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Abstract

Estuaries are centers of human societies, habitats for a specialized flora and fauna and

important entities in global carbon cycles. Phytoplankton are the basis of the aquatic food

webs in estuaries but here often faced with challenging conditions such as light limitation

due to high turbidity and osmotic stress due to salinity gradients. Taxa appearing under such

conditions may play a critical role in maintaining primary production and biological carbon

pumping, and they may apply specific strategies (e.g. mixotrophy), allowing them to persist.

However, knowledge about estuarine biota remains limited. This is also the case in the Elbe

estuary, one of Europe’s largest estuaries, where the lower ca. 70 km of the water body are

largely unexplored. Even in surveyed areas of this habitat, methodological limitations (e.g. of

microscopy) may have led to certain groups being previously underrepresented.

In our study, we applied metabarcoding and flow cytometry to assess phytoplankton

community composition in the Elbe estuary. Our focus was to identify important groups in

the unmonitored mid to lower estuary, to assess the role of picophytoplankton in general,

and to compare our results from further upstream with available microscopy data. Further,

we carried out laboratory experiments, to assess the abilities of different phytoplankton

strains isolated from the Elbe estuary to utilize organic compounds (e.g. sugars).

In compliance with former data from microscopy, phytoplankton communities were overall

dominated by diatoms (Mediophyceae) with respect to metabarcoding reads (~ biovolume).

However, we found that picophytoplankton and potentially mixotrophic flagellates (e.g.

Cryptomonas) were more dominant than previously reported. Those groups can be

overlooked via microscopy, due to their fragile nature and small size. In our laboratory study,

we found that all included phytoplankton strains were able to utilize organic compounds.

Our results altogether provide support for the significance of mixotrophy in the Elbe estuary.

Further research should address limitations of our study, e.g. concerning the interpretation

of metabarcoding results in the context of gene copy numbers, and active mixotrophic

behavior of the identified flagellates.



Lay summary

Estuaries, the lower river areas that merge into the oceans, are centers of human lifes, home

for a diverse wildlife and important in global carbon cycles. Phytoplankton are the basis of

the food chains in estuaries but may suffer from harsh conditions here. For instance,

turbidity can darken the water body, but light is needed for photosynthesis. Species that live

under such conditions may play an important role because they provide food for

zooplankton and take up CO2. However, there is not much knowledge about estuarine life.

This is also the case in the Elbe estuary, one of Europe’s largest estuaries, where the lower

ca. 70 km are largely unexplored. Even in explored areas of this habitat, certain groups of

phytoplankton may have been overlooked so far due to the choice of methods.

In our study, we applied molecular tools (metabarcoding) and automated cell counting

techniques (flow cytometry) to assess phytoplankton composition in the Elbe estuary. Our

focus was to identify important phytoplankton groups in the unmonitored mid to lower

estuary and to compare our results from further upstream with available microscopy data.

We also carried out laboratory experiments, to assess the ability of phytoplankton from the

Elbe estuary to use organic substances (e.g. sugars), a strategy considered mixotrophy.

In compliance with former knowledge, phytoplankton communities were overall dominated

by diatoms. However, we found that the smallest players among the phytoplankton - the

picophytoplankton - and potentially mixotrophic flagellates were more dominant than so far

reported. Due to their fragile nature and small size, those groups were likely overlooked in

former microscopy-based studies. In our laboratory study, we furthermore found that all

included phytoplankton species were able to use organic substances. Our results altogether

provide support for the importance of mixotrophy in the Elbe estuary.



Zusammenfassung

Ästuare, die unteren Flussbereiche, die in den Ozean übergehen, sind das Zentrum

menschlichen Lebens, Zuhause für eine diverse Tier- und Pflanzenwelt und wichtig in

globalen Kohlenstoffkreisläufen. Die Basis der Nahrungskette in Ästuaren ist Phytoplankton,

welches jedoch unter den harten Bedingungen in diesen Ökosystemen leiden kann. Zum

Beispiel kann die Trübung im Wasser dazu führen, dass wenig Licht für die Photosynthese zur

Verfügung steht. Arten, die unter solchen Bedingungen leben, sind wichtige

Nahrungsquellen für das Zooplankton und sorgen dafür, dass weiterhin CO2 aufgenommen

wird. Dennoch wissen wir wenig über das Leben in Ästuaren. Dies ist auch in der Tideelbe

der Fall, eines der größten Ästuare Europas, in der die unteren ca. 70 km weitgehend

unerforscht sind. Selbst in den erforschten Bereichen wurden bestimmte Gruppen von

Phytoplankton durch die verwendeten Methoden bisher nicht ausreichend berücksichtigt.

