic clearwater lakes worldwide, be-
cause they are changing lake littoral zones that are crucial for lake biodiversity
and energy transfer to higher trophic levels (Vadeboncoeur et al. 2011 and
2021). In boreal lakes, blooms associated with colonial chrysophytes and
raphidophytes are becoming more common, leading to odor and taste prob-
lems (chrysophytes, Paterson et al. 2004) and possibly reducing energy
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transfer to higher trophic levels (raphidophytes, Trigal et al. 2011, Johansson
et al. 2016a, Strandberg et al. 2020). Knowledge of the extent, causes and
consequences of such blooms is incomplete due to a lack of monitoring and
incomplete understanding of the interaction of different algal bloom drivers,
e.g. eutrophication, climate change and browning (Vadeboncoeur et al. 2021,
Griffith and Gobler 2020, Creed et al. 2018). One example for this is the fresh-
water raphidophyte Gonyostomum semen (Ehrenberg) Diesing, which forms
high biomass blooms in lakes all over the world (Rengefors et al. 2012,
Karosiene et al. 2014, Burford et al. 2021).

The freshwater raphidophyte Gonyostomum semen

Gonyostomum semen is the most common freshwater raphidophyte and occurs
on all five continents (Fig. 1). Initially, G. semen was reported to occur in
small, humic lakes with relatively low pH (Ehrenberg 1853, Drouet and Cohen
1935), but since then, it has been shown to grow in a wide variety of freshwa-
ter bodies, such as clearwater lakes (Rengefors et al. 2012), reservoirs (Le
Cohu et al. 1989, Negro et al. 2000, Paulino et al. 2015, Doege et al. 2022),
rivers (Korneva 2014) and floodplains (Pithart et al. 1997).

Like other harmful algae, G. semen has previously not been reported due to a
lack of monitoring (Anderson et al. 2012). In addition, G. semen is tricky to
detect in lake water samples because G. semen cells are destroyed when fixed
in formalin and damaged by Lugol’s solution (Drouet and Cohen 1935, Soren-
sen 1954, Cronberg et al. 1988). Thus, special training is required to correctly
identify G. semen in phytoplankton samples. Another issue is sampling depth,
because G. semen migrates vertically through the water column during the day
and may be missed when only sampling surface water (Cronberg et al. 1988,
Rohrlack 2020). Thus, new reports of G. semen occurrence may not be a proof
for expansion, but rather due to more holistic and frequent sampling ap-
proaches being used. Sampling may further be biased by sampling frequency:
Hagman et al. (2015) pointed out that yearly or monthly sampling easily
misses peaks and fluctuations in G. semen biomass, leading to a wrong im-
pression of its growth dynamics.
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Fig. 1: Global recorded distribution of Gonyostomum semen per country (green).
Sources: Canada: Poulin et al. (1995), Graham et al. (2007), US: Drouet and Cohen
(1935), Johansen et al. (2007) and Smith (2010), Brazil: Menezes and Bicudo (2010),
Spain: Negro et al. (2000), Portugal: Paulino et al. (2015), Great Britain: Smith (1933),
Pentecost (2002), Ireland: Cullinane 2012 (Ireland), France: Le Cohu et al. (1989),
Belgium: Van Wichelen (2009), Netherlands: Veen et al. (2015), Germany: Ehrenberg
(1853), Doege et al. (2022), Denmark: Maileht et al. (2013), Norway: Hagman et al.
(2015), Sweden: Sorensen (1954), Cronberg et al. (1988), Trigal et al. (2013), Finland:
Lepistd et al. (1994), Estonia: Rakko et al. (2008), Latvia: Klavins et al. (2011), Lit-
huania: Karosiene et al. (2014), Poland: Peczula (2013), Czech Republic: Pithart et al.
(1997), Slovakia: Bourelly (1970), Hungary: Grigorszky et al. (2010), Austria: Bou-
relly (1970), Ukraine: Tsarenko et al. (2006), Belarus: Korneva (2014), Russia: Kor-
neva (2001 and 2014), Sierra Leone: Alfinito (2011), Cameroon: Kemka et al. (2004),
Bangladesh: Islam and Khondhker (1994), China: Hu and Wei (2006), South Korea:
Chae et al. (2018), Japan: Takemoto et al. (2002), New Zealand: Chapman et al.
(1957), Harper et al. (2012), Australia: Burford et al. (2021)

Blooms of G. semen

Over the last decades, monitoring data indicate that G. semen bloom incidence
and frequency have increased in Northern Europe (Lepisto et al. 1994, Renge-
fors et al. 2012, Karosiene et al. 2014, Hagman et al. 2015). The observed
expansion has been suggested to be a result of increasing concentrations of
DOC (Findlay et al. 2005, Rengefors et al. 2012, Hagman et al. 2019a) and
iron (Lebret et al. 2018), as Northern lakes have become browner over time
(Forsberg 1992, de Wit et al. 2016). Furthermore, increasing lake temperatures
can prolong G. semen’s growth period and lead to more stable water column
stratification, which appears to be linked to G. semen dominance of the phy-
toplankton community (Rengefors et al. 2012). Since G. semen migrates
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vertically through the water column during the day, it can access nutrients in
the hypolimnion, when growth conditions in the epilimnion become nutrient
limited (Salonen and Rosenberg 2000, Takemoto et al. 2002). This makes it a
superior competitor for light compared to other phytoplankton species, in ad-
dition to its pigment composition being adapted to low light conditions (Sas-
senhagen et al. 2014 and 2015).

Another reason for the success of G. semen is that it is a motile and mixo-
trophic species. It can cause cell lysis of competing phytoplankton species and
assimilate DOC through osmotrophy (Rengefors et al. 2008). Motile, mixo-
trophic species often dominate the phytoplankton community in lakes experi-
encing lake browning due to increasing DOC concentrations (Senar et al.
2021, Urrutia-Cordero et al. 2017). This is because they can avoid light limi-
tation by adjusting their position in the water column and by accessing hetero-
trophic food sources (Senar et al. 2021). However, there appears to be a thresh-
old of about 11 mg DOC L™ above which phytoplankton growth becomes light
limited (Bergstrom and Karlsson 2019). This does not appear to limit G. se-
men growth, however, as no growth inhibition has been found at DOC con-
centrations up to 50 mg L' in laboratory studies where shading was included
as a factor (Hagman et al. 2019a). In addition, other water color related factors,
such as iron, may promote G. semen growth in brown lakes (Lebret et al.
2018). Still, it remains unclear how exactly water color is linked to G. semen
growth and bloom formation, especially since blooms also occur in clear water
lakes (Rengefors et al. 2012, Karosiene et al. 2014).

