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IV. SUMMARY 

Cyanobacteria are photosynthetic prokaryotes occurring worldwide in almost every 

ecosystem. They are most common in marine and freshwater habitats where they are an 

integral part of the phytoplankton community, and account for a large share of the global 

primary production. Under certain environmental conditions, cyanobacteria can form dense 

agglomerations in the water body, so-called cyanobacterial blooms, which are characterized 

by sudden growth and high cell densities. Cyanobacterial bloom incidents have been 

recognized worldwide with a significant increase over the last decades. Scientists agree that 

anthropogenic eutrophication of global surface waters is the primary cause for the proliferation 

of cyanobacteria, but also that climatic changes may play a significant role. Cyanobacteria can 

produce secondary metabolites known as cyanotoxins, which are toxic to humans and wildlife. 

Cyanobacterial blooms, especially if formed by cyanotoxin-producing species, can have 

harmful effects on human, wildlife and ecosystem health and can cause tremendous financial 

costs. The present work deals with several aspects regarding the temporal and spatial 

dynamics of cyanobacterial blooms in lakes and artificial water reservoirs.  

The few studies providing quantitative evidence for the historical increase of 

cyanobacterial blooms in lakes employ single sediment cores as natural bloom archive. The 

present work verified the sampling procedure of these paleolimnological studies by 

investigating spatial and historical distribution of bloom proxies in sediments of Lake Rotorua, 

a small eutrophic lake in New Zealand. The results from bacterial community (16S rRNA 

metabarcoding) sequencing, cyanotoxin analysis and radionuclides measurements showed 

that potentially toxic blooms increased since the 1950’s. Furthermore, the single core from a 

central site captured dominant microbial communities of the whole lake. 

Nutrient load reduction is the most promising bloom mitigation strategy. While the 

efficiency of phosphorus (P) load reduction is widely accepted, there is an uncertainty 

regarding the efficiency of nitrogen (N) reduction. Some cyanobacteria are diazotroph, 

meaning they can fix atmospheric nitrogen (N2). Therefore, N load reduction is suspected to 

cause a shift from green algae to diazotrophic cyanobacteria. Competitive growth experiments 

were performed, using the N2-fixing cyanobacterium Dolichospermum sp. and the green alga 

Chlorella, under N-limiting and N-saturating condition. Results indicated that Dolichospermum 

can fully compensate N limitation by N2 fixation. It was also shown that Dolichospermum 

competitively excluded Chlorella under N-limiting condition. N load reduction should therefore 

be considered carefully on a case-by-case basis and be combined with simultaneous P load 

reduction. 
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Cyanotoxin concentrations of blooms can differ tremendously within days or even 

hours. Understanding these dynamics and their causes is of great importance for the 

cyanotoxin risk assessment of recreational and drinking waters. This study monitored 

cyanotoxin and species dynamics of a natural Dolichospermum bloom and its abiotic and 

abiotic triggers. Results indicated that concentrations of the toxins anabaenopeptins and 

microcystins were correlated to varying abundances of different Dolichospermum phylotypes, 

rather than environmental parameters. Furthermore, selective fungal parasite pressure was 

identified as a potential factor steering Dolichospermum phenotype and toxin dynamics. 

In summary, the presented work helps to understand and reverse environmental 

changes promoting cyanobacterial blooms; it improves future bloom monitoring and risk 

assessment in bathing waters and drinking water supplies; and it provides an information tool 

for water managements, which helps to decide upon appropriate bloom mitigation strategies. 
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V. DEUTSCHE ZUSAMMENFASSUNG 

Cyanobakterien sind fotosynthetische Prokaryoten die in nahezu allen Ökosystemen 

weltweit vorkommen. Als wichtiger Bestandteil des Phytoplanktons sind sie vor allem in 

marinen Lebensräumen, sowie Süßwasser zu finden und sind für einen großen Teil der 

globalen Primärproduktion verantwortlich. Unter bestimmten Umweltbedingungen können 

Cyanobakterien dichte Ansammlungen in Gewässern bilden. Diese so genannten 

"Cyanobakterienblüten" zeichnen sich durch ein schnelles Wachstum und eine hohe Zelldichte 

aus. Zahlreiche Publikationen berichten über einen signifikanten Anstieg von 

Cyanobakterienblüten weltweit in den vergangenen Jahrzehnten. Es ist wissenschaftlicher 

Konsens, dass die von Menschen verursachte Eutrophierung von Oberflächengewässern 

Hauptgrund für diesen Anstieg ist. Außerdem gibt es Hinweise darauf, dass der Klimawandel 

einen fördernden Einfluss auf die Bildung von Blüten haben könnte. 

Manche Cyanobakterien produzieren Sekundärmetabolite, so genannte Cyanotoxine 

die toxisch für Vertebraten und einige Invertebraten sind. Cyanbakterienblüten, vor allem 

solche in denen Toxine gebildet werden, können schädliche Folgen für Mensch und Umwelt 

haben und immensen finanziellen Schaden verursachen. Die vorliegende Arbeit beschäftigt 

sich mit unterschiedlichen Aspekten der zeitlichen und räumlichen Dynamik von 

Cyanobakterienblüten in natürlichen Gewässern und künstlichen Reservoiren. 

Es gibt nur wenige Publikationen, die den historischen Anstieg von 

Cyanobakterienblüten mit quantitativen Daten belegen. Diese Studien basieren auf dem 

paleolimnologischen Ansatz: einzelne Sedimentkerne werden als natürliches Archiv für das 

Auftreten von Blüten genutzt. In der vorliegenden Arbeit wurde das in diesen Studien 

verwendete Verfahren zur Probenentnahme dieser Studien verifiziert, indem die räumliche und 

historische Verteilung von verschiedenen Blütenproxies in Sedimenten von Lake Rotorua, ein 

eutropher See in Neuseeland, analysiert wurden. Mittels Sequenzierung der 

Bakteriengemeinschaft (16S rRNA metabarcoding), Cyanotoxinanalytik (UPLC-MS/MS) und 

der Analyse von Radionukliden konnte gezeigt werden, dass das Vorkommen potentiell 

toxischer Microcystis Blüten seit den 1950ern ansteigt. Es stellte sich heraus, dass ein 

einzelner Sedimentkern aus der Seemitte die allgemeine Bakteriengemeinschaft im See 

widerspiegeln kann. 

Als die effizienteste und nachhaltigste Methode um das Aufkommen von 

Cyanobakterien in einem Gewässer langfristig zu verringern, gilt die Reduzierung von 

Nährstoffeinträgen. Während die Wirksamkeit von Phosphor(P)-reduzierung bereits vielfach 

gezeigt wurde, ist die Wirksamkeit einer Reduzierung von Stickstoff (N) umstritten. Da manche 

Cyanobakterien in der Lage sind Stickstoff aus der Atmosphäre (N2) zu fixieren wird vermutet, 
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dass eine N-Reduzierung in Gewässern, eher zu einer Verschiebung von Grünalgen zu N2-

fixierenden Cyanobakterien führt, statt die absolute Biomasse von Cyanobakterien zu 

reduzieren. Um dieser Frage nachzugehen, wurde in der vorliegenden Arbeit kompetitive 

Wachstumsexperimente mit dem N2-fixierenden Cyanobakterium Dolichospermum und der 

Grünalge Chlorella, unter N-limitierenden und N-gesättigten Bedingungen durchgeführt. 

Dolichospermum konnte die N-Limitierung mittels N2-Fixierung kompensieren und als 

konkurrenzstärkere Art Chlorella verdrängen. Die Reduzierung von Stickstoff kann daher nur 

bedingt empfohlen werden und sollte in Einzelfällen und in Kombination mit P-Reduzierung 

erwogen werden. 

Toxinkonzentrationen in Cyanobakterienblüten können innerhalb von Tagen oder 

sogar Stunden enorm variieren. Um eine sichere Risikoabschätzung von Cyanbakterienblüten 

in Badegewässern und Trinkwasserreservoiren zu gewährleisten, ist es wichtig, diese zeitliche 

Dynamik und ihre Ursachen zu verstehen. Im Rahmen dieser Arbeit wurde eine 

Dolichospermum-Blüte im saisonalen Verlauf überwacht. Es wurde gezeigt, dass die 

Konzentration der Cyanotoxine Microcystin und Anabaenopeptin vor allem mit der Häufigkeit 

verschiedener Dolichospermum Phylotypen korreliert und weniger mit Umweltfaktoren. 

Darüber hinaus wurde parasitärer Pilzbefall von Dolichospermum als möglicher biologischer 

Einflussfaktor auf die Toxin- und Artendynamik identifiziert. 

Zusammenfassend hilft die vorliegende Arbeit durch die erlangten Ergebnisse und die 

entwickelten Methoden, blütenverursachende Umweltveränderung besser zu verstehen und 

ihnen entgegenzuwirken; sie ermöglicht eine verbesserte Überwachung und 

Risikoabschätzung von Blüten in Badegewässern und Trinkwasserreservoiren; und sie stellt 

ein Informationswerkzeug für Betreiber von Wasserreservoiren bereit. 
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1. GENERAL INTRODUCTION 

1.1. Cyanobacteria 

Cyanobacteria are a phylum of gram negative prokaryotes which occur in almost every 

biotope and climate zone on this planet. They are the only oxygenic photosynthetic 

prokaryotes, meaning they can convert energy from sunlight to chemical energy by reducing 

water to fix CO2 for the synthesis of sugar under the emission of O2. Fossil records of 

cyanobacteria in form of stromatolites date back their origin around 3 to 3.5 billion years ago 

(Nutman et al., 2016; Planavsky et al., 2014; Schopf, 2002). Their ancestors were the first 

organisms to develop oxygenic photosynthesis. This ultimately led to the oxygenation of the 

atmosphere around 2.3 billion years ago (Schirrmeister et al., 2015), and thus provided the 

foundation for more complex life forms on earth. 

Cyanobacteria are true cosmopolitans and belong to the most abundant organisms on earth 

with an estimate of a thousand million tons (1015 g) of wet weight biomass (Garcia-Pichel et 

al., 2003). Thanks to their long evolutionary history, they have developed adaptions to some 

of the harshest environments on this planet, including the polar and alpine regions, hot springs 

and deserts (Jungblut et al., 2010; Kleinteich et al., 2014; Lacap-Bugler et al., 2017; Ward and 

Castenholz, 2002). Cyanobacteria can occur in terrestrial environments like moist soils, lithic 

substrate, ice and even as endosymbionts in plants or fungi (Lacap-Bugler et al., 2017; Rai et 

al., 2000). However, the majority of cyanobacteria occurs in aquatic habitats, either as benthic 

or pelagic forms (Garcia-Pichel et al., 2003). As an integral part of the marine and freshwater 

phytoplankton, they account for a major share of the global primary production. Conservative 

estimates range up to 25 % of the oceans primary production, which corresponds to ~12.5 % 

of the global primary production (Flombaum et al., 2013). 

Certain environmental factors can cause mass developments of cyanobacteria that form dense 

accumulations in the water body, so-called cyanobacterial blooms. These blooms are 

characterized by sudden growth and high cell concentrations. Some cyanobacteria produce 

secondary metabolites that are known to have toxic effects on other bacteria, plants, 

invertebrates and vertebrates, including humans (Table 1-1). Blooms, especially if formed by 

toxin-producing species, often cause a decrease of water quality and can be harmful for the 

ecosystem, wildlife, humans and economy. Even though cyanobacteria have long been 

present in earth history, several studies indicate that bloom occurrences have increased 

globally over the last decades, due to global warming and ongoing eutrophication of freshwater 

ecosystems (O’Neil et al., 2012; Paerl and Huisman, 2009). 



  GENERAL INTRODUCTION 

2 

 

Table 1-1 Examples of cyanotoxin-producing genera. 

 

 

1.2. Diversity and taxonomy of cyanobacteria 

Cyanobacteria show a high taxonomic diversity as well as diverse morphology and 

organization structures. Traditionally, their taxonomic classification was based on 

morphological features, like cell dimension, shape, type of branching and color (Palinska and 

Surosz, 2014). This classification system has been challenged with the rise of molecular 

sequencing techniques, as many morphological features used for classification turned out to 

be polyphyletic in nature (Dvorak et al., 2017). Until today, the taxonomy system is 

continuously being revised and modified (Komárek, 2016, 2010). The discussion about their 

taxonomy is further complicated by the fact that there is, in general, no consensus regarding 

the prokaryotic species concept (Gevers et al., 2005). Modern molecular taxonomy of 

cyanobacteria, similar to other prokaryotes, is based on DNA sequences of different marker 

genes, most frequently used is the gene of the small subunit of the ribosomal RNA (16S rRNA) 

(Rajendhran and Gunasekaran, 2011). A prokaryotic species is considered to be a group of 

strains that are characterized by >97 % of 16S rRNA gene-sequence similarity (Vandamme et 

al., 1996). But also this concept is still under revision as the 16S rRNA comes to its limits to 

Genera (examples) Cyanotoxin Class Primary target organ Toxic effect Mode of action Variants

Microcystis, Planktothrix, 

Dolichospermum, Nostoc
Microcystins 271

Nodularia Nodularins ≥10

Dolichospermum, 

Aphanizomenon
Anabaenopeptins Liver Liver & kidney damage

inhibition of 

carboxypeptidase A &  

and ser/thr specific PP1

96

Raphidiopsis, 

Dolichospermum, 

Aphanizomenon

Cylindrospermopsins Liver & kidney

Damage of multiple 

organs, gastroenteritis, 

genotoxicity

Inhibition of protein‐ and 

glutathione‐ synthesis, 

DNA damage

5

Lyngbya, Schizothrix, 

Oscillatoria  
Aplysiatoxins  Skin Tumour promotion 2

Lyngbya   Lyngbyatoxin-a  Skin Tumour promotion 1

Cylindrospermopsis, 

Dolichospermum, Lyngbya; 

also Dinoflagellates

Saxitoxins Nervous sytem
Paralysis, respiratory 

failure
Blockage of Na

+
-

channels
57

Dolichospermum, 

Aphanizomenon, 

Microcystis, Planktothrix, 

Raphidiopsis, Oscillatoria

Anatoxin-a Nervous sytem Respiratory failure
Binding to nicotinic 

acetylcholin receptor
2

Dolichospermum Anatoxin-a(S)
Alkaloid 

(organophosphate)
Nervous sytem

Salivation and 

respiratory failure

Inhibits acetylcholine 

esterases
1

Many
BMAA (beta -

Methylamino-L-alanine)

Amino acid 

(nonproteinogenic)
Nervous system

Neurodegenerative 

disease

 Binding to Glu‐receptors, 

protein integration

All LPS 
Lipopolysaccharide 

(Cell wall component)
Skin, Mucosa

Skin irritation, fever, 

gastrointestinal upset
Inflammatory

Cyclic peptides

Inhibition of ser/thr 

specific PPs
Liver

Alkaloids

Inflammatory agent, 

protein kinase C aktivator

Liver & kidney damage, 

tumour promotion
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define the smallest taxonomic category of cyanobacteria (Palinska and Surosz, 2014). Based 

on molecular taxonomy, 4,734 species of cyanobacteria have been described (Guiry and 

Guiry, 2020) but estimates expect a total number of 8,000 species (Guiry, 2012).  

Cyanobacteria occur as single cells (unicellular) or filaments (also known as trichomes). 

Filaments are either straight or coiled and some genera show a branching morphology. 

Filaments may consist of undifferentiated cells (homocytous) or differentiated cells 

(heterocytous). Both, single cells and filaments, are able to form colonies and can be found 

floating freely in the aquatic habitats, dispersed along the photic zone of the water column, but 

are also found as benthic mats. 

 

1.2.1. Microcystis 

The unicellular Microcystis is the most common bloom-forming cyanobacterial genus, 

occurring worldwide in water temperatures ranging from 12 to 30°C, from little ponds to large 

rivers, lakes and in the estuarine environment (Al-Tebrineh et al., 2012; Chorus et al., 2000; 

Visser et al., 2005). Species of this genus can form thick surface blooms often producing 

cyanobacterial toxins including microcystins (MCs), nodularins, anatoxin-a, aeruginosin, β‐

methylamino‐L‐alanine (BMAA), cyanopeptolin (Fristachi et al., 2008; Paerl and Otten, 2013). 

Almost all Microcystis blooms found in nature are toxic (Carmichael, 1995). Due to its 

relevance, Microcystis is also the best studied genus of the cyanobacteria, serving as model 

organism in numerous publications. Most commonly described and mentioned is the species 

Microcystis aeruginosa (M. aeruginosa). Microcystis usually occurs as free floating coccal 

cells, unicellular or as colonies embedded in mucilage matrix, but can also be found attached 

to substrate. Microcystis blooms are mainly found in eutrophic, nitrogen rich water (Dolman et 

al., 2012).  

 

1.2.2. Dolichospermum 

Dolichospermum (previously known as Anabaena) belongs to the order of Nostocales 

and is one of the most frequently occurring, bloom-forming, toxic and filamentous 

cyanobacteria genera. Filaments of Dolichospermum possess a high morphological diversity 

and can be found in coiled as well as straight forms (Komarek and Zapomelova, 2008, 2007). 

Furthermore, Dolichospermum has the ability to differentiate vegetative cells into specialized 

cells known as akinetes and heterocysts (Kumar et al., 2010). Akinetes are thick-walled resting 

cells that can survive adverse environmental condition like desiccation and cold. Heterocysts 
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are non-photosynthetic cells that are able to fix atmospheric nitrogen (N2) (Thiel, 2005). Due 

to this additional N source, Dolichospermum can grow in N poorer waters compared to non-N2 

fixing cyanobacteria, e.g. Microcystis (Dolman et al., 2012). The main bloom-forming species 

typically reported in the scientific literature are Dolichospermum circinalis (D. circinalis), D. flos-

aquae and D. lemmermannii (O’Neil et al., 2012). Reported toxins produced by this genus are 

MCs, anabaenopeptins, anatoxin-a and anatoxin-a(S), cylindrospermopsins and saxitoxins 

(Harms et al., 2016; Sivonen, 2009).  

 

1.3. Cyanobacterial harmful algal blooms 

Cyanobacteria can form excessive accumulation of cells known as cyanobacterial 

blooms (also known as cyanobacterial harmful algal blooms (cHABs); Table 1-1). These 

blooms are marked as surface scums and visible discoloration of the water and are often 

accompanied by a putrid stench (Figure 1-1). Common bloom-forming genera include 

Microcystis, Dolichospermum, Aphanizomenon, Raphidiopsis, Nodularia, Planktothrix and 

Trichodesmium. Cyanobacterial blooms can grow at the surface or a specific depth in the water 

column, corresponding to their preferred light condition, and may occur in the marine 

environment, in estuaries, lakes and rivers, but also in artificial water reservoirs. 

Cyanobacterial blooms are considered harmful, causing a major decrease of water quality 

(Chorus and Bartram, 1999; Paerl and Otten, 2013). The harmful effects include taste and odor 

compounds produced by cyanobacteria that may interfere with the recreational function of 

lakes and the use of reservoirs for drinking water. Furthermore, blooms may cause an increase 

of water turbidity and decrease of sunlight availability in the deeper water column, thereby 

suppressing growth of other phytoplankton as well as aquatic macrophytes. Oxygen depletion 

during the microbial degradation of senescent blooms may lead to hypoxia and anoxia, causing 

the death of fish and benthic invertebrates. Toxins in the worst-case scenario, may lead to a 

complete shutdown of water supply or even intoxication of humans. blooms are often 

associated with high economic loss caused by increased water treatment costs, the logistics 

of alternative drinking water resources and the loss of tourism revenues. Environmental factors 

and physiological traits linked to bloom formation as well as consequences of harmful 

cyanobacterial blooms will be discussed in the following paragraphs. 
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Figure 1-1 Cyanobacterial bloom at the Altmühlsee (Bavaria, Germany). 
Photo: Luftbild Beringer.  

 

1.3.1. Rise of cyanobacterial blooms: Global warming and eutrophication 

Cyanobacteria in low amounts are usually an integral part of the phytoplankton 

community. The question is, what causes their excessive proliferation and bloom formation? 

As a matter of fact, not only cyanobacteria but also other phytoplankton species can form 

blooms, including dinoflagellates, diatoms and green algae (Paerl et al., 2001). Cyanobacterial 

blooms are not a recent phenomenon. Mammal mass mortalities in Pleistocene and Eocene 

lakes have been attributed to toxin-producing cyanobacterial blooms (Braun and Pfeiffer, 2002; 

Huisman et al., 2018). The first detailed scientific documentation of a toxin-producing 

cyanobacterial bloom, responsible for mass mortalities of livestock dates back to a Nature 

publication in 1878 (Francis, 1878). However, numerous studies state that cyanobacterial 

blooms have increased in global expansion and persistence over the last few decades 

(Huisman et al., 2018; O’Neil et al., 2012; Paerl and Huisman, 2008). Quantitative data for this 

comes from paleolimnological studies (Legrand et al., 2017; Taranu et al., 2015). Those 

studies analyze cyanobacterial bloom related proxies (e.g. cyanotoxin coding genes, 

cyanotoxins, resting cells) in sediment cores to reconstruct the bloom history of the respective 

lake or reservoir. Furthermore, they can provide information regarding changes of the trophic 

state of the system as well as environmental changes in the catchment area over time. These 

studies show that cyanobacteria have increased substantially during the 1900s in North 
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American (Taranu et al., 2015) and European (Legrand et al., 2017) lakes, and that 

cyanobacterial abundance has increased disproportionally relative to other phytoplankton 

more rapidly since 1945. There is a broad agreement that this worldwide expansion of 

cyanobacterial blooms is mainly promoted by the synergistic effect of two anthropogenic 

induced alterations: Global warming and nutrient over-enrichment (eutrophication, for definition 

of trophic states see Table 1-2 according to Carlson, 1977) of aquatic ecosystems (Rigosi et 

al., 2014). Since the onset of the industrial revolution around 1800 and especially since the 

1950’s, humans have become a global geophysical force (Steffen et al., 2007; Vitousek et al., 

1997). Urbanization, intensified agriculture (pasture and cropland) and industrial development 

caused a significant increase of key nutrient loads (N and P) in surface freshwaters of 

reservoirs, lakes, and rivers worldwide (Carpenter et al., 2011). Seitzinger et al. (2010) 

estimated that global riverine loads of N and P increased by approximately 30 % between 1970 

and 2000. A multitude of studies, including the pioneering whole-lake experiment in by David 

Schindler (1977), show how this increased eutrophication promotes development, persistence 

and higher biovolumes of cyanobacterial blooms (Dolman et al., 2012; Downing et al., 2001; 

Harpole et al., 2011; Heisler et al., 2008; Lewis and Wurtsbaugh, 2008). Schindler 

demonstrated how adding a combination of P and N could quickly turn a pristine lake into a 

massive cyanobacterial bloom. The resulting bloom was dominated by N2-fixing 

Dolichospermum and Aphanizomenon (see chapter 1.3.2). Schindler concluded that reducing 

N loads in water would not decrease the growth of the blooms, as the involved species could 

compensate for the limited N, and therefore P alone should be the nutrient of concern. Other 

studies also associated cyanobacterial dominance primarily with P-enrichment, resulting in low 

nitrogen-to-phosphorus ratios (N:P ratios; Havens et al., 2003; Smith, 1983; Vrede et al., 

2009). According to this, N2-fixing taxa (Dolichospermum, Aphanizomenon, Raphidiopsis, 

Nodularia, Trichodesmium) are described to dominate at low N:P ratios (<22:1), and non-N2-

fixing cyanobacteria (Microcystis, Planktothrix, Oscillatoria) at N:P ratios <29:1. Green algae 

are expected to dominate at N:P ratios >29:1 (Paerl et al., 2001; Smith, 1983). However, the 

concept of N:P ratio is highly controversial (Downing et al., 2001) and still actively debated 

(Schindler, 2012). More recent studies indicate that N2-fixation of diazotrophic cyanobacteria 

cannot compensate completely for depletion of dissolved N sources (Shatwell and Köhler, 

2019; Willis et al., 2016). Consistent with this, numerous studies emphasize above average 

joint N and P concentrations as major trigger for higher total biovolumes of all cyanobacterial 

taxa, although relative biovolumes of some N2-fixing species might be higher in lakes with low 

N:P ratios (Dolman et al., 2012; Downing et al., 2001; Posch et al., 2012). Some consider N 

concentrations in lakes as even more important than P concentrations in driving cyanobacteria 

production (Shatwell and Köhler, 2019). The discussion regarding bloom promoting effects of 
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nutrients is further complicated by the observation that cyanobacterial blooms may also occur 

in oligotrophic lakes or may even be sustained by oligotrophication (Ernst et al., 2009; Posch 

et al., 2012). Toxin-producing species forming blooms in oligotrophic systems belong to the 

N2-fixing genera Dolichospermum and Aphanizomenon and to the non-N2-fixing genera 

Planktothrix and Gleotrichia (Callieri et al., 2014; Carey et al., 2008; Posch et al., 2012; 

Salmaso, 2010; Salmaso and Mosello, 2010). Very little is known about the mechanisms 

behind these ‘‘oligotrophic blooms’’ (Salmaso, 2000).  

 

Table 1-2 Trophic state index of lakes.  
Relationships between trophic state, secchi depth, phosphate, nitrate, chlorophyll and O2. Based on Carlson, 1977. 

 

 

Simultaneously to eutrophication, atmospheric CO2 has risen from a preindustrial value of 275 

ppm to about 380 ppm causing an increase of the average global temperate of 1.5°C (IPCC, 

2018). Rising atmospheric CO2 levels are directly correlated to increased influx of CO2 in the 

water, enhancing the dissolved C supply for primary producers (Verspagen et al., 2014; Visser 

et al., 2016). Dense, surface bloom-forming cyanobacteria such as Microcystis exhibit a strong 

demand for inorganic carbon (C), to the extent that the CO2 supply can limit the rate of biomass 

production (Paerl and Huisman, 2009; Verspagen et al., 2014; Visser et al., 2016). Rising 

atmospheric CO2 levels are therefore expected to stimulate the proliferation of surface-dwelling 

cyanobacteria (Visser et al., 2016). Global warming also directly influences water surface 

temperatures and increases the stability of thermal stratification of surface waters (Carpenter 

et al., 2011). Higher water temperatures and prolonged stratification periods of surface waters 

were both shown to give cyanobacteria a competitive advantage over other phytoplankton 

such as diatoms and green algae (Jöhnk et al., 2008; Kosten et al., 2012; Paerl and Huisman, 

2008). Cyanobacteria reach their maximal growth rates at relatively high temperatures; often 

in waters above of 25°C (Butterwick et al., 2005; Foy et al., 1976). At these elevated 

Parameter oligotrophic mesotrophic eutrophic hypertrophic

Secchi depth (m) 5-10, max.15-20 1-2, max. 5-10 max. 2-3 <1

Phosphate (µg L-1)
4-10 (0-4 = 

ultraoligotrophic)
10-35 35-100 >100

Nitrate and Ammonium 

in fall (mg N L-1)
≤1 ≤1 >2 >2

Chlorophyll annual 

mean (mg/m³)
<3.5 ≤7.0 <11 >11

O2 (mg L-1) mehr als 8 6-8 2-4
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temperatures, cyanobacteria routinely outcompete eukaryotic algae (Elliott, 2010; Jöhnk et al., 

2008; Paerl et al., 2011). Warmer surface temperatures also decrease the physiological costs 

of N2-fixation and might therefore stimulate growth and N2-fixation taxa (Brauer et al., 2013). 

Increased thermal stratification of the water column suppresses turbulent mixing. This is 

favorable for buoyant cyanobacteria because weak mixing allows them to float to the upper 

water layers, where they have better access to light, higher temperatures, CO2 and N2 while 

shading the non-buoyant phytoplankton below (Visser et al., 2016). Decreased mixing may 

also favor Planktothrix blooms as this allows Planktothrix to accumulate within the depth of 

optimal irradiance (Posch et al., 2012). Furthermore, warmer climate promotes the 

geographical distribution of tropical and subtropical species in more temperate regions as 

shown for the subtropical species Raphidiopsis raciborskii (Sinha et al., 2012; Sukenik et al., 

2012; Wiedner et al., 2007), Anabaena bergii and Aphanizomenon aphanizomenoides 

(Mehnert et al., 2010; Stüken et al., 2006).  

Despite ongoing research on bloom promoting factors, predicting their occurrence and 

identifying primary environmental factors remains challenging due to the complex interaction 

among physical, chemical, and biological processes (Figure 1-2; Paerl et al., 2001). 

Furthermore, bloom development might be entirely different between colony forming species 

like Microcystis, N2-fixing species, well mixed species (Raphidiopsis) and stratifying species 

(Planktothrix) (Dokulil and Teubner, 2000). Moreover, climate change scenarios predict bloom 

frequency and magnitude to worsen in the future (Chapra et al., 2017; O’Neil et al., 2012; Paerl 

and Huisman, 2009). For most surface waters, long-term, quantitative data regarding 

cyanobacteria assemblage changes over time do not exist. Expanding paleolimnological 

studies to a bigger variety of lakes and reservoirs might help to identify bloom triggers and to 

improve prediction models and management strategies of harmful cyanobacterial blooms. 

 

1.3.2. Traits that facilitate bloom formation 

During their evolutionary history, cyanobacteria have developed an impressive set of 

physiological traits, which differ in presence and manifestation among the various species and 

strains (Dokulil and Teubner, 2000). These traits help them to survive in diverse environments, 

but also to compete with and dominate over eukaryotic phytoplankton, ultimately leading to 

cyanobacterial bloom formation (Huisman et al., 2018). 

One of the most significant traits is the capability of several genera to fix N2, which provides 

them with an additional N source – also known as diazotrophy (Herrero et al., 2001). While N2 
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fixation is a common trait among prokaryotes, cyanobacteria are the only known 

photoautotrophs capable of N2 fixation. Diazotroph organisms use the enzyme nitrogenase to 

catalyze the conversion of N2 to ammonia (NH3). Since nitrogenase is strongly inhibited by 

oxygen, cyanobacteria have developed a variety of cell morphologies and metabolic strategies 

that allow spatial and temporal separation of N2 fixation from photosynthesis (Esteves-Ferreira 

et al., 2017). The fixation process and the nitrogenase enzyme itself differ among the 

diazotroph taxa such as unicellular Synechococcus, the non-heterocystous genera 

Phormidium and Trichodesmium and the heterocytous filamentous genera Dolichospermum, 

Fischerella, Chlorogloeopsis, Scytonema, Calothrix, Raphidiopsis, Aphanizomenon, Lyngbya, 

Nodularia and Gloeotrichia (Esteves-Ferreira et al., 2017). In heterocytous genera, e.g. 

Dolichospermum, the nitrogenase complex is confined to specialized cells called heterocysts. 

Heterocysts have a thick glycolipid cell walls which serve as a gas diffusion barrier to decrease 

the diffusion of O2 into the heterocyst, but allow a sufficient influx of N2 (Walsby, 1994). The 

fixation of N2 is energetically a very costly reaction (Gallon, 1992). Therefore, diazotrophic 

cyanobacteria require high light intensities for the fixation (Paerl, 2017; Staal et al., 2002) 

(Paerl, 2017; Staal et al., 2002) and thus are supposed to switch to this alternative only if 

dissolved N sources become depleted (Holl and Montoya, 2005). In addition to diazotrophy, 

cyanobacteria are capable of taking up P in access of cellular growth requirements and storing 

it in polyphosphate bodies for P-limiting environmental conditions (Chorus and Bartram, 1999; 

Paerl et al., 2001; Pettersson et al., 1993). Internally stored P is sufficient to perform 2-4 cell 

divisions, which corresponds to a 4-32 fold increase in biomass (Chorus and Bartram, 1999). 