In unserer Studie haben wir molekulare Verfahren (Metabarcoding) und automatisierte

Zellzählungsmethoden (Durchflusszytometrie) angewendet, um die Zusammensetzung des

Phytoplanktons im Elbeästuar zu untersuchen. Unser Fokus lag darauf, herauszustellen,

welche Gruppen im weitgehend unerforschten mittleren bis unteren Ästuar wichtig sind,

und inwieweit unsere Ergebnisse von weiter stromaufwärts mit hier verfügbaren

Mikroskopiedaten übereinstimmen. Weiterhin haben wir Laborexperimente durchgeführt,

um zu untersuchen, ob Phytoplankton aus der Elbe organische Substanzen (z.B. Zucker)

nutzen kann, eine Strategie, die als Mixotrophie bezeichnet wird.

Diatomeen waren in unserer Studie die dominante Phytoplanktongruppe, was mit dem

übereinstimmt, was bereits durch Mikroskopie bekannt war. Wir fanden jedoch heraus, dass

die kleinsten Vertreter des Phytoplanktons - das Picophytoplankton - und potentiell

mixotrophe Flagellaten eine größere Rolle spielen als bisher angenommen. Diese Gruppen

wurden in mikroskopischen Analysen vermutlich z.T. übersehen, da die Zellen fragil bzw. sehr

klein sind. In unserer Laborstudie fanden wir zudem heraus, dass alle einbezogenen

Phytoplanktonarten organische Substanzen nutzen können. Insgesamt unterstreichen unsere

Ergebnisse die Bedeutung mixotropher Lebensstrategien im Elbeästuar.
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1. Introduction

1.1. Study area: The Elbe estuary

In our study we investigated the composition and traits of phytoplankton in the Elbe estuary.

Estuaries are transition zones between freshwater, terrestrial and oceanic environments

(Levin et al., 2001) and characterized by the mixing of freshwater and seawater, and tidal

currents (Tagliapietra et al., 2009). Temporal floodings of the surrounding terrestrial areas

(e.g. marshlands) do not only have an impact on the local flora and fauna but might also lead

to enhanced matter exchange between the terrestrial and aquatic sites (Levin et al., 2001).

Being the interface between substantially different environments, estuaries often feature

strong gradients of physico-chemical parameters such as salinity, nutrients and oxygen

(Tagliapietra et al., 2009). Interaction of tidal currents and river runoff can result in highly

turbid areas, known as maximum turbidity zones (Kappenberg and Fanger, 2007). Estuaries

are considered highly productive ecosystems based on high nutrient inputs as well as

decomposition of high loads of organic matter (Levin et al., 2001). However, the features

mentioned above - e.g. salinity gradients and turbidity - can also be stressors for the local

organisms and limit their distribution (see e.g. (Hossain et al., 2016)). Processes in estuaries

determine the transfer of materials (e.g. carbon and nutrients) towards the oceans and

might have cascading effects on oceanic processes (e.g. oceanic primary production and

finally carbon export and storage) (Araujo et al., 2014; Basu and Mackey, 2018; Levin et al.,

2001; Subramaniam et al., 2008).

The Elbe estuary is located in a temperate climate zone and one of Europe’s largest

estuaries. It extends for over 100 km from a weir in Geesthacht to the North Sea (fig. 1.1).

The well-mixed mesotidal water body is characterized by areas with high turbidity

(Kappenberg and Fanger, 2007) and high nutrient loads that are partially exported to the

North Sea (Bergemann and Gaumert, 2010), temporal and local oxygen depletion (Gaumert

and Bergemann, 2007) as well as shifts in salinity (FGG Elbe, 2024). The Elbe estuary is a

habitat for miscellaneous species and furthermore supplies the local human population with

ecosystem services (e.g. port of Hamburg and recreation areas). It has been experiencing
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intense anthropogenic pressure for centuries and further changes such as global warming or

deepening of shipping channels might have additional impacts on the ecosystem functioning

- both for humans and other life forms (see e.g. (Van Maren et al., 2015)).

Fig. 1.1: Study area and approximate location of sampling stations along the Elbe estuary included

in the different parts of the PhD project. Overlapping circles indicate different methods applied at

the same sampling stations (see color scheme in the figure).