During blooms, G. semen can completely dominate the phytoplankton com-
munity by up to 97% of the phytoplankton biomass (Willén 2003). It avoids
grazing due to its large cell size and by limiting grazer mobility by releasing
slime threads from its trichocysts when disturbed (Cronberg et al. 1988, Jo-
hansson et al. 2013). Blooms can last up to several months (Lebret et al. 2012),
reduce the recreational use of lakes (Sorensen 1954, Hongve et al. 1988) and
could potentially clog water filters used for water sampling and drinking water
purification (Cronberg et al. 1988, Hongve et al. 1988). They have also been
shown to affect the energy transfer through food webs, leading to a less en-
ergy-rich fatty acid content of phytoplankton (Strandberg et al. 2020) and pos-
sibly causing zooplankton to switch to heterotrophic energy sources that are
less energy-efficient (Trigal et al. 2011, Lau et al. 2017).

As a lot of carbon fixation occurs when G. semen grows to high biomasses,
the cycling of carbon may also be affected by G. semen blooms, resulting in
changes in carbon burial rates (Hagman et al. 2020) and lake carbon dioxide
(COy) concentrations (Rohrlack et al. 2020). Lakes in the boreal and temperate
regions are generally seen as carbon sources, releasing CO- to the atmosphere
(Cole et al. 1994, Tranvik et al. 2009), but CO, dynamics can change in re-
sponse to primary production (Bogard and del Giorgio 2016, Engel et al.
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2019). Therefore, investigating the dynamics between G. semen blooms and
partial pressure of CO, (pCO,), and subsequent carbon fluxes in and from
lakes, could improve our understanding of the role lakes play for climate
change in the future. This may be especially relevant for Northern lakes, where
G. semen is one of the most common flagellates (Rengefors et al. 2012) and
is expected to expand its habitat range further in the future along with other
flagellated species (Findlay et al. 2001, Paterson et al. 2004, Karosiene et al.
2014).

28



Aims and objectives of this thesis

In this thesis, I investigated the causes and consequences of G. semen blooms.
My aims were to 1) identify environmental factors related to water color that
drive G. semen growth and bloom formation, and 2) investigate the ecosystem
effects of G. semen on carbon cycling. Since G. semen occurrence and abun-
dance in boreal lakes appear to be linked to water color, I focused on iron and
DOC, which are both drivers of lake browning. Regarding carbon cycling, I
concentrated on G. semen’s potential to reduce lake pCO, and subsequent CO»
emissions to the atmosphere, as well as its contribution to carbon transport to
the sediment via the sedimentation of G. semen biomass.

In the following chapters of my thesis, I addressed the following objectives:

e Experimentally investigate the effect of iron concentration on G. se-
men growth (Paper I).

e Explore of the role of DOC for G. semen growth and bloom for-
mation in Scandinavian lakes (monitoring data, Paper III and IV).

e Investigate how G. semen biomass contributes to organic matter
(OM) sedimentation and autochthony in brown water lakes (Paper
1110

e Assess the relations between G. semen abundance and pCO; in Scan-
dinavian lakes (Paper 1L, III and IV).

e Compare different sampling and analysis approaches to identify and
monitor G. semen abundance (Paper II1, IV).
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Methods

Laboratory Experiment

In Paper I, we conducted a laboratory experiment to investigate the effects of
iron concentration on G. semen growth. For that, we used a single-factorial
design in which we manipulated iron concentrations in the growth medium.
Monocultures of three strains of G. semen (“PA-08" from Lithuania, “BO-
182” from Sweden and “NO-018” from the US) and one strain of Microcystis
botrys (“S1-58” from Sweden) and Chlamydomonas sp. each (“NIVA 1011~
from Norway) were grown at two iron concentrations below and two above
200 pg L (in total four treatments). For each treatment, we had five repli-
cates. Measurement samples were taken weekly over four weeks (G. semen),
every one to three days over eight days (M. botrys) and every second day for
nine days (Chlamydomonas sp.). We determined cell densities to calculate
biovolume and growth rate, measured fluorescence to calculate photosynthetic
activity parameters, and analyzed cell chlorophyll, phosphorus and iron con-
tent.

Field studies

In Paper II, we examined the pCO; reduction capacity of phytoplankton dur-
ing algal blooms based on field surveys by the Swedish infrastructure for Eco-
system Science (SITES) infrastructure in two Swedish lakes (Erken and
Erssjon) in 2017 and 2018. We received field measurements of lake water
pCO; from Erken (2018) and Erssjon (2017, 2018) and DNA samples (1-meter
water depth) from Erssjon (2017, 2018). From the DNA samples, we deter-
mined G. semen abundances with qPCR. All samples were collected between
March and November at two- or more week intervals. The CO; data is publicly
available from the SITES infrastructure upon request. In addition, we used
publicly available chlorophyll and phytoplankton monitoring data from the
Erken Laboratory. We identified algal blooms by using thresholds of either
chlorophyll (>10 pg L, Erken) or G. semen abundance (>100,000 cells L™,
Erssjon), depending on data availability.

In Paper 111, we assessed how G. semen biomass contributes to OM sedimen-
tation and autochthony. We did this by monitoring G. semen abundance and
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OM sedimentation with sedimentation traps in two Swedish lakes (Siggefor-
asjon and Stora Halsjon) in the Uppland region (Paper III). Three sediment
traps each were deployed in the two lakes for three months from Mid-June to
Mid-September in 2020. Organic matter accumulating in the traps was col-
lected weekly and was used to determine OM sedimentation rates and the
characteristics of the settling OM. We also took water samples from the epi-
limnion and hypolimnion every week to determine physical, chemical and bi-
ological lake parameters, such as nutrient and chlorophyll-a concentrations,
DOC quality, G. semen abundances and greenhouse gas concentrations of CO»
and methane (CH,) in the water.

In Paper IV, we assessed the potential of G. semen to reduce the lake pCO,
and the CO; flux to the atmosphere from Scandinavian lakes in an in-situ mon-
itoring study. We monitored pH and temperature in-situ in two Swedish
(Siggeforasjon, Stora Halsjon) and two Norwegian lakes (Skinnerudtjern,
Lundebyvannet) with sensors. Measurements were taken in 10-minute inter-
vals over four months (May — August 2021). Sensors were deployed at the
deepest point of each lake at 1-, 1.5- and 2-meters water depth. Once per week,
we determined alkalinity by titration in order to calculate lake pCO, concen-
trations based on alkalinity, pH and temperature, while correcting for the pres-
ence of organic acids. From the corrected pCO; values and meteorological
data from nearby weather stations, we calculated CO» flux from the lakes to
the atmosphere. Lake water parameters were determined from weekly samples
from the epilimnion and hypolimnion, including nutrient concentrations (epi-
limnion and hypolimnion) and chlorophyll concentrations and G. semen abun-
dances (epilimnion).