Like every other primary producer, cyanobacteria perform carbon fixation using the enzyme 

RuBisCo. Similar to eukaryotic algae they have evolved CO2-concentrating mechanisms to 

overcome the low affinity of RuBisCo to CO2 (Visser et al., 2016). In cyanobacteria, five 

different inorganic C uptake systems have been identified, three for the uptake of bicarbonate 

and two for the conversion of CO2 (Visser et al., 2016). These uptake systems differ in their 

affinity to the respective C source as well as their flux rates. This enables cyanobacteria to 

respond effectively to changes in availability of inorganic C and to compensate for a 20-fold 

difference between the CO2 concentration in their environment and the Michaelis-Menten 

constant of their RuBisCo (Kaplan et al., 1991). 

Cyanobacteria synthesize intracellular, hollow protein structures known as gas vesicles which 

act as flotation devices in aqueous environments (Walsby, 1994). Buoyant cells have a major 

competitive advantage, because they gain access to vertically separated resources such as 

nutrients, sunlight and atmospheric CO2, and may even shade non-buoyant phytoplankton 

deeper in the water column (Huisman et al., 2004; Mitrovic et al., 2001; Walsby, 2007). 
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Buoyancy is primarily regulated through an interplay of synthesis and respiration of 

carbohydrate ballast, controlling the cells sinking rate (Visser et al., 1995). Buoyant 

cyanobacteria can migrate between several meters or only a few centimeters within a few 

hours through the water column, depending on their cell or colony size (Visser et al., 1997). 

An especially impressive example for fine-tuned buoyancy control is the genus Planktothrix 

which forms stratified blooms in the metalimnion, in 10-14 m water depth (Halstvedt et al., 

2007). 

Like eukaryotic algae, cyanobacteria possess chlorophyll as major photopigment, but they also 

contain other pigments such as the phycobiliproteins, which include allophycocyanin (blue), 

phycocyanin (blue) and phycoerythrine (red). These pigments harvest light in the green, yellow 

and orange part of the spectrum (500-650 nm), which is hardly used by other phytoplankton 

species (Chorus and Bartram, 1999). They also cause the different coloring of the individual 

species. The variety of photopigments also allows cyanobacteria to adapt to a variety of light 

conditions and to use light more efficiently (Stal, 2015). Additionally, some cyanobacteria are 

capable of complementary chromatic adaptation (Mullineaux, 2001), meaning they can alter 

the composition of photopigments in response to the prevalent wavelengths of light in the 

environment (Grossman et al., 1993). Finally, some cyanobacteria form resting stages when 

environmental conditions become unfavorable. Those cells can resist adverse environmental 

conditions including temperature extremes and desiccation (Olsson-Francis et al., 2009). They 

survive and overwinter at the sediment surface, as conditions turn more favorable, they hatch 

to the water phase as a substantial inoculum for the bloom (Borges et al., 2016; Ståhl-Delbanco 

et al., 2003). 

 

1.4. Cyanobacterial toxins 

Cyanobacteria are known to produce a variety of secondary metabolites, some of which 

show harmful effects on a wide variety of organisms including bacteria, protozoans, 

zooplankton, fish, birds, and mammals (Chorus et al., 2000; Chorus and Bartram, 1999; 

Sivonen, 2009). Those compounds are summarized under the term cyanobacterial toxins 

(hereinafter cyanotoxins). Despite this shared terminology, cyanotoxins show a vast structural 

and functional diversity and are unevenly distributed among a variety of cyanobacteria genera 

and geographical locations (Bláha et al., 2009; Sivonen, 2009; Welker and Von Döhren, 2006). 

The most common and extensively studied cyanotoxins are: MCs, nodularins, saxitoxin (also 

known as paralytic shellfish poison), anatoxins (anatoxin-a, anatoxin-a(S), homoanatoxin), 

cylindrospermopsin, lipopolysaccharides (LPS), BMAA, lyngbyatoxin and aplysiatoxin.  
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Cyanotoxins can be classified by their toxicity to vertebrates, i.e. hepatotoxins (MCs, 

nodularin), neurotoxins (anatoxin-a, -a(S), BMAA), cytotoxins (cylindrospermopsins), 

dermatotoxins (lyngbya-, aplysiatoxins) and irritant toxins (LPS), or by their chemical structure 

into cyclic peptides, alkaloids, amino acids and LPS (Table 1-1) (Dittmann and Wiegand, 

2006). Almost all cyanotoxins exist in multiple structural variants (Table 1-1), whereby MCs 

have by far the most with at least 271 structural variants recorded, differing in amino acid 

composition and side chain modification (Huisman et al., 2018; Meriluoto et al., 2017). 

Peptides account for the majority of cyanotoxins with 600 cyanobacterial peptides being 

discovered and described over the past 30 years (Welker and Von Döhren, 2006). Besides 

MCs, these include also lesser studied cyanotoxins such as aeruginosins (Murakami et al., 

1994), cyanopeptolins (Martin et al., 1993), anabaenopeptins (Harada et al., 1995), 

microginins (Okino et al., 1993) and microviridins (Ishitsuka et al., 1990). These peptides are 

also frequently found in cyanobacterial blooms, along with other not yet identified peptides 

(Welker and Von Döhren, 2006), but they receive much less attention compared to MCs 

(Janssen, 2019). 

Cyanotoxins include very potent toxins that can cause death within minutes (neurotoxins) or 

within hours (hepatotoxins) of animals in case of acute toxicity. Case studies and reports of 

animal and human poisonings caused by cyanotoxin exist worldwide (Buratti et al., 2017), and 

range back until 1878 (Sivonen, 2009) and 1931 respectively (Chorus et al., 2000). Due to the 

vast amount of cyanotoxins only the properties of most frequently detected ones will be 

discussed briefly in the following paragraph, including a more comprehensive description of 

MCs and anabaenopeptins. 

 

1.4.1. Microcystins: Occurrence, structure and toxicity 

MCs are named after Microcystis aeruginosa, the cyanobacterium in which the toxin 

was first isolated and described. Besides Microcystis, they are also produced by strains of the 

genera Dolichospermum, Nostoc, Planktothrix and Phormidium (Chorus, 2012a; Chorus and 

Bartram, 1999; Sivonen, 2009). Globally MCs are the most frequently found cyanotoxins 

(Chorus and Bartram, 1999). They are cyclic peptides that comprise seven amino acids and 

the general structure of cyclo-[D-Ala1]-[L-X2]-[β-D-MeAsp3]-[L-Z4]-[Adda5]-[γ-D-Glu6]-

[Mdha7]. Their structural diversity is based on two variable amino acids X and Z in positions 2 

and 4 respectively, as well as side chain modifications such as methylations. The one-letter 

code for the amino acids in the X and Z positions is used for the nomenclature of MCs: A MC 

with leucine (L) and arginine (R) in the X and Z positions respectively, is called MC-LR, while 
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leucine and phenylalanine (F) will result in MC-LF. The congeners can exhibit different 

toxicities (Fischer et al., 2010), but MC-LR is regarded the most toxic one (Carmichael, 1995; 

Dittmann and Wiegand, 2006; Watanabe et al., 1988). MCs are very potent hepatotoxins and 

cause acute toxicity of animals due to liver dysfunction and hemorrhage (Dietrich et al., 2008). 

Evidence from several animal experiments also suggest tumor promotion properties of MCs 

as a result of chronic exposure (Dietrich and Hoeger, 2005; Humpage and Falconer, 1999; 

Nishiwaki-Matsushima et al., 1992). The toxicity of MCs is primarily caused by the amino acid 

on position 5 which is (2S,3S,8S,9S,4E,6E)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-

decadienoic acid, also called Adda. This unique amino acid is only found in MCs and the 

related nodularins. Adda inhibits the catalytic subunit the serine/threonine (ser/thr) protein 

phosphatases (PP) 1 and 2A, thereby irreversible inhibiting the enzyme activity. Covalent 

binding of the methyldehydroalanine (Mdha) of MCs by PPs cysteine provides additional 

stability of the complex, but is not required for inhibition of the PP. MCs are produced in the 

cytoplasm and remain primarily intracellular in the thylakoid area until cell lysis (Rohrlack and 

Hyenstrand, 2007; Young et al., 2005). They are considered as hydrophilic molecules and 

therefore require active transport via organic anion transporting polypeptides (OATPs) to pass 

the bi-lipid cell membrane and thus reach the inside of the target cells (Fischer et al., 2005). 

Organ toxicity in higher animals including humans is therefore primarily based on the presence 

of these transporters. Nodularins also inhibit ser/thr PP1 and 2A but in contrast to MCs, they 

do not bind covalently to PP1 or PP2A (Bagu et al., 1997). 

 

1.4.2. Anabaenopeptins: Occurrence, structure and toxicity 

Anabaenopeptins are a diverse family of cyclic hexapeptides, named after the 

cyanobacterium Anabaena flos-aquae (now Dolichospermum flos-aquae) from which the first 

anabaenopeptins were isolated (Harada et al., 1995). They are also produced by strains of the 

genera Aphanizomenon, Microcystis, Planktothrix, Plectonema, Nodularia and Schizothrix and 

were reported for terrestrial, freshwater and estuarine habitats. Anabaenopeptins are 

comprised of a ring of five amino acid residues connected to an exocyclic residue through an 

ureido linkage. The general structure is L-X1-CO-cyclo-[D-Lys]-[L-X3]-[L-X4]-[L-MeX5]-[L-X6], 

where X1 and X3 to X6 are variable amino acids (Welker and Von Döhren, 2006). The ring is 

formed by an N-6-peptide bond between Lys and the carboxy group of the amino acid in 

position 6. The structure contains both protein and non-proteinogenic amino acids. To date, at 

least 96 structural variants have been reported (Spoof et al., 2015). Similar to MCs, 

anabaenopeptins inhibit ser/thr PP1 and 2A (Gkelis et al., 2006; Sano et al., 2001). In addition, 

they inhibit zinc-containing metalloexopeptidases such as carboxypeptidase A and B 
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(Murakami et al., 2000) as well as carboxypeptidase TAFIa, the thrombin activatable 

fibrinolysis inhibitor (Halland et al., 2015). The latter plays an important role in the balanced 

and coupled coagulation−fibrinolysis system, and its inhibition increases plasmin formation 

and endogenous fibrinolysis, leading to an antithrombotic effect. It is hypothesized that 

substitutions of the amino acid side-chain attached to the ureido group are closely linked to the 

inhibitory activity and enzyme specificity (Harms et al., 2016; Murakami et al., 2000). 

 

1.4.3. Other cyanotoxins 

Cyanobacterial neurotoxins are not as common as hepatotoxins but are more potent 

(Cox et al., 2003). There are three types known – anatoxin-a, anatoxin-a(S), and saxitoxins. In 

addition, the mild neurotoxin BMAA, a non-proteinogenic amino acid, has been found in a 

variety of cyanobacteria (Cox et al., 2003). Known producers of anatoxin-a belong to 

Dolichospermum, Aphanizomenon, Microcystis, Planktothrix, Raphidiopsis (previously 

Cylindrospermopsis) and Oscillatoria genera, while Anatoxin-a(S) is found in Dolichospermum 

only. Anatoxin-a as a nicotinic agonist binds irreversibly to nicotinic acetylcholine receptors in 

neurons and neuromuscular junctions. Its binding causes the opening and ultimately the 

blockage of neuronal transmission. In acute cases anatoxin-a causes loss of coordination, 

hyperactivity, muscular twitching and rapid death by respiratory arrest. Anatoxin-a(S) is an 

anticholinesterase with no structural variants. It irreversibly inhibits peripheral acetylcholine 

esterases, resulting in the blockage of nerve fluxes. Saxitoxins are a group of carbamate 

alkaloids produced in freshwater by Dolichospermum, Raphidiopsis, Lyngbya and 

Trichodesmium (Humpage et al., 1994; Sivonen, 2009). They block the neuronal Na+ and Ca2+ 

channels causing numbness and paralysis or even death by respiratory arrest (Wiese et al., 

2010). 

The alkaloid cylindrospermopsin was first isolated from the cyanobacterium 

Cylindrospermopsis raciborskii (now Raphidiopsis raciborskii) but is also produced by 

Aphanizomenon and Dolichospermum (Griffiths and Saker, 2003). Occurrences are mainly 

reported, though not exclusively, for tropical and subtropical countries (Bláha et al., 2009). Five 

structural variants are known. The primary toxic function of cylindrospermopsins is the 

inhibition of protein synthesis, causing cell death, with its main target being the liver. However, 

it can also affect other organs and metabolic pathways (Humpage et al., 2005). Acute toxicity 

can lead to renal and hepatic failure. 
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1.4.4. Biosynthesis, genetics and evolution of cyanotoxins 

A major part of cyanotoxins (MCs, nodularins, anabaenopeptins, anatoxins, saxitoxins, 

cylindrospermopsins) are synthesized non-ribosomally by large, multi-enzyme complexes, 

known as non-ribosomal peptide synthetases (NRPS) and polyketide synthase (PKS) (Neilan 

et al., 2008). Synthesis can be performed by NRPS or PKS (Saxitoxin, (Kellmann et al., 2008) 

alone or by hybrid pathways including both (MCs, nodularins, anatoxins, cylindrospermopsins), 

though biosynthesis of many other cyanotoxins remains unsolved (Neilan et al., 2008). 

The non-ribosomal synthesis of cyanotoxins is quite complex and energy demanding, e.g. the 

synthesis of one MC molecule requires 7 ATPs and 48 sequential catalytic reactions of six 

large multienzyme synthases/synthetases (McyA-E, G) and four monofunctional proteins 

(McyF/I/H/J) (Tillett et al., 2000). The NRPS and PKS enzymes are encoded by a large gene 

cluster (mcyS) which may constitute more than 5 % of the genome (Welker and Von Döhren, 

2006), and has been described in detail for several cyanobacteria including Microcystis (Tillett 

et al., 2000), Dolichospermum (Rouhiainen et al., 2004) and Planktothrix (Christiansen et al., 

2003). It spans over 55 kb and is composed of 10 genes (mcyA-J), arranged in 2 putative 

operons. The smaller operon (mcyA-C) encodes three NRPS (McyA-C). The larger one (mcyD-

J), encodes a modular PKS (McyD), two hybrid enzymes comprising NRPS and PKS modules 

(McyE and McyG) and enzymes putatively involved in the tailoring (McyJ, F, and I) of the toxin. 

A third operon (mcyH) has been identified as an ATP-binding, ABC transporter‐like protein, 

potentially responsible for the active export of MCs across the cell membrane (Pearson et al., 

2004; Rouhiainen et al., 2004; Tillett et al., 2000). 

Anabaenopeptins are also produced by the NRPS pathway. The 32 kb Anabaenopeptins gene 

cluster (apt) consists of five genes (aptA1, aptA2, aptB, aptC, and aptD) which are organized 

in two operons, coding for the five respective enzymes (AptA1, AptA2, AptB, AptC, and AptD) 

(Rouhiainen et al., 2010). Two additional genes aptE and aptF, are also present in the apt 

gene cluster but do not code for NRPS enzymes. AptE is suggested to belong to a 

hydroxymethylglutaryl-coenzyme A lyase-like protein family, while AptF belongs to a family of 

ABC transporter-like proteins (Rouhiainen et al., 2010). 

It is crucial to understand that not all cyanobacteria produce cyanotoxins. Genera with toxin-

producing strains also contain related strains that lack the ability to produce this toxin. The 

difference between toxin-producing and non-producing strains is primarily owed to the 

presence or absence of the respective toxin synthetase gene cluster. Phylogenetic studies on 

the evolution of cyanotoxins compared the phylogenetic trees of housekeeping genes to MC, 
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nodularin and saxitoxin synthetase gene trees (Dittmann et al., 2013; Rantala et al., 2004). 

The origin of the MC and nodularin gene clusters dates back some 1,600-2,000 million years 

ago (Rantala et al., 2004). The saxitoxins gene cluster also seems to have an ancient origin at 

least 2,100 million years ago (Murray et al., 2011). The ancient origin and the sporadic 

distribution of MC synthetase genes in modern cyanobacteria strongly suggests that the 

present nontoxic strains have lost the MC synthetase genes and the ability of MC production 

(Rantala et al., 2004). The situation for the other toxin families is still unclear and needs further 

investigations (Dittmann et al., 2013).  

 

1.4.5. Regulatory factors and biological functions of cyanotoxins 

The question why cyanobacteria produce toxins has been widely discussed but not 

entirely resolved yet. Despite the impact of cyanotoxins for human and wildlife health, the 

intoxication of vertebrates is most certainly not the selective force for their evolution. 

Cyanotoxins are classified as secondary metabolites, which means they rarely have a role in 

primary metabolism, growth, or reproduction but have evolved to somehow benefit the 

producing organism (Neilan et al., 2008). The high conservation of the cyanotoxin gene 

clusters over several million years until today, despite the energetic costs linked to their 

synthesis, indicates that they still have beneficial properties (Holland and Kinnear, 2013). 

Closely linked to the discussion about the biological function of cyanotoxins, is the investigation 

of physical, chemical and biological factors that regulate toxin production. There are numerous 

studies on the influence of abiotic factors, such as nutrients (N, P), trace metals (iron), growth 

temperature, light, salinity and pH and biotic factors like the presence of a competitor or 

predator on cyanotoxin production (Chorus and Bartram, 1999; Kaebernick and Neilan, 2001; 

Neilan et al., 2013). Often these studies have contradictory results or cannot be readily 

compared with each other, making it difficult to draw general conclusions from them (Chorus 

and Bartram, 1999; Neilan et al., 2013). This is owed to various reasons, such as different 

strains and species with varying growth optima being used, no standardized culture conditions 

or different methods used for toxin analysis. Nevertheless, several hypothesized functions of 

cyanotoxins emerged from these studies, which can be summarized under three main aspects: 

Physiological aid, chemical defence and infochemical (quorum sensing) (Holland and Kinnear, 

2013; Kaplan et al., 2012; Leflaive and Ten‐ Hage, 2007). 

Cyanotoxins have been speculated to have multiple physiological roles, such as cell signaling, 

nutrient uptake, iron scavenging, maintenance of homeostasis, and protection against 

oxidative stress (Kaplan et al., 2012; Neilan et al., 2013). MCs bind to a number of proteins 
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apart from PPs. The covalent binding of the MdhA amino acid to thiol‐groups of several 

enzymes of the calvin cycle, phycobiliproteins and NADPH-dependent reductases is increased 

under high light conditions and oxidative stress (Zilliges et al., 2011). The study therefore 

suggests that MCs may play an important role in the protection of intracellular proteins that are 

sensitive to redox changes under conditions involving oxidative stress (Zilliges et al., 2011). 

Furthermore, MCs have been discussed to act as iron scavenging molecules, allowing toxic 

cells to take up or store iron more efficiently (Alexova et al., 2011a; Lukač and Aegerter, 1993; 

Sevilla et al., 2008; Utkilen and Gjølme, 1995). As a support of this theory, iron-deficient media 

was shown to cause an increase in transcription of the mcyD gene in Microcystis (Alexova et 

al., 2011a). The presence of MCs appears to give an advantage in the early stages of exposure 

to severe iron stress and may protect the cell from reactive oxygen species-induced damage 

(Alexova et al., 2011a). Other cyanotoxins may also cause an improved uptake of other 

nutrients, including P, N and C. This has especially been demonstrated for 

cylindrospermopsins produced by Aphanizomenon ovalisporum (Bar-Yosef et al., 2010). 

Under inorganic phosphate limitation, extracellular cylindrospermopsin concentrations 

increase, inducing alkaline phosphatase secretion by other phytoplankton species, thereby 

enhancing inorganic P supply for Aphanizomenon (Bar-Yosef et al., 2010). Similar to this, 

several studies have shown that also MC concentrations in Nostoc and Microcystis increase 

when cells are exposed to P-limiting condition (Kurmayer, 2011; Oh et al., 2000), while other 

studies report higher MC concentrations with increasing P (Rapala et al., 1997). MCs seem to 

be linked to the carbon-nitrogen metabolism (Alexova et al., 2011; Jähnichen et al., 2007; Waal 

et al., 2009). A comparative proteome study of six toxic and non-toxic strains of Microcystis 

aeruginosa found that nine proteins, all linked to carbon-nitrogen metabolism and redox 

maintenance, were differentially expressed amongst the toxic and non-toxin strains (Alexova 

et al., 2011). 

For a long time, cyanotoxins, especially MCs, have been hypothesized to function as chemical 

defense against zooplankton grazers such as copepods and cladocerans (DeMott et al., 1991; 

Gilbert, 1996). For example, direct and indirect exposure of M. aeruginosa to several 

zooplankton species and their culture media was shown to cause an increased production of 

MC (Jang et al., 2003). Nevertheless, with the recently discovered ancient origin of MCs and 

saxitoxins, predating cyanotoxins long before metazoan life, zooplankton grazing pressure can 

be ruled out as primary reason for the evolution of cyanotoxins (Murray et al., 2011). However, 

pressure might also be provided by protozoan grazers (rhizopods, rotifers, ciliates) or by 

parasites such as fungi, lytic phages and heterotrophic bacteria with a much older evolutionary 

history (Gerphagnon et al., 2015; Holland and Kinnear, 2013). Especially oligopeptides, like 
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MCs and anabaenopeptins have been discussed as putative antiparasite defensive system 

but experimental data are very scarce (Rohrlack et al., 2013). In one of the few existing studies, 

Rohrlack et al. (2013) investigated the virulence of several parasitic fungi of the phylum 

Chytridiomycota (commonly referred to as chytrids) to a toxic Planktothrix strain producing 

MCs, microviridins, and anabaenopeptins, and to its non-toxic knock-out mutants. All chytrid 

strains were less virulent to the wild type than to at least one of its oligopeptide knock-out 

mutants, suggesting oligopeptide production in Planktothrix to be part of a defensive 

mechanism against chytrid parasitism. 

Toxin-producing cyanobacteria constantly compete against other bacteria and eukaryotic 

algae for light, nutrients and space. Thus, an ecological role for cyanotoxins as allelopathic 

chemicals against those competitors has been suggested (Berry et al., 2008), and several 

studies have provided evidence for some cyanotoxins, including MCs (Kearns and Hunter, 

2001; Singh et al., 2005) and anatoxin-a (Kearns and Hunter, 2001) action against eukaryotic 

alga Chlamydomonas or other cyanobacteria. A common problem of most of these studies is 

that they use purified or crude extracts of the toxins at concentrations exceeding environmental 

relevance and, in the case of crude extracts, may contain a variety of compounds besides the 

toxin of interest. Studies employing pure MC-LR have shown inhibitory effects on growth, 

morphology, and photosynthesis of some aquatic plants at ecological relevant concentrations 

(Pflugmacher, 2004; Romanowska‐ Duda and Tarczyńska, 2002). In contrast, other studies 

report no allelopathic effects of MC-LR and cylindrospermopsins on a variety of phytoplankton 

species (Pinheiro et al., 2013). 

While the discovery of the hypothetical ABC‐transporter for MCs (mcyH) and anabaenopeptins 

(aptF) promotes the discussion about extracellular functions of those toxins, the active export 

has not been proven yet (Pearson et al., 2004). Cyanotoxins occur primarily intracellular, and 

are found extracellular only in small amounts until cell lysis. In this context, MCs have been 

discussed as signaling molecules for the intra-species communication in a quorum sensing‐

like manner (Kaplan et al., 2012; Neilan et al., 2013). Their release to the media by lysing cells 

due to various stressors is assumed to be sensed by the rest of the Microcystis cells which 

upregulate mcy transcription (Schatz et al., 2007). Furthermore, extracellular MC concentration 

seems to be positively correlated with Microcystis colony size (Gan et al., 2012; Wood et al., 

2012). 

In summary it can be concluded that despite extensive research, the variables regulating 

cyanotoxin production remain unclear. The primary function(s) of cyanotoxins are most likely 

unrelated to their toxic properties to invertebrates (Ouellette and Wilhelm, 2003). It is possible 
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that the ancient primary function of cyanotoxins has shifted to several other intra- and 

extracellular functions (Holland and Kinnear, 2013; Kaplan et al., 2012). Considering this, in 

addition to the diverse chemical structures and mode of actions of cyanotoxins it seems 

unlikely that they have developed for a single purpose and should therefore be interpreted and 

discussed on an individual basis. 

 

1.5. Bloom dynamics 

Cyanobacterial blooms are usually classified into being toxic or non-toxic and by the 

predominant genus forming the bloom, e.g. a “toxic Microcystis bloom” or a “non-toxic 

Dolichospermum bloom”. This is a rather simplified version of a highly diverse and dynamic 

system. Species composition as well as toxicity of a cyanobacterial bloom are no static 

phenomena, but can vary both spatially and temporally within a short time-scale, i.e. within 

weeks, days or even hours (Berry et al., 2017; Steiner et al., 2017; Woodhouse et al., 2016). 

Understanding the short-term species succession and dynamics of toxin production is crucial 

to ensure reliable and safe bloom monitoring approaches, risk assessment and mitigation 

strategies. 

 

1.5.1. Short-term species and toxin dynamics 

It is well known that during the course of a cyanobacterial bloom and along with 

changing environmental parameters (Figure 1-2), succession from one predominant taxon to 

another can occur (Chia et al., 2018; Fernández et al., 2015). Since the rise of molecular 

sequencing tools, several publications have investigated the seasonal genetic diversity of 

cyanobacterial bloom populations in higher temporal resolution (Berry et al., 2017; Briand et 

al., 2009; Kardinaal et al., 2007; Woodhouse et al., 2016). These studies revealed that 

cyanobacterial blooms contain a plethora of different cyanobacterial species and strains co-

existing and dynamically varying in space and time. For example, Berry et al. (2017) identified, 

based on the 16S rRNA sequence, 11 distinct genotypes (synonyme phylotypes) of four 

cyanobacterial genera during the bloom season. Even blooms which are mono specific at the 

first glace reveale a large variety of different genotypes (Kardinaal et al., 2007). Furthermore, 

cyanotoxin concentrations vary considerably not just from one bloom to another, but during the 

course of a single bloom (Buratti et al., 2017). Intracellular MC content varied up to 40-fold 

within several weeks during the same bloom, from 10 to 420 fg cell-1 in Planktothrix rubescens 

(P. rubescens) (Manganelli et al., 2016) and 40-fold from 100 to 4000 fg cell-1 in M. aeruginosa 
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(Sabart et al., 2010). Wood et al. (2011) showed that significant changes (28-fold) in MC cell 

quota can occur on a time scale of 2-6 h, resulting in an increase of total MC from ~100 to 

>2000 µg L-1. This variability can only partly be explained with changes in the levels of MC 

production by the individual MC-producing cells (Orr et al., 2018; Orr and Jones, 1998; Wood 

et al., 2011). As a matter of fact, laboratory studies with pure strains of cyanobacteria 

investigating correlations between MC cell quota and environmental factors, showed that 

induced changes in MC quotas are usually only three or four-fold (Sivonen and Jones, 1999). 

A much higher part of variability might be explained by the range of toxin content measured 

between individual genotypes of the same species. Kosol et al. (2009) analyzed MC and 

anabaenopeptin cell quota of 18 P. agardhii and 31 P. rubescens strains and found 14-fold 

and 12-fold differences respectively. Similar intraspecific variations were found for 

Cylindrospermopsis raciborskii (Davis et al., 2014; Willis et al., 2016) and M. aeruginosa strains 

(Wilson et al., 2006). This supports the assumption that much, if not most, of the variation in 

toxicity of natural blooms is the varying relative abundance of genotypes of the same species, 

but with varying individual toxin quotas (Buratti et al., 2017; Chorus and Bartram, 1999; Wood 

et al., 2017). In fact, co-occurrence and seasonal succession of toxic and non-toxic genotypes 

was shown in natural blooms for Microcystis by the presence or absence of the mcy gene 

cluster (Briand et al., 2009; Kurmayer et al., 2004; Kurmayer and Kutzenberger, 2003), or by 

correlating MC concentration to the presence of different 16S rRNA genotypes (Kardinaal et 

al., 2007). Nevertheless, environmental factors might still drive changes in bloom toxicity not 

through any stimulatory or trigger effect on the toxin production pathway itself, but through their 

selective effect on cell division rates and growth of different genotypes (Orr et al., 2018). A 

seasonal succession of different genotypes might often be a key mechanism determining 

cyanotoxin concentrations in lakes. Data from natural blooms exploring how environmental 

factors drive the succession of toxic and non-toxic genotypes are scarce and deserve further 

study.  
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Figure 1-2 Summary of abiotic and biotic factors controlling cyanobacterial boom dynamics. 
Adapted from Paerl 2018.  

 

This is especially true for biotic factors, such as grazing, allelopathic and symbiotic interactions 

with heterotrophic bacteria and parasitism by viruses (Gons et al., 2002), pathogenic bacteria, 

protists and fungi (Gerphagnon et al., 2015), which have only recently come into focus as 

bloom-influencing forces (Berry et al., 2017; Sommer et al., 2012; Steiner et al., 2017; 

Woodhouse et al., 2016). Viral control of phytoplankton dynamics is well described for the 

marine environment (Brussaard, 2004) but less for the freshwater environment.  

Chytrids are true fungi characterized by free-swimming motile stages called zoospores that 

actively find and infect new hosts. Chytrids infect a huge variety of phytoplankton species 

including filamentous cyanobacteria (Gerphagnon et al., 2015; Rasconi et al., 2012; Sønstebø 

and Rohrlack, 2011), and are highly host specific at the same time (Ibelings et al., 2004). Since 

several cyanotoxins are discussed as putative antiparasite compounds (see chapter 1.4.5), 

and parasites in general are highly hostspecific, it seems reasonable that chytrid parasite 

pressure might cause shifts between non-toxic and toxic genotypes in natural bloom 

communities. However, the extent to which chytrid parasitism can affect cyanobacterial bloom 

dynamics, or even result in the disintegration of blooms, is currently unresolved (Frenken et 

al., 2017; Gleason et al., 2015). 
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1.5.2. Consequences of cyanobacterial blooms 

Cyanobacterial blooms can cause a multitude of water quality concerns, affecting 

human, wildlife and ecosystem health as well as the economy. The extent and severity of 

bloom impacts depend on the geographic location of the affected water body, size and toxicity 

of the bloom, prompt identification of the bloom, purpose of the water body and applied water 

treatment measures. Unlike natural lakes, artificial water reservoirs are formed or modified by 

human activity for specific purposes, in order to provide a reliable and controllable resource, 

including the production of drinking water, irrigation for agriculture, flood control, recreational 

services or generating hydroelectricity (hydropower dams), and often serve multiple of these 

purposes at the same time. Therefore, cyanobacterial blooms occurring in artificial waters 

reservoirs present a great potential to negatively affect human health and economy. At the 

same time, reservoirs are expected to become more important as reliable and sustainable 

water sources in the future, as water resources become more vulnerable to weather extremes 

linked to climate change (e.g. increased frequency and intensity of heat waves and droughts, 

changes in precipitation frequency and intensity) (Ehsani et al., 2017; Zarfl et al., 2015). 