In our study, we applied metabarcoding and flow cytometry to analyze phytoplankton

communities at different stations along the Elbe estuary (fig. 1.1, green and yellow sampling

points) throughout different seasons in 2021 and 2022 (supplementary tab. S2.1). For

comparison, we also included microscopy data of phytoplankton communities provided by

monitoring facilities (HU, 2023; NLWKN, 2023) (fig. 1.1, blue sampling points). We

additionally carried out laboratory experiments on single phytoplankton strains isolated

from this ecosystem (fig. 1.1, red sampling points). Further details about the aims and

methods are described in the sections below.

2
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1.2. Study project and graduate school: RTG2530

The present project (B1) is part of the DFG-funded project ‘Biota-mediated effects on Carbon

cycles in Estuaries’. The research training group (RTG2530) altogether investigates how the

specific estuarine conditions (e.g. salinity gradients) affect organisms of various trophic

levels (i.e. primary producers, consumers and decomposers) and their interactions in and

between the estuarine channels and marshlands. Gathering insights into the biological

processes in the Elbe estuary provides us better understanding on the functioning of this

specific ecosystem and how ecological processes might be affected by environmental

change. Beyond that, we want to contribute to the many open research questions about

estuaries as carbon sinks or sources in general and their functioning in global carbon cycles

in particular. For instance, estuaries have been categorized as CO2 sources in the past

(Borges et al., 2005), however, recent studies indicate that the individual conditions of

estuaries such as river runoff, turbidity and anthropogenic influence might have crucial

impact on carbon cycles and that estuaries can also be CO2 sinks (Araujo et al., 2014; Dutta

et al., 2021; Hutchings et al., 2020; Kang et al., 2019; Pattanaik et al., 2020). Despite intense

research in the last decades in particular many biological processes of estuarine carbon

cycling remain cryptic (see also (Ren et al., 2022)).

Though the Elbe estuary has been described as a CO2 source based on estimates from

dissolved inorganic carbon measurements (Amann et al., 2015), we know little about

biological processes in this ecosystem - which might also be affected by upcoming changes

such as global warming - and most research in this ecosystem has been carried out several

decades ago (e.g. (Fast, 1993; Wolfstein, 1996)).

1.3. Study organisms: Phytoplankton

Phytoplankton contribute about 50 % to global primary production (Field et al., 1998). Due

to their short generation times and large standing genetic variation, their populations can

react quickly to changes in their habitat (Hattich et al., 2017; Stomp et al., 2008). By taking

up CO2 they are the main biological drivers of the CO2 flux towards aquatic environments

3
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and substantial players in carbon sequestration (Basu and Mackey, 2018). Their performance

has cascading effects on the higher trophic levels. Their allocation at the base of the food

webs and their fast responses to environmental changes make them important players in

terms of a potential feedback of the aquatic ecosystems on climate change (Boscolo-Galazzo

et al., 2018). Despite this knowledge, many aspects of the role of phytoplankton in estuaries

and similar ecosystems are still largely unexplored.

In the Elbe estuary, phytoplankton have been monitored for decades, providing a large pool

of valuable data, but the monitoring is largely limited to the upper 60 km of the water body.

It does not cover large parts of the estuary (ca. 70 km) where processes such as formation of

turbidity as well as mixing of freshwater and saltwater might make life specifically

challenging for phytoplankton and other organisms. Though there is some phytoplankton

data from further downstream, these have been obtained several decades ago (e.g. (Fast,

1993; Wolfstein, 1996)) and since then, the ecosystem has experienced vast changes e.g.

due to deepening and global warming. Hence, we do not know which are the dominant taxa

today that persist under the harsh conditions in the mid to lower Elbe estuary. Moreover,

assessment of phytoplankton was so far largely based on microscopy. While this method is

very intuitive, it comes with several limitations. Specifically, certain taxa might not be

thoroughly covered by microscopy, e.g. the small picophytoplankton, morphologically

indistinct taxa and phytoplankton that are sensitive to common methods of fixation or

cannot be thoroughly preserved (Altenburger et al., 2020; Bergkemper and Weisse, 2018;

Callieri, 2008; Cerino and Zingone, 2006; Estrada et al., 2004; Huo et al., 2020; Medlin et al.,

2017; Xia, 2013).

Knowledge about phytoplankton in the Elbe estuary is largely limited to the upper to mid

reaches while ca. 70 km of the water body remain largely unexplored. Almost exclusive

use of microscopy furthermore restricts our understanding about phytoplankton ecology

in this habitat (e.g. with respect to small and cryptic taxa or those sensitive to fixation

agents).