Swedish lake monitoring data

To increase our understanding of the impact of DOC on G. semen growth dy-
namics, monitoring data from Swedish lakes from the database Miljodata
MWM (publicly available at www.miljodata.slu.se) was used. With this data,
the distribution of G. semen in lakes across a total organic carbon (TOC) gra-
dient was investigated, using data from 1992 — 2022 that included phytoplank-
ton biomass and TOC concentration. Total organic carbon was used instead
of DOC, because more measurements were available. Furthermore, DOC con-
centrations have been shown to be almost identical to TOC concentrations in
boreal lakes (von Wachenfeldt and Tranvik 2008). Phytoplankton and TOC
samples were taken from the surface water, though sampling depths may vary
between monitoring programs. More information on sampling protocols is
available at https://www.slu.se/institutioner/vatten-miljo/miljoanalys/. From
the phytoplankton data, blooms were identified by using a threshold for G.
semen biovolume of 3.7 mm® L', which corresponds to the proposed threshold
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of 100,000 cells L™! for large phytoplankton species by Carletti and Heiskanen
(2009). Gonyostomum semen dominance of the phytoplankton community
was assumed when it made up more than 50% of the total phytoplankton
biovolume.

Detection and quantification of G. semen

In our field studies, we took samples for G. semen quantification between 9:00
and 14:00 to ensure that G. semen was present in the epilimnion (Rohrlack
2020). We measured G. semen abundance with quantitative PCR (qPCR) us-
ing specific primers developed by Johansson et al. (2016b). For a detailed de-
scription of the DNA extraction, preparation and gPCR, see method sections
of Paper 11, III and IV. The gene copy numbers were determined with the
help of a standard curve from a G. semen mini-gene of known concentration.
Copy numbers were used to calculate G. semen cell numbers according to Jo-
hansson et al. (2016b). We were able to detect G. semen abundances as low as
10 cells L.

In addition, during summer 2020 (Paper III), we also measured G. semen
abundance via microscope counts with an inverted light microscope using the
Utermohl method (Utermdhl 1931). This was done to assess how dominant G.
semen was in the phytoplankton community, and to compare G. semen abun-
dances between point and integrated water samples. For that, we took inte-
grated plankton samples of the epilimnion (water surface to 2 meters depth)
with a tube. Samples were counted in chambers as described in Paper III, and
biovolumes were calculated from phytoplankton shape and volume formulas
as described in Hillebrand et al. (1999).

Furthermore, we measured two other variables (Paper III and IV) that can
be used as proxies for G. semen abundance: chlorophyll-a concentrations and
the pigment heteroxanthin. Chlorophyll-a concentrations were determined
with spectrophotometry according to Jespersen and Christoffersen (1987, Pa-
per III) and via high-performance liquid chromatography (HPLC) analysis
according to Hagman et al. (2019b, Paper 1V). Heteroxanthin was analyzed
via HPLC analysis as described by Hagman et al. (2019b, Paper 1V). The goal
was to investigate whether G. semen abundances could be reliably predicted
from these proxy variables.

Organic matter quantification and origin

Chlorophyll-a concentration of settling OM was determined with the help of
spectrophotometry according to Jespersen and Christoffersen (1987) and par-
ticulate organic carbon (POC) was analyzed with an elemental analyzer. These
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were then used to calculate sedimentation rates of chlorophyll-a and POC. The
isotopic composition of organic carbon was analyzed Jan Veizer Stable Iso-
tope Laboratory at the University of Ottawa (Canada) by combusting OM,
trapping and purging the resulting gas and analyzing the isotopes by continu-
ous flow analysis. We used the §'°C measurements to determine the origin of
the sedimented organic matter by assuming full autochthony at §"*C -35 and
full allochthony at §'*C -27, as described by von Wachenfeldt and Tranvik
(2008).

Greenhouse gas analysis

Lake CO; and CH4 were either measured from water samples using the head-
space method (Paper II and III) or calculated from pH, temperature and al-
kalinity data obtained during high frequency, in-sifu monitoring using sensors
(Paper IV). During the SITES field study in 2017 and 2018 (Paper II), CO,
concentrations were measured with floating chambers designed according to
Bastviken et al. (2015). During our field sampling campaign in summer 2020
(Paper III), samples for the headspace method were taken from subsamples
of epilimnion and hypolimnion water samples. Sampling design and analyses
are described in detail in Paper II and III. Since headspace CO» concentra-
tions should be close to equilibrium, pCO, was calculated according to
Henry’s Law. In addition to CO,, CH4 concentrations were measured in 2020
(Paper III).

In the final field campaign (Paper IV), we calculated pCO, from pH and tem-
perature sensor data and alkalinity measurements for three water depths in
each lake. This allowed us to monitor lake CO, dynamics over four months at
a high resolution (measurements taken every 10 minutes). However, alkalinity
measurements via titration are disturbed by organic acids, which occur in high
concentrations in all our sampling lakes. To correct for this disturbance, we
also determined dissolved inorganic carbon (DIC) concentrations once per
week for all deployment depths, and established a relationship between pH
and the overestimation of calculated DIC concentrations compared to meas-
ured DIC concentrations. This was then used to correct all pCO; calculations
according to Rohrlack et al. (2020). The CO; flux to the atmosphere was cal-
culated as described by Rohrlack et al. (2020), using the pCO» and temperature
at 1-meter water depth and wind data from nearby weather stations as input.

Other lake water variables

For Paper 111, in-situ measurements of secchi depth and temperature, oxygen
and conductivity profiles were taken at each sampling. Water samples were
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collected from the epilimnion and hypolimnion with a Ruttner sampler. Upon
return to the lab, lake water pH was measured. Total phosphorus was meas-
ured with the orthophosphate method on a spectrophotometer as described by
Menzel and Corwin (1965). Total and dissolved nitrogen and carbon concen-
trations were measured on a total carbon analyzer Absorbance was measured
on a spectrophotometer with a quartz cuvette and used to calculate variables
related to DOC quality: the absorbance ratio Abszsaz6s and the carbon-specific
UV absorbance (SUV Ajss).