Human intoxication with cyanotoxins via drinking water or other pathways is considered the 

most severe impact of harmful cyanobacterial blooms. Although drinking water treatment 

processes can reduce cyanotoxins, the removal efficiency can be as low as 60 %, potentially 

leaving water quality compromised (Chapra et al., 2017; EPA, 2015; Zamyadi et al., 2012). As 

a result, several cases of human intoxication are linked to cyanobacterial blooms that occurred 

in drinking water supplies. The most fatal incident took place in a hemodialysis unit in Caruaru, 

Brazil in 1996. More than 120 dialysis patients were exposed intravenously to cyanotoxins, via 

poorly treated water from a contaminated drinking water reservoir. More than 74 patients died 

of liver failure as a consequence of intoxication with cyanobacterial toxins, now known to be 

mainly MCs (Azevedo et al., 2002; Pouria et al., 1998). The hemodialysis water originated in 

the Tabocas reservoir, which had experienced a massive growth of cyanobacteria after a 

drought, including species of the genera Microcystis, Dolichospermum and Raphidiopsis. The 

Caruaru incident is the only confirmed case of acute lethal human toxicity from MCs. In a 

similar, but non-lethal incident in 2001, 44 patients in Rio de Janeiro were exposed to sublethal 

doses of MCs during hemodialysis (Soares et al., 2006). This time, the water originated from 

the Funil reservoir and the Guandu River, both drinking water supplies. Subsequent 

investigations revealed Microcystis and Dolichospermum cell concentrations up to 

2 × 106 cells mL-1. Another serious case known as the "Palm Island mystery disease" occurred 

in 1979, Queensland Australia (Griffiths and Saker, 2003). More than 140 people had to be 

hospitalized after showing various symptoms of gastroenteritis. The sudden outbreak occurred 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/drought
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/changes-in-precipitation
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after the Solomon dam, the local drinking water supply, was treated with copper sulfate to 

control a Raphidiopsis raciborskii bloom. The treatment caused cell lysis and thereby the 

release of intracellular cylindrospermopsin into the surrounding water (Griffiths and Saker, 

2003). This example also highlights the importance of careful choices when deciding upon 

bloom mitigation measures. 

Accidental ingestion of cyanotoxins might also occur during recreational activities like 

swimming or other water sports (Hilborn et al., 2014; Lévesque et al., 2014). Lévesque et al. 

(2014) found that gastrointestinal symptoms (diarrhoea, abdominal pain, nausea, vomiting, 

fever or abdominal cramps) were associated with recreational exposure to water bodies 

contaminated with cyanobacteria. Exposure to cyanobacteria and their toxins during 

recreational water use arises through three routes of exposure: direct contact of exposed parts 

of the body, including sensitive areas such as the ears, eyes, mouth and throat, and the areas 

covered by a bathing suit (which may collect cell material); accidental uptake of water 

containing cells by swallowing; and uptake of water containing cells by inhalation (WHO, 2003). 

However, MC concentrations in the aerosols produced by wind most likely would not reach 

critical concentrations (Wood and Dietrich, 2011). So far there are no known cases of 

intoxication with cyanotoxins via inhalation.  

Cyanobacterial blooms occurring in water reservoirs used only for irrigation purposes, might 

still pose a threat to human health via food consumption. There are several indications that 

crops and vegetables spray-irrigated with contaminated water can accumulate cyanotoxins 

(Codd et al., 1999; Crush et al., 2008; Hereman and Bittencourt‐ Oliveira, 2012). Hereman 

and Bittencourt‐Oliveira (2012) showed that lettuce leaves sprayed with MCs at concentrations 

of 0.62-12.5 mg L-1 accumulated approximately 8-177 mg MC kg-1. This finding indicates that 

plants can accumulate MCs to levels that exceed the tolerable daily intake recommended by 

the World Health Organization (WHO) for drinking water (0.04 mg kg-1 body weight) (WHO, 

2017). Via this way, cyanotoxins can potentially move into farm animal and human food chains. 

A rather new exposure route is the consumption of blue-green algae dietary supplements. 

Many of these products contain Aphanizomenon flos-aquae from upper Lake Klamath in 

Oregon, USA (Carmichael et al., 2000; Gilroy et al., 2000). In the same lake, blooms of toxin-

producing M. aeruginosa can occur (Gilroy et al., 2000). The consumption of those 

supplements can pose a threat to humans, as they can contain MCs, sometimes above the 

guidance value of 1 μg g-1 dry weight given by the Oregon Health department (Gilroy et al., 

2000) and 10 μg g-1 dry weight, respectively (Dietrich and Hoeger, 2005). 

Apart from cyanotoxins, the production of taste and odor compounds by cyanobacteria can be 

a major concern in lakes, rivers and reservoirs, that are used for drinking water supplies or 
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recreation (Izaguirre et al., 1982; Li et al., 2012). Presence of taste and odor in drinking water 

may result in decreased consumer trust. The major taste and odor-causing compound in 

drinking water obtained from surface water is geosmin (-2-methyl isoborneol) and is produced 

by filamentous cyanobacteria (Srinivasan and Sorial, 2011). Geosmin causes an earthy-musty 

taste and odor and has an extremely low taste threshold in drinking-water of a few ng per liter 

(WHO, 2017). Due to its persistence to elimination in a conventional water treatment process 

such as coagulation, sedimentation, filtration and chlorination, geosmin removal causes 

additional water treatments expenses (Bruce et al., 2002; Srinivasan and Sorial, 2011). 

Cyanobacterial blooms and toxins can cause substantial financial impacts on local economy. 

Financial losses are related to intensified water treatment and bloom monitoring, health 

consequences, restriction of recreational activities and lowered property values (Carmichael 

and Boyer, 2016; Hamilton et al., 2013; Merel et al., 2013). A famous example is Lake Erie, 

one of the five great lakes in North America providing drinking water for >11 million people 

around the city of Toledo. Lake Erie experiences recurring massive cyanobacterial blooms of 

Microcystis since decades (Rinta-Kanto et al., 2005; Steffen et al., 2014). In 2015, half a million 

residents lost their access to drinking water for several weeks after MCs were detected in the 

treated drinking water. Economic costs of intensified water treatment but also tourism loss in 

the Lake Erie region have been estimated to impose annual costs of $272 million over a 30-

year period if left unsolved (Smith et al., 2019). Another example is the Darling River in 

Australia. During a neurotoxic Dolichospermum bloom in 1991, losses to the tourism industry 

were estimated around $1.5 million (Steffensen, 2008). More recently in 2009, a massive 

bloom impacted over 1,000 km of the Murray River in the same area, and prompted major 

management actions by public authorities (Al-Tebrineh et al., 2012), as the river serves as a 

major source for drinking water supply and livestock watering. Furthermore, cyanobacterial 

blooms have been associated with several fish kills in fish ponds and can therefore cause 

reduced yields in fish farming (Albay et al., 2003; Bürgi and Stadelmann, 2002; Drobac et al., 

2016). Further costs are caused by expensive monitoring and cyanotoxin analysis which have 

to be performed multiple times per week once a bloom is observed in a water body, sometimes 

over several months (EPA, 2015). 

Besides humans, also wildlife, livestock and pets can be exposed to cyanotoxins through toxin-

contaminated drinking water or by swimming or playing in affected water bodies (Puschner et 

al., 1998; Stewart et al., 2008). Most recently, between March and June 2020, cyanobacteria 

were linked to the death off 330 elephants in the Okavango Delta in Botswana (Benza, 2020). 

According to the wildlife authorities blood tests of the carcasses identified cyanobacterial 

neurotoxins to be the cause of their death. This was consistent with their finding of neurotoxin-
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producing cyanobacteria in the waterholes. Though detailed and official information by the 

authorities regarding species and toxins involved are pending at the time of writing. Besides 

this extraordinary and severe event, dog poisonings are covered by local media every summer 

and are caused by dogs eating cyanobacterial mats or by cleaning their fur after playing in 

contaminated waters (Walker et al., 2008). Blooms may also harm the whole aquatic 

ecosystem, as they can affect physical and chemical characteristics of the water bodies, 

resulting in the loss of phytoplankton and zooplankton biodiversity. Common effects include 

the decrease of water transparency and dissolved CO2, the increase of pH, and the alteration 

of biogeochemical cycles (Sukenik et al., 2015). For example, surface blooms can block the 

sunlight from reaching the benthos, leading to changes in attached plant communities 

(Scheffer et al., 1997) and increased re–suspension of nutrients from the sediments. The 

reduction of the euphotic zone and the increase in the ratio between the mixing depth and the 

euphotic depth is a detrimental factor for most phytoplankters, but not for cyanobacteria 

actively controlling their vertical migration (Mitrovic et al., 2001). The high photosynthetic 

activity during the bloom may produce high amounts of oxygen, accompanied by depletion of 

CO2 and increasing pH in the surface waters (Verspagen et al., 2014). If the pH drops down 

below 5 or rises above 10, most fish may become stressed and die (Wurts and Durborow, 

1992). Sub-lethal or lethal high pH values can locally be reached during intense cyanobacterial 

blooms and high photosynthetic activity. The decomposition of the biomass during the 

declining bloom can lead to localized hypoxia (<2 mg O2 L-1) or anoxia (Scavia et al., 2014), 

affecting reproductive capacity, behavior and physiology of fish at sub-lethal level and 

ultimately causing fish kills (Holzner et al., 2009; Richards et al., 2009). MCs were shown to 

be taken up by fish via ingestion and to accumulate in several organs (Ernst et al., 2006; Xie 

et al., 2005). Effects of cyanotoxin exposure of fish (e.g. zebra fish, tilapia, sea trout) were 

described for MCs (Malbrouck and Kestemont, 2006), nodularins and cylindrospermopsins 

(Sotton et al., 2014) and range from decrease in survival and growth rate of juveniles to multiple 

physiological and histopathological effects in adult fish. Cyanobacterial blooms may also affect 

invertebrates. During a bloom, cyanobacteria may account for 99 % of the total phytoplankton 

biomass and may therefore interfere with zooplankton food web processes. Especially large 

cladocerans like Daphnia are susceptible to interference from cyanobacterial filaments (de 

Bernardi and Giussani, 1990). Cyanobacteria tend to be of low food quality compared with 

eukaryotic phytoplankton due to morphological properties, toxicity, and the absence of only 

low amounts of polyunsaturated fatty acids and sterols (DeMott et al., 2001; Martin-Creuzburg 

et al., 2008; Müller-Navarra et al., 2004). Effects of cyanotoxins on invertebrates include acute 

effects (reduction in survivorship, feeding inhibition, paralysis), chronic effects (reduction in 

growth and fecundity), as well as biochemical and behavioral alterations (Ferrão-Filho and 
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Kozlowsky-Suzuki, 2011; Rohrlack et al., 2005; Sukenik et al., 2015). Bioaccumulation of 

cyanotoxins in invertebrates and vertebrates also has the potential of transferring these toxins 

through the food chain (Ferrão-Filho and Kozlowsky-Suzuki, 2011; Ibelings and Havens, 2008) 

and to ultimately become an issue for food safety. 

 

1.6. Aim of the thesis 

Cyanobacterial blooms can have harmful effects on human, wildlife and ecosystem 

health as well as severe consequences on the local economy. They can occur in natural lakes 

and rivers, but also in artificial water reservoirs. Furthermore, they show a distinct variability in 

genotype composition and toxicity. Due to climate change and ongoing eutrophication of 

freshwater ecosystems, global prevalence of harmful cyanobacterial blooms has increased in 

the last decades. Climate change scenarios predict bloom frequency and magnitude to even 

worsen in the future. At the same time, reliable and sustainable water resources including 

artificial water reservoirs will become more important. Consequently, there is a need for a 

better understanding of parameters causing cyanobacterial bloom occurrences as well as 

understanding factors that influence bloom species and toxin dynamics. 

This thesis is divided into four manuscripts that improve our knowledge on individual aspects 

of bloom occurrences and dynamics in natural lakes and artificial water reservoirs. Manuscript 

1 investigates the historical and spatial distribution of cyanobacterial bloom related proxies in 

lake sediment. This study improves the interpretation of paleolimnological studies based on 

sediment cores and helps to reconstruct historical changes in lake ecosystems which triggered 

bloom occurrences. Manuscript 2 investigates competitive growth of N2-fixing 

Dolichospermum with non-fixing green alga Chlorella under N-limiting and non-limiting growth 

condition. This study explores to what extent Dolichospermum can compensate N depletion 

using N2 fixation. Furthermore, it aims to identify nutrient scenarios that promote dominance of 

N2 fixing cyanobacteria. This data may help to decide if N reduction can be used as bloom 

mitigation strategy. Manuscript 3 describes the intra-annual species and cyanotoxin dynamics 

of a natural Dolichospermum bloom in an oligotrophic reservoir. Furthermore, it monitors fungal 

parasitism of Dolichospermum filaments and discusses potential correlation between 

parasitism and bloom species and toxin dynamics. This study helps to understand abiotic and 

biotic factors influencing blooms dynamics in reservoirs. Manuscript 4 is a comprehensive 

and integrative information tool for water reservoir managements. It provides an overview of 

five different challenges of water reservoir management, namely: sedimentation, 

biostabilization of fine sediments, cyanobacterial blooms, greenhouse gas emissions, and 
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social contestation or approval. The tool is attended to assist in the different steps of operation, 

to ensure a smooth and conflict-free operation of the reservoir system and the connected 

catchment area. The tool aims to positively contribute to future demands regarding managing 

water reservoirs. 
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2. MANUSCRIPT 1 

 

Is a central sediment sample sufficient? Exploring spatial and temporal 

microbial diversity in a small lake 

 

B. Weisbrod1, S.A. Wood2, K. Steiner2, R. Whyte-Wilding2, J. Puddick2, O. Laroche2, D.R. 

Dietrich1 

1Human and Environmental Toxicology, University of Konstanz, Universitätsstrasse 10, 78457 Konstanz, Germany 

2Cawthron Institute, 98 Halifax street East Nelson 7010, New Zealand 

 

Published in Toxins 2020, 12(9), 580; doi: 10.3390/toxins12090580. 

 

2.1. Abstract 

Paleolimnological studies applying molecular techniques to sediment cores can explore 

long-term changes in lake ecology, including historical occurrences of harmful cyanobacterial 

blooms. Most studies are based on single cores from the center or deepest point of the lake, 

assuming this is representative of the whole lake. Data on small-scale spatial variability (tens 

to hundreds of meters) on microbial communities in lake sediment are scarce. In this study, 

surface sediments (top 0.5 cm) were collected from 12 sites (representing embayment, littoral 

and mid-lake sites; n = 36), and two sediment cores (littoral (32 cm depth) and mid-lake (40 cm 

depth)) in Lake Rotorua, a small eutrophic lake (New Zealand). Bacterial community (16S 

rRNA metabarcoding), Microcystis specific 16S rRNA, microcystin synthetase gene E (mcyE) 

and microcystins (MCs) were assessed. Measurements of radionuclides (210Pb, 137Cs) were 

used to date sediment core layers. Bacterial community of surface sediments differed 

significantly between sites (p < 0.001). The majority of amplicon sequence variants (88.8 %) 

were shared between samples, suggesting that a single core from a central site will capture 

dominant microbial communities. Despite intense toxin-producing Microcystis blooms in the 

past decades, no Microcystis specific 16S rRNA, mcyE and MCs were found in surface 

sediments. Microcystis specific 16S rRNA and mcyE occurred in sediment cores, but only 

between 4 to 24 cm depth (approximately 1950’s). 210Pb measurements showed a disturbed 

non-linear depth profile, similar to patterns previously observed in sediment cores, as a result 

of increased sediment fluxes after earthquakes. Our results indicate that toxin-producing 

Microcystis blooms are a relatively recent phenomenon in Lake Rotorua. We posit that the 

absence of Microcystis from the surface sediments is a consequence of increased deposition 
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of erosion material and sediment mixing stemming from the immense Kaikoura earthquake 

two years prior to our sampling. 

 

2.2. Introduction 

Lake ecosystems worldwide are experiencing dramatic changes in water quality, 

nutrient concentrations and phytoplankton community composition due to global warming, 

eutrophication and introductions of non-native species (Carpenter et al., 2011; Vitousek et al., 

1997). Consequently, the occurrence of harmful cyanobacterial blooms has increased 

significantly (Huisman et al., 2018; Taranu et al., 2015). Many bloom-forming species produce 

cyanotoxins, which have neurotoxic, cytotoxic, and hepatotoxic effects on organisms (Sivonen, 

2009). Contact with or ingestion of water contaminated with cyanotoxins can lead to poisoning, 

or death of humans, pets, stock, and wildlife (Sivonen, 2009). Amongst the cyanobacterial 

toxins, the cyclic heptapeptide microcystins (MCs) are the most frequently found (Legrand et 

al., 2017; Monchamp et al., 2016; Pilon et al., 2019; Zastepa et al., 2017, 2015).  

MCs are potent inhibitors of eukaryotic protein phosphatases resulting in a wide range of organ 

toxicities, but primarily causing liver damage (Dietrich et al., 2008). Cyanobacteria genera 

known to produce MCs include Planktothrix, Oscillatoria, Dolichospermum and most 

prominently Microcystis (Sivonen, 2009). At least 271 structural variants of MCs have been 

described (Meriluoto et al., 2017). MCs are synthesized non-ribosomally by a large 

multifunctional enzyme complex which contains both non-ribosomal peptide synthetase and 

polyketide synthase domains (Tillett et al., 2000). The mcy gene cluster (mcyA-J) encoding 

these biosynthetic enzymes has been employed as the target region for the molecular 

detection of potentially toxin-producing cyanobacteria strains in water and sediment (Chorus, 

2012a; Legrand et al., 2017; Medlin and Orozco, 2017).  

Considerable effort has been invested in developing management and restoration plans for 

water bodies experiencing cyanobacterial blooms (Ibelings et al. 2016; Paerl 2014; Rastogi et 

al. 2015). Beyond the need for effective bloom mitigation strategies, there is an increasing 

demand for understanding how lake ecosystems and their catchments have changed 

historically and how this might correlate with increasing prevalence of cyanobacterial blooms. 

Unfortunately, long-term monitoring data are scarce. An emerging technique that can 

contribute historic data is the application of molecular biological methods to sediment core 

analysis (Giguet-Covex et al., 2019). Employing molecular techniques, e.g. metabarcoding and 

droplet digital PCR (ddPCR), allows reconstruction of historical cyanobacteria communities 
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using phylogenetic marker genes like the 16S ribosomal RNA (16S rRNA) but also functional 

genes (such as the mcy gene cluster) identified in sediment samples (Legrand et al., 2017; 

Monchamp et al., 2016). Accumulation of cyanobacterial DNA and toxins in sediments occurs 

via natural cell sedimentation during and after blooms (Wörmer et al., 2011). This is especially 

true for Microcystis sp. that overwinter in surface sediments (Borges et al., 2016; Preston et 

al., 1980). Both cyanobacterial DNA and MCs are thought to be well preserved in sediments, 

and both have been detected in sediment layers dating back over 200 years (Legrand et al., 

2017; Monchamp et al., 2016; Pilon et al., 2019; Zastepa et al., 2017, 2015). Most 

paleolimnological studies on cyanobacteria (Legrand et al., 2017) but also eukaryotes (Capo 

et al., 2017; Rühland et al., 2003), collect sediment cores from a single central site or deepest 

point in a lake, assuming a relatively even distribution across the lake. However, during a 

bloom cell densities of buoyant cyanobacteria, e.g., Microcystis spp., are highly dependent on 

wind and current drift, hence there is often high spatial variability across a lake surface (Hunter 

et al., 2008; Vander Woude et al., 2019; Wang et al., 2016). Cell and toxin concentrations at 

one site can change dramatically within short time periods. Given the spatial patchiness of 

cyanobacterial blooms, and the accumulation of buoyant scums along shorelines, it is likely 

that cyanobacterial cells and toxins may also be unevenly distributed on lake sediment. In 

addition, MC sediment concentration resulting from surface blooms are likely influenced by a 

complex interplay of microbial degradation, thermal decomposition and photolysis via UV 

radiation which can all vary within different sites of the same lake (Christoffersen et al., 2002; 

Holst et al., 2003). Therefore, there is an uncertainty as to whether single core samples are 

representative of the whole lake and provide an accurate record of bloom history. Most 

research regarding spatial distribution of sediment microbial communities has been 

undertaken on intermediate (different lakes) (Monchamp et al., 2019) to global (thousands of 

kilometers) scales (Gucht et al., 2007; Lindström and Langenheder, 2012; Vargas et al., 2015). 

Hence, a better understanding of small-scale (tens to hundreds of metres) distribution patterns 

within a lake is required to ensure a robust interpretation of paleolimnological results. 

This study focuses on Lake Rotorua, a small hypertrophic lake in the northeast of the South 

Island of New Zealand (Flint, 1975). The lake has experienced cyanobacterial blooms since at 

least the 1970’s with Dolichospermum, Aphanizomenon and MC-producing Microcystis 

present in high abundances. However, there is uncertainty as to whether these species have 

always been present in the lake and when blooms begun. The aims of this study were to: (i) 

determine the spatial variability in bacterial and cyanobacterial species in the surface sediment 

of Lake Rotorua, with a focus on the abundance of Microcystis, MC synthetase gene E (mcyE) 
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copy numbers and MCs; and (ii) explore the historical bacterial (in particular cyanobacteria) 

composition in two sediment cores. 

 

2.3. Material & Methods 

2.3.1. Study site 

Lake Rotorua (42°24’05”S, 173°34’57”E) is a small (0.55 km2), shallow (max. depth 

3 m), hypertrophic lake in the northeast of the South Island of New Zealand (Flint, 1975, Figure 

2-1). The average temperature in the nearby town of Kaikoura is 12.7°C and precipitation 

averages 881 mm per year. In the early 1900s the native podocarp-mixed hardwood forest that 

dominated the catchment was removed. The catchment now has a mixed land use of low 

intensity grazing, native scrub and bushland, and exotic weeds and trees. Inflow comes largely 

from surface run-off during rainfall events. There is a single small outflow at the southern end 

of the lake, and the lake has an estimated residence of 0.86 y-1 (Kelly et al., 2013). During a 

two year monitoring study, Wood et al., (2017) showed that Lake Rotorua experiences annual 

cyanobacterial blooms between spring and autumn, with seasonal succession from nitrogen 

fixers (Dolichospermum and Aphanizomenon) to Microcystis later in summer. During 

Microcystis blooms, peak concentrations of >2,000 µg L-1 total MC and 4×106 cells mL-1 have 

been measured (Wood et al., 2017, 2011).  
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Figure 2-1 Map of Lake Rotorua (Kaikoura, New Zealand). 
Position of 14 sediment sampling sites (12 surface sediments (S01-S12) and two sediment cores (C1 & C2)). Inset: 
Map of New Zealand showing site of the lake. 

 

2.3.2. Sediment sampling 

Surface sediment samples were collected at 12 sites in January 2018 using a sediment 

core sampler (UWITEC, Mondsee, Austria; Figure 2-1). Surface samples were collected in 

embayments (S01 and S02), mid-lake (S03-05, S11) and littoral zones (S06-10, S12) from the 

top layer (0.5 cm) of the core (Table 2-1). At each site, three separate surface samples were 

taken. At two sites, sediment cores were retrieved; (i) C1, collected mid-lake (40 cm length), 

and (ii) C2, collected in the littoral zone (32 cm length). Sediment cores were sectioned into 

1 cm increments. Sediment subsamples for DNA extraction were stored at -20°C until further 

processing. Subsamples for toxin extraction and age dating were sampled into 50 mL Falcon 

tubes and stored at -20°C until analysis. 

 

Table 2-1 Sediment samples taken in this study. 
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At each sampling site the water temperature, pH, salinity and dissolved oxygen were measured 

using a YSI water quality sonde (YSI, USA). 

 

2.3.3. DNA extraction and inhibition test 

Subsamples of sediment (0.2-0.4 g) were weighed into the first tube of a PowerSoil 

DNA Isolation Kit (Qiagen, CA, USA) and DNA extracted according to the protocol supplied by 

the manufacturer. A random selection of DNA samples (n = 10) were screened in duplicates 

for inhibition using an internal control quantitative PCR (qPCR) assay (Haugland et al., 2005). 

 

2.3.4. Quantitative PCR for Microcystis and mcyE enumeration in surface 

sediments 

The number of toxin-producing Microcystis cells present was determined by amplifying 

the mcyE gene (a single copy gene) and quantifying the number of amplicons, using a standard 

curve generated from MC-producing Microcystis sp. strain CAWBG617 (Wood et al., 2017). 

The qPCR was performed in triplicate for each sample in a 12.5 μL of reaction mix containing 

6.25 µL KAPA Probe Fast qPCR Kit Master Mix (2×), 1 µL of primers targeting a region within 

the mcyE open reading frame (0.4 µM, McyE-F2 and MicMcyE-R8) (Vaitomaa et al., 2003), 

0.2 µL of mcyE probe (Rueckert and Cary, 2009) and 1 µL of template DNA per sample. The 

standard curve was constructed using a purified (AxyPrep PCR Clean-up Kit, Axygen 

Biosciences, USA) PCR product generated with the primers described above. The number of 

copies in the PCR product used for the standard curves was determined using: (A × 6.022 × 

1023) / (B × 1×109 × 650), with A being the concentration of the PCR product, 6.022 × 

1023 (Avogadro's number), B being the length of the PCR product, 1×109 used to convert to 

ng, and 650 the average molecular weight per base pair (bp). Each point of the standard curve 

was analyzed in triplicate for each qPCR run conducted. The standard curve generated was 

linear (R2 > 0.99) and PCR efficiency was > 0.9. The results of copies per μL DNA were 

converted to copies per gram of sediment using: (D × 80) / E, with D being the number of 

copies per μL, × 80 since 1 μL DNA of the elution volume (80 μL) was used, and E being the 

weight of sediment (g) used for DNA extraction. 

To detect and quantify Microcystis sp., a region of the 16S rRNA gene was amplified using 

Microcystis sp. specific primers MICR184F (Neilan et al., 1997) and MICR431R (Rinta-Kanto 

et al., 2005). qPCR and standard curve construction was performed as described for mcyE 

enumeration. 
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2.3.5. Droplet digital PCR for mcyE enumeration in sediment cores 

Quantification of the mcyE copy numbers in sediment cores was carried out with 

ddPCR using a BioRad QX200 system. Each ddPCR reaction included 2 μL of 900 nM of each 

primer and 0.55 μL of 250 nM of primer probe (primers and probe as described for qPCR), 

11 μL of BioRad ddPCR Supermix for probes, 1.5 μL DNA, and 4.95 μL of sterile water. The 

reaction mixture was divided into nanodroplets by joining 20 μL of the reaction mixture with 

70 μL of BioRad droplet oil. After processing, the nanodroplet volume resulted in a total of 

40 μL, which was transferred to a PCR plate for amplification at 96°C for 10 min, followed by 

40 cycles at 94°C for 30 s, 60°C for 60 s and a final extension step of 96°C for 10 min. The 

ddPCR was run on one plate, with four negative controls (containing all reagents plus 

DNA/RNA-free water) and four positive controls (genomic DNA extracted from a sample known 

to contain the mcyE gene) included. The results were converted to copies per gram of sediment 

using: (D × 66) / E, with D being the number of copies per μL, × 66 since 1.5 μL DNA of the 

elution volume (100 μL) was used, and E being the weight of sediment (g) used for DNA 

extraction. 

 

2.3.6. High Throughput Sequencing 

16S rRNA PCR 

Surface and core sediments were analyzed via Illumina™ sequencing. A region of the 

16S rRNA gene approx. 400 bp long was amplified using bacteria-specific primers 341F: 5’-

CCT ACG GGN GGC WGC AG-3’ and 805R: 5’-GAC TAC HVG GGT ATC TAA TCC-3’, 

modified to include Illumina™ adapters (Herlemann et al., 2011; Klindworth et al., 2013). PCR 

reactions were performed in 50 µL volumes containing 25 μL of AmpliTaq Gold® 360 master 

mix (Life Technologies, CA, USA), 12.5 μL GC inhibitor (Life Technologies), 2 μL of each 

primer (10 μM, Integrated DNA Technologies, IA, USA), 2 μL template DNA (between 60 and 

220 ng) and 6.5 μL Milli-Q water. PCR cycling conditions were: 95°C for 10 min, followed by 

27 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 45 s, and a final extension of 72°C for 7 min. 

PCR products were visualized with 1.5 % agarose gel electrophoresis with Red Safe DNA 

Loading Dye (iNtRON Biotechnology Inc, Kyungki-Do, Korea) and UV illumination to ensure 

amplification of a single 400 bp product. PCR products were purified (Agencourt® AMPure® XP 

Kit; Beckman Coulter, CA, USA), quantified (Qubit® 20 Fluorometer, Invitrogen), diluted to 

10 ng µL-1 and submitted to New Zealand Genomics Limited (Auckland, New Zealand) for 

library preparation. Sequencing adapters and sample-specific indices were added to each 

amplicon via a second round of PCR using the NexteraTM Index kit (IlluminaTM). Amplicons 
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were pooled into a single library and paired-end sequences (2 × 250) were generated on a 

MiSeq instrument using the TruSeqTM SBS kit (IlluminaTM). Sequence data were automatically 

demultiplexed using MiSeq Reporter (v2), and forward and reverse reads were assigned to 

samples. 

Quality control and taxonomic assignment of Illumina sequences 

Analysis of sequencing data was performed using the QIIME 2 2019.1 (Bolyen et al., 2018). 

Raw sequence reads were demultiplexed and quality filtered using q2-demux plugin. 

Denoising of sequences was followed by chimera identification and removal using DADA2 

(Callahan et al., 2016). To account for differential sequencing depth among samples, the 

number of reads per sample was rarefied to 28,700 (surface sediment samples) and 26,177 

reads (sediment core samples). Five samples were excluded from further analysis because of 

low read number; two surface sediments (S01 and S02), two subsamples from the mid-lake 

sediment core (9-10 cm and 17-18 cm) and one subsample from the littoral core (29-30 cm). 

The implemented q2-feature-classifier-plugin (a scikit-learn naive Bayes machine-learning 

classifier) (Pedregosa et al., 2012) was used for classification and pre-trained on the SILVA 

bacteria 16S rRNA gene reference database (version 132) (Quast et al., 2013), trimmed with 

the primer sequences prior to taxonomic assignment. Quality filtered and taxa assigned 

amplicon sequence variants (ASVs) were further pre-processed and filtered using R (version 

3.6.1) (R Core Team, 2020) and the phyloseq package (McMurdie and Holmes, 2013). 

Chloroplast, rare ASVs accounting for less than 0.1 % of the total bacterial community, and 

ASVs which could not be assigned further than kingdom level were excluded from further 

analysis. 