For Paper IV, DOC concentrations were measured upon return to the lab on
a total carbon analyzer. Nitrate, ammonium and phosphate concentrations
were measured according to the ISO standards ISO 10304-1:2007, ISO 7150-
1:1984 and ISO 6878:2004, respectively.
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Results and Discussion

What causes G. semen blooms?

It is still not completely understood which environmental factors promote G.
semen growth and bloom formation, except that they are likely the result of
interacting factors. Traditionally, G. semen blooms have been linked to acidic,
mesotrophic brown water lakes in the boreal region. However, recent obser-
vations of blooms in large clear lakes (Rengefors et al. 2012, Karosiene et al.
2014) and reservoirs (Negro et al. 2000, Paulino et al. 2015, Doege et al. 2022)
are challenging this perception of G. semen growth being limited to brown
water lakes. Here, we focus on two variables related to lake water color, i.e.
iron and DOC, and investigated their effect on G. semen growth dynamics
both experimentally (Paper I) and with a data study on Swedish lake moni-
toring data.

Does iron promote G. semen growth?

Water color has often been linked to G. semen growth (Cronberg et al. 1988,
Lepisto et al. 1994), as an increase in the occurrence and biomass of G. semen
was reported just as lakes were becoming browner in Northern Europe (Mon-
teith et al. 2007). However, researchers have been unable to link typical brown
water lake traits, like DOC concentrations, to G. semen abundance. Iron, an-
other major driver of lake water color (Kritzberg et al. 2014), was identified
in a recent study of lake monitoring data to positively correlate with G. semen
abundance (Lebret et al. 2018). There, it was proposed that G. semen blooms
most likely occur in lakes with iron concentrations >200 pg L' (Lebret et al.
2018). We experimentally assessed the effects of iron concentration below and
above 200 pug L' on the growth dynamics of G. semen cultures (Paper I).
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Fig. 2: Cell density in treatments exposed to iron concentrations below (Fe03, Fe04)
and above (Fe01, Fe02) 200 pg L' for cultures of Gonyostomum semen strain 1 (S1)
and strain 3 (S3), Microcystis botrys (M) and Chlamydomonas sp. (C). Error bars rep-
resent the standard deviation. The filled triangles mark the starting cell densities of
the cultures. Group data from the last measurement points were tested for treatment
effects with either a one-way ANOVA or a Kruskal-Wallis test. Significant results
from post hoc tests (Tukey test for ANOVA and Dunn test for Kruskal Wallis) are
included as letters.

When iron concentrations were <200 pg L', G. semen growth declined (Fig.
2). This was accompanied by reduced photosynthetic activity, even before G.
semen abundances decreased. Furthermore, two other common phytoplankton
assessed in the experiment showed no reductions in growth at low iron con-
centrations (Fig. 2), indicating that G. semen has high iron requirements for
growth in relation to other species. We did not find a high stoichiometric need
for iron in G. semen cells, and thus conclude that another explanation for this
could be that its uptake ability for iron is low. Thus, G. semen’s preference for
brown water lakes could be because its iron requirements for growth are most
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easily satisfied in such lakes, even though other environmental factors, such
as reduced photic depth, may limit its biomass.

Hagman et al. (2020) found a significant correlation between G. semen bio-
mass (represented by heteroxanthin in the sediment) and iron in a Norwegian
lake, but did not identify it as a limiting factor for the species in the last 70
years. Instead, they suggest that an increase in nutrients caused by changes in
land use in the 1950s was responsible for increasing G. semen biomass. This
supports our theory that high iron concentrations are a requirement for G. se-
men growth, but not a driver of bloom formation. Still, with lakes becoming
browner, the amount of lakes with favorable conditions towards G. semen es-
tablishment may increase in the future.

Does DOC limit G. semen growth?

Dissolved organic carbon is the other factor related to water color that has
often been suggested to control G. semen abundance and growth (Findlay et
al. 2005, Rengefors et al. 2012, Hagman et al. 2015, Karosiene et al. 2016).
The DOC affects both light and nutrient availability in lakes, which results in
a DOC threshold below which primary production is stimulated and above
which primary production is limited (4.8 mg L™ in Seekelll et al. 2015, 11 mg
L' in Bergstrdm and Karlsson 2019). We observed a decline in G. semen
abundances with increasing DOC concentrations (9 — 35 mg L) in the lakes
studied during two of our field studies, with the highest abundances occurring
at 11 mg DOC L™ (Paper III and IV, Fig. 3a). In another field study, how-
ever, the highest G. semen abundances occurred in a lake with a DOC concen-
tration of 22 mg L' (Paper II), so G. semen’s DOC threshold at which it
becomes light-limited may be higher than the one suggested for primary pro-
duction in brown lakes by Bergstrom and Karlsson (2019).
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Fig. 3: Results from the data study (a) Gonyostomum semen biovolume at different
TOC concentrations in Swedish lakes between 1992 and 2022 (n=6,846). Red circles
represent maximum G. semen biovolume in lakes studied in Paper II (2017 and 2018,
Erssjon), Paper III (2020, Siggeforasjon and Stora Halsjon) and Paper IV (2021,
Siggeforasjon, Stora Halsjon, Lundebyvannet and Skinnerudtjern). (b) Overlapping
histogram of TOC concentrations in lakes experiencing G. semen blooms (>3.7 mm?
mL!, red, n=260) and G. semen dominance (>50 per cent of total phytoplankton bio-
mass, blue, n=489) in Swedish lakes (1992 —2022). For each lake, only the maximum
G. semen biovolume was used. Curves represent each histogram’s density curve.

When we investigated G. semen biovolumes in Swedish lakes over a 30-year
period (1992 — 2022) using Swedish public monitoring data, we found that G.
semen occurs in lakes with TOC concentrations ranging from 1.5 — 41 mg L™!
(Fig. 3a). It forms blooms (>100,000 cells L' or biovolume >3.7 mm® L)
between 4 — 36 mg TOC L™, and it is far more common for G. semen to dom-
inate the phytoplankton community (>50% of phytoplankton biovolume;
n=489) compared to forming blooms (n=260). The frequency of blooms and
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community dominance did not completely overlap (Fig. 3b), however, even
though G. semen always made up at least 50% of the total phytoplankton bio-
mass during a bloom. Most G. semen-dominated lakes had TOC concentra-
tions between ~7-13 mg L™, whereas blooms occurred at higher TOC concen-
trations, most often in lakes ranging from ~8-12 and ~17-20 mg TOC L' (Fig.
3b). Thus, the highest bloom potential for G. semen may be within a TOC
range of 8 — 20 mg L™, which is also where most G. semen occurrences are
reported (61%, n=5,198). This is supported by observations from Norway,
where G. semen has been reported in lakes where DOC concentrations range
from 5 — 21 mg L' (Hagman et al. 2019a).

The prevalence of G. semen in such lakes could be explained by it being a
motile and mixotrophic phytoplankton species. Both motility and mixotrophy
have been suggested by Senar et al. (2021) as competitive advantages under
high DOC concentrations. They observed that brown water lakes with DOC
concentrations from 4 — 8 mg L' are often dominated by cyanobacteria,
whereas mixotrophic species dominate at 8 — 12 mg DOC L. They attribute
the success of those two groups to their motility, thus outcompeting other taxa
(e.g. diatoms) for light when lakes become browner due to higher DOC con-
centrations. Gonyostomum semen is known for its diel vertical migration,
which give it access both to light and nutrients released from the sediment
(Salonen and Rosenberg 2000, Takemot et al. 2002, Rohrlack 2020). Mixo-
trophy becomes relevant when light conditions become too poor (8 — 12 mg
DOC L), as the ability to shift between from autotrophy to heterotrophy al-
lows mixotrophs to rely on allochthonous DOC as a food source, both directly
and indirectly by grazing on bacteria (Creed et al. 2018, Wilken et al. 2018).
Since G. semen is even adapted to low light conditions thanks to its pigment
composition (Sassenhagen et al. 2014 and 2015), it may outcompete other
mixotrophic flagellates in brown lakes. In addition, it is likely able to induce
cell lysis in other phytoplankton species, and therefore increase the mortality
of'its competitors (Rengefors et al. 2008). Still, there is likely a DOC threshold
at which G. semen can no longer escape light limitation and overall abun-
dances and bloom frequency decline, as indicated by our findings in Paper
III and IV.

One less investigated aspect of G. semen blooms is their occurrence in lakes
with low DOC concentrations, such as clear water lakes (Rengefors et al.
2012) and reservoirs (Negro et al. 2000, Paulino et al. 2015, Doege et al.
2022). Provided that there are enough nutrients available, we would expect
cyanobacteria to dominate in those systems (Senar et al. 2021). However, Ne-
gro et al. (2000) propose that during the onset of lake browning in clear water
lakes, G. semen may be a superior competitor for light compared to other non-
motile phytoplankton species due to its diel vertical migration. Still, lake
trophic state may play a role. Mixotrophic grazing efficiency is higher in oli-
gotrophic compared to eutrophic systems (Saad et al. 2016), indicating that
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they can avoid nutrient limitation in oligotrophic systems by switching to bac-
teria as a food source. It is unclear if G. semen relies on heterotrophic food
sources (Rengefors et al. 2008), but it may instead increase the mortality of
competitive phytoplankton species by inducing cell lysis (Rengefors et al.
2008). That way, G. semen may indirectly become a superior competitor over
other mixotrophic phytoplankton even in clear water lakes. Not all lakes fulfill
G. semen’s high iron requirements for growth, however, which may be why
G. semen blooms in clear lakes remain rare.

Gonyostomum semen likely benefits from high amounts of DOC due to a com-
bination of interacting factors: being motile in the water column to avoid light
and nutrient limitation, as well as grazing, and being mixotrophic to both gain
access to heterotrophic food sources and increase competitor phytoplankton
mortality. The interaction of these factors may be strongest in lakes with a
DOC range of 8 —20 mg L', making them most likely to experience G. semen
blooms. Lake managers concerned about negative bloom effects should focus
their monitoring efforts on such lakes.

How does G. semen affect carbon cycling in lakes?

Most studies about ecosystem effects of G. semen have focused on its interac-
tion within the plankton community (Angeler et al. 2010, Trigal et al. 2011,
Lebret et al. 2012, Karosiene et al. 2014) and its impact on lake food webs
(Johansson et al. 2013, Johansson et al. 2016a, Lau et al. 2017, Strandberg et
al. 2020). Its impact on carbon cycling in lakes has only recently been ad-
dressed (Hagman et al. 2020, Rohrlack et al. 2020). Here, we will expand on
the knowledge of how G. semen affects carbon transport to the sediment (Pa-
per III) and to the atmosphere (Paper II and IV).

Impact of G. semen on organic matter sedimentation
quantity and quality

Dissolved organic matter (DOM) is the major carbon pool in lake waters, and
it stimulates microbial metabolism and is sensitive to climate change (Xeno-
polous et al. 2021). Consequently, it can affect primary production and bioge-
ochemical cycles in lakes, but the links between those processes are not fully
understood yet. For example, during G. semen blooms, high quantities of au-
tochthonous OM are produced. This may result in reduced lake CO, concen-
trations due to carbon fixation by photosynthesis, but on the other hand, au-
tochthonous OM is labile towards microbial mineralization and may contrib-
ute to microbial CO, and CH4 production in the water column and the sedi-
ment (Gudasz et al. 2012, Guillemette et al. 2017). Hagman et al. (2020) have
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found substantial burial of G. semen biomass in the sediment in a eutrophic
lake with moderate DOC concentrations (9 — 11 mg L), which could affect
CO; emissions to the atmosphere from this lake (Rohrlack et al. 2020). How-
ever, we do not know whether a similar transport of autochthonous OM to the
sediment occurs in lakes dominated by allochthonous OM, which are a typical
environment for G. semen (Cronberg et al. 1988, Findlay et al. 2005).

We investigated the impact of G. semen abundance on organic matter sedi-
mentation rates and quality in two Swedish lakes with high DOC concentra-
tions, Siggeforasjon (18 —20 mg L) and Stora Halsjon (30 — 34 mg L) with
the help of sedimentation traps (Paper III). We found that sedimentation rates
of OM (expressed as carbon and chlorophyll-a) were unaffected by G. semen
abundances. However, G. semen made considerable contributions to the au-
tochthony of the OM settling to the sediment in both lakes, either in the form
of autochthonous carbon (Siggeforasjon) or by increasing the chlorophyll-a
fraction of OM (Stora Hélsjon). This indicates that G. semen biomass, and also
blooms, sink to the lake sediment. We cannot say, however, whether it pri-
marily contributes to carbon burial in the sediment or to microbial degradation
and subsequent CO; and CH4 production.