 

2.3.7. Graphics and data analysis of High Throughput-Sequences 

To visualize bacterial community dissimilarities between sampling sites and depth 

increments, non-metric-multidimensional-scaling (NMDS) was performed, using the R vegan 

package (Oksanen et al., 2019). Filtered and pre-processed ASVs were previously fourth root 

transformed and a Bray-Curtis dissimilarity matrix was calculated. To test for significance of 

observed dissimilarities in bacterial community between sites, a one-way distance-based 

permutational analysis of variance (PERMANOVA, Anderson, 2001) was performed using 

PRIMER (version 7) with the PERMANOVA+ add on (Clarke and Gorley, 2015). Venn 

diagrams were designed using the Venny tool version 2.1 (Oliveros, 2015). GraphPad prism 

(version 5) for Windows was used for all other figure preparations. 
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2.3.8. Toxin analysis 

Toxin extraction from surface sediments 

Surface sediment samples (6-10 g wet weight) were freeze-dried and extracted with three 

consecutive extractions using 100 % MeOH (5 mL each). During each extraction step, samples 

were vortexed for 1 min, sonicated for 15 min and centrifuged (3200×g, 10 min, 10°C). The 

extracts were pooled and dried at 40°C under a stream of nitrogen gas and dissolved in 1 mL 

100 % MeOH. Extracts were stored at -20°C until measurement. 

 

Toxin analysis of surface sediments 

Toxin extracts were analyzed by ultra-performance liquid chromatography-tandem mass 

spectrometry (UPLC-MS/MS) as described previously (Puddick et al., 2016). To assess the 

extraction method and check for matrix effects, the recovery rate of MC was determined by 

fortification with a semi-purified extract of Microcystis CAWBG11 which produces a range of 

MC congeners (Puddick et al., 2014). The MC-enriched extract (dissolved in 80 % MeOH) was 

added to sediment samples and incubated at 4°C for 30 min. Samples were extracted as 

described previously and analyzed via UPLC-MS/MS. 

 

2.3.9. Sediment chronology of mid-lake sediment deep core 

For age-dating of the mid-lake sediment core, subsamples representing six increments 

(4-5, 6-7, 10-11, 14-15, 24-25 and 32-33 cm) were analyzed using gamma spectrometry of the 

long-lived radionuclides 210Pb and 137Cs at the Institute of Environmental Science and 

Research (Christchurch, New Zealand). Activities were quantified using a gamma counter with 

a high-purity germanium well detector. Activities are reported in Bq per kg. Uncertainties are 

based on the combined standard uncertainty multiplied by a coverage factor (k) = 2, (providing 

a level of confidence of 95 %) as described before (FAO/IAEA. 2017, Sikorski, 2019). Core 

chronologies from 210Pb and 137Cs measurements were calculated using the constant rate of 

supply (CRS) model in R by means of the mudata2 package (Dunnington and Spooner, 2018). 

Assuming that the supply of unsupported 210Pb to the sediment is the same for each time 

interval, the CRS model is calculated as follows: 

tz  = λ
-1

-1 ln(A0 Az
-1

)   Equation (1) 

Where (t) is the age of any interval (z) (Appleby and Oldfield, 1978). 
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2.4. Results 

2.4.1. Physicochemical parameters 

Temperature, pH and salinity did not differ markedly between sampling sites (Table S 

2-1). Dissolved oxygen concentration varied between 0.4 and 7.6 mg L-1 and was highest in 

the embayment (S01, 7.63 mg L-1;S02, 6.3 mg L-1) and at one littoral site (S08, 6.6 mg L-1; 

Table S 2-1). 

 

2.4.2. Surface sediments 

Detection of Microcystis sp. specific 16S rRNA and mcyE 

All samples, besides the littoral sample S06, contained low levels of the Microcystis sp. 

16S rRNA gene (Figure 2-2A). The littoral samples S07, S09 and S12 contained more than 

106 gene copy numbers g-1 sediment (Figure 2-2A). The mcyE gene copy numbers were 

relatively high in the three mid-lake samples (S03, S04, S05) (69,443-1.3 × 106 gene copy 

numbers g-1 sediment), low (≤15,565 gene copy numbers g-1 sediment) in samples S01-02, 

S06-07, S10 and S12, and no copies were detected in samples S08, S09 and S11 (Figure 

2-2B). As a single copy gene, mcyE gene copy numbers should be present at a lower 

concentration compared to the Microcystis 16S rRNA copy numbers. This was observed for 

samples S01-03, and S06-12, while higher mcyE gene copy numbers than corresponding 

16S rRNA copy numbers were observed for samples S04 and S05. 

 

 

Figure 2-2 Abundance of Microcystis specific, (A) 16S rRNA gene, and (B) mcyE gene in surface sediment samples 
(S01-S12). 
Sample sites are indicated by color (embayment = green, mid-lake = blue, littoral = yellow). Data are log(x+1)-
transformed. 
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Bacterial community  

The total number of unique 16S rRNA ASVs after quality-filtering and pre-processing was 

1011. Negative controls contained 372 reads assigned to 12 ASVs. These were excluded when 

ASV that accounted for >0.01 % of reads were removed. A total of 546 ASVs (54 %) were 

shared between embayment, littoral and mid-lake sampling sites (Figure 2-3) and 65 ASVs 

(36 %) were shared between mid-lake and littoral sites (in total 90.1 % shared ASVs). Mid-lake 

and embayment sites shared three ASVs, and littoral and embayment sites shared 55 ASVs 

(Figure 2-3). The most common seven bacterial phyla were Proteobacteria, Bacteroidetes, 

Acidobacteria, Fibrobacteres, Verrucomicrobia and Planctomycetes. The relative abundance 

of cyanobacteria in surface sediments was low, accounting for 0.14 - 0.59 % of the total 

bacterial community (Figure 2-4A). Nine unique cyanobacteria ASVs were detected, 

representing four genera; Snowella, Planktothrix, Dolichospermum and Cyanobium (Figure 

2-4B). Contrary to expectations based on Microcystis sp. specific 16S rRNA gene analyses, 

no Microcystis ASVs were detected (Figure 2-4B). Further integration of the raw data showed 

that Microcystis ASVs were present in very low numbers, but because they represented 

<0.01 % of all ASVs, they were discarded in the bioinformatic pipeline. 

 

 

Figure 2-3 Venn diagram. 
Unique and shared amplicon sequence variant between the three sampling sites of surface sediments. 
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Figure 2-4 Bacterial community of surface sediment samples (S01-S12) based on 16S rRNA sequences. 
Relative abundance of; (A) cyanobacteria and the seven most abundant bacteria phyla the in the total bacterial 
community, and (B) cyanobacteria genera in the cyanobacteria portion of the data. Sample sites are indicated by 
color (embayment = green, mid-lake = blue, littoral = yellow). 

 

The NMDS ordination showed clear grouping of the total bacterial community by sampling site 

(Figure 2-5). The communities in the embayment sites (S01 and S02) were significantly 

different from littoral and mid-lake sites (S03-S12), (PERMANOVA, emb.-littoral: t = 3.142, p = 

0.0001; emb.-mid.: t = 4.011 p = 0.0007; mid.-littoral: t = 2.285, p = 0.0001; Figure 2-5A). 

Cyanobacterial communities were also significantly different between sites (PERMANOVA, 

emb.-littoral: t = 2.153, p = 0.001; emb.-mid.: t = 5.577, p = 0.0006; mid.-littoral: t = 3.026, p = 

0.0001; Figure 2-5B). 

 

Figure 2-5. Two-dimensional non-metric multidimensional scaling (NMDS) ordination of microbial communities in 
the surface sediment samples (S01-S12). 
Plots are based on Bray-Curtis dissimilarities of 16S rRNA sequences of the; (A) total bacterial community, and (B) 
cyanobacterial community. Sampling site is indicated by shape (circle, triangle, square). Each point represents a 
sample. Replicates form a polygon. Stress value indicates fit of ordination, values ≤0.1 are considered fair, values 
≤0.05 indicate good fit. 

 

Toxin analysis 

MCs were not detected (<0.02 ng mL-1 or <2 µg g-1 wet weight in a 10 g sample) in any of the 

surface sediments collected. Recovery rates of the spiked MC congeners ranged between 
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25 % for MC-RR, 73 % for MC-LR and 126 % for MC-LA (average result for the four spiked 

samples), indicating absorption to the sample matrix for certain congeners (Table S 2-2). 

Recovery rates also differed between the four samples fortified with MCs, reinforcing this 

observation.  

 

2.4.3. Sediment cores 

Bacterial community and detection of Microcystis sp. specific 16S rRNA 

High throughput sequencing of 16S rRNA amplicons of sediment core samples resulted in a 

total of 1,712 unique ASVs of which 1,521 (89 %) were shared among both cores (Figure S 

2-1). An additional 159 ASVs occurred only in the mid-lake core, and 32 ASVs were unique to 

the littoral core (Figure S 2-1). NMDS ordination of the total bacterial community shifted with 

increasing depth in both cores, indicating an increasing dissimilarity between communities with 

increasing depth (Figure 2-7). In total, nine ASVs were assigned to cyanobacteria representing 

four genera Microcystis, Aphanizomenon, Dolichospermum and Cyanobium (Figure 2-6B). In 

the mid-lake core, the cyanobacterial ASVs occurred mainly in the upper 17 cm (0.4-16.5 % 

relative abundance) and in the littoral core, in the upper 12 cm (0.3-10.4 % relative 

abundance), showing in both cores a decreasing trend in relative abundance with increasing 

sediment depth (Figure 2-6A, Figure S 2-2A). In deeper sediment core layers, cyanobacterial 

ASV abundance was below 0.1 % of total bacterial community (Figure 2-6A, Figure S 2-2A). 

 

 

Figure 2-6 Bacterial community of the sediment core layers (cm) from the mid-lake (C1). 
Relative abundance of; (A) Microcystis and other cyanobacteria in the total bacterial community, and (B) 
Cyanobacteria genera in the total cyanobacteria community based on 16S rRNA sequences. mcyE gene copies (g-

1 sediment) were detected with droplet digital PCR. Missing bars indicate that cyanobacterial taxa accounted for 
<0.1 % of the total bacterial community in these samples. 
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Figure 2-7 Two-dimensional non-metric multidimensional scaling (NMDS) ordination of bacterial community of 
sediment cores. 
Plots are based on Bray-Curtis similarities of 16S rRNA sequences of the total bacterial community. Color indicates 
depth layer, sampling site is indicated by shape (circles = C1 (mid-lake), triangles = C2 (littoral)). Each point 
represents a sample.  

 

In the mid-lake core Microcystis was detected only in traces in the uppermost layer (0-1 cm, 

0.03 %, Figure 2-6B), but was not detected in the upper 1-3 cm. No Microcystis was detected 

in the upper 0-3 cm of the littoral core (Figure S 2-2). Cyanobacterial taxa found in these upper 

layers belonged to the genera of Dolichospermum, Cyanobium and Aphanizomenon (Figure 

2-6B, Figure S 2-2). In the mid-lake core, Microcystis was first detected at 4 cm depth and was 

present to a depth of 25 cm (Figure 2-6A). Microcystis abundance ranged between <1 % to 

48 % of the cyanobacterial community accounting for 0-0.18 % of the total bacterial community 

in the sediment layers (Figure 2-6). A peak in the relative abundance for Microcystis was 

observed at 22-25 cm depth, accounting for 9 %, 12 % and 48 % of the cyanobacterial 

community, respectively. In the littoral core, Microcystis was first detected at 5 cm. The relative 

abundance of Microcystis in the cyanobacterial community was much lower compared to the 

mid-lake core accounting for ≤14 % (Figure S 2-2). 

 

Detection of Microcystis specific mcyE 

The vertical profile of mcyE copy numbers in the mid-lake core showed a similar pattern to the 

sequencing results (Figure 2-6B). Copy numbers of mcyE were detected in lower numbers in 

the upper 3 cm of the core (1,089-1,361 copies g-1 sediment) but increased from 4 to 17 cm. 

A peak concentration of 18,217 mcyE copies g-1 sediment was observed at 10-11 cm. Beyond 

17 cm, mcyE copy numbers were not detected (<100 copies g-1 sediment). 
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2.4.4. Sediment chronology 

The 137Cs chronomarker profile showed a typical increase in activity over sediment 

depth. The increase was from 4 cm sediment depth down to a depth of 14-15 cm and was 

below background level for the two deeper layers (24-25 cm & 32-33 cm; Figure 2-8). The 

1963-1964 (nuclear weapon testing) 137Cs activity peak was not directly measured. However, 

the peak was assumed to be located between the highest 137Cs activity (14 cm depth) and the 

first below background measurement (24 cm; Figure 2-8). Due to the low temporal resolution, 

no dating model was applicable to this 137Cs profile. 210Pb activity showed a non-linear activity 

pattern with no clear increasing or decreasing trend. Therefore, the pattern could not be 

interpreted as a function of radioactive decay and no 210Pb dating model could be applied. 

 

 

Figure 2-8 Radionuclide profile of 137Cs and 210Pb of the sediment core from the mid-lake (C1). 
Supported 210Pb (226Rd) has been subtracted from plotted 210Pb data. Measured value consistent with the 
background measurement are indicated with (≤bg). Error bars indicate uncertainty based on the combined standard 
uncertainty multiplied by a coverage factor providing a level of confidence of 95 %. “1963-1964 peak” refers to the 
presumed marker position of the 137Cs maximum from 1963-1964. 

 

2.5. Discussion 

2.5.1. Bacterial community and Microcystis abundance in surface lake 

sediment 

In this study, we initially set out to explore the spatial variability of Microcystis and other 

cyanobacteria in surface sediments to improve knowledge of fine-scale distribution patterns 

needed for paleolimnological research. Initially, we planned to explore only the cyanobacterial 
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component of the metabarcoding data but given the unexpectedly low abundance of 

cyanobacteria, we expanded our analysis to the entire bacterial community. This also gives 

these results greater relevance to paleolimnological studies which are now incorporating 

molecular microbial analysis into their suite of techniques (Capo et al., 2017; Monchamp et al., 

2018; Rühland et al., 2003). 

There are only a few studies available which focus on spatial variability of sediment DNA on a 

fine scale. O’Donnell et al. (2017) assessed a near-shore marine habitat and observed a 

decrease in similarity of sediment microbial communities with increasing distance between 

sampling sites. To our knowledge there is just one other paleolimnological study focusing on 

historic cyanobacteria communities which sampled several cores in the same lake 

(Savichtcheva et al., 2011). However, the latter study focused on comparing the quality and 

integrity of a preserved DNA fragments between cores, rather than characterising the 

cyanobacterial community.  

The results of the present study demonstrate that surface sediment samples taken from a 

central point in the lake capture approximately 90 % of the microbial diversity in the mid-lake 

and littoral zones. This is especially important as most paleolimnological studies use single 

sediment cores from the deepest point in a lake. In contrast, the bacterial communities in the 

embayment sites were significantly different to the littoral and mid-lake sites and varied 

markedly among each other. This is most likely due to differences between abiotic parameters 

compared to littoral and mid-lake sites as reflected by lower dissolved oxygen and water depth. 

In addition, the different physical and chemical sediment characteristics might have an impact 

on DNA preservation between the embayment sites (Giguet-Covex et al., 2019). However, 

correlating differences in environmental parameters to differences of bacterial community 

structure was not the focus of this study and requires a more comprehensive sampling 

approach. It is important to recognize that Lake Rotorua is a small lake. In larger lakes, a higher 

spatial diversity of abiotic parameters and bacterial communities might be expected.  

In the present study we expected to observe a high number of Microcystis 16S rRNA and mcyE 

gene copies and MCs in the surface sediment samples. This assumption was based on the 

occurrence of intense Microcystis blooms recorded within the last decade (Borges et al., 2016; 

Wood et al., 2017) and the occurrence of high numbers of Microcystis cells on surface 

sediments during a study undertaken in 2014 (Borges et al., 2016). Microcystis can overwinter 

on the sediment surface (Fallon and Brock, 1981; Preston et al., 1980; Reynolds et al., 1981). 

The overwintering cells can resist harsh environmental conditions and form an inoculum for 

new spring blooms (Brunberg and Blomqvist, 2003; Kitchens et al., 2018). The abundance of 
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overwintering cells has been shown to vary spatially, with higher abundance generally 

occurring at greater depths (Borges et al., 2016; Brunberg and Blomqvist, 2003). However, in 

the present study, only traces of Microcystis 16S rRNA gene copies and none of the eleven 

MCs analysed were detected in the sediment surface layers. The absence of Microcystis and 

MCs in the surface sediment, despite the recent reports of MC-producing Microcystis in the 

lake, prompted us to take sediment cores to ensure that our detection methods were viable 

and that DNA and toxins were preserved in the sediment of Lake Rotorua. 

 

2.5.2. Historic Microcystis populations 

In agreement with the results from surface sediments, Microcystis 16S rRNA and mcyE 

gene copies were absent in the upper 3 cm of the sediment cores. However, Microcystis 16S 

rRNA and mcyE gene copies were detected in greater depths indicating that toxin-producing 

strains of this species have been present in the lake since around the 1950’s. The reasons 

why there was no Microcystis and a generally low abundance of cyanobacteria before the 

1950’s cannot be readily explained with the data presented here. It might be linked to changes 

in land use of the lake catchment. The land around the lake was once podocarp forest, but this 

was burnt and replaced by pasture. Together with the rising usage of fertilizers, this has caused 

significant nutrient enrichments in the region’s waterways (Ministry for the Environment & Stats 

NZ, 2019). An increase of cyanobacteria during the 1900s was also observed in other lake 

sediment studies of North America (Taranu et al., 2015) and Europe (Legrand et al., 2017) and 

was linked to nutrient enrichment as a result of intensified agriculture.  

Differences in historic bacterial communities between the littoral and mid-lake cores are 

probably due to water level fluctuations of Lake Rotorua. We assume that the current littoral 

area for the lake may have been swamp or wetland for some time or even for reoccurring time 

periods. This was supported by the fact that we were unable to obtain a longer core as we hit 

what we presume was thick historic vegetation and root. The mid-lake core is therefore more 

representative for looking at the historic bacterial communities of Lake Rotorua. 

 

2.5.3. Why is Microcystis absent in the surface sediments? 

The absence of Microcystis 16S rRNA and mcyE gene copies and MCs in the 

uppermost layers of all sediment samples of Lake Rotorua, corresponds with the observation 

that since 2016 (July & October 2017, January 2018) no Microcystis cells have been recorded 

in water column samples (Environment Canterbury, unpublished monitoring data). In 
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November 2016, an earthquake of magnitude 7.8 struck the Kaikoura region. This was the 

second biggest earthquake recorded in New Zealand since European settlement. The 

earthquake triggered an estimated 100,000 landslides in the region, although no major ones 

were visible directly around the lake (Dellow et al., 2017; Massey et al., 2018). It is possible 

that this event resulted in a significant flux of sediment into the lake. Lake sediments have 

previously been used to reconstruct the chronology of natural disasters including floods 

(Schillereff et al., 2014) and earthquakes (Moernaut et al., 2014; Wilhelm et al., 2016). 

Earthquakes are linked to increased sediment fluxes to rivers and basins as a consequence 

of seismically induced landslides which often leads to a short-term increase of local and distant 

erosion rates (Avşar et al., 2016). These sediment fluxes can be identified as lake deposits 

(turbidites), which differ in structure from sediments originating from regular sedimentation 

processes, and can help to reconstruct long-term earthquake occurrences as previously shown 

for the New Zealand alpine fault (Howarth et al., 2014).  

While the 137Cs profile of the sediment core was as expected, 210Pb did not display its typical 

linear decay profile known from undisturbed sediments. Non-linear 210Pb profiles where 

previously shown for Lake Antern in the French Alps (Arnaud et al., 2002) and the Chilean lake 

district (Arnaud et al., 2006) as a result of earthquake-induced sediment changes. These 

changes can result from direct seismological mixing of old sediment layers containing 210Pb 

depleted material (Arnaud et al., 2002), or from landslides triggered by earthquakes, which 

increase erosion rates and sediment fluxes to rivers and basins (Avşar et al., 2016), thereby 

overlaying lake sediments. The thickness of the earthquake-induced mass movement deposits 

varies between lakes and depends on the magnitude of the seismic event, site and size of 

triggered landslides as well as on the amount and quality of the erodible material in the 

catchment area. Of the few studies that have linked lake sediment deposits to the intensity of 

historic earthquake events, seismic event-linked deposits in lake sediment cores from the 

European Alps ranged between 1 to >20 cm thickness (Arnaud et al., 2002; Wilhelm et al., 

2016), in a Chilean lake between 0.5 to 7 cm (Moernaut et al., 2014) and in alpine lakes of 

New Zealand between 0.2 to 20 cm (Howarth et al., 2014). This demonstrates that each lake 

needs to be analyzed individually to allow any deduction of the impact of the seismic event on 

lake sediments. 

The 2016 Kaikoura earthquake had a magnitude of 7.8, which was higher or equivalent to the 

seismic event related changes in the sediments described for the European Alps, Chile and 

earlier seismic events in New Zealand. Thus, it is likely that the disturbed upper 3-4 cm in Lake 

Rotorua resulted from a mixing effect as well an increased deposition of erosion material 

(Arnaud et al., 2002). The finding that other cyanobacterial taxa were detected in the upper 3 
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cm and intact biofilms were found at the sediment surface (Figure S 2-3) may appear 

contradictory to the disturbed sediment hypothesis. However, Cyanobium and Snowella are 

common freshwater picocyanobacteria (Callieri et al., 2013). They are known to be very 

adaptive to changing environmental conditions (Callieri, 2010; Callieri et al., 2012) and may 

represent the pioneering species occupying new niches after major environmental changes 

induced by increased sediment fluxes. Aphanizomenon and Dolichospermum both produce 

akinetes, thick walled cells that remain dormant until environmental conditions are favorable. 

It is possible that these were more resilient to sediment mixing than Microcystis vegetative 

cells or survived in shoreline terrestrial habitats, allowing these genera to rapidly recolonize 

following the sediment disturbance. 
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2.7. Supplemental Information 

 

 

Figure S 2-1 Venn diagram. 
Unique and shared amplicon sequence variant (ASV) between the two sediment cores from the mid-lake (C1) and 
the littoral (C2). 

 

 

Figure S 2-2 Bacterial community of the sediment core layers (cm) from the littoral (C2). 
Relative abundance of; (A) Microcystis and other cyanobacteria in the total bacterial community, and (B) 
Cyanobacteria genera in the total cyanobacteria community based on 16S rRNA sequences. Missing bars indicate 
that cyanobacterial taxa accounted for <0.1 % of the total bacterial community in these samples.  
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Figure S 2-3 Biofilm growing on the surface sediment of Lake Rotorua. 

 

Table S 2-1 Abiotic parameters of surface sediment sampling sites. 

 

 

Table S 2-2 Recovery rates of microcystin (MC) congeners. 

 

 

 

  

LC-MS (ng/mL) MC-RR dmMC-RR MC-YR MC-LR dmMC-LR MC-FR MC-WR MC-RA MC-LA MC-FA MC-WA Total MCs MC-RRs MC-XRs MC-RZs MC-XAs

Spike Control - A 9.98 0.51 2.09 41.6 9.24 22.5 8.33 3.73 16.09 5.3 1.03 120.4 10.49 83.76 3.73 22.42

Spike Control - B 7.38 0.39 1.7 30.79 6.3 17.6 5.99 2.7 11.81 4.05 0.77 89.48 7.77 62.38 2.7 16.63

Ave 8.68 0.45 1.895 36.195 7.77 20.05 7.16 3.215 13.95 4.675 0.9 104.94 9.13 73.07 3.215 19.525

0 0 0 0 0

Sediment Spike - 4c 2.36 0.12 1.81 39.2 9.02 18.82 5.98 3.63 18.57 5.5 1.07 106.08 2.48 74.83 3.63 25.14

Sediment Spike - 8b 6.35 0.54 2.4 54.6 12.5 27.16 9.76 4.65 21.27 6.7 1.33 147.26 6.89 106.42 4.65 29.3

Sediment Spike - 9b 0.19 4.29 0.72 2.33 0.64 0.53 14.25 4.01 0.73 27.69 0 8.17 0.53 18.99

Sediment Spike - 10c 0.25 7.09 1.25 3.42 0.89 0.77 16.34 4.67 0.84 35.52 0 12.9 0.77 21.85

% of Expected MC-RR dmMC-RR MC-YR MC-LR dmMC-LR MC-FR MC-WR MC-RA MC-LA MC-FA MC-WA Total MCs MC-RRs MC-XRs MC-RZs MC-XAs

Sediment Spike - 4c 27% 27% 96% 108% 116% 94% 84% 113% 133% 118% 119% 101% 27% 102% 113% 129%

Sediment Spike - 8b 73% 120% 127% 151% 161% 135% 136% 145% 152% 143% 148% 140% 75% 146% 145% 150%

Sediment Spike - 9b 0% 0% 10% 12% 9% 12% 9% 16% 102% 86% 81% 26% 0% 11% 16% 97%

Sediment Spike - 10c 0% 0% 13% 20% 16% 17% 12% 24% 117% 100% 93% 34% 0% 18% 24% 112%

Ave 25% 37% 61% 73% 76% 65% 60% 74% 126% 112% 110% 75% 26% 69% 74% 122%

SD 35% 57% 59% 68% 75% 60% 61% 64% 22% 25% 30% 55% 36% 66% 64% 23%

Min 0% 0% 10% 12% 9% 12% 9% 16% 102% 86% 81% 26% 0% 11% 16% 97%

Max 73% 120% 127% 151% 161% 135% 136% 145% 152% 143% 148% 140% 75% 146% 145% 150%
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3.1. Abstract 

Diazotrophic cyanobacteria are able to fix atmospheric nitrogen (N2) using the enzyme 

nitrogenase. This allows those taxa to grow under low nitrogen supply. Given the physiological 

costs of N2 fixation, there is an ongoing discussion about its efficiency, and if N2 fixation can 

completely compensate for other N sources, without decreasing growth rates of diazotrophic 

taxa. This is especially relevant, considering the effect of reducing N loads in surface waters 

as cyanobacterial bloom mitigation strategy, and if this may cause a shift towards N2 fixing taxa 

without decreasing the total cyanobacterial biomass. Here we investigated the growth and 

nitrogenase expression of diazotrophic Dolichospermum in chemostats under nitrogen-limiting 

(N-) and nitrogen-saturating (N+) conditions, both in mono-culture and in co-culture with the 

green alga Chlorella. Dolichospermum growth was not affected by N treatment in mono-

cultures and nitrogenase expression was higher under N- condition, indicating that 

Dolichospermum can fully compensate for N limitation using N2 fixation. In the co-cultures, 

Chlorella outcompeted Dolichospermum in the N+ treatment, while Dolichospermum 

outcompeted Chlorella in the N- treatment. Nitrogenase expression of Dolichospermum was 

higher in all N- treatments compared to the same day of the N+ treatment and showed a clear 

temporal increase over the course of the experiment. Our results provide experimental 

evidence that N-only reduction in eutrophic surface water may cause a shift from eukaryotic 

green algae towards diazetroph cyanobacterial species, e.g. Dolichospermum. Therefore, N-

only input reductions should be considered carefully as bloom mitigation strategy. 
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3.2. Introduction 

During their long evolutionary history (∼3.5 billion years), cyanobacteria have 

developed a variety of physiological adaptations, allowing them to inhabit almost every 

ecosystem on this planet, and to establish dense populations, called cyanobacterial blooms, 

with harmful effects on ecosystems, wildlife and human health (Huisman et al., 2018). Some 

genera have developed the ability to fix atmospheric nitrogen (N2), also known as diazotrophy 

(Herrero et al., 2001). While N2 fixation is a common trait among the bacterial domain, 

cyanobacteria are the only known photoautotrophic prokaryotes. To catalyze the conversion 

of N2 to ammonia, diazotrophic organisms use the enzyme nitrogenase. The high sensitivity of 

this enzyme to oxygen requires spatial separation from oxygenic photosynthesis. In the 

filamentous, bloom-forming genus Dolichospermum, N2 fixation is confined to specialized cells, 

known as heterocysts (Kumar et al., 2010; Thiel, 2005). Theoretically, diazotrophic species, 

like Dolichospermum, have inexhaustible access to nitrogen, making them superior to non-

diazotrophic phytoplankton at low dissolved inorganic nitrogen (DIN) concentrations. However, 

the fixation of N2 is energetically a very costly reaction, requiring 16 ATPs for every N2 molecule 

that is fixed (N2 + 8 H + 8 e- + 16 ATP = 2 NH3 + H2 + 16 ADP/Pi; (Gallon, 1992). Therefore, 

diazotrophic cyanobacteria rely on high light intensities to compensate for the high costs 

associated with N2 fixation (Paerl, 2017; Staal et al., 2002), and thus are supposed to switch 

to this alternative pathway only at low DIN concentrations (Holl and Montoya, 2005). Given the 

physiological costs of N2 fixation, there is an ongoing discussion about its efficiency, and if N2 

fixation can completely compensate for other nitrogen sources, without decreasing growth 

rates of diazotrophic taxa. This is especially relevant, considering the effect of reducing 

nitrogen loads in surface waters as cyanobacterial bloom mitigation strategy. For decades, 

reduction of phosphorus loads was recommended to reduce the overall dominance of 

cyanobacteria in phytoplankton communities, as a reduction of the nitrogen load without a 

proportional reduction of the phosphorus load was considered to solely cause a shift from non-

fixing to N2-fixing species (Schindler, 1977; Schindler et al., 2008; Smith, 1983; Vrede et al., 

2009). However, more recent studies suggest that N2 fixation cannot compensate completely 

for depletion of DIN sources (Shatwell and Köhler, 2019; Willis et al., 2016) and therefore both 

nitrogen and phosphorus should be controlled simultaneously to mitigate cyanobacterial 

blooms (Dolman et al., 2012; Harpole et al., 2011; Lewis and Wurtsbaugh, 2008; Paerl et al., 

2016). Some studies even suggest that reduction of nitrogen alone might be the key to bloom 

control (Shatwell and Köhler, 2019). Although cyanobacterial growth characteristics have been 

extensively studied in chemostat systems, surprisingly few studies have focused on 

diazotrophic species (Agawin et al., 2007; Brauer et al., 2015; De Nobel et al., 1998a, 1997; 
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Holl and Montoya, 2005; Layzell et al., 1985). To our knowledge there are just four chemostat 

studies on growth competition between diazotrophic cyanobacteria and green algae (Agawin 

et al., 2007; Huisman et al., 1999; Hyenstrand et al., 2000; Takeya et al., 2004), though none 

of these studies focused on the common bloom-forming genus Dolichospermum. 

Here, we investigated the growth and nitrogenase expression of diazotrophic Dolichospermum 

in chemostats under nitrogen-limiting (N-) and nitrogen-saturating (N+) conditions, both in 

mono-culture and in co-culture with the green alga Chlorella. We tested the following 

hypotheses: (1) In mono-cultures, Dolichospermum growth rate is reduced under N- conditions 

as compared to N+ conditions, due to the higher energy costs associated with N2 fixation. (2) 

Nitrogenase expression increases in Dolichospermum under N- conditions. (3) In co-cultures, 

N2 fixation allows Dolichospermum to outcompete Chlorella under N- conditions, whereas (4) 

Chlorella competitively excludes Dolichospermum under N+ conditions. 

 

3.3. Material & Methods 

3.3.1. Test organisms and culture condition 

For all experiments, we used the freshwater cyanobacterium Dolichospermum sp. 90 

(previously called Anabaena sp. 90, hereinafter Dolichospermum). This strain was originally 

isolated from lake Vesijärvi, Finland in 1986 and was identified as Dolichospermum circinalis 

(Sivonen et al., 1992). Its genome has been fully sequenced (Wang et al., 2012). 

Dolichospermum sp. 90 is known to form heterocysts under nitrogen limitation and to produce 

microcystins, anabaenopeptins and anabaenopeptilides (Tonk et al., 2009). As eukaryotic 

competitor, we used the coccal, unicellular chlorophyte Chlorella cf. minutissima (hereinafter 

Chlorella), which was originally isolated from lake Pupuke, Auckland, New Zealand 

(Punčochářová, 1990). Small cells are considered to be stronger competitors for nutrients 

because of their higher surface-to-volume-ratio (Edwards et al., 2011). Chlorella was selected 

because its cell diameter of about ~5 µm is comparable to cell diameter of vegetative 

Dolichospermum cells. Both genera, Dolichospermum and Chlorella, are widely distributed in 

freshwater ecosystem around the globe and thus represent a suitable model system to study 

the competition for nitrogen between diazotrophic and non-diazotrophic phytoplankton 

species. 
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3.3.2. Chemostat experiments 

Experiments were performed in chemostats, consisting of 2 L glass vessels and a 

peristaltic pump providing the chemostats with new media. Cultures were run with a volume of 

1.75 L of modified Woods-Hole MBL (Guillard and Lorenzen, 1972), a dilution rate of 

0.091 day-1 and an estimated initial cell density of 105 cells mL-1 per species. Actual cell 

densities did deviate from this (Table 3-1). Homogenous mixing of culture as well as sufficient 

supply of CO2 and N2 were ensured by aerating the culture vessel with sterile-filtered air. All 

experiments were run at 24±1 °C with a light intensity of 55 μmol photons m-2 s-1 (16:8 h 

light:dark cycle). Overflow from the chemostats was collected in sterile glass containers and 

culture material harvested over a 24 h sampling period was used for subsequent analyses, i.e. 

cell counting, Western Blot and nutrient analysis. Experiments were run as mono-cultures of 

Chlorella and Dolichospermum as well as co-cultures of both species. All chemostats were 

provided with the same phosphorus concentration (50 µM). Treatments were defined by two 

different nitrogen concentrations: The N+ treatment was provided with a concentration of 

1000 µM N (N:P = 20) and the N- treatment with a concentration of 25 µM N (N:P = 0.5). 

In total 12 chemostat runs were conducted (Table 3-1): Four mono-cultures of 

Dolichospermum under N+ (n = 2) and N- (n = 2) conditions and six co-cultures of 

Dolichospermum and Chlorella under N+ (n = 3) and N- (n = 3) conditions. Unfortunately, one 

of the N- replicates of the co-cultures failed and thus was excluded from further analysis. As 

Dolichospermum was the main focus of this study, Chlorella mono-cultures were run only once 

per nutrient treatment.  

 

Table 3-1 Initial cell densities in mono- and co-culture chemostat experiments. 
Conducted at nitrogen-limiting (N-) and -saturating (N+) conditions. 

 

Dolichospermum Chlorella

Mono-cultures

Chlorella N+ - 1.00×105

Chlorella N- - 5.75×104

Dolichospermum N+ 2.90×104 -

Dolichospermum N+ 4.23×105 -

Dolichospermum N- 3.77×104 -

Dolichospermum N- 1.25×105 -

Co-Cultures

Dolichospermum × Chlorella N+ 3.94×104 6.00×104

Dolichospermum × Chlorella N+ 3.90×105 1.58×105

Dolichospermum × Chlorella N+ 5.12×105 1.43×105

Dolichospermum × Chlorella N- 4.21×105  8.38×104

Dolichospermum × Chlorella N- 3.53×105 1.43×105

Initial cell density (cells mL-1)
Experiment Treatment
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In total 12 chemostat runs were conducted (Table 3-1): Four mono-cultures of 

Dolichospermum under N+ (n = 2) and N- (n = 2) conditions and six co-cultures of 

Dolichospermum and Chlorella under N+ (n = 3) and N- (n = 3) conditions. Unfortunately, one 

of the N- replicates of the co-cultures failed and thus was excluded from further analysis. As 

Dolichospermum was the main focus of this study, Chlorella mono-cultures were run only once 

per nutrient treatment. 

 

3.3.3. Cell counting 

Samples for cell counting were taken daily throughout all experiments. 4-11 mL were 

immediately fixed in Lugol’s iodine solution and stored at 4 °C until counting. Chlorella cells 

were counted with a haemocytometer (Neubauer-Chamber, Brand, Germany). 

Cell densities of Dolichospermum were estimated from average filament lengths and a 

previously established regression between filament lengths and cell numbers per filament 

using the equation: 

D = A × B × 0.213 

D = Cell densities mL-1 
A = Filament mL-1 
B = Average filament length, determined for each sample 
0.213 = Linear regression between filament length and cell numbers per filament 

 

Dolichospermum filaments per mL were first counted in an Utermöhl sedimentation chamber 

using an inverted microscope (Zeiss, Axiovert 135). Therefore, 10 mL were settled in the 

chamber for at least 12 h. Subsequently, filaments of five diameter transects were counted. In 

addition, the average filament length was calculated for every sample by measuring 20 random 

filaments.  

 

3.3.4. Growth curve analysis  

To test the effect of nitrogen treatments on population growth, we analyzed several 

endpoints of the growth curves. Specific growth rates (µ) during the exponential growth phase 

were assessed by fitting a four-parameter logistic equation to the individual growth curves and 

the resulting slope factor was used as µ. 



  MANUSCRIPT 2 

53 

 

The doubling time (dt) of the population during the exponential growth phase was determined 

using the following equation: 

dt = ln (2) µ 

Cell densities at steady state were determined on day 29 of the experiments. As not all 

chemostats ran until day 29, theoretical cell densities at day 29 were estimated using a 

modified, non-linear model based on the Gompertz function (equation 3; (Tsoularis and 

Wallace, 2002; YIN et al., 2003). The model assumes a sigmoidal growth curve characterized 

by a lag phase, followed by an exponentially growth phase and a steady state phase of 

constant cell density: 

y(t) = yM × e
ln(

y0

yM
) × e-µ × t

  

y0 = cell density of initial population 
yM = maximum population size (carrying capacity) 
µ = specific growth rate 
t = time (days) 

The total number of cells grown during each of the individual experiments was estimated from 

the area under each of the growth curves until day 29, which was determined using the fitted 

cell density data from the Gompertz function. 

 

3.3.5. Statistics and data analysis 

All statistical analyses were performed using GraphPad prism (version 5 for Windows). 

Unpaired two-tailed Student’s t-tests were used to assess the effect of nitrogen treatment on 

Dolichospermum growth in mono-cultures. Two-way ANOVAs were performed to test if the 

effect of nitrogen treatment differed between Dolichospermum and Chlorella in co-cultures. 

Endpoints were previously log-transformed to fit assumption of Gaussian distribution. For the 

endpoints ‘total cells’ and ‘cell density at steady state’, we used fitted values from the Gompertz 

function. In all statistical analyses, the level of significance was set to p < 0.05. 

Densitometry analysis of western blot bands was performed using ImageJ version 1.52a. For 

all bands, the number of pixels in an equally sized area was determined. As we performed 

western blot only once per day and treatment, no further statistical analysis was performed on 

the densitometry data. 
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3.3.6. Nutrient analysis 

Samples for nutrient analysis were taken on day 1, 7, 10, 13, 16, 20 and 29. Samples 

were filtered through a glass fibre filter (GFF; Whatman™, GE Healthcare Life Science, 

Chicago, USA) to separate the particulate nutrient fraction from the dissolved fraction. Both 

fractions were immediately stored at -20 °C until further analysis. Filters were used for 

particulate nitrogen (NPart) and carbon (CPart) analysis, using a Euro EA CHNSO Elemental 

Analyser (HEKAtech, Wegberg, Germany). Dissolved inorganic nitrogen (DIN) and soluble 

reactive phosphorus (SRP) were determined in an aliquot (2.7 mL) of the filtrate using an auto-

analyzer (AutoAnalyzer 3, Seal Analytical, Southampton, UK). 

 

3.3.7. Protein extraction and Western Blot 

50 to 154 mL of sample was immediately processed for protein extraction. Samples 

were centrifuged (4000 × g, 10 min at 4°C) and the supernatant was discarded. The cell pellet 

was resuspended in 5 mL RIPA-Buffer (500 mM NaCl, 1 % (v/v) Triton-x-100, 50 mM Tris-HCl, 

0.1 % (w/v) SDS, 1 % (w/v) Na-deoxycholat). PMSF (1 mM) was added to prevent any 

protease activity. The samples were shock frozen in liquid nitrogen and lysed by pulsed 

sonication at an amplitude of 25 % for 2 min (Brandson Digital Sonifier 450, Marshall Scientific, 

New Hampshire, USA). Cell extracts were centrifuged to remove any remaining cell debris 

(4000 × g, 10 min at 4°C) and supernatant was stored at -80°C until further analysis. Protein 

concentration was quantified using Pierce™ BCA Protein Assay Kit (Thermo Scientific, 

Massachusetts, USA). DTT (1 mM) was added to the protein extract to reduce disulfide bonds. 

The extract was heated for 10 min at 90°C prior to gel loading. Proteins were separated on a 

12 % SDS-PAGE and transferred to a nitrocellulose membrane. The blot was then treated with 

the primary antibody binding to the nitrogenase enzyme. We used an anti-NifH antibody 

(0.68 µg mL-1, AS01 021A, Agrisera, Stockholm, Sweden) solution incubating over-night at 

4°C. Incubation with the secondary antibody was performed using a rabbit anti-Chicken IgY 

(H&L) antibody (HRP conjugated, Agrisera, AS10 1489) at a 1:3000 dilution for one hour at 

room temperature. Blots were then treated with 200 μL Lumigen ECL Ultra (TMA-6) solution 

(Lumigen, Michigan, USA) and imaged using ImageQuant™ LAS 4000 (GE Healthcare Life 

Science, Chicago, USA). 
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3.4. Results 

3.4.1. Mono-cultures 

Cell growth of Chlorella in mono-cultures was strongly affected by nitrogen treatment 

(Figure 3-1A). Under N+ conditions, the cell density at steady state (2.71×107 cells mL-1) was 

19-fold higher and the total number of cells (2.7×108 cells mL-1) 7.9-fold higher than under N- 

conditions (1.38×106 and 3.42×107 cells mL-1, respectively) (Table S 3-1). Despite the higher 

cell density at steady state, the growth rate of Chlorella was lower and the doubling time higher 

under N+ than N- treatment. 

In contrast, the endpoints of the Dolichospermum growth curves in mono-cultures did not differ 

significantly between the N- and N+ treatment (Student’s t-test, p > 0.05, Table S 3-1, Figure 

3-1B). Irrespective of nitrogen treatment, Dolichospermum cell densities at steady state and 

total cell numbers were lower than those of Chlorella grown under N+ conditions (steady state: 

8.5-fold (N+) and 11-fold (N-) lower; total cells: 3.6-fold (N+) and 4.4-fold (N-) lower, respectively; 

(Figure 3-2A, B, Table S 3-1). In both N treatments, Dolichospermum reached the steady state 

phase much earlier (~ day 10) than Chlorella in the N+ treatment (~ day 30). Under N- 

conditions, Dolichospermum performed better compared to Chlorella, reaching a 1.8-fold 

higher steady state cell density and total cell number (Figure 3-2A, Table S 3-1). Growth rate 

and doubling time did not differ between Dolichospermum and Chlorella (Table S 3-1).  

 

 

Figure 3-1 Growth curves. 
Chlorella (A) and Dolichospermum (B) in mono-cultures and co-cultures of both species (C) under nitrogen-limiting 
(N-) and nitrogen-saturating (N+) conditions (A: n = 1; B: n = 2; C: n = 3 for N+ and n = 2 for N-).  
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3.4.2. Co-cultures 

The competitive outcome of the co-cultures clearly differed between the nitrogen 

treatments. In both N treatments, Dolichospermum and Chlorella cell densities initially 

increased (Figure 3-1C). From the fifth day on, competitive exclusion of one species started.  

In the N+ treatment, Chlorella outcompeted Dolichospermum (Figure 3-1C), reaching an 8-fold 

higher steady state cell density and 4.7-fold higher total cell number compared to 

Dolichospermum (Figure 3-2B). Counterintuitive to this, growth rate of Chlorella was lower and 

doubling time higher compared to Dolichospermum (Figure 3-2B, Table S 3-2). However, the 

exponential growth phase of Dolichospermum was extremely short in the N+ treatment (Figure 

3-1C), and is therefore not representative for the growth curve. In contrast, Dolichospermum 

outcompeted Chlorella in the N- treatment (Figure 3-1C), reaching a 5.4-fold higher cell density 

at steady state and a 2.7-fold higher total cell number, respectively (Figure 3-2B, Table S 3-2). 

Growth rate of Dolichospermum was lower in the N- treatment and doubling time higher 

compared to Chlorella (Figure 3-2B, Table S 3-2), but similar to Dolichospermum grown in the 

N+ treatment, exponential growth phase of Chlorella was negligible under N- treatment. A two-

way ANOVA applied to assess the effects of ‘species’ and ‘N treatment’ on the growth 

endpoints in the co-cultures revealed a significant interaction between ‘species’ and ‘N 

treatment’ on all endpoints (growth rate: F1,6 = 26.27, p = 0.002; doubling time: F1,6 = 26.24, 

p = 0.002; cell density at steady state: F1,6 = 29.45, p = 0.002; total cell number: F1,6 = 10.05, 

p = 0.019). 

 

Figure 3-2 Reaction norms of nitrogen-limited (N-) and nitrogen-saturated (N+) growth expressed as log-transformed 
endpoints of the chemostat experiments. 
(A 1-4) mono-cultures of Chlorella and Dolichospermum and (B 1-4) co-cultures of both species. Endpoints are: 
Growth rate (1), doubling time (2), cell density at steady state (3) total cells grown until day 29 (4). Data points 
represent mean values (Mono-cultures Chlorella: N+ & N-: n = 1; Dolichospermum: N+ & N-: n = 2; Co-cultures: N+: 
n = 3; N-: n = 2). Endpoints “cell density at steady state” and “total cells” represent fitted values estimated using the 
Gompertz function. 
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3.4.3. Western Blot 

Western blots of mono-cultures showed a much higher nitrogenase expression for all 

analysed days in the N- treatments compared to the N+ treatments (Figure 3-3A). A similar 

trend was observed for the co-culture chemostats, all samples of the N- treatments showed a 

higher expression of nitrogenase compared to the samples from the same day of the N+ 

treatment (Figure 3-3B). Furthermore, nitrogenase expression showed a clear temporal 

increase from day 7 to day 19 of the co-culture experiment (Figure 3-3B). 

 

Figure 3-3 Western-blot analysis of nitrogenase (NifH, ~35 kDa). 
Expression of nitrogen-limiting (N-) and nitrogen-saturating (N+) chemostat experiments. For (A) Dolichospermum 
mono-culture 6.2 µg total protein were applied per lane. For (B) Dolichospermum and Chlorella co-culture, 4.42 µg 
total protein were applied per lane. NifH was detected using a chicken anti-nitrogenase antibody as primary antibody 
followed by a HRP-conjugated rabbit anti-chicken IgY as second antibody. Analysis was performed for day (d) 7, 
10, 13, 16, 19 of the experiments. 

 

3.4.4. Nutrient concentrations 

Dissolved N:P ratios of all N- chemostats stayed ≤2.5 throughout the experiments 

(Figure S 3-1), indicating a continuous strong N limitation. N:P ratios of N+ treatments showed 

a high variability between replicates and throughout the mono- and co-culture experiments. 

The N:P of the N+ mono-culture varied between 29 and 71 indicating a temporary N limitation 

(Figure S 3-1A). N:P of the N+ co-cultures varied in one replicate from 24 to 55 in the other 

replicate from 5 to 917 (Figure S 3-1A). Variations in N:P were mainly due to strong fluctuations 

in DIN concentrations (Figure S 3-1B). Both, Dolichospermum mono- and co-cultures showed 

a decreasing trend of DIN and SRP concentration throughout the experiments (Figure 3-4). In 

all chemostats, SRP concentrations were continuously <15 µM (Figure 3-4C, D). 
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Figure 3-4 Nutrients measured in chemostat experiments. 
Dissolved inorganic nitrogen (DIN) and soluble reactive phosphorus (SRP) measured in (A & C) nitrogen-saturating 
and (B & D) nitrogen-limiting Dolichospermum mono-culture (n = 1) and Dolichospermum and Chlorella co-cultures 
(n = 2). 

 

3.5. Discussion 

In this study we investigated the ability of diazotrophic Dolichospermum to compensate 

for DIN depletion by switching to N2 fixation, both in mono-cultures and in co-cultures with the 

green alga Chlorella. 

Contradictory to the initial hypothesis, Dolichospermum growth in mono-cultures was not 

affected by N-limitation in this study. Previous studies of other N2-fixing cyanobacteria showed 

inconsistent results. In agreement to our study, Brauer et al. (2015, 2013) found that steady 

state population densities and specific growth rates of Cyanothece did not differ between high-

N (100 µM and 1.5 mM, respectively) and N-free conditions at light saturation. In contrast, 

Agawin et al. (2007) described a > 2-fold higher steady state population density of Cyanothece 

in N-rich (8 mM) compared to intermediate (0.5 mM) and N-free conditions (Agawin et al., 

2007). The observed effect was the same under low light (20 µmol m-2 s-1) and high light 

(40 µmol m-2 s-1) conditions, though steady state cell densities of all N treatments were > 2-

fold higher in the high light compared to the low light conditions. These inconsistent results 

may be partially explained by differences in experimental setups, e.g. varying temperatures, 

light intensities and N concentrations. Temperatures below 21°C were shown to hamper the 

efficiency of the nitrogenase and thus N2 fixation (Brauer et al., 2013), but since culture 

conditions in all studies exceeded 21°C, temperature differences can be ruled out as 
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explanatory factor. While the definitions of low N varied on a relatively small scale (0-25 µM) 

between the studies, differences of high N concentrations were tremendous (32-8000 µM), 

and might account for a major share of the varying outcome. However, interspecies differences 

in N assimilation and critical light intensities might also play an important role (Agawin et al., 

2007; Huisman et al., 1999). Cyanobacteria require high light intensities to maintain growth 

during N2 fixation (De Nobel et al., 1998). Optimal light intensity for maximum growth and N2 

fixation rates seemingly varies among cyanobacterial species (De Nobel et al., 1998, 1997; 

Moisander et al., 2008; Willis et al., 2016). Dolichospermum is known to require high light 

intensities, severely light-limited conditions occur at <17 µmol photons m−2 s−1 (De Nobel et al., 

1998). The here applied light intensity of 55 μmol photons m-2 s-1 can be considered as 

intermediate light intensity for Dolichospermum (moderately light-limited conditions at 

60 µmol photons m−2 s−1; De Nobel et al., 1998). Therefore, we cannot exclude, that light 

intensity in this was too low to enable maximal growth rates of Dolichospermum.  

The fact that nitrogenase expression was higher under N-limiting conditions suggests that 

nitrogenase was upregulated to compensate for low DIN concentrations. Since 

Dolichospermum growth was not affected by N-limitation, it can be assumed that increased 

expression of nitrogenase enabled higher N2 fixation rates and could fully compensate for low 

DIN concentrations. However, N2 fixation rates were not directly measured in this study. 

Nitrogenase activity under different N scenarios was previously measured via nifH gene 

expression (Moisander et al., 2008), N2 fixation rates via acetylene reduction assay (Brauer et 

al., 2013; Moisander et al., 2008) or 15N-labeled N2 method (Higgins et al., 2018; Mulholland 

et al., 2006). To our knowledge, upregulation of nitrogenase under N-limitation is shown here 

for the first time on the protein level.  

 

3.5.1. Growth competition between Dolichospermum and Chlorella 

According to competition theory, the species with the lowest critical nitrogen 

requirements (nitrogen concentration below which species will have negative net growth rate) 

will be the superior competitor under low N conditions (Agawin et al., 2007; Tilman, 1982). 

However, at high nutrient concentrations, the species with lowest critical light intensity 

competitively excluded the other species (Agawin et al., 2007). The non-N2-fixing 

phytoplankton species are in general considered to have lower light requirements than N2-

fixing cyanobacteria and hence are expected to be better competitors at low light conditions 

(Agawin et al., 2007; Huisman et al., 1999). In agreement to this, we show here that Chlorella 

displaced Dolichospermum at N-saturating conditions, whereas Dolichospermum displaced 
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Chlorella at N-limiting conditions. Similar to mono-culture experiments, nitrogenase expression 

was continuously upregulated under N-limiting conditions, indicating that Dolichospermum 

compensated limited DIN sources by increased N2 fixation. 

To our knowledge, the competition between Dolichospermum and green algae at N-saturating 

and N-limiting conditions has not been explored yet experimentally. However, several 

publications performed co-culture experiments with green algae and other N2-fixing 

cyanobacteria. Competitive exclusion of non-N2-fixing species by N2-fixing cyanobacteria was 

shown for Cyanothece, being the superior competitor over Chlorella under low (0.1 mmol L-1) 

but also high N (8 mmol L-1) if provided with high light (40 µmol photons m−2 s−1) conditions 

(Agawin et al., 2007). Under low light conditions (20 µmol photons m−2 s−1) Cyanothece in turn 

was replaced by the non-N2-fixing cyanobacterium Synechococcus bacillaris (S. bacillaris) 

under low and high N treatment (Agawin et al., 2007). Similar to this, Huisman et al. (1999) 

reported Aphanizomenon to be displaced by Chlorella under high N and high light conditions, 

while Aphanizomenon replaced the green alga Scendesmus under the same conditions. The 

latter example shows, that light requirements of N2-fixing species do not necessarily exceed 

the ones from non-N2-fixing species. Agawin et al. (2007) also found that Chlorella has a quite 

high critical light requirement, exceeding the one from Cyanothece. 

Apart from competitive exclusion, N2-fixing cyanobacteria can also facilitate growth of non-

fixing phytoplankton species (Agawin et al., 2007), as well as heterotrophic bacteria (Brauer et 

al., 2015) by releasing substantial amounts of fixed nitrogen (Mulholland et al., 2006). Agawin 

et al. (2007) found that at low light and low N concentration, S. bacillaris did not displace 

Cyanothece, but both coexisted. Release of fixed nitrogen by Cyanothece enabled S. bacillaris 

to become four times more abundant in the low nitrate co-culture than it would have been in 

mono-culture. However, this effect was not observed for Chlorella in the present study 

(compare Figure 3-1A and C). Taken together, this suggests that the capability of diazotrophic 

taxa to outcompete non-N2-fixing species highly depends on the individual light requirements 

of both competitors. This concept was previously described and tested by others (Agawin et 

al., 2007). Nevertheless, this study expands this finding with experimental data for 

Dolichospermum. 

A reduction in nutrient loads (N and P), either by reducing external inputs or by reducing 

internal nutrient concentrations, is the prioritized bloom mitigation strategy. While there is 

consensus regarding the efficiency of P reduction (Dolman et al., 2012; Jeppesen et al., 2005), 

the effects of N reduction on cyanobacterial bloom formation are less clear. It has been 

proposed that N reduction would merely lead to a shift from non-N2-fixing species, such as 
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Microcystis, to N2-fixing species, such as Dolichospermum or Aphanizomenon (Downing et al., 

2001; Schindler, 2012; Schindler et al., 2008), rather than decreasing the total biomass of toxic 

cyanobacteria. However, a general decrease in cyanobacteria biomass with decreasing N 

loads has been also reported, without promoting N2-fixing taxa (Dolman et al., 2012). The data 

we present here suggest that Dolichospermum dominance in natural systems is promoted by 

reducing N loads, as Dolichospermum could completely compensate for DIN depletion by 

switching to N2 fixation, without detrimental effect on growth parameters.  

Furthermore, dominance of N2 fixing cyanobacteria in natural phytoplankton communities 

might be promoted in future by several effects linked to global warming. These include higher 

light intensity, increased water surface temperatures and elevated CO2 and are expected to 

decrease physiological costs of N2 fixation (Paerl and Paul, 2012; Visser et al., 2016). Further 

testing of Dolichospermum competitive growth under different light, temperature and CO2 

regimes may elucidate this issue. Complementing existing phytoplankton competition models 

with further experimental data from competition experiments between N2-fixing cyanobacteria 

and other phytoplankton species is crucial to predict how changes in N load affect species 

composition in natural systems. 
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3.7. Supplemental Information 

 

Figure S 3-1 Nutrient ratios in chemostat experiments. 
Dissolved inorganic nitrogen (DIN) to soluble reactive phosphorus (SRP) ratio measured in (A) nitrogen-saturating 
and (B) nitrogen-limiting Dolichospermum mono-culture (n = 1) and Dolichospermum and Chlorella co-cultures (n 
= 2). 

 

Table S 3-1 Endpoints of Dolichospermum and Chlorella mono-cultures. 
SEM = Standard error of the mean. 

 

 

 

 

 

 

Endpoints

Mean ± SEM p -value

Growth rate (d-1)

Chlorella (N+) vs. Chlorella  (N-) 0.11 vs. 0.43 NA NA

Dolichospermum  (N+) vs. Dolichospermum  (N-) 0.37 ± 0.13 vs. 0.49 ± 0.15 0.61 ns

Doubling time (d)

Chlorella (N+) vs. Chlorella  (N-) 6.35 vs. 1.62 NA NA

Dolichospermum  (N+) vs. Dolichospermum  (N-) 2.18 ± 0.78 vs. 1.57 ± 0.49 0.58 ns

Cell density at steady state (cells mL-1)

Chlorella (N+) vs. Chlorella  (N-) 2.62×107 vs. 732,400 NA NA

Dolichospermum  (N+) vs. Dolichospermum  (N-) 3.05×106 ± 189,350 vs. 2.39×106 ± 431,846 0.3 ns

AUC (total cells)

Chlorella (N+) vs. Chlorella  (N-) 2.70×108 vs. 3.42×107 NA NA

Dolichospermum  (N+) vs. Dolichospermum  (N-) 7.54×107 ± 8.03×106 vs. 6.10×107 ± 7.71×106 0.33 ns

Student's t -test
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Table S 3-2 Endpoints of Dolichospermum and Chlorella co-cultures. 
SEM = Standard error of the mean. 

 

 

  

Endpoints Co-culture Treatment Mean ± SEM

Growth rate (d-1)

Dolichospermum N+ 0.58 ± 0.26

Dolichospermum N- 0.10 ± 0.002

Chlorella N+ 0.12 ± 0.02

Chlorella N- 0.86 ± 0.32

Doubling time (d)

Dolichospermum N+ 1.70 ± 0.55

Dolichospermum N- 6.70 ± 0.12

Chlorella N+ 6.68 ± 1.63

Chlorella N- 0.94 ± 0.35

Cell density at steady state (cells mL-1)

Dolichospermum N+ 1.43×106 ± 489,909

Dolichospermum N- 3.92×106 ± 521,797

Chlorella N+ 9.83×106 ± 139,090

Chlorella N- 514,960 ± 139,090

AUC (total cells)

Dolichospermum N+ 3.67×107 ± 1.31×107 

Dolichospermum N- 7.29×107 ± 1.86×106

Chlorella N+ 1.75×108 ± 6.02×107 

Chlorella N- 2.67×107 ± 1.33×106



  MANUSCRIPT 3 

64 

 

4. MANUSCRIPT 3 

 

Can toxin warfare against fungal parasitism influence seasonal 

Dolichospermum bloom dynamics? – A field observation 
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4.1. Abstract 

Cyanobacterial blooms often consist of numerous co-existing cyanobacterial species, 

with predominant taxa dynamically varying intra-annually. Parasitism by fungi (chytrids) has 

come into focus as an important factor driving short-term bloom dynamics. Using microscopic 

analysis, Illumina sequencing and cyanobacterial toxin analyses, we monitored the seasonal 

succession of Dolichospermum blooms in a reservoir along with environmental parameters. 

We identified two consecutive Dolichospermum blooms that were characterized by a straight 

and a coiled morphotype, separated by a complete bloom collapse. Phylotyping provided 

evidence for three putative Dolichospermum amplicon sequence variants (ASVs); i.e. 

Dolichospermum1 & 2 in the first bloom (straight filaments) and Dolichospermum3 in the 

second bloom (coiled filaments). Morphotype succession as well as total filament 

concentration did not correlate with any of the measured environmental parameters. Fungal 

parasitism by the chytrid Rhizosiphon crassum occurred in straight Dolichospermum filaments 

only. Coiled filaments showed no infection despite ambient presence of chytrids, deduced from 

fungal ASVs, throughout the entire observation period. Toxin concentrations (microcystins 

(MCs) and anabaenopeptins) correlated significantly with the abundance of the straight 

Dolichospermum morphotype. Enhanced cyanotoxin biosynthesis in the straight 

Dolichospermum morphotype, interpreted as a defensive reaction to fungal parasitism, 

appeared to come at the expense of lowered competitiveness with the co-occurring coiled 

morphotype. Our findings support the hypothesis that selective parasitism by chytrids is an 

important factor driving short-term morphotype and toxin dynamics within cyanobacterial 

blooms. 
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4.2. Introduction 

Cyanobacterial blooms (hereinafter blooms) are no static phenomenon but highly 

diverse and dynamic events (Wood et al., 2017). Long-term (years, months) bloom dynamics 

can be observed as succession of the predominant bloom genus, primarily correlated to 

changes in environmental parameters, such as temperature, CO2, nutrients and pH 

(Fernández et al., 2015; Visser et al., 2016; Wood et al., 2017). However, molecular 

environmental surveys have demonstrated that the bloom community and the predominant 

species (identified via 16S rRNA metabarcoding) can vary in space and time also on a short-

term scale, i.e. within weeks or even days (Berry et al., 2017; Steiner et al., 2017; Woodhouse 

et al., 2016). The same holds true for spatio-temporal variation of bloom toxicity, which also 

can change within days or even hours (Orr et al., 2018; Wood et al., 2011). Short-term changes 

in bloom toxicity can result from varying intracellular toxin production (toxin cell quota) or from 

changes in the abundance of toxic and non-toxic genotypes within the bloom population (Orr 

et al., 2018). Changes in intra- and extracellular toxin (microcystin (MC)) concentrations were 

demonstrated to result from highly variable transcription of toxin gene clusters (Wood et al., 

2012). The co-occurrence of toxic and non-toxic genotypes was shown by the presence or 

absence of gene clusters coding for cyanobacterial toxins (Briand et al., 2009; Kurmayer et al., 

2004; Vaitomaa et al., 2003). These findings suggested that classification of bloom 

subpopulations based on their intracellular oligopeptide composition, i.e. chemotypes, would 

allow for an even higher resolution of bloom dynamics (Agha and Quesada, 2014). Indeed, the 

co-occurrence of different chemotypes within natural blooms and their spatio-temporal 

variation was reported for Microcystis and Planktothrix blooms (Agha et al., 2014; Johansson 

et al., 2019; Lezcano et al., 2018), demonstrating the necessity of chemotyping for better 

understanding of short-term bloom dynamics. 