The lack of a direct coupling between G. semen abundances and OM sedimen-
tation quantity is likely due to the high concentrations of allochthonous DOC
found in our study lakes. In such lakes, flocculation of allochthonous DOC
after light exposure is a major contributor to carbon sedimentation, especially
for DOC originating from wetlands (von Wachenfeldt and Tranvik 2008).
Thus, G. semen biomass may not change rates of carbon burial in brown water
lakes, as the sedimentation of allochthonous carbon far surpasses the contri-
bution of autochthonous carbon from primary production. Still, microbial me-
tabolisms may be affected by the change in OM quality attributed to increased
G. semen abundances, potentially altering patterns of CO, and CH4 production
on a short-term basis.

One result of increasingly autochthonous OM being transported to the sedi-
ment could be that the energy transfer between phytoplankton and higher
trophic consumers decreases, such as zooplankton and fish (Strandberg et al.
2020). This may promote heterotrophy at the base of food webs (Trigal et al.
2011), resulting in the reduction of the availability of essential fatty acids for
zooplankton, lake consumer biomass and prey nutritional content (Creed et al.
2018, Strandberg et al. 2020). Since G. semen is widespread and abundant
across a large DOC gradient in lakes, it could be an unexpected driver of some
of the changes in ecosystem functioning associated with brown water lakes
(Solomon et al. 2015, Creed et al. 2018, Strandberg et al. 2020).
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Impact of G. semen on lake CO, dynamics

The predominance of CO; production in boreal lakes is largely attributed to
high inputs of allochthonous DOM (del Giorgio and Peters 1994, Hanson et
al. 2003, Prairie et al. 2002). Still, allochthonous DOM might also stimulate
primary production by providing phosphorus, nitrogen and metal ions along-
side with reduced carbon (Klug 2002, Kissman et al. 2017), thus mitigating
nutrient limitation of primary producers. As a result of increased photosyn-
thetic activity, lake CO, concentrations may be reduced (Bogard and del Gior-
gio 2016, Engel et al. 2019), but the magnitude of this change is not well quan-
tified in boreal lakes, where autochthonous primary production often has a
negligible impact on the carbon cycle. This dynamic may change, however,
as motile flagellated phytoplankton species, like G. semen, expand into new
habitats and become more likely to form high biomass blooms (Findlay et al.
2001, Karosiene et al. 2014, Paterson et al. 2004).

We investigated how lake surface pCO> varied in response to G. semen abun-
dance in lakes where G. semen temporarily dominated the phytoplankton com-
munity. During five out of seven studied time periods, we found that pCO;
decreased with increasing G. semen abundance in lakes in Sweden and Nor-
way (Paper III and IV). We attribute this mainly to the difference in DOC
content, because the lakes where G. semen and pCO, were decoupled were the
ones with the highest DOC concentrations (Erssjon, 22 mg L™, Paper II, and
Stora Halsjon, 31 mg L', Paper III). High DOC concentrations likely con-
tributed strongly to microbial CO, production (Hessen et al. 1992), while at
the same time light-limiting G. semen growth and its photosynthetic activity.
When we compared the relationship between pCO; and G. semen abundance
over a DOC gradient (9 — 35 mg L', Paper 1IV), we found that pCO, was
reduced in all lakes, though the response was stronger in lakes with lower
DOC concentrations. In addition, weekly net carbon flux to the atmosphere
decreased with increasing G. semen abundance in all but the brownest lake
(Fig. 4). This suggests that G. semen might have a considerable potential to
reduce lake pCO- and CO; emissions to the atmosphere from boreal lakes dur-
ing the phytoplankton growth season. However, it is necessary to monitor
greenhouse gases during other seasons to determine whether this finding im-
pacts annual lake carbon budgets.
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Fig. 4: Relationship between G. semen abundances and weekly net weekly carbon flux
to the atmosphere from two Swedish (Stora Halsjon, Siggeforasjon) and two Norwe-
gian lakes (Skinnerudtjern, Lundebyvannet) during summer 2021. Lines represent the
linear relationship between G. semen abundance and weekly net carbon flux (p-value
<0.05). Slope coefficient b: -0.21 (Siggeforasjon), -0.65 (Skinnerudtjern), -0.55 (Lun-
debyvannet). All variables were log-transformed before analyses. Mean lake DOC
concentrations: 31 mg L*! in Stora Halsjén, 18 mg L! in Siggeforasjon, 11 mg L' in
Skinnerudtjern and Lundebyvannet.

However, lake DOC content alone cannot explain why we find no uniform
response of lake pCO; to G. semen abundance. Erssjon is similar in DOC con-
tent to Siggeforasjon (22 and 18 mg L', respectively), in which pCO, was
reduced by G. semen during summer two years in a row. Yet pCO; in Erssjon
showed no coupling to G. semen, even though G. semen abundances were
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almost ten times higher in Erssjon (640,000 cells L) compared to Siggefor-
asjon (75,000 cells L). Stora Halsjon showed both a decrease in pCO, (Paper
IV) and no change in pCO; (Paper III) at similarly high DOC concentrations
(30.9 and 31.2 mg L") and G. semen abundances (~30,000 cells L™). At the
same time, pCO> in a lake with much lower DOC concentrations (Paper 11,
Erken, 13 mg L") was unaffected by blooms of another bloom-forming spe-
cies (Gloeotrichia sp.). This indicates that physical factors, e.g. import of in-
organic carbon via groundwater inflow and wind induced water column mix-
ing, might suppress the phytoplankton impact on pCO, in addition to DOC
mineralization. Another explanation could be the different sampling frequen-
cies of CO; and phytoplankton biomass between studies, which varied from
every 10 minutes (Paper IV, CO; only) to weekly (Paper III and IV) to bi-
weekly or monthly (Paper II). Algal blooms can form and disappear in a
matter of days, so we likely missed part of the phytoplankton biomass changes
over the sampling periods.

It is unlikely that lakes become net sinks of carbon in response to G. semen
blooms, even though they affect CO, dynamics in the lake. All four lakes mon-
itored in Paper IV continued to emit CO, to the atmosphere during the sum-
mer. Since boreal lakes emit most CO» in spring and autumn, annual carbon
budgets will probably not change much, though measurements of carbon
fluxes and G. semen from other seasons are necessary to confirm this. For lake
annual carbon budgets, CH4 should also be considered, because high amounts
of autochthonous OM generated by G. semen may increase CHy4 production in
the sediment (Gudasz et al. 2012, Guillemette et al. 2017). Methane is a much
more potent greenhouse gas compared to CO,, so the impact G. semen lake
CH,4 emissions is of considerable interest to study.