Short-term dynamics could only be partially explained by environmental parameters, such as 

nutrient concentrations or temperature, known to drive long-term bloom dynamics. Thus, biotic 

factors, such as grazing, allelopathic and symbiotic interactions with heterotrophic bacteria and 

parasites (viruses (Gons et al., 2002), pathogenic bacteria, protists and fungi (Gerphagnon et 

al., 2015)), have come into focus as bloom influencing forces (Berry et al., 2017; Sommer, 

2012; Steiner, 2017; Woodhouse et al., 2016). Fungi (Chytridiomycota; chytrids) are known to 

parasitize a wide variety of phytoplankton taxa, including filamentous cyanobacteria, e.g. 

Dolichospermum and Planktothrix (Gerphagnon et al., 2015; Rasconi et al., 2012; Sønstebø 

and Rohrlack, 2011). However, the extent to which chytrid parasitism can affect bloom 

dynamics, or even result in the disintegration of a bloom, is currently unresolved (Frenken et 
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al., 2017; Gleason et al., 2015). Reported chytrid infection intensities, leading to the 

disintegration of seemingly identical Dolichospermum macrosporum blooms, varied greatly: a 

17 % prevalence of infection (PrF) with the chytrid Rhizosiphon crassum (R. crassum) was 

reported in Lake Aydat (France) by Gerphagnon et al. (2013); while a PrF of 98 % was reported 

by Rasconi et al. (2012) for a different Dolichospermum macrosporum bloom in the same lake. 

Differences in sensitivities to chytrid parasitism among Dolichospermum macrosporum 

phenotypes suggest differences at the level of the hosts defence reaction that are detectable 

only via genotyping or chemotyping approaches. Cyanobacterial toxins have been proposed 

to be part of the host’s defence reaction to fight back parasites (Gerphagnon et al., 2015; 

Gleason et al., 2015; Holfeld, 1998). To date, however, there is only one experimental study 

investigating toxin production in response to chytrid parasitism in cyanobacteria (Rohrlack et 

al., 2013). The authors of this infection study showed that several chytrid strains were less 

infective in a Planktothrix wild-type strain than in knock-out mutants incapable of producing 

known bioactive oligopeptides (MCs, microviridins, anabaenopeptins). 

In this field study, aimed to address several of the outlined research gaps with regard to short-

term bloom dynamics, a fungal infection of the Dolichospermum sp. bloom was observed right 

at the start of the field investigation. Accordingly, the influence of the observed chytrid 

parasitism was included in the holistic monitoring approach, to understand short-term bloom 

dynamics. Our monitoring approach included the recording of abiotic (water temperature, 

rainfall, water level fluctuation, nitrogen and phosphorus) and biotic parameters (chytrid 

infection intensity). In addition, cyanobacterial taxa descriptors (phenotyping, phylotyping 

based on 16S rRNA sequencing, toxin gene cluster detection) were recorded and toxin 

identification (MCs, anatoxin-a, anabaenopeptins) was carried out to allow distinction of 

different Dolichospermum chemotypes.  

 

4.3. Material & Methods 

4.3.1. Sampling location 

Samples were taken from an oligo- to mesotrophic reservoir (Schwarzenbachtalsperre) 

located in the northern Black Forest (48° 39′ 17″ N, 8° 19′ 46″ E), Southwest Germany. The 

hydropower dam has a surface area of 0.66 km² and a storage volume of 14 Million m3. The 

Schwarzenbach reservoir is fed by natural tributaries as well as via water pumped from the 

water compensation reservoirs located in Forbach (48° 40′ 17″ N, 8° 21′ 16″ E) and supplied 

by the river Murg. In the early 2000, the Schwarzenbach reservoir experienced strong 
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Microcystis sp. blooms, which were replaced by intense, recurring Dolichospermum sp. blooms 

as of 2016 (Figure S 4-1).  

 

4.3.2. Field sampling 

Water samples were taken every two weeks from April to October 2018 at the centre 

of the Schwarzenbach reservoir approximately 200 m distance from the dam. This sampling 

position was chosen based on observations from previous monitoring campaigns, indicating 

bloom accumulation at this position within the lake as a result of wind and currents. Samples 

were taken at 1 m water depth, in respect to the water surface, using a water sampler. Samples 

were prefiltered through a 140 µm mesh to exclude larger zooplankton. 100 mL aliquots (n = 

1 per sampling day) of the filtered samples were immediately fixed with Lugol’s solution for 

microscopic analyses, i.e. Dolichospermum quantification and assessment of infection 

intensities. Subsamples of 140-400 mL were taken for Illumina sequencing, toxin and nutrient 

analyses and filtered onto GF/F glass fibre filters (Whatman™, GE Healthcare Life Science, 

Chicago, USA). The filtrate was used for analysis of dissolved nutrients. All samples were 

stored at -20 °C until further processing. 

 

4.3.3. Dolichospermum quantification 

Dolichospermum taxa were identified based on morphological criteria (Komarek and 

Zapomelova, 2008, 2007). Technical triplicates of 10 mL were taken from the fixed water 

samples (see chapter 4.3.2.) and were left to settle overnight in an Utermöhl counting chamber. 

Subsequent counting was performed at 200x magnification with an inverted microscope (Zeiss, 

Axiovert 135). Mean number of filaments per mL and mean cell number per filament was 

determined for every sampling day. To enumerate filament number per mL, five diameter 

transects were counted within the counting chamber. Mean cell number per filament was 

determined for each sample by counting the cells of 20 randomly chosen filaments. Mean cell 

number per mL was calculated by multiplying the mean filament number per mL with the mean 

cell number per filament. 

 

4.3.4. Genomic DNA extraction 

GF/F filters were lysed with a FastPrep-24 Tissue and Cell Homogenizer (MP 

Biomedicals™, Eschwege, Germany) and DNA was extracted using a DNA 
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Clean&Concentrator™ Kit (Zymo Research, Freiburg, Germany). Extracted DNA was stored 

at -20 °C until further processing. 

 

4.3.5. High Throughput Sequencing 

Illumina™ sequencing was used to amplify the bacterial-specific V3-4 region of the 

16S rRNA gene as well as fungi-specific internal transcribed spacer 2 (ITS2) region (Table S 

4-1 Primer pairs used in the study.Table S 4-1). Locus-specific sequences of primers were 

modified to include Illumina™ adapters (Herlemann et al., 2011; Klindworth et al., 2013). First 

PCR reactions were performed in 35 µL volumes containing 1 U of Novagen® KOD 

polymerase (Merck, Darmstadt Germany), 3.5 µl buffer, 2.1 µg MgSO4, 3.5 µl dNTPs, 20.7 µl 

H2O ultrapure, 2.1 µl BSA, 0.7 µl of each primer (0.2 µM) and 1 µl template DNA (15-45 ng 

DNA). The PCR mixture was cycled with: 95 °C for 2 min, followed by 29-31 cycles of 95 °C 

for 20 s, 61/65 °C for 30 s, 72 °C for 2 min, and a final extension of 72 °C for 7 min (Herlemann 

et al., 2011). Sufficient concentration of the first PCR product was confirmed using gel-

electrophoreses. 20 µl of the first PCR products were submitted to Eurofins Genomics 

(Ebersberg, Germany), where the second PCR was performed, adding sequencing adapters 

and sample-specific indices to each amplicon. Amplicons were pooled into a single library and 

paired-end sequences (2 × 300) were generated on a MiSeq (v3 chemistry) instrument 

generating an average of 80,000-90,000 read pairs per amplicon. Sequence data were 

automatically demultiplexed and forward and reverse reads were assigned to samples. 

 

Bioinformatic analysis of Illumina sequences 

Bioinformatic analysis of metabarcoding data was performed using QIIME 2 version 2019.4 

(Bolyen et al., 2018). Raw sequence reads were demultiplexed and quality filtered using q2-

demux plugin. Denoising of sequences was followed by chimera identification and removal 

using DADA2 (Callahan et al., 2016). 

 

Taxonomic assignment of Illumina sequences 

For taxonomic assignment of quality-filtered amplicon sequences variants (ASVs), two 

different reference databases were used: For assignment of bacterial 16S rRNA sequences, 

the SILVA (Quast et al., 2013) QIIME 2 release (version 132) with the corresponding 99 % 

threshold level reference database was used. For assignment of fungal ITS2 sequences, the 

UNITE QIIME release for fungi (Nilsson et al., 2019; UNITE Community, 2019) was used, with 
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a reference database resulting from dynamic threshold clustering of species. Taxonomic 

classification was performed using the QIIME 2 implemented q2-feature-classifier-plugin (a 

scikit-learn naive Bayes machine-learning classifier) (Bokulich et al., 2018; Pedregosa et al., 

2012). The classifier was pre-trained with the respective primer sequences prior to taxonomic 

assignment. For ITS2 sequences, the VSEARCH consensus taxonomic classifier (Rognes et 

al., 2016) was additionally used. Features that were assigned as unclassified or classified only 

to kingdom level were excluded from further downstream analysis. Rare taxa, defined as taxa 

accounting for less than 0.01 % of the community, were also excluded from further analysis. 

Analysis of sequences resulting from Illumina sequencing was performed using the phyloseq 

package (McMurdie and Holmes, 2013) of the R software (R Core Team 2020). 

 

4.3.6. Detection of toxin genes 

To detect genes involved in the biosynthesis of MCs and anatoxin-a, all samples were 

screened for the respective toxin gene clusters using PCR. As target regions, the anatoxin 

synthetase gene C (anaC) and the MC synthetase gene E (mcyE) were amplified. The primer 

pairs anaCF/anaCR (Shams et al., 2015) (Table S 4-1) were used for the amplification of the 

anaC gene and the strain Osc-193 (UHCC) served as positive control. The primer pair mcyE-

F2/AnamcyE-12R (Vaitomaa et al., 2003) was used for amplification of the mcyE gene and the 

strain Anabaena-90 (Ana-90; UHCC) was used as a positive control. Amplicons were 

submitted for Sanger sequencing and resulting sequences were compared for sequence 

similarity using BLAST (Altschul et al., 1990) in the NCBI non-redundant nucleotide database 

(O’Leary et al., 2016). The Geneious software version 8.1.8 was used for all alignments. 

 

4.3.7. Toxin quantification 

Commercially-available enzyme-linked immunosorbent assay (ELISA) kits were used 

for the quantification of cell-bound MCs, anatoxin-a, and anabaenopeptins from water 

samples. MCs were additionally analysed by ultra-performance liquid chromatography - 

tandem mass spectrometry (UPLC-MS/MS) to determine congener profiles. 

Toxin extraction 

Cell bound toxins were extracted from GF/F filters in three sequential extraction rounds. Filters 

were first incubated 30 min with 3 mL aqueous methanol (50 % v/v) and vortexed for 10 min 

followed by 15 min incubation in an ultra-sonic bath. Extracts were centrifuged and the 

supernatants were collected. The extraction procedure was repeated twice with the remaining 
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pellet yet without the initial incubation. The supernatants of all three extractions rounds were 

combined and the resulting 9 mL extract was dried overnight, using a speed-vacuum system 

(Univapo 100H). Samples were resuspended with 500 µL aqueous methanol (50 % v/v) and 

stored in glass vials at -20 °C until analysis. 

 

Toxin quantification via ELISA 

Cell-bound MCs, anatoxin-a, and anabaenopeptins were quantified using commercial ELISA 

kits (520011, 520060, 520070, ABRAXIS Inc, Warminster, PA, USA), with a limit of detection 

(LOD) ≥ 0.1 ng mL-1 for MC and anatoxin-a, and ≥0.08 µg mL-1 for anabaenopeptin. Prior to 

analysis crude extracts were diluted 1:20 with manufacturer diluent solution to a final methanol 

concentration of 2.5 %. Samples were analysed in technical triplicates for every ELISA 

following the manufacturer’s standard protocol. 

 

Microcystin quantification via UPLC-MS/MS 

MC quantification via UPLC-MS/MS was performed for 16 MC congeners (MC-RR, MC-YR, 

MC-LR, MC-FR, MC-WR, MC-RA, MC-Raba, MC-LA, MC-FA, MC-WA, MC-LAba, MC-FAba, 

MC-WAba, MC-LY, MC-LF, MC-LW). Synthetic, deuterated MC-LR (D7-MC-LR) and MC-LF 

(D5-MC-LF) were used as internal standards. The synthesis of D5-MC-LF (containing 

phenylalanine with a deuterated phenyl group (five D-atoms) in position 4) was published 

previously (Zemskov et al., 2017). D7-MC-LR was synthesized in analogy to the published 

synthesis of D5-MC-LF with leucine deuterated in the side chain (seven D-atoms) at position 2 

(Altaner et al., 2019). Samples were analyzed using an UPLC-MS/MS system, consisting of 

an Acquity H-class liquid chromatograph equipped with an Acquity BEH C18 column (1.6 µm, 

2.1 x 50 mm) and a guard column (kept at 40 °C) coupled to a Waters XEVO TQ-S mass 

spectrometer operating in the electrospray ionization mode. Solvents were 10 % ACN (solvent 

A) and 90 % ACN (solvent B), both containing 100 mM CH2O2 and 6 mM NH3 (total flow of 

0.4 mL min-1). The gradient started with 25 % B (held for 30 s) and the proportion of B then 

increased first to 45 % within 30 s, then to 60 % within 180 s, and eventually to 99 % within 

12 s (held for additional 30 s). Re-equilibration back to 25 % B was achieved over 78 s, where 

it was held for another 60 s before the next sample was injected. The injection volume was 

5 µL. Compounds were ionized using a capillary voltage of 3 kV and a nebulizer pressure of 

7.0 bar. Dissolution was achieved using a nitrogen flow of 1000 L h-1 at 500 °C. Analysis of the 

congeners was divided into five analysis windows to reduce the number of parallel analyzed 

congeners in order to maximize the time spent scanning for each individual compound. MC 

congener concentrations in the analyte were converted into ng mL-1 water sample and into MC 
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cell quota using mean cell number mL- 1 (see chapter 4.3.3.). The LOD of the UPLC-MS/MS 

was ≥ 0.5 ng mL-1. 

 

4.3.8. Fungal infection intensity 

Fungal infection intensity of the Dolichospermum bloom was assessed microscopically 

for every sampling day from the Lugol’s fixed water samples (see chapter 4.3.2.). Infection 

intensity was calculated according to Bush et al. (1997) and expressed as prevalence of 

infection (PrF), which is the proportion of infected host individuals (Ni) in a given total host 

population (N): PrF (%) = Ni *N-1 * 100. 

In analogy to Gerphagnon et al. (2013), the PrF was calculated based on the percentage of 

infected filaments from the total number of filaments. Filaments were defined as infected if any 

life stage of the chytrid life cycle could be observed attached to or inside of the filament. Life 

stages were defined as zoospores, buds, sporangia or papilla. Chytrid taxa were identified 

using recent morphological criteria (Rasconi et al., 2012). 

 

4.3.9. Physical and chemical parameters 

Water surface temperature and chlorophyll a concentrations were measured 

continuously from May to October with a multiparameter probe (CTD probe, RBR Ltd., Ottawa, 

Canada) placed at the sampling point (see chapter 4.3.2.). To derive water level fluctuations 

as a result of Schwarzenbach reservoir management (pumping, turbination), the water level 

was continuously measured with a pressure sensor located at 0.3 m above sediment (TDR-

2050, RBR Ltd., Ottawa, Canada). Daily mean rainfall data at the Freudenstadt weather station 

(situated approximately 22 km from the Schwarzenbach reservoir) were extracted from the 

Climate Data Center of the German Weather Service. Dissolved inorganic and organic 

particulate bound nitrogen (DIN and NPart) and soluble reactive and particulate bound 

phosphorus (SRP and PPart) were analyzed on a 2-week interval (see chapter 4.3.2.) from GF/F 

filters and filtrate (Basen et al., 2017). 

 

4.3.10. Data analysis 

Single and multiple linear regression models were used to test for association between 

bloom parameters and physicochemical parameters as well as association between toxin 

concentration and Dolichospermum morphotypes. Daily chlorophyll a concentration was 

correlated to daily water level fluctuation, water temperature and rainfall data. Total 
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Dolichospermum filament concentration and filament concentration of the different 

Dolichospermum morphotypes were correlated to DIN and SRP, DIN:SRP ratio, water level 

fluctuation, water temperature and rainfall data. The latter three parameters were averaged 

over a time span of seven days prior to the respective filament sampling date. To test for 

significant differences in toxin production and abiotic parameters between the first and second 

bloom phase, unpaired Student’s t-tests were performed, comparing total MC and 

anabaenopeptin concentration as well as DIN, SRP and water temperature. Furthermore, MC 

congeners and anabaenopeptin were correlated to filament concentration of the different 

Dolichospermum morphotypes. Regression models were performed using the lm() function of 

R version 3.6.1 (R Core Team, 2020). 

GraphPad prism version 5.0 for Windows (GraphPad Software, San Diego California USA) 

was used for Student’s t-tests, all figure preparations and to calculate the standard error of the 

mean (SEM) for technical triplicates of PrF, microscopic filament counts and MC and 

anabaenopeptin concentrations determined by ELISA.  

 

4.4. Results 

4.4.1. Dolichospermum quantification and correlation to abiotic parameters 

The Schwarzenbach reservoir experienced two cyanobacterial blooms in 2018 that 

were dominated by two different Dolichospermum morphotypes (Figure 4-1A). The first bloom, 

consisting of straight Dolichospermum filaments (hereafter straight bloom) (Figure 4-2A), 

persisted from May to June, with peak filament concentrations in June (541,571 ± 117,066 

filaments L-1), and subsequently disappeared completely. Based on literature criteria, the 

straight morphotype was assumed to represent either D. heterosporum (Anabaena 

heterospora Nygaard), D. planctonicum (A. solitaria f. planctonica (Brunnthaler)) or D. smithii 

(A. solitaria f. smithii (Komarek)). The second bloom, consisting of coiled Dolichospermum 

filaments (hereafter coiled bloom) (Figure 4-2B), became prominent in July with peak filament 

concentrations in mid-September (>106 filaments L-1) and then declined end of October when 

filaments were undetectable. The coiled morphotype was assumed to represent either D. 

crassa (A. spiroides var. crassa (Lemmermann)) or D. circinale (A. circinalis (Rabenhorst ex 

Bornet & Flahault)). While low filament numbers of the coiled morphotype (Figure 4-2B) were 

also observed during the straight bloom, no filaments of the straight morphotype (Figure 4-2A) 

were detectable during the subsequent coiled bloom (Figure 4-1A). The two bloom phases 

were separated by a sudden bloom collapse at the beginning of July, when total filament 

numbers decreased to <16,000 filaments L-1. 
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Figure 4-1 Dolichospermum morphotypes and nutrient concentrations in the Schwarzenbach reservoir during the 
bloom season 2018. 
(A) Abundance of Dolichospermum morphotypes: Straight and coiled filaments L-1, prevalence of infection (PrF) of 
the straight Dolichospermum morphotype. Error bars indicate the standard error of the mean of technical replicates 
(±SEM, n = 3); (B) Nutrient concentrations: Dissolved inorganic nitrogen (DIN) and soluble reactive phosphorus 
(SRP). Samples taken from 1 m water depth. 

 

 

Figure 4-2 The two different Dolichospermum morphotypes found in the Schwarzenbach reservoir during the bloom 
season 2018. 
Magnified images of heterocysts in insets. (A) Straight morphotype possibly representing D. heterosporum (A. 
heterospora Nygaard), D. plantonicum (A. solitaria f. planctonica (Brunnthaler)) or D. smithii (A. solitaria f. smithii 
(Komarek)); (B) Coiled morphotype possibly representing D. crassa (A. spiroides var. crassa (Lemmermann)) or D. 
circinale (A. circinalis (Rabenhorst ex Bornet & Flahault)). Samples taken from 1 m water depth. 

 

SRP concentrations remained relatively constant (1.3-4.9 µg L- 1) throughout the growth 

period, except for the last three sampling dates when concentrations strongly increased to 

69.0-86.0 µg L- 1 (Figure 4-1B). DIN concentrations showed great temporal variations 

throughout the whole season (2.5-99.0 µg L- 1). Most prominent were two peaks at the 

beginning of June (99.0 µg L- 1) and July (80.0 µg L- 1). DIN concentrations strongly decreased 

concomitantly with the strong increase of SRP (Figure 4-1B) at the end of the sampling period 

(last three sampling dates), which was accompanied by a decrease in total Dolichospermum 
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filament concentration (Figure 4-1A). DIN, SRP and water temperature did not significantly 

differ (p > 0.05) between the two different blooms phases (29/05 – 09/07 vs. 23/07 – 28/09). 

Mean daily rainfall data showed only one strong rain event on July 7th with 58 mm  58 

L m-2 (Figure S 4-2). Single and multiple regression models showed no significant correlation 

of total Dolichospermum filament concentration to any of the measured abiotic parameter 

(Table S 4-2, Figure S 4-5). Neither rainfall nor water level fluctuations were significantly 

correlated with total Dolichospermum filament concentration or chlorophyll a concentration 

(Table S 4-2, Figure S 4-5), suggesting that the observed Dolichospermum bloom dynamics 

were not affected by weather associated events or abiotic parameters. Only chlorophyll a 

concentration provided for a mathematically moderately positive correlation to water 

temperature (r2 = 0.522, p < 0.0001).  

 

4.4.2. Bloom phylotype dynamics 

In total, 14 different bacteria phyla were identified via Illumina sequencing throughout 

the growth period (Figure 4-3A). The four most abundant phyla were Cyanobacteria, 

Actinobacteria, Proteobacteria and Bacteroidetes. Relative abundance of the phylum 

cyanobacteria varied during the year (Figure 4-3A), with peaks in mid-June, August and mid- 

to end-September, corresponding to filament counts (Figure 4-1A). 18 different ASVs were 

assigned to seven cyanobacterial genera: Aphanizomenon, Cyanobium, Dolichospermum, 

Microcystis, Planktothrix, Pseudanabaena and Snowella (Figure 4-3B). Dolichospermum was 

the most abundant genus, accounting for >70 % of the cyanobacterial community in 10 out of 

the 12 samples. Only two sampling dates, i.e. at the bloom collapse beginning of July and at 

the final sampling date end of October, were characterized by a low relative abundance of 

cyanobacteria (Figure 4-3A), i.e. specifically of Dolichospermum (Figure 4-3B). 
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Figure 4-3 Bacterial community composition in the Schwarzenbach reservoir during the bloom season 2018. 
Relative abundances of the individual (A) bacteria phyla in the overall bacterial community and (B) cyanobacteria 
genera in the cyanobacterial community based on 16S rRNA reads. Samples taken from 1 m water depth. 

 

Three individual ASVs were assigned to the genus Dolichospermum 

(Dolichospermum.NIES41), occurring in varying relative abundances throughout the growth 

period (Figure 4-3B). Classification further down to species level was not possible due to the 

fact that the straight and coiled Dolichospermum were not successfully grown as axenic 

cultures, thereby not allowing for full-genome sequencing. The available 407 bp 16S rRNA 

sequences of the ASVs available from Illumina sequencing were too short for distinctions at 

the species level. Therefore, these ASVs were designated as Dolichospermum1, 

Dolichospermum2 and Dolichospermum3 for further analysis. Global alignment of the 

Dolichospermum1/2/3 sequences showed very high sequence similarity with >99.5 % identical 

nucleotides (Table S 4-3). Dolichospermum3 showed two nucleotide mismatch positions when 

aligned to Dolichospermum1 and Dolichospermum2. Dolichospermum1 and 

Dolichospermum2 showed one mismatch position when aligned to each other. Sequences of 

Dolichospermum1/2/3 were additionally aligned against the NCBI nucleotide database for 

further identification at the species level. Due to high sequence similarity, the database search 

resulted in similar hits for all three queries. 100 % identity match and query cover were found 

for several Dolichospermum species, including D. planctonicum and D. circinale. 

The ASVs of Dolichospermum1 and Dolichospermum2 were detected only during the straight 

bloom in June (Figure 4-1A, Figure 4-3B). In contrast, Dolichospermum3 ASVs were found 

throughout the year, but were low in relative abundance during the straight bloom (May - June). 

As of July, Dolichospermum3 ASV abundance increased, coinciding with the emerging coiled 

bloom. Dolichospermum3 ASVs represented <90 % of the total cyanobacteria community 

within the bloom peak (August - October), thus most likely reflecting the ASV of the coiled 

morphotype (Figure 4-2B). 
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4.4.3. Toxin and toxins genes 

Cell-bound MC, whether determined via ELISA or UPLC-MS/MS, were detected 

primarily during the straight bloom and at the start of the coiled bloom (Figure 4-4). Total MC 

concentration did not differ significantly between the first and the second bloom phase (p > 

0.05, Figure S 4-6). MCs were represented mostly by congeners MC-YR, MC-LR and MC-FR, 

as revealed by UPLC-MS/MS were predominant (Figure 4-4B). Other MC congeners appeared 

to be present, as suggested by the higher total MC values obtained with the ELISA, but could 

not be identified via UPLC-MS/MS due to the LOD for the identification of specific MC 

congeners (Figure 4-4A, Table S 4-4). MC-YR and MC-FR were primarily found during the 

first, straight bloom and their concentrations were positively correlated with filament 

concentrations of the straight morphotype (MC-YR: r2 = 0.841, p = 0.002, MC-FR: r2 = 0.795, 

p = 0.006). Although MC-LR predominated during the coiled bloom, no positive correlation was 

found with the filament concentration of the coiled morphotype (r2 = 0.086, p = 0.814).  

 

 

Figure 4-4 Quantification of cell-bound cyanobacterial toxins from the Schwarzenbach reservoir during the bloom 
season 2018. 
(A) Microcystin and anabaenopeptin concentrations analyzed via ELISA; error bars indicate the standard error of 
the mean (SEM) of three technical replicates, asterisks refer to PCR detection of the mcyE gene. (B) Concentrations 
of microcystin (MC) congeners detected via UPLC-MS/MS and MC cell quota based on total MC (∑ of all MC 
congeners). Color shading indicates first bloom of straight Dolichospermum morphotype (blue), first (light red) and 
second phase (dark red) of the second bloom of the coiled Dolichospermum morphotype. Samples taken from 1 m 
water depth. 

 

Total MC concentrations correlated well with the presence of Dolichospermum-specific mcyE 

(Figure 4-4A). Alignment of mcyE sequences from all samples (210-262 bp) showed a high 

nucleotide overlap of 205 bp. This consensus sequence searched against the NCBI nucleotide 

database detected the highest sequence similarity (100 % query cover, identity >99 %) with 
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Dolichospermum lemmermannii 66A mcyE gene (EU151888.1) and that of other 

Dolichospermum species (CP043056.1, CP003284.1, AJ536156.1).  

Anabaenopeptin concentrations were significantly higher in the first, straight bloom (p = 

0.0016, Figure S 4-6) than in the second, coiled bloom, and showed a strong positive 

correlation with filament concentrations of the straight Dolichospermum morphotype (r2 = 

0.729, p = 0.015; Table S 4-2). Anabaenopeptin concentrations remained just above the LOD 

(Figure 4-4A) in both phases of the second, coiled bloom. 

Neither the anaC gene nor anatoxin-a was detected in any of the samples, suggesting that 

anatoxin-a producing species were either absent or below the LOD throughout the 2018 field 

study. Cylindrospermopsin and saxitoxins were not analyzed in this study, however, both were 

analyzed during previous blooms (2011 & 2015) by a commercial water analysis company and 

found to be below the LOD. 

 

4.4.4. Chytrid parasitism 

Microscopical inspection revealed that the straight Dolichospermum morphotype was 

heavily parasitized with chytrids, whereas the coiled morphotype did not show any signs of 

chytrid infections. Illumina sequencing identified three major fungi divisions: Ascomycota, 

Basidiomycota and Chytridiomycota (Figure 4-5), with a total of 48 ASVs assigned to 

Chytridiomycota. No ASV could be assigned further to class level.  

 

Figure 4-5 Fungal community composition from the Schwarzenbach reservoir during the bloom season 2018. 
Relative abundances of the individual fungal phyla in the overall fungal community based on ITS 2 (internal 
transcribed spacer 2) reads. Samples taken from 1 m water depth. 
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Based on morphological features, e.g. outgrowth of tubular rhizoids through cells, endobiotic 

thallus, epiphytic bud and pyriform sporangium (Figure 4-6), and the fact that only vegetative 

cells of Dolichospermum were infected, the chytrid parasite was assumed to represent R. 

crassum (Rasconi et al., 2012). The life cycle of the chytrid parasite in the Schwarzenbach 

reservoir samples was comparable to the life cycle of R. crassum described previously 

(Canter, 1954; Gerphagnon et al., 2013). The infection process comprised six stages: 

encystment, prosporangium, expansion, budding, mature and empty stages (Figure 4-6). 

 

 

Figure 4-6 Chytrid (R. crassum) life cycle in the Schwarzenbach reservoir. 
Samples of the straight Dolichospermum morphotype: Free zoospores (A), encystment (B), prosporangium and 
expansion (C), budding and mature stage (D), empty stage (E), fragmentation of infected filament (F), complete 
lysis of infected filaments (G). 

 

PrF values (46 ±4.6 % and 38 ±10.6 %) at the onset of the straight bloom (Figure 4-1A) 

showed that almost half of the straight Dolichospermum morphotype population was infected. 

Most infected filaments showed multiple infection sites (Figure S 4-4). In the declining phase 

of the straight bloom, the relative number of infected filaments decreased to 0 % (Figure 4-1A). 

Expansion of the fungal rhizoid within the infected filament were observed to stop once the 

infection reached a heterocyst (Figure 4-7). Zoospores were not observed to attach directly to 

heterocysts nor were any infected heterocysts observed. Infected filaments with heterocysts 

showed an asymmetric infection pattern, with healthy vegetative cells on one side and infected 

degraded cells on the other (Figure 4-7), suggesting that heterocysts present a natural barrier 

for within filament chytrid expansion.  
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Figure 4-7 Asymmetric infection of straight Dolichospermum morphotype by the chytrid R. crassum. 

 

4.5. Discussion 

4.5.1. Morphotype, phylotype and toxin dynamics 

The sequential appearance of Dolichospermum morphotypes in the Schwarzenbach 

reservoir suggested the presence of three partially overlapping individual blooms (Figure 4-1A, 

Figure 4-3B, Figure 4-4). The first, straight bloom (Dolichospermum1 and 2) was genetically 

and morphologically different from the second, coiled bloom (Dolichospermum3). Only the 

straight bloom was massively parasitized by R. crassum (Figure 4-6, Figure 4-7) and 

characterized by the presence of cyanobacterial toxins (MCs and anabaenopeptins, Figure 

4-4). During the first phase of the coiled bloom (Dolichospermum3), the mcyE gene and MCs 

(Figure 4-4A) were also present, while anabaenopeptins were not detectable. MC congener 

abundance also varied between bloom phases. While the straight morphotype primarily 

produce MC-YR and MC-FR, the coiled morphotype produced MC-LR (Figure 4-4B). 

Moreover, the MC cell quota appeared to be much higher in the coiled than in the straight 

Dolichospermum morphotype. No toxin was found throughout the second phase of the coiled 

bloom, suggesting the presence of two different coiled Dolichospermum strains in the first and 

second phase of the coiled bloom, albeit indistinguishable with the phylotyping approach 

employed here (Figure 4-3B). This interpretation is in line with previous reports, showing a 

sequence of different chemotypes, despite >99 % 16S rRNA gene sequence similarity, within 

a Planktothrix (Rohrlack et al., 2009) and Microcystis bloom (Lezcano et al., 2018).  

Seasonal successive dominance of different morphotypes in natural lakes was previously 

described for Microcystis (Xiao et al. 2018) as a result of changing environmental conditions. 

In contrast to the findings by Xiao et al. (2018), environmental parameters of the 
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Schwarzenbach reservoir, e.g. SRP, DIN, and weather events, usually associated with bloom 

dynamics, failed to explain the Dolichospermum bloom dynamics observed, i.e. the 

morphotype succession and the sudden collapse of the bloom in July (Table S 4-2). It is to be 

noted however that we cannot exclude an influence of CO2, as our CO2 measurements lacked 

robustness to allow any correlation with the two different blooms.  

The increase of SRP and decrease of DIN for the last three sampling dates was most likely a 

result of the fall turnover, i.e. the mixing of the surface water with deeper layers of the 

Schwarzenbach reservoir. The latter, however, does not explain the strong variability of DIN 

throughout the 2018 bloom season (Figure 4-1). Previous monitoring campaigns had shown 

that nutrient inputs from natural tributaries of the Schwarzenbach reservoir were negligible 

(LUBW, 2010). Thus, the variability in nutrient concentrations in the Schwarzenbach reservoir 

is most likely the direct effect of water pumped up into the Schwarzenbach reservoir from 

compensation reservoirs fed by the river Murg in the valley (LUBW, 2010). 

Heavy parasitism by R. crassum appeared to be an important factor driving the straight 

Dolichospermum bloom dynamics. This was also suggested earlier by observations by 

Gerphagnon et al. (2015) and Rasconi et al. (2012). The concomitant increase in MCs and 

anabaenopeptins concentrations with decreasing chytrid infection during the straight bloom 

(Figure 4-4) may reflect a defence reaction of the straight Dolichospermum morphotype 

towards fungal parasitism. This interpretation is supported by several reports indicating that 

cyanobacterial toxins produced may have properties that could harm chytrids (see chapter 

4.5.2.). 

 

4.5.2. Cyanobacterial toxins as potential defence compounds against fungal 

infections 

Chytrids express ser/thr protein phosphatase (PP) 1 and 2A (NCBI: XP_006675182.1 

and ORY49437.1), most likely as critical regulators of cell growth, differentiation, apoptosis, 

motility, DNA damage response and cell cycle progression, as was demonstrated for other 

eukaryotes (Shi, 2009). More importantly, PP2A, as a component of the STRIPAK-like complex 

(Ariño et al., 2019; Hwang and Pallas, 2014), appears to play a role in the virulence of some 

plant pathogenic filamentous fungi. The potential role of PPs in modulating the virulence of 

chytrids has not been investigated yet. 

MCs are highly specific and effective PP inhibitors (Runnegar et al., 1995). MC-LR, for 

instance, was demonstrated to be a much more potent PP inhibitor of human PPs than MC-
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YR (Altaner et al., 2019). Assuming similar sensitivity of chytrid PPs to MC -mediated inhibition 

as observed for human PPs (Altaner et al., 2019), MC-LR primarily produced by the coiled 

morphotype could provide for a more efficient protection against chytrid infection than MC-YR 

of the straight morphotype. However, the potential inhibition of chytrid PP1 and 2A by MCs has 

not been studied yet. Sequence comparison of the catalytic subunits of chytrid PP1 and PP2A 

with mouse and human PP1 and PP2A revealed a >85 % amino acid sequence homology 

(Table S 4-5). The latter finding and the fact that PPs are highly conserved (Shi, 2009) and 

inhibited by MCs across eukaryotes (Fontanillo and Köhn, 2018) strongly suggests that chytrid 

PP2A activity could also be affected by MCs. This line of thought supports the hypothesis that 

MCs could serve as defence compounds against chytrid infection, as inferred already from 

earlier studies on Planktothrix (Rohrlack et al., 2013; Sønstebø and Rohrlack, 2011). 

Moreover, anabaenopeptins, beyond inhibiting PPs, have also been shown to effectively inhibit 

proteases (Spoof et al., 2015), thus potentially also inhibiting metalloproteases of chytrids 

expressed during host colonization and expansion (Farrer et al., 2017). Considering that PPs 

and proteases are critical players within the fungal mechanism of infection and host cell 

colonization, it appears reasonable to assume that their inhibition by MCs and 

anabaenopeptins could diminish the susceptibility of a host to chytrid infection (Farrer et al., 

2017). However, polypeptide toxin synthesis may come at the cost of lower competitiveness, 

as is discussed below (see chapter 4.5.4.). 

 

4.5.3. Morphotype dynamics in the context of chytrid infection 

The fact that coiled Dolichospermum filaments were not affected by chytrid parasitism, 

despite lower toxin production, suggests that the coiled morphotype offers some protection 

compared to the straight morphotype. To our knowledge this is a unique observation as there 

are no previous publications, whether from field observations or laboratory experiments, 

demonstrating increased protection of coiled morphotypes against chytrid parasitism when 

compared to straight morphotypes. Although we could speculate that coiling results in physical 

hindrance of chytrid penetration of individual cells of the filament, resolution to this question 

would require culturing of the coiled and straight form in the laboratory for chytrid infection 

experimentation. It is also possible that the difference in filament morphology is associated 

with differences in cell wall composition. Cyanobacteria cell walls are known for their thick 

peptidoglycan and mucilage layers which may differ in thickness and composition between 

different species (Hoiczyk and Hansel 2000). Lower chytrid infection of the coiled morphotype 

could therefore also be attributed to thicker cell walls, protecting from penetration of zoospores 

into host cells. 
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Besides Dolichospermum, several other phytoplankton taxa, including the cyanobacteria 

Planktolyngbya, Raphidiopsis (former Cylindrospermopsis) and Pseudanabaena, the green 

alga Gloeotila, and the diatom Aulacoseira granulate (Padisák et al., 2003), can occur as coiled 

and straight morphotypes. Coiling may also protect against rotifer grazing, as observed in a 

Planktothrix bloom consisting of straight and coiled morphotypes (Fabbro and Duivenvoorden, 

1996).  

 

4.5.4. Selective parasitism as a potential driver of seasonal bloom dynamics 

Selective parasitism on a predominant species has the potential to affect the seasonal 

succession of phytoplankton (Donk and Ringelberg, 1983) and heterotrophic bacteria 

(Thingstad and Lignell, 1997). Thingstad and Lignell (1997) named this concept ‘kill the winner’ 

hypothesis, which describes pathogens to infect the most abundant species, thereby steering 

interspecific competition, ultimately leading to a higher plankton diversity (Sommer, 2012). 

Thus, selective parasitism of the straight Dolichospermum morphotype by chytrids is 

suggested to favour the growth of the non-parasitized coiled morphotype. Why the coiled 

morphotype was not parasitized by chytrids, despite the omni-presence of chytrid ASVs in the 

water column remains unclear. Dolichospermum spp. are capable of producing a variety of 

other cyanotoxins, including cylindrospermopsins and saxitoxins (Li et al., 2016; Welker and 

Döhren, 2006). The toxin analyses presented here were focused on MCs, anatoxin-a and 

anabaenopeptins. Beside these toxins, cyanobacteria produce an incredible diversity of 

hundreds of less investigated cyanopeptides, including aeruginosins, cyanopeptolins, 

microginins, microviridins and aerucyclamides, (Janssen, 2019; Welker and Döhren, 2006). 

Some of the latter toxins were shown to occur in surface waters just as frequently as MCs and 

were demonstrated to inhibit proteases in the nanomolar range (Janssen, 2019). It however 

remains to be experimentally demonstrated, whether or not any of these cyanopeptides are 

capable of inhibiting chytrid proteases and thus could be critical for the protection of 

cyanobacteria from chytrid infection.  

The maximum infection rate of 46 ± 4.6 % (Figure 4-1A) observed in this study is much higher 

than most of the infection rates reported in the literature resulting in the demise of whole 

populations (Gerphagnon et al., 2017). Therefore, it is highly likely that the high intensity of 

chytrid parasitism found in our study presumably was causal for the complete bloom collapse 

observed in July in the Schwarzenbach reservoir. The latter finding and the fact that 

environmental parameters were not able to explain the observed Dolichospermum bloom 
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collapse suggest that chytrid parasitism and competition with other morphotypes are major 

factors driving short-term bloom dynamics. 
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4.7. Supplemental Information 

 

Table S 4-1 Primer pairs used in the study. 
Primers used for Illumina sequencing are indicated in italics. 

 

 

Target region/gene
Amplicon size 

(bp)
Primer Primer sequence (3'-5') Original publication

341F_ill ACT CCT ACG GGA GGC AGC AG

802R_ill GGAC TAC HVG GGT WTC TAA T

ITS2f GCATCGATGAAGAACGCAGC

ITS2r TCCTCCGCTTATTGATATGC

mcyE_F2 GAAATTTGTGTAGAAGGTGC

AnamcyE_12R CAATCTCGGTATAGCGGC

anaC_F TCTGGTATTCAGTMCCCTCYAT

anaC_R CCCAATARCCTGTCATCAA

V3-4 region of 16S 

rRNA
500

Modified after Herlemann et al. 

2011

ITS2 500 White et al. 1990

Vaitomaa et al. 2003

AnaC

mcyE

Shams et al. 2014

247

366
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Table S 4-2 Spearman’s rank correlation coefficients between abiotic and biotic factors. 

 

 

Table S 4-3 Nucleotide sequences (407 bp) of the three Dolichospermum ASVs. 
Based on Illumina sequencing of the 16S rRNA reads taken from water surface samples during the Schwarzenbach 
reservoir bloom season 2018. 

 

Variable1 Variable 2+ r2 P-value

Chlorophyll a water temp. 0.522 < 0.0001

Chlorophyll a daily rainfall 0.001 0.991

Chlorophyll a water level fluc. 0.040 0.592

Chlorophyll a water temp + daily rainfall + water level fluc. 0.274 < 0.0001

Total filaments L-1 water temp. 0.073 0.831

Total filaments L-1 DIN 0.217 0.499

Total filaments L-1 DRP -0.172 0.593

Total filaments L-1 mean rainfall -0.210 0.514

Total filaments L-1 water level fluc. -0.175 0.588

MC Total Straight filament L-1 0.656 0.039

anabaenopeptin Straight filament L-1 0.729 0.015

MC Total Coiled filament L-1 -0.358 0.313

anabaenopeptin Coiled filament L-1 -0.485 0.156

MC Total Straight filament L-1 + Coiled filament L-1 -0.234 0.865

anabaenopeptin Straight filament L-1 + Coiled filament L-1 0.668 0.009

MC-YR Straight filament L-1 0.841 0.002

MC-LR Straight filament L-1 -0.378 0.282

MC-FR Straight filament L-1 0.795 0.006

MC-YR Coiled filament L-1 -0.551 0.104

MC-LR Coiled filament L-1 0.086 0.814

MC-FR Coiled filament L-1 -0.765 0.010

MC-YR Straight filament L-1 + Coiled filament L-1 0.440 0.055

MC-LR Straight filament L-1 + Coiled filament L-1 -0.206 0.799

MC-FR Straight filament L-1 + Coiled filament L-1 0.473 0.044
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Table S 4-4 Microcystin (MC) congener concentrations in analytes determined using via UPLC-MS/MS. 
Concentrations are given in ng mL-1, concentrations below limit of detection (0.5 ng mL-1) are indicated as <LOD. 
D7-LR and D5-LF are internal MC standards. 

 

 

Date (dd/mm/yy) MC-RR MC-YR MC-LR MC-FR MC-WR MC-RA MC-RAba MC-LA MC-FA MC-WA MC-LAba MC-FAba MC-WAba MC-LY MC-LF MC-LW D7-LR D5-LF

20/05/18 <LOD 6.2 0.1 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

04/06/18 <LOD 33.9 0.1 2.1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

14/06/18 <LOD 6.3 <LOD 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

09/07/18 <LOD 0.4 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

23/07/18 <LOD 8.3 9.6 0.5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

06/08/18 <LOD 2.2 113.6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

20/08/18 <LOD 0.8 2.6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

07/09/18 <LOD 0.7 0.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

17/09/18 <LOD 0.5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0

28/09/18 <LOD 0.2 0.2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 20.0 20.0
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Table S 4-5 Alignments of chytrid protein phosphatase (PP) 1 and 2A with human and mouse PP1 and 2A. 
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Figure S 4-1 Total phosphorous (TP), total nitrogen (TN) and TN to TP ratio in the Schwarzenbach reservoir 
from 1990 to 2018 and the observed periods with cyanobacterial blooms. 

 

 

Figure S 4-2 Mean daily precipitation (blue) (mm ≡ L m-2), water temperature (red) and Chlorophyll a 
concentrations (green) at the Schwarzenbach reservoir 2018. 
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Figure S 4-3 Particulate bound P (PPart) and N (NPart) concentrations in water surface samples of the 
Schwarzenbach reservoir in 2018. 

 

 

Figure S 4-4 Infection of Dolichospermum filaments: Single (A) and multiple (B) attached zoospores. 

 

 

Figure S 4-5 Water depth (solid line) daily water level fluctuation (dashed line) in the Schwarzenbach 
reservoir 2018. 

 



  MANUSCRIPT 3 

90 

 

 

Figure S 4-6 Results of the unpaired Student’s t-test of mean total microcystin (MC) and anbaenopeptin (AP) 
concentrations between the first and the second bloom phase; * p < 0.05. 
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5.1. Abstract 

Water resources, especially freshwater, are amongst of the most important resources 

for humankind. The available resources have been managed for centuries to ensure 

accessibility and continuous use of water over the entire year. Reservoirs are a common way 

to store and retain water enabling a multitude of purposes like storage of drinking and irrigation 

water, recreation, flood protection, navigation and hydro energy production and are being built 

since centuries. Today, few reservoirs serve only one purpose, thereby requiring a 

management of demands and interests present. Since the projects will cause negative impacts 

alongside desired advantages both on a local and global scale, it is even more urgent to 

develop a common management framework that is able to mitigate negative impacts, 

incorporate different demands and make them visible within the discourse in order to avoid 

conflicts from early on. The scientific publications on reservoirs are manifold, yet a 

comprehensive and integrative information tool is not available. Therefore, the tool presented 

herein is based on the results from the CHARM (CHAllenges of Reservoir Management) 

project as well as the condensed outcome of relevant literature to aid and enhance knowledge 

in reservoir management. The project focused on five different aspects related to existing 

reservoirs in southern Germany, namely: sedimentation of reservoirs, biostabilization of fine 

sediments, toxic cyanobacteria(l) (blooms), greenhouse gas emissions from reservoirs and 

social contestation, respectively consent. These five research foci contributed to the topics and 
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setup of an information tool which can be found alongside this publication to provide insights 

for experts and laymen. 

 

5.2. Introduction 

Water and electrical energy are two of the most important resources on our planet. 

Dams and reservoirs provide and store both resources based on the implementation of 

infrastructure to retain water. Due to population growth and changes in lifestyle the demands 

on water bodies are constantly rising and diversifying. This incorporates interests like drinking 

and irrigation water supply, flood protection, energy production or navigation (Glaser, 2014, 

DPA [05.07.2019]). It is estimated that around 58,000 large dams are built, planned or under 

construction worldwide, a trend which will likely accelerate in the future (Mulligan et al., 2020). 

In Germany, dam construction with an emphasis on hydropower began around 1900 and 

reached its peak during the second half of the last century (Blackbourn, 2007). At present, 

there are 371 reservoirs that meet the ICOLD (International Commission on Large Dams) 

definition of large dams (more than 15 m dam height or 3 million cubic meter storage capacity) 

(DTK, 2013). The construction of dams and reservoirs does not only radically change the area 

directly affected by the artificial lake itself, but the entire runoff-system as well as the catchment 

area (Döll et al., 2009). It will cause changes in the flow regime, sediment deposition in the 

reservoirs, accumulation of nutrients in the (impounded) water body that may foster 

cyanobacterial blooms as well as methane and carbon dioxide emissions from the water 

column and possibly lead to conflict in the local communities to name but a few (Beckers et 

al., 2018). These issues in reservoir management have motivated the project team of CHARM 

(CHallenges of Reservoir Management) with a consortium comprised of the Universities 

Stuttgart, Konstanz and Freiburg in Baden-Württemberg (Germany) to explore these 

challenges and positively contribute to future demands regarding managing (large) water 

reservoirs. 

 

5.3. Sediments 

The global construction of approx. 58,000 large dams (Mulligan et al. 2020; ICOLD, 

2019), has considerably influenced delivery of sediment from land to oceans by fragmenting 

the river network (Nilsson et al., 2005) resulting in an estimated over 100 Gt sediment trapped 

in reservoirs (Syvitski et al., 2005). When a river enters a reservoir, sediments carried by the 

river settle due to decreasing flow velocities and turbulence levels. Consequently, 
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sedimentation reduces reservoir storage that was designed for water and thus reduces the 

services of the reservoirs. Due to the binding properties of fine sediments (large surfaces 

compared to their volume) coupled with biostabilization (see Section 4), pollutants, nutrients 

and organic matter also accumulate in the reservoirs (Pohlert et al., 2011; Majerovà et al., 

2018) impairing water quality (see Section 5) and leading to emissions of CO2 and CH4 (see 

Section 6). Additionally, since incoming and outgoing sediment loads are different, hydrology, 

morphology and ecology of downstream channels are also negatively impacted (Graf, 2006; 

Magilligan and Nislow, 2005; Wu et al., 2019; Collier, 2000; Vörösmarty et al., 2003, 1997). It 

is estimated that approximately 40 % of the global river discharge have been blocked by large 

reservoirs with a storage capacity greater than 0.5 km3, yielding an estimation of 4-5 Gt 

sediments trapped in reservoirs annually. Mahmood (1987), Yoon (1992) and Bruk (1996) 

estimate a reservoir storage reduction by 1 % per year. Coupling this information with current 

storage of major dams (6863.5 km3) and assuming a dry bulk density of 1200 kg/m3, an annual 

storage loss is calculated to be ~82 Gt yr-1, which is approx. 20-fold larger than the estimation 

by Vörösmarty et al. (2003). It must, however, be noted that storage loss is not equally 

distributed across the world since the quantity of sediments deposited in the reservoirs 

depends strongly on physical (e.g. shape) and operational characteristics of the reservoir (e.g. 

pumping) as well as the characteristics of the catchment (e.g. slope, hydrology) (Haun et al., 

2013). In addition, hydrological variability as a result of climate change (Haddeland et al., 2014) 

and human interactions may also increase sediment loads, leading to increased reservoir 

sedimentation. Therefore, development and implementation of sustainable sediment 

management techniques to maintain sufficient reservoir storage over the long term has 

become increasingly important in meeting rising energy and water demands. Traditionally, 

reservoirs are designed for a lifetime of 50 to 100 years (Annandale 1987; Morris and Fan, 

1998), with abandoning or decommissioning the reservoir in mind, leading to societal, 

environmental and economic problems beyond the designed lifetime. Often the dead storage 

volume accounts for sedimentation. However, depending on the given boundaries (e.g. 

sediment yield, shape and volume of the reservoir), reservoir sedimentation may claim more 

volume than the designed dead storage volume and an active reservoir management becomes 

necessary. Indeed, based on the estimated approx. 69 km3 annual storage loss, 30 % and 80 

% of the global reservoir capacity will be lost by 2050 and 2100, respectively, if the reservoirs 

are managed ineffectively. Therefore, particularly in views of competing land uses as well as 

pushing social (see Section 7) and environmental issues, it is critical that already during the 

design and construction phase of new reservoirs sediment management strategies and 

facilities are planned considering long-term reservoir sedimentation to ensure that the 

implemented measures are most effective and sustainable over a long-term period (>100 
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years). Furthermore, existing reservoirs must be adapted to sustainable management 

practices as much as it is possible (Annandale 1987). Since the 1990s several guidelines have 

been released related to sediment management in reservoirs (e.g. Morris and Fan, 1998; 

Batuca and Jordaan, 2000). These documents provide specific standards to evaluate the 

feasibility of different sediment management strategies (Atkinson and Shen 1999; White, 

2001). As each reservoir is unique, the final decision on an appropriate management strategy 

must be taken with care. Sediment management strategies to reduce reservoir sedimentation 

and maintain reservoir volume can be summarized under three main approaches (Kondolf et 

al., 2014): 

- reducing the sediment yield originating from the catchment by controlling erosion upstream 

- minimizing the sediment depositions in the reservoir by managing flows during periods of 

high flows 

- recovering already lost reservoir volume by removing deposited sediment applying various 

techniques. 

 

5.4. Biostabilization of fine sediments 

The predominant microbial lifestyle in aquatic ecosystems is characterized by 

multicellular and multispecies communities (Fischer and Pusch, 2001; Flemming and 

Wingender, 2010; Geesey et al., 1978; Lozupone and Knight, 2007), flourishing between their 

self-synthesized three-dimensional matrix of extracellular polymeric substances (EPS) 

(Flemming and Wingender, 2010; Stoodley et al., 2002). These diverse microbial communities 

are capable of colonising various solid-water interfaces, with sediment being excellent 

substrata (Battin et al., 2016; Gerbersdorf and Wieprecht, 2015) and possess common 

features that distinguish them as biofilm (Flemming, 2020; Flemming and Wingender, 2010; 

Gerbersdorf and Wieprecht, 2015). The transition of microorganisms from planktonic to biofilm 

lifestyle is controlled by a range of environmental conditions among which the local 

hydrodynamics are of paramount importance (Berke et al., 2008; Gerbersdorf and Wieprecht, 

2015). Surface-attached microorganisms deactivate the expression of the genes involved in 

motility and activate the genes involved in adhesion and biofilm development (Tuson and 

Weibel, 2013). Surface association and subsequent biofilm formation provides these 

microorganisms with critical advantages. As opposed to a single planktonic lifestyle, enhanced 

availability of essential nutritional resources, increased interactions of microorganisms within 

the surface associated biofilm-matrix and distinct, mostly diverse compositions lead to higher 

metabolic activity. This results in high survival, wide tolerance to environmental conditions and 

higher reproduction potential to the embedded microorganisms (Dang and Lovell, 2015; 
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Flemming and Wingender, 2010). The community composition and productivity of the 

microorganisms are continuously controlled by various reciprocal interactions between 

chemical, biological and physical (e.g. hydrological) factors (Gerbersdorf and Wieprecht, 

2015). The operation of reservoirs can lead to significant accumulations of fine sediment and 

nutrients, which can result in formation and development of biofilms on the sediment surface. 

Microorganisms and their metabolic activities support fundamental ecological and biochemical 

processes, e.g., biodegradation of organic matter and toxins, water self-purification and the 

cycling of nutrients (Battin et al., 2016; Madsen, 2011; Nicolella et al., 2005; Schultz and Urban, 

2008; Shannon et al., 2008), and the community composition eventually determines their 

ecological and environmental functions (Danovaro and Pusceddu, 2007; Foshtomi et al., 2015; 

Gilbertson et al., 2012). The microorganisms settled on fine sediments are also known to glue 

sediment grains together through EPS matrix (Jones, 2017; Paterson et al., 2018) and 

permeate their void space, which can, in turn, alter sediment properties, e.g., density, 

morphology, size gradation, architecture (Fang et al., 2012; Gibbs, 1983; Huiming et al., 2011; 

Shang et al., 2014) erosion and transport behavior of sediments (Banasiak et al., 2005; Chen 

et al., 2017; Droppo et al., 2015; Fang et al., 2016, 2015, 2017; Gerbersdorf et al., 2008; 

Malarkey et al., 2015; Righetti and Lucarelli, 2010; Vignaga et al., 2013) and associated 

contaminants (Burns and Ryder, 2001; Förstner et al., 2004). The ability of biofilms to increase 

erosion thresholds by biological actions is named “biostabilization" (de Brouwer et al., 2005; 

Passarelli et al., 2014; Paterson et al., 2018) and has been reported to mediate the cycle of 

sediment erosion, transportation, deposition and consolidation (ETDC) in aquatic ecosystems, 

including reservoirs (Fang et al., 2015). Although the importance of biostabilization at the 

sediment surface and deeper layers has been increasingly recognized through laboratory and 

field studies (Chen et al., 2017; Paterson et al., 2018 (and references therein) over the past 

two decades, yet little is known about the transport processes of biofilm-bound sediment and 

its effect on aquatic environment and bed morphology (Gerbersdorf et al., 2020). Thus, 

sediment transport models as well as river and reservoir management strategies disregard and 

therefore underestimate the effect of biofilm growth on sediment. 

 

5.5. Cyanobacteria 

Reservoirs and dams used for hydropower or drinking water supply are subject to major 

anthropogenic and environmental influences, potentially favoring cyanobacterial harmful algal 

blooms (cHABs). Pelagic and benthic cyanobacteria are known to produce a large variety of 

toxins (e.g., microcystins, saxitoxins, anatoxins), frequently resulting in human and animal 

poisoning events (Dietrich et al., 2008). There is consensus that increased nutrient input 
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(eutrophication) in conjunction with increasing surface water temperatures promoting water 

column stratification, are closely linked to more frequent and pronounced cHABs (O'Neil et al., 

2012; Paerl and Huisman, 2008; Quiblier et al., 2013). Nutrients that have been mainly linked 

to the occurrence of eutrophication associated cHABs are phosphorus (P) and nitrogen (N). 

However, past decades of research revealed that blooms are not restricted to eutrophic or 

hypertrophic systems, but also occur in nutrient poorer (oligo-mesotrophic) lakes and 

reservoirs and can even be promoted by oligotrophication (Callieri et al., 2014; Ernst et al., 

2009; Posch et al., 2012; Salmaso, 2010; Salmaso et al., 2012). 

 

5.5.1. Which species form blooms? 

It is essential to realize that cyanobacteria are not a homogenous group when trying to 

understand cHAB dynamics and bloom response to mitigating or promoting factors and 

management strategies. Therefore, the first step of any bloom management should be a 

careful analysis of the in situ situation, including the identification of the predominant bloom 

species. cHABs forming cyanobacteria can be clustered into two groups based on their nutrient 

preferences and their likelihood to form blooms: Cyanobacteria genera typically forming 

surface blooms in N-limited systems are N2(dinitrogen)-fixing taxa (Dolichospermum, 

Cylindrospermopsis, Aphanizomenon, Lyngbya and Nodularia) as they can compensate for N 

limitation by using atmospheric N2. Planktothrix blooms are typically found in mesotrophic lakes 

(Ernst et al., 2009), where they produce deep chlorophyll maxima. Genera typically occurring 

in eutrophic, P- and N-rich systems are Microcystis and Cylindrospermopsis (Dolman et al., 

2012; Paerl and Otten, 2013). 

 

5.5.2. Management tools 

Several studies have summarized cHAB monitoring and management strategies 

(Chorus and Bartram, 1999; Ibelings et al., 2014; Paerl et al., 2016). The suitability and 

success of the respective strategy might vary and should be considered carefully on a case-

by-case basis (O'Neil et al., 2012; Paerl and Otten, 2013). Nutrient control and reduction is still 

considered to be the most efficient management tool. Here again, a detailed analysis of the in 

situ situation should be the first step. This includes a characterization of the reservoir by its 

trophic level index and the identification of nutrient sources and their pathways. Nutrients can 

enter the system via point sources like natural and artificial tributaries or water pumping 

storages (especially in the case of hydropower reservoirs) or can originate from di use sources 
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from the catchment area. The German environment agency (Umweltbundesamt (UBA)) 

developed a decision support system for reservoir managements (https://toxic-

cyanobacteria.com/), which summarizes background information and questionnaires linked 

with cyanobacterial blooms and toxins. This tool might deliver an overview of the situation and 

help to develop a water safety plan. Besides the described direct control of nutrient input, a 

reduction might also be achieved via sediment dredging/flushing and binding or precipitation 

of nutrients via occulating agents, these invasive strategies should however be considered 

carefully, as they often come with financial and ecological costs (Bullerjahn et al., 2016; Paerl 

and Otten, 2013). Finally, physical factors are often manipulated to mitigate cHABs. Physical 

measures include disintegration of vertical stratification and increased flushing rates in 

reservoirs (Paerl et al., 2016). Vertical mixing devices to break down stratification have been 

successfully applied in small lakes and reservoirs (Paerl and Otten, 2013). The efficacy and 

applicability of these physical manipulation primarily depends on the size and purpose of the 

reservoir, the predominant bloom species and should be applied in parallel with nutrient control 

(Paerl et al., 2016). 

 

5.6. Greenhouse gas emission 

Dammed systems release substantial amounts of greenhouse gases (GHG) that 

contribute considerably to the global budget of GHG (Barros et al., 2011; Beaulieu et al., 2014), 

Hertwich, 2013; Luyssaert et al., 2012; Raymond et al., 2013). Especially CH4 is of major 

concern with reservoirs emitting 8.9-22.2 t yr-1 CH4 globally (Deemer et al., 2016). GHG 

emissions depend on the location and construction of the reservoir and on its management. 

The conditions in the catchment determine influx of nutrients and the amount of organic carbon 

that is eventually stored in the sediments. The meteorological conditions affect the strength of 

stratification, the duration of the season, the intensity of vertical mixing in the water column 

and of the gas exchange at the water surface. The morphometry of the reservoir together with 

meteorological conditions and amount of organic material in the sediments determines, 

whether anoxic conditions develop in the deep water which support accumulation of CH4 and 

CO2 and eventually lead to GHG emission during fall overturn, or to dam-downstream 

emissions if the outlet of the reservoir is located in the anoxic layer. Reservoir management 

may alter the efficiency of different GHG emission pathways. The choice of the depth and the 

temporal sequence of water influx and withdrawal can have substantial effects on GHG 

emissions. Continuous deep-water withdrawal may remove GHG and nutrients released from 

the sediments to dam-downstream. Nutrient removal may result in reduced within-system 

production, thus in a smaller accumulation of organic material in the sediments and 
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consequently a reduced GHG production. The removal of cold deep-water reduces 

stratification, thus supports vertical mixing of e.g., oxygen. In contrast, withdrawal near the 

water surface may directly remove algae and cyanobacteria from the system and thus reduce 

organic material, but favors development of strong stratification with reduced mixing. The latter 

increases the risk of anoxia and GHG accumulation in the deep water. In case water removal 

is not continuous but operated as a single major drawdown of the reservoir, the pressure 

release on the CH4 saturated pore-water causes formation of CH4 bubbles and thus a 

substantial increase in CH4 emissions via ebullition (Engle and Melack, 2000; Deborde et al., 

2010; Varadharajan and Hemond, 2012; Maeck et al., 2014; Harrison et al., 2017). If this 

drawdown is conducted after the stratification period, it may additionally cause substantial 

downstream GHG emissions if CO2 and CH4 had accumulated in anoxic waters. In case small 

drawdowns are conducted at regular time intervals overall CH4 emissions via ebullition may be 

smaller than for an operation with no withdrawal followed by a single large drawdown per year. 