To summarize our findings so far: high iron concentrations (>200 pg L) are
arequirement for G. semen growth, while bloom formation is likely controlled
by lake DOC concentrations. High biomass blooms are most likely to occur
under moderate DOC concentrations (8 — 20 mg L), when G. semen can be-
come a superior competitor over other bloom forming species thanks to its
motility and special pigment composition. We also found that G. semen affects
carbon flows within the lake by fixating CO; through photosynthesis and pro-
ducing autochthonous OM that is transported to the sediment. This impact is
highest at moderate DOC concentrations where G. semen biomass is highest
(Fig. 5, Case 2): lake pCO, is temporarily reduced and OM is transported to
the sediment rather than acting as a food source to zooplankton and eventually
fish. This may stimulate CO, and CH4 production at the lake bottom in the
short term, and reduce energy transfer through the food web. However, the
occurrence and magnitude of those changes may differ depending on DOC
content (Fig. 5). Decreasing energy transfer through food webs likely only
occurs when G. semen grows to high biomass or dominates the phytoplankton
community at moderate and high DOC concentrations (Fig. 5, Case 2 and 3),
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while CO, and CH4 dynamics appear most affected at DOC concentrations
that favor G. semen growth (Fig. 5, Case 2), though more studies are needed
to confirm this. Overall, as lakes become browner in the future, more lakes
could develop optimal conditions for becoming G. semen habitats and facili-
tate high biomass blooms, leading to changes in carbon and energy flows
within the lake.
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Fig. 5: Conceptual figure of how G. semen forms blooms and affects carbon cycling

in lakes with iron concentrations >200 ug L. Green bar = G. semen biovolume,

brown bar = lake DOC concentration, Case 1 = lake with low DOC concentrations,

Case 2 = lake with moderate DOC concentrations, Case 3 = lake with high DOC con-

centrations.

What is the best approach to monitor G. semen blooms?

Timing and location are crucial to monitor phytoplankton biomass, as cell
densities can change by several orders of magnitudes over just a few days. In
G. semen’s case, sampling time during the day also becomes relevant, as not
the whole population may be in the epilimnion due to its diel vertical migra-
tion (Rohrlack 2020). Throughout the year, G. semen abundances varied con-
siderably in all lakes monitored in Paper II, III and IV, in- or decreasing up
to 500-fold between samplings. Higher sampling frequency (Paper III, IV)
alleviated those differences to a certain degree, as G. semen abundances varied
60-fold between samplings when sampled weekly. Furthermore, maximum G.
semen abundances occurred at different times in different years, although al-
ways in July or August (Paper II, I1I and IV).
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Fig. 6: Ratio of G. semen abundances obtained in integrated water samples (0 — 2
meters depth) and samples taken from 1-meter water depth. Abundances were deter-
mined with either the Utermo6hl method (integrated water samples) or gPCR (1-meter
water depth). Solid line = 1:1 ratio, dashed line = 10:1 ratio, dotted line = 100:1 ratio.
Grey squares = Stora Halsjon, white squares = Siggeforasjon. n = 21.

Another sampling bias, in addition to too low sampling frequency, that affects
G. semen abundances is sampling depth. During the day, G. semen migrates
vertically through the water column and forms narrow bands (Rohrlack 2020).
We compared G. semen abundances obtained at 1-meter water depth with
qPCR compared to abundances determined from integrated water samples (0
— 2 meters depth) with the Uterm6hl method during summer 2020 (Paper III).
Both qPCR and the Utermdhl method are precise methods for abundance, so
G. semen abundances should be comparable between the two. Still, this is an
indirect method comparison, because we did not determine G. semen abun-
dances at different sampling depths by the same method.
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Fig. 7: Heteroxanthin per peak area [mAU*min cm'] plotted against G. semen abun-
dance [cells L] determined with qPCR. Samples from Stora Halsjon, Siggeforasjon,
Skinnerudtjern and Lundebyvannet are included in this graph. Filled circles show in-
stances when we detected G. semen both with qPCR and heteroxanthin, empty circles
show instances when only G. semen was detected with qPCR, but no heteroxanthin.
Abundances >50,000 cells L' were excluded from this graph, because heteroxanthin
was always detected above this threshold.

Integrated water samples yielded 2 — 100 times higher G. semen abundances
compared to samples taken at 1-meter depth (Fig. 6). Thus, integrated water
samples of the epilimnion are more likely to accurately represent G. semen
abundances and G. semen’s share in the total phytoplankton biomass. Thus,
integrated water samples should be used when monitoring G. semen bloom
biomass in the future. We even recommend that sampling should take place
between 8:00 and 13:00, because that is when the majority of the G. semen
biomass is present in the epilimnion (Rohrlack 2020). However, the down-
ward migration to the hypolimnion starts between 13:00 and 18:00, so most
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of the G. semen biomass can remain in the epilimnion until 15:00 (Rohrlack
2020).

When choosing a method to reliably identify G. semen in water samples, |
recommend qPCR (Johansson et al. 2016b). While there are other precise
methods, such as microscopy counts using the Uterm6hl method (Utermohl
1931), or methods specific to G. semen (heteroxanthin by HPLC analysis,
Hagman et al. 2019b), they are either time-intensive (Utermdhl) or are not
sensitive at low G. semen abundances (heteroxanthin). When comparing het-
eroxanthin and qPCR measurements from Paper IV, I found that G. semen
presence could be reliably detected via heteroxanthin only when abundances
were >15,000 cells L' (Fig. 7). At lower abundances, heteroxanthin was not
always detected, especially in early summer before G. semen first reached
abundances >15,000 cells L''. Thus, the heteroxanthin method used here
should not be used as the only indicator for monitoring G. semen, even in lakes
with known G. semen presence. Care should also be taken to also establish
that other species containing heteroxanthin (Fuglena gracilis, Vacuolaria vi-
rescens, several Phaeothamnion sp. and Tribonema sp., Hagman et al. 2019b)
are not present or only in negligible quantities. Detection limits could be im-
proved by developing the method further though, e.g. by concentrating pig-
ments from larger sampling volumes.