Inflow of water at largest depth may be advantageous for reducing GHG emissions. Because 

the inflowing water is typically warmer and enriched in oxygen compared to the deep water, 

stratification is reduced which supports vertical transport by mixing, and the deep water is 

oxygenated which enhances oxidation of CH4 at the sediment water interface and prevents 

accumulation of CH4 that could be released during fall overturn. Pump-storage operation with 

turbination and inflow of water in the deep water may be particularly advantageous with respect 

to GHG emissions, because the ebullition fluxes during regular small drawdowns lead to 

comparatively small CH4 emissions and the inflow of water in the deep water supports 

oxygenation of the deep water and oxidation of CH4 at the sediment-water interface, thus 

preventing accumulation of CH4 (Encinas Fernández et al., 2014). Another effect of regular 

water fluctuations in a pump-storage system is the periodic drying and wetting of near shore 

sediments which may reduce CH4 fluxes from these sediments. 

 

5.7. Societal implications 

The social surrounding is linked in a myriad of ways to most processes within and 

around the reservoir (Zar et al., 2015; Kirchherr et al., 2016; Kirchherr and Charles, 2016; 

World Commission on Dams, Kornijów, 2009; Siegmund-Schultze et al., 2018; Votruba and 

Broža, 1989; Cernea, 1997). The land use within the upstream catchment area influences 

sediment erosion (Annandale, 1987), nutrient input, e.g., from agricultural uses or sewage 

treatment plants but also hydrological aspects (Zubala, 2009). Downstream riparian may also 

have demands regarding water quantity and quality (sediments, nutrients, general suspended 

load). There are many ecological concerns as some reservoirs, due to their history, do not 
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meet minimal discharge requirements or incorporate pass-through installations for aquatic 

organisms (BMUB/UBA, Aguiar et al., 2016; Dittmann et al., 2009; EU 2000). People living 

nearby may benefit from the reservoirs in various ways: water storage ensures drinking and 

irrigation water supply, there are recreational opportunities as well as affiliated economic 

advantages like employment in hydropower enterprises or tourism. But differing interest of 

stakeholders can lead to conflict, e.g., in connection to agricultural uses and nature protection 

versus recreation and other economic uses, especially energy production (Nguyen et al., 

2017). Invasive species, like aquatic birds, might also be an issue (Kleinhenz and Koenig, 

2018). Nature protected areas will also limit possible interference in the hydrological system 

therefore will be influencing water in- and output. 

 

5.8. Occupancy of water reservoirs and their direct and indirect 

implications 

Renewable energy production is naturally fluctuating. If the reservoir is connected to a 

pump-storage system, it is possible to follow that variable demand structure particularly if 

hydropower production is the only or the dominant function (Giesecke and Mosonyi, 2009). As 

hydroelectricity production will lead to water level changes within the reservoir but also 

downstream, recreational facilities on the shore, nature protection areas or downstream 

riparian floodplain will be subject to drastic water level changes thereby impede full flexibility 

(Hanson et al., 2002). Depending on the overall system, pump storage might introduce water 

from a different catchment into the reservoir leading to new challenges e.g., in respect to 

nutrient content (Godde et al., 2015) If the reservoir is part of a pro table touristic system, these 

interests may play a major role in the management of the reservoir. Frequent water level 

fluctuations, water quality issues and health risks (e.g., due to cHABs) will be a topic of 

considerable concern (Daus et al., 2019; Schrenk-Bergt et al., 2004). There may be conflicts 

regarding accessibility of the reservoir if it is restricted due to hydro-energy installation or 

nature protection areas. In case of drinking water reservoirs, regulations are in place that 

ensure water quality and govern water use, restrict access and regulate possible emitters of 

pollutants within the catchment (Bundesministerium der Justiz und für Verbraucherschutz, 

15.07.2020, 21.05.2001). Drinking water supply will usually be the predominant purpose and 

other uses will only be authorized if they do not impair this vital function. If the implementation 

of drinking water protection area leads to economic losses for other usages (e.g., agriculture, 

forestry), compensation is required (§ 52 Abs. 5 WHG, § 96 Abs. 2 WHG of the German water 

law). Furthermore, water quantity might be an issue considering dry years. Many reservoirs 

are part of a decentralized flood protection system. In case of an imminent flood event, the 
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water level has to be lowered to provide additional protection volume (EU, 2007). Downstream 

riparians will benefit from a more constant water flow that will usually not exceed safe water 

levels. However, hydropower companies will not be in favor of discharging large amounts of 

water at a time when there might not be much revenue. Overall there are lots of interests 

present at water reservoirs, which the management, or Integrated Water Resources 

Management (Borchardt et al., 2016) ideally all incorporates. 

 

5.9. Review tool for management 

During the CHARM project, extensive discussions took place in order to consolidate 

the knowledge on five aspects of reservoir management discussed in the previous sections 

and to identify the challenges of reservoir management through the analysis of project-related 

results (laboratory, field, stakeholder analysis) and pivotal papers (https://milan-

daus.github.io/Literatureon-Water-Reservoir-Management). Accordingly, as an attempt to 

support the achievement of the Sustainable Development Goals (SDG) objectives in the water 

sector (Bhaduri et al., 2016), more precisely in the storage of this fundamental resource, a 

conceptual tool was developed that provides an overview of the interdependencies and 

interactions between different factors of reservoir management in a case study perspective 

from Germany (https://github.com/milan-daus/Literature-on-Water-Reservoir-Management). 

The application of this tool for experts and non-experts and the evaluation of the presented 

interdependencies for other multi-purpose reservoirs can be seen as encouraging examples 

to create transparency and to improve the management of storage systems, which are of 

central importance to water-food-energy nexus in pursuit of meeting the SDG. 

 

5.10. Summary and conclusions 

The management of water reservoirs affects a multitude of interests and aspects in and 

around the actual water body depending on the main function of the system. Most reservoirs 

serve multiple purposes and are therefore prone to interest conflicts between those uses. The 

CHARM research project developed a tool to showcase some important key aspects of 

management-related issues connected to the five topics under consideration, namely: 

sedimentation, biostabilization (of fine sediments), cyanobacteria and possible cHABs, 

greenhouse gas emissions (mainly CH4 and CO2) from reservoirs and possible social conflicts 

and trade-offs. The tool provided, shows the possible interrelations of these topics. 

Furthermore, a matrix based on the idea of cross-impact-matrices (Weimer-Jehle, 2006) can 
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identify certain interrelations of typical reservoir management issues and is open to be modified 

by the individual users of the tool to get a comprehensive overview and support decision 

making. 

 

5.11. Availability of data 

The excel tool that presents key aspects of management-related issues and their 

interrelations can be accessed at https://github.com/milan-daus/Literature-on-Water-

Reservoir-Management, while the relevant literature is available at https://milan-

daus.github.io/Literature-on-Water-Reservoir-Management/. 
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6. GENERAL DISCUSSION 

Occurrences of harmful cyanobacterial blooms in lakes and reservoirs are reported 

worldwide, with a significant increase over the last decades. Simultaneously, weather 

extremes related to climate change cause an increased demand for reliable and sustainable 

water sources. Cyanobacterial blooms are dynamic and complex phenomena, showing spatio-

temporal variations of bloom toxicity and species composition in long and short-term. 

Consequently, it is important to improve our knowledge on parameters causing cyanobacterial 

blooms as well as understanding factors that influence intra-annual bloom dynamics. In this 

context, three main topics regarding bloom dynamics were addressed in this work: Using lake 

sediment to reconstruct cyanobacterial bloom history of lakes (Manuscript 1); N2-fixing 

Dolichospermum blooms and nitrogen load reduction as bloom mitigation strategy (Manuscript 

2 and 4); and association between short-term bloom dynamics and chytrid parasitism 

(Manuscript 3). Detailed information and discussions of the results can be found in the 

respective manuscripts. In the following chapters a short summary is given and the individual 

key findings are discussed in the common context of global warming, bloom mitigation 

strategies and reservoir management. 

 

6.1. Using lake sediment to reconstruct cyanobacterial bloom history 

(Manuscript 1) 

The availability of long-term data on the abundance and diversity of potentially toxic 

cyanobacterial populations in lakes is still very limited and relies often on sparse historic 

phytoplankton records. In New Zealand environmental data exist for only <5 % of the 3,800 

lakes, and these data sets typically date back only 20 to 30 years. This lack of data results in 

uncertainty as to whether bloom-forming and toxin-producing species have always been 

present in a lake, or whether increased proliferating in response to eutrophication or climate 

change occurred through recent history, or if there has been a succession of new (invasive) 

species. Consequently, there is a need for robust evidence documenting if, when and why 

changes occurred. While the analysis of sedimentary DNA is well developed and has been 

applied to various topics in paleolimnological research, it is a fairly new approach in 

cyanobacterial bloom research. The work presented in this manuscript shows how 

cyanobacterial bloom-related proxies in lake sediment can be used to trace back occurrences 

of cyanobacterial blooms in the past. Our results indicate that potentially toxin-producing 

cyanobacterial blooms are a rather recent phenomenon in Lake Rotorua. Furthermore, the 

current sampling method employed in paleolimnological studies was validated. We showed 
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that one sample from the center of the lake can reflect the whole lake bacterial community. 

However, Lake Rotorua is a rather small lake and our findings might not be transferable to 

larger lakes, which might exhibit a higher spatial heterogeneity. The finding that Microcystis 

spp. have been present in Lake Rotorua since around the 1950’s agrees with other lake 

sediment studies, which state an increase of cyanobacteria populations during the 1900s in 

North America (Pal et al., 2015; Taranu et al., 2015) and Europe (Legrand et al., 2017; Zastepa 

et al. 2017; Monchamp et al. 2018, 2019). These studies identified nutrient enrichment as a 

result of intensified agriculture, and global warming as the strongest environmental drivers of 

the observed increase of cyanobacteria. New Zealand’s freshwater ecosystems show a 

decreasing trend in lake health and a strong increase of cyanobacterial blooms over the past 

decades, which is primarily linked to intensified dairy farming. An ongoing effort to understand 

the lakes bloom histories and bloom drivers in New Zealand, is the Lakes380 project 

(https://lakes380.com/). In this project sediment cores from 10 % of New Zealand lakes are 

collected to analyze past ecosystem health and anthropogenic induced changes in the aquatic 

environment, but first publications are pending. So far, there is to our knowledge just one other 

sediment core study which reconstructed the historical composition of cyanobacterial 

communities for a New Zealand lake (Wood et al., 2009). However, the species identification 

method applied by Wood et al. (Automated ribosomal intergenic spacer analysis) could not 

provide evidence if cyanobacteria increased disproportional to other phytoplankton species. 

Whereas in our study we could show that there was no Microcystis spp. and a generally low 

abundance of cyanobacteria before the 1950’s, based on relative abundances in the 

bacterioplankton. We assessed the potential toxin production of previous bloom populations 

by the occurrence of mcyE genes, but actual MC concentrations were only analyzed for 

sediment surface samples. Including quantification of MCs in sediment core layers as proxy 

for past MC concentrations, similar to the study of Zastepa et al. (2017) would improve our 

study and may help in further studies to identify possible drivers of toxigenic cyanobacteria. 

Why there was an increase in Microcystis and cyanobacteria in Lake Rotorua could not be 

readily explained. Due to its shallow depth, large catchment area and small outflow of the lake 

it can be assumed that Lake Rotorua has always been eutrophic. To which extend the general 

nutrient enrichments in the region’s waterways also changed nutrient loads of Lake Rotorua 

would need further analysis. One way to do this is the use of diatom assemblages preserved 

in lake sediments (Stoermer and Smol, 2001). With their specific ecological preferences and 

rapid response to changes in nutrient concentrations, diatoms can be used as bioindicator to 

track past water quality dynamics and shifts in nutrient regimes (Adams et al., 2014). This 

method was already successfully applied in cyanobacterial bloom research by Zastepa et al. 

https://lakes380.com/
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(2017) who correlated sediment MC concentrations with historical N and P concentrations, 

inferred from diatom assemblages, covering a time span of 200 years. 

Despite being a promising tool, it needs to be noted that lake sediment core studies may not 

be feasible for artificial water reservoirs. Hydraulic flushing of deposited sediments has been 

employed in the management of many reservoirs to sustain the useful storage capacity (Lai 

and Shen, 1996; Schleiss et al., 2016). However, it can be supposed that availability of long-

term monitoring data of nutrients and phytoplankton is better for most reservoirs compared to 

natural lakes, at least if they are used for drinking-water supply and recreation.  

To sum up, cyanobacterial bloom proxies stored in lake sediments provide measures of current 

and historical toxic cyanobacterial populations. This information helps to assess the natural 

condition of a lake and, for instance, if current cyanobacterial blooms are a consequence of 

shifts in water quality and nutrient loads. This might be used as the first step to decide upon 

possible bloom mitigation strategies, including nutrient load reduction and lake restoration (see 

chapter 6.3). 

 

6.2. Fungal parasitism and its influence on bloom toxicity (Manuscript 3) 

Changes in bloom toxicity are assumed to primarily result from changes in the cell 

concentrations of toxic and non-toxic cyanobacterial genotypes within bloom populations (Orr 

et al., 2018). While the succession of genotypes during the course of a bloom is well 

documented (see chapter 1.5.1), little is known about the factors influencing these genotype 

dynamics. Parasitism is increasingly recognized as an important factor steering phytoplankton 

succession and has therefore been implemented in phytoplankton models (Frenken et al., 

2017; Sommer et al., 2012, Figure 6-1).  
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Figure 6-1 Seasonal (winter through autumn) biomass patterns of phytoplankton in a eutrophic (left) and an 
oligotrophic (right) water body. 
Seasonal (winter through autumn) biomass patterns of phytoplankton in a eutrophic (left) and an oligotrophic (right) 
water body. Gray line, classic scenario (moderate fish predation, overwintering of metazoan plankton unimportant); 
blue line (OZ), overwintering zooplankton important; red line (F−−), high metazoan density in fishless water bodies; 
orange line (F++), metazoan plankton suppressed by high fish predation. Shading indicates the mean vulnerability 
of phytoplankton against metazoan. The thickness of the horizontal bars indicates the seasonal change in regard 
to the relative importance of physical factors such as grazing by protists and metazoa, nutrient limitation and 
parasitism. Adapted from Sommer et al. 2012 

 

The regulating effects of parasites on phytoplankton dynamics include (a) delayed timing or 

decreased peak population densities of algal blooms, (b) steering the outcome of interspecific 

competition among (sub)dominant species, and (c) directing intraspecific succession and 

maintaining genetic diversity (Sommer et al., 2012). In Manuscript 3, we documented for the 

first time how chytrid parasitism can control cyanobacterial genotype shifts in a natural bloom 

and can thereby alter bloom toxicity. Contrary to expectations, we observed that the 

Dolichospermum genotype that showed higher toxin production was more susceptible to the 

chytrid parasite, resulting in a shift towards lower bloom toxicity. In contrast, Rohrlack et al. 

(2013) observed a lower virulence of chytrids to a Planktothrix wildtype strain producing several 

cyanotoxins, compared to its knock-out mutants lacking the production of at least one of the 

toxins. However, besides MCs and anabaenopeptins, the wildtype strain used by Rohrlack et 

al. also produced aeroginosins, microviridin, cyanopeptolins which were not tested in our 

study. Therefore, direct comparison of these two studies is difficult. The question whether and 

if so which cyanotoxins actually function as antiparasite defense system, for example by 

inhibiting chytrid proteases, can only be resolved via mechanistic studies with the individual 

cyanotoxins. 

Chytrid parasitism is not only determined by interactions between host and parasite, but also 

depends on environmental conditions, in particular on temperature (Gsell et al., 2013; Ibelings 
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et al., 2011). Earlier experimental studies have shown that chytrids are almost non-infective at 

water temperatures below 3ºC (Sommer et al., 2012). Ibelings et al. (2011) described the 

dynamics of host-parasite interactions for >30 years between the freshwater diatom 

Asterionella formosa and two highly virulent chytrid parasites. They observed that milder 

winters, as a result of global warming, promoted ongoing chytrid infections of its diatom host 

but at low prevalence. This in turn allowed other diatoms to take over as dominant species. 

Similar to this, Gsell et al. (2013) described a genotype-specific susceptibility of diatoms 

towards chytrid virulence which also varied with temperature level. The duration and intensity 

of chytrid parasite pressure on cyanobacterial host populations is therefore likely to be affected 

by changes in lake temperature patterns due to global warming. This, in turn may affect the 

selective strength of the parasite on the genetic structure of the host population (Gsell et al., 

2013). However, whether increased chytrid parasitism selects for more toxic or less toxic 

cyanobacterial genotypes is closely linked to the putative antiparasital function of cyanotoxins 

and remains to be further investigated. 

 

6.3. Nitrogen load control as bloom mitigation strategy (Manuscript 2 & 4) 

There is a number of physical, chemical, and biological approaches that may decrease 

bloom intensities: (1) reducing nutrient input from external sources, (2) reducing internal 

release of nutrients that are already in the system, (3) increase flushing rates, (4) destratifying 

waters by artificial mixing, (5) application of algaecides and (6) biological manipulation (Paerl 

et al., 2016a; Paerl, 2018). However, most scientists emphasize that nutrient load reduction 

(targeting N and P) is the primary bloom mitigation strategy to ensure long term and 

sustainable success. There are multiple approaches to target this nutrient reduction and their 

suitability depends on the size, usage and nature of the water body. Sediment dredging for 

example is commonly applied for artificial reservoirs. This strategy is primarily used to ensure 

the storage capacity of reservoirs, but also prevents nutrient regeneration from sediment to the 

water body. Sediments act as the storage bank of nutrients that can be exchanged rapidly 

between the bottom and water column. Furthermore, sediments store cyanobacterial resting 

cells and thereby act as a “seed bank” for blooms. While dredging sounds attractive from a 

bloom mitigation perspective, it is expensive, alters biogeochemical cycling and is a highly 

invasive strategy which disturbs the benthic floral and faunal habitat (Paerl, 2018). Therefore, 

where possible, the source water should be managed to prevent the development of 

cyanobacterial blooms. 
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Despite the general agreement on the linkage between eutrophication and cyanobacterial 

blooms, there is less consensus concerning the exact strategy on how to reverse 

eutrophication in lakes: Should the reduction be focused on N loads, P loads, both nutrients or 

should a certain N:P ratio be aimed? This is also a question of financial costs, as reduction of 

both elements is more expensive than reduction of just one. It is therefore important to deduce 

when eutrophication and cyanobacterial blooms can be reduced by controlling P alone, and 

when more expensive control of N and P may be required (Schindler, 2012). 

Another important issue regarding nutrient load reduction is the response time of the lake, 

meaning the time period it takes until a new nutrient equilibrium is reached. Lake response to 

P reduction is known to be rather slow. At least three retention times are needed to wash out 

95 % of the excess P pool in the water column of fully mixed lakes (Jeppesen et al., 2005; Sas, 

1990). The long response time is due to internal loadings continuously replenishing the P pool 

in the water column (Sas, 1990). In contrast, N loss by denitrification results in negligible 

internal N loading, resulting in a quick response of the N concentration (Jensen et al., 1992). 

The efficiency of P load reduction is documented for many lakes (Schindler et al., 2008). 

However, P-only reduction is not always successful. For example, Lac du Bourget, located in 

the French Alps, has undergone major restoration programs. Nutrient-reducing efforts focusing 

on P loads (N: 750 to 600 µg L-1, P: 100 µg L-1 to 30 µg L-1), lead to an increase in the N:P ratio 

from 7 to 20 and caused ultimately the occurrence of Planktothrix blooms (Jacquet et al., 2005; 

Vrede et al., 2009). This genus, as well as other non-N2 fixing taxa (e.g., non-N2 fixing Lyngbya 

and Oscillatoria spp.), points to N-over-enrichment in the system and indicate that N input 

reduction is additionally needed to reverse this trend (Paerl, 2018; Paerl et al., 2016b). 

Reduction of N-only loads in turn is assumed to cause a shift towards N2-fixing cyanobacteria, 

potentially without decreasing overall cyanobacterial biomass (see chapter 1.3.1, Schindler et 

al., 2008). Experimental data for individual diazetrophic species are especially important, since 

efficiency of nitrogenase and N2-fixation seems to differ tremendously among diazotrophic 

taxa. The results of Manuscript 2 indicate that Dolichospermum can fully compensate for N-

limitation by N2-fixation. Therefore, N-only reduction might indeed cause a shift towards 

Dolichospermum. However, assumptions resulting from short-term laboratory or mesocosm 

studies should be interpreted with caution and cannot directly be transferred to natural 

scenarios (Schindler, 2012). Nevertheless, this potential scenario should be carefully 

considered for waterbodies in which N-only input reductions are being considered to reverse 

eutrophication. 
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The key priority for every management strategy is to establish the extent to which N and P 

reduction is needed to effectively mitigate the bloom. Unfortunately, there is still no precise 

threshold that simply needs to be complied and the task can only be carried out on a case-

level. The N:P ratio approach might help to determine whether a system is N- or P-over- 

enriched. However, the ratio alone is neither effective nor meaningful without considering the 

total N and P and concentrations (Paerl, 2018). Overall, the most efficient strategy to mitigate 

cyanobacterial blooms is dual N and P reduction (Dolman et al., 2012; Lewis and Wurtsbaugh, 

2008; Paerl et al., 2016b). In case of blooms in oligo- to mesotrophic lakes and reservoirs, e.g. 

Dolichospermum blooms in the Schwarzenbach reservoir, Planktothrix blooms in alpine lakes, 

reduction of P- or N-only might be carefully considered.  

Finally, it needs to be pointed out that eutrophic and mesotrophic lakes do naturally occur and 

not every nutrient-rich lake has been an oligotrophic system before. In these cases, nutrient 

load reduction cannot be considered as a renaturation strategy but an invasive intervention 

into a productive ecosystem. Paleolimnological studies might help to decide upon the lakes 

previous trophic state and bloom history (see chapter 6.1). 

 

6.4. Risk assessment and short-term bloom dynamics 

This thesis did not aim to revise current risk assessment strategies for cyanobacterial 

blooms. However, some of our findings might help to improve current and future risk 

assessment and will therefore be discussed in this context in the following paragraph. 

Water bodies used for drinking water supply or recreational purposes are typically managed 

by local water managers, who are also responsible for undertaking the risk assessment of 

cyanobacterial blooms. This includes decision making whether responses, such as bathing 

restrictions, should be undertaken to ensure public health protection. Short-term bloom 

dynamics are of particular concern for water managers, as rapid changes might lead to an 

over- or underestimation of the actual risk posed by a bloom. Therefore, the methodical 

approach of risk assessment but also the timing and frequency of monitoring are important 

parameters to ensure save recreational and drinking waters. Approaches of bloom risk 

assessment and monitoring differ between countries (see Table 1 & 2 in Chorus, 2012b) but 

are primarily based on the World Health Organization (WHO) guidelines for drinking water 

(WHO, 2017) and recreational water (WHO, 2003), which are implemented in the European 

law in the respective guidelines of the European Union (EU) (Directive 98/83/EC and 

2006/7/EC, EU, 1998, 2006). In the case of drinking water, national monitoring methods and 
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frequencies reflect the severity of toxin-producing blooms in the respective country. Germany 

for example has no specific regulations for cyanotoxin monitoring or guidance values for 

drinking water, as only about 20 % of drinking water supply is from surface water, and that 

mostly from well protected reservoirs (Chorus, 2012b; UBA, 2015). Nevertheless, where 

cyanobacteria do occur, the common WHO guideline value for MC-LR in drinking water 

(1 μg L−1) is applied. New Zealand in turn faces more problems with toxin-producing blooms, 

and obtains 75 % of drinking water from surface water supplies. Therefore, the government 

has implemented a comprehensive risk management plan, including monitoring of cyanotoxins 

in up to weekly frequency and very specific maximum acceptable values for the most common 

cyanotoxins (Chorus, 2012b). 

In the case of recreational waters, the EU guideline demands the establishment of a 'bathing 

water profile', i.e. the assessment of the potential for contamination (EU, 2006). If this profile, 

or historic data indicate a potential for cyanobacterial proliferation in the respective water body, 

appropriate monitoring shall be carried out to enable timely identification of health risks. When 

cyanobacterial proliferation occurs and a health risk has been identified or presumed, 

adequate management measures shall be taken immediately to prevent exposure. However, 

further definitions of 'appropriate monitoring', 'timely identification of health risk' and 'adequate 

management measures' are left to the individual country. Most countries implemented the 

three-tiered concept recommended by the WHO, in which health risk of a bloom is not directly 

measured via cyanotoxin quantification, but deduced from the cyanobacterial biomass, cell 

concentration or chlorophyll-a concentration (Table 6-1). Cell densities >20,000 cells mL-1 

(~MC concentration >4 µg L-1) result in bathing restrictions (EU, 2006; UBA, 2015).  

 

Table 6-1 World Health Organization guideline values for the health risk assessment of cyanobacteria in recreational 
water and recommended actions. 

 

The usage of biomass parameters as basis for risk assessment has the advantage of 

encompassing all cyanotoxins, including those yet unidentified or for which the toxicological 

Cells mL
-1

Chlorophyll-a µg L
-1 

with dominance of 

cyanobacteria

Microcystin 

concentration µg L
-1 Recommended action

Low risk for adverse health 

outcomes
20,000 10 2–4 (maximal 10)

Post on-site risk advisory signs; 

Inform relevant authorities

Intermediate risk for 

adverse health outcomes
100,000 50

20 (maximal 

50–100)

Watch for scums; Restrict bathing 

and further investigate hazard; Post 

on-site risk advisory signs

High risk for adverse health 

outcomes

Scum (Bloom) 

formation

Immediate action to prevent contact 

with scums; Possible prohibition of 

swimming and other water contact 

activities; Post on-site risk advisory 

signs; Inform relevant authorities.
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data are insufficient for the derivation of a guidance value (Chorus, 2012b). The downside is 

that in blooms where the presence of toxin-producing genotypes is low, responses such as 

bathing restrictions may be more restrictive than necessary for health protection (Chorus, 

2012b; Turner et al., 2018). As was described in previous publications (see chapter 1.5.1) and 

in Manuscript 3 of this thesis, total cyanotoxin concentrations but also MC congener 

composition can differ tremendously between genotypes. Even in the course of a toxic bloom, 

toxin concentrations may vary significantly. Toxin-producing and non-producing genotypes as 

well as levels of toxin production cannot be distinguished via visual inspection. Routine 

analysis of bloom samples by LC-MS/MS would therefore provide a beneficial confirmatory 

approach to the biomass parameters, aiding both public health and the needs of water users 

and managers (Turner et al., 2018). 

Another critical point of the current risk assessment is the timing and frequency of 

measurements. While some states implemented a fortnightly (e.g. Netherlands) or even 

weekly (e.g. New Zealand) monitoring frequency of cell densities during bathing season, 

German implementation only asks for intensification of monitoring during bathing season, once 

cyanobacteria cell density exceeds 10,000 cells mL-1(UBA, 2015). The formation and 

breakdown of surface blooms is highly dynamic, and varies at a time scale of hours (Ibelings 

et al., 2003; Wood et al., 2011). Monitoring these dynamics with routine means is impossible 

(Chorus, 2012b). However, monitoring in higher frequency will always result in a more accurate 

and realistic risk assessment. Therefore, weekly monitoring should be taken into account by 

water managers, once a surface bloom occurs. 

Lastly the bathing water profile is discussed, which assess the potential of a water body to 

experience cyanobacterial blooms in the first place (in the EU), and therefore also decides 

upon the monitoring frequency. Whether the profile indicates increased potential for 

cyanobacterial proliferation depends on the nutrient load. Lakes with a eutrophic nutrient status 

or with TP loads of 25-50 µg L-1 are expected to have a high potential to experience blooms 

(Umweltbundesamt (UBA), 2015). Nevertheless, they sometimes also occur in oligotrophic 

environments (see chapter 1.3.1, Carey et al., 2012; Sterner et al., 2020). A common species 

occurring at lower nutrient loads is P. rubescens. Planktothrix blooms are considered to pose 

a low health risk, as they occur deeper in the water column without interfering with water sports 

(UBA, 2015). In the recent study it was shown that also mesotrophic lakes and reservoirs can 

experience blooms, e.g. Dolichospermum blooms in the Schwarzenbach reservoir. In contrast 

to P. rubescens, Dolichospermum builds surface blooms and therefore has a greater potential 

to expose swimmers with cyanotoxins. Measurements of TP in the Schwarzenbach reservoir 

were frequently <20 mg L-1. There is no doubt that eutrophic lakes have an increased risk for 



  GENERAL DISCUSSION 

111 

 

cyanobacterial blooms. Nevertheless, also oligotrophic and mesotrophic bathing waters should 

be monitored closely once any sign of cyanobacterial proliferation occurs. This might be 

especially relevant assuming a future increase in occurrences of N2-fixing species in oligo- 

mesotrophic waters. Several publication state that global warming will promote the growth of 

diazotroph taxa (Brauer et al., 2013; Visser et al., 2016). Increasing temperature will result in 

a substantially higher N2-fixation activity and greater competitive advantage for diazotrophic 

cyanobacteria in N-limited waters. Rising CO2 concentrations may also enhance N2-fixation 

rates, as has been reported for the marine cyanobacterium Trichodesmium (Levitan et al., 

2007). Furthermore, warmer water in spring is supposed to increase nutrient consumption by 

the phytoplankton community which causes N limitation later in the growing season to the 

advantage of N2-fixing cyanobacteria (Elliott, 2012). 
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7. CONCLUSIONS AND OUTLOOK 

Global increase of harmful cyanobacterial blooms demands an improved 

understanding of ecosystem changes promoting bloom growth, as well as environmental 

factors controlling bloom dynamics. This work deals with different aspects of the dynamics of 

toxin producing cyanobacterial blooms in natural lakes and artificial water reservoirs. 

We showed that a single sample taken in the center of a lake is sufficient to capture microbial 

diversity across a lake. This study will help to investigate lakes cyanobacterial bloom history 

and to identify past shifts in lake ecology that may have caused an increase of cyanobacterial 

blooms appearance. This knowledge is needed to protect and restore lake health. Apart from 

bloom research, results of this study are relevant to other paleolimnological studies which are 

now incorporating molecular microbial analysis into their suite of techniques. 

Understanding short-term changes of bloom intensity and toxicity are crucial for safe bloom 

risk assessment. We demonstrated for the first time, in a natural bloom how fungal parasitism 

can influence genotype shifts over the course of a bloom, thereby influencing bloom toxicity. 

Albeit more studies are needed on the putative antiparasital function of cyanotoxins, our study 

provides valuable information on the biological function of cyanotoxins. Global warming might 

alter parasitism intensity and therefore also bloom toxicity in the future. Further studies are 

needed to investigate the influence of fungal but also viral parasitism on cyanobacterial bloom 

toxicity. 

On a global scale toxin producing cyanobacterial blooms are expected to increase as a 

consequence of climate change. Therefore, sustainable management and efficient bloom 

mitigation strategies are needed to ensure safe and clean recreational waters and drinking 

water supplies in the future. In this study, we showed that reversing eutrophication of surface 

water by N-only reduction might promote growth of N2-fixing cyanobacteria, e.g. 

Dolichospermum and can therefore not be recommended as bloom mitigation strategy. We 

presented an information tool which aids and enhances multidisciplinary knowledge in 

reservoir management. Despite the current limitations of the tool it but will be extended and 

improved in future. 
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