Still, heteroxanthin is a useful proxy for G. semen presence, e.g. when moni-
toring relative changes in G. semen biomass and when analyzing pigments
from lake sediments (Hagman et al. 2020). Heteroxanthin was significantly
correlated with G. semen abundances determined by qPCR in three out of four
lakes (Table 1), the only exception being the darkest lake (Stora Halsjon).
Hence, it can be used as an indicator of G. semen biomass change, though at
DOC concentrations >20 mg L' (Stora Halsjon) the coupling between het-
eroxanthin and G. semen abundance appears to weaken. Chlorophyll-a may
be used as another proxy for G. semen biomass during blooms, as it correlated
relatively well to G. semen abundances, though the coupling weakened at high
DOC concentrations (Stora Hélsjon, Table 1). However, G. semen has to be
established as the dominant phytoplankton species prior to monitoring, as
done for example in Rohrlack et al. (2020), as chlorophyll-a is not a pigment
specific to G. semen.
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Table 1: Results of correlation analysis (linear regression) between G. semen abun-
dance calculated from qPCR analysis results and chlorophyll-a and heteroxanthin
measurements. All measurements are from the epilimnion. Directional trends are rep-
resented as positive (+) or negative (-). Numbers refer to R? values, and asterisks refer
to the p-value. * <0.05, ** <0.01, *** <(0.001. No asterisk = p-value > 0.05. number
of data points per lake: n=13 (2020), n=18 (2021). Chlorophyll-a was measured by
spectrophotometry in 2020 and by HPLC analysis in 2021. All data was logged before

analysis.

Proxy variable | Lake and DOC G. semen Statistics

sampling year | [mg L'] | abundance
[cells L]

Chlorophyll-a | Stora Hélsjon 31.24 200 — 35,000 (+) 0.38*
(2020)
Siggeforasjon 18.15 100 — 77,000 (+) 0.52%*
(2020)
Stora Halsjon | 30.87 200 — 32,000 (+) 0.28***
(2021)
Siggeforasjon | 18.43 40 — 60,000 (+) 0.69%**
(2021)
Skinnerudtjern | 11.46 4,400 — 548,000 | (+) 0.83%**
(2021)
Lundebyvannet | 10.99 2,200 — 478,000 | (+) 0.85%**
(2021)

Heteroxanthin | Stora Halsjon 30.87 200 — 32,000 (+) 0.05
(2021)
Siggeforasjon | 18.43 40 - 60,000 (+) 0.69%***
(2021)
Skinnerudtjern | 11.46 4,400 — 548,000 | (+) 0.67***
(2021)
Lundebyvannet | 10.99 2,200 — 478,000 | (+) 0.83%**
(2021)
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Conclusions and future perspective

After investigating the causes of G. semen blooms related to water color and
the consequences of G. semen blooms on carbon cycling in northern lakes, I
draw the following conclusions:

High iron concentrations (>200 ug L) are a requirement for G. semen
growth, though they appear to be unrelated to bloom formation. As
lakes become browner, more lakes may develop favorable conditions
for future G. semen expansions and blooms.

Increases in DOC concentrations stimulate G. semen growth and
bloom formation, possibly by being connected to increased inorganic
nutrient concentrations and by reducing light availability for other
phytoplankton species. Although G. semen can apparently avoid light
limitation over a wide range of DOC concentrations due to its diel
vertical migration and special pigment composition, there likely exists
a DOC threshold at which G. semen growth becomes light limited.
When identifying lakes vulnerable to G. semen blooms, lakes with
DOC concentrations from 8 — 20 mg L' should be prioritized in mon-
itoring programs.

The magnitude of OM sedimentation, and thus the rate of carbon bur-
ial, was unaffected by G. semen. This can be attributed to the domi-
nance of allochthonous OM in the sediment formation. Consequently,
G. semen biomass may not significantly affect carbon burial in boreal
lakes. However, by causing changes in OM quality, it may alter the
CO; and CH4 production on a short-term basis.

The potential of G. semen to reduce pCO> in boreal lakes is consider-
able in lakes of intermediate DOC content (8 —20 mg L™"). As a result,
the net carbon flux to the atmosphere from such lakes can temporarily
be reduced. However, lakes will continue to emit CO; to the atmos-
phere, so it remains unclear by what degree annual lake carbon budg-
ets could be affected.

Furthermore, the removal of energy-rich, autochthonous OM from higher
trophic producers to the sediments could reduce energy transfer through food
webs by promoting heterotrophy at the base of food webs. Given its wide
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habitat range and abundance in brown water lakes, G. semen may affect food
webs and ecosystem functioning related to them on a large spatial scale.

I also highlight advantages and disadvantages of several sampling and analy-
sis techniques to identify and monitor G. semen abundance in lakes. To relia-
bly identify G. semen presence, even at small abundances, we recommend
gqPCR, as pigment-related proxies (chorophyll-a, heteroxanthin) may be bi-
ased at low abundances and high DOC concentrations. To improve precision
for bloom identification, integrated water samples of the epilimnion should be
taken, since G. semen changes its position in the water column over the day.

To predict G. semen blooms, more research into how light and nutrient limi-
tation synergistically affect G. semen growth is needed. Mixotrophy as a com-
petitive advantage for G. semen remains an understudied factor as well, but
could contribute to our understanding of why G. semen blooms occur both in
clear and very dark lakes. The inclusion of diel vertical migration in such stud-
ies is crucial to understand how G. semen deals with growth limitation and
competition, and could either be achieved by using mesocosms connected to
the sediment, like Takemoto et al. (2002), or by conducting whole-lake exper-
iments combined with in-sifu monitoring. Increasing sampling depth resolu-
tion, e.g. by using a fine scale sampler (Lunven et al. 2005), could further
advance our understanding of the processes controlling G. semen blooms.

Contributions of G. semen to carbon burial in lakes can be investigated by
using paleolimnological approaches, such as stable isotope and pigment anal-
ysis of lake sediments (Hagman et al. 2019b and 2020). Furthermore, qgPCR
can be used to detect G. semen presence in lake sediments even at low abun-
dances (Johansson et al. 2016b). This would provide insights both into G. se-
men bloom dynamics over time and the fraction of G. semen buried in the
sediment, especially if phytoplankton lake monitoring data over longer time
periods is available. Studies investigating the impact of G. semen on carbon
flux to the atmosphere should focus on high-frequency, in-situ monitoring of
both greenhouse gas and G. semen dynamics. Additionally, seasons other than
summer should be included to better quantify G. semen contributions to an-
nual lake carbon budgets.

As G. semen may expand its range further in the future and more lakes may
experience G. semen blooms (Rengefors et al. 2012, Hagman et al. 2019a),
their impacts on drinking water quality and water treatment plants should be
considered. Laboratory experiments on how G. semen biomass affects water
flow through commonly used filters and the degree of biofouling could be
used as a pilot study to identify future risks and costs related to drinking water
supply. These findings, together with drivers of G. semen bloom formation,
could be used to develop a risk assessment tool for lake managers, or to de-
velop predictive lake models that identify and quantify risks related to G. se-
men blooms.
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