4
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Fig. 1.2: Light microscopic images of different phytoplankton taxa from the Elbe estuary. Photos are

selected based on availability. a) shows the diatom Guinardia in a community sample from May

2022, where this taxon was particularly dominant in the lower reaches (692 - 713 km) of the Elbe

estuary. b) - f) show different phytoplankton strains isolated for the laboratory experiments carried

out in this study, with b) Tetradesmus, c) Mychonastes, d) Monoraphidium, e) Thalassiosirales and f)

Synechococcales. Note that images have partially different size scales. Mychonastes and

Synechococcales are considered picophytoplankton.

Those potentially overlooked groups however, might be important entities in estuarine and

similar ecosystems. With a cell diameter smaller than 2-3 µm, picophytoplankton, for

example, build the smallest known group of phytoplankton (Callieri, 2008; Massana, 2011;

Salmi et al., 2021), including picocyanobacteria such as Synechococcus and Cyanobium and

picoeukaryotes such as Mychonastes and Micromonas (e.g. (Mitbavkar et al., 2021; Somogyi

et al., 2020; Tragin and Vaulot, 2019)). Picophytoplankton are crucial for carbon turnover,

e.g. as prey for nauplii larvae and filter feeders (Bemal and Anil, 2019; Richard et al., 2022).

Despite their small size, picophytoplankton have been found in the guts of mesozooplankton

and it has been suggested that they might be consumed indirectly by uptake of aggregates

(Stukel et al., 2013; Wilson and Steinberg, 2010). Picophytoplankton are important

contributors to primary production in aquatic ecosystems from oligotrophic to eutrophic

habitats (Coello-Camba and Agustí, 2021; Moreira-Turcq et al., 2001; Purcell-Meyerink et al.,

5
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2017; Takasu et al., 2023; Zhang et al., 2015) and they contribute to oceanic carbon export

(e.g. (Basu and Mackey, 2018; Puigcorbé et al., 2015)). Some picophytoplankton have been

shown to survive under extreme conditions, e.g. with respect to temperature, salinity and

turbidity (Belkinova et al., 2021; Somogyi et al., 2022). Hence, they might play an essential

role in estuaries where living conditions can be challenging for instance with respect to high

variability and shifts in environmental parameter values (e.g. salinity, turbidity).

Though picophytoplankton have been found in estuaries (Gaulke et al., 2010;

Moreira-Turcq et al., 2001; Purcell-Meyerink et al., 2017; Sathicq et al., 2020), their

presence and role in many estuaries - including the Elbe estuary - is still largely unexplored

as applied methods (especially light microscopy) are not adequate to detect or classify

these small creatures.

Beyond a small cell size, mixotrophy might be a trait that allows phytoplankton to survive

and grow in estuaries and deal with the rather inconvenient environment (e.g. with light

limitation). Mixotrophy describes the combination of autotrophic and heterotrophic

pathways, i.e. the use of organic and inorganic sources of energy and nutrients. Here, the

heterotrophic component can include the uptake of particles (e.g. bacteria) via phagotrophy

(e.g. by cryptophytes, dinoflagellates) (Koppelle et al., 2022; Millette et al., 2023) or the

uptake of dissolved compounds (e.g. sugars and amino acids) (Godrijan et al., 2022;

Listmann et al., 2021). Mixotrophy has been observed in taxa from various functional groups

of phytoplankton, including haptophytes (Anderson et al., 2018; Godrijan et al., 2022;

Koppelle et al., 2022), green algae (Azaman et al., 2017; Listmann et al., 2021; Pang et al.,

2022), dinoflagellates (Millette et al., 2017), cyanobacteria (Muñoz-Marín et al., 2020),

cryptophytes (Ballen-Segura et al., 2017) and diatoms (Villanova and Spetea, 2021) and

known mixotrophic taxa were found in various estuarine ecosystems (Hammer and

Pitchford, 2006; Lee et al., 2012; Li et al., 2022), including the Elbe estuary (HU, 2023;

NLWKN, 2023). It has been suggested that mixotrophy might be a strategy to deal with

limited light availability (Calderini et al., 2022; Godrijan et al., 2022; Jones et al., 2009;

Millette et al., 2017; Tuchman et al., 2006), hence it might play a significant role in estuaries

and similar habitats, where light availability can be highly limited and variable as a

6
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consequence of suspended matter in the water. Other estuarine conditions such as a high

content of organic substances and bacteria (see e.g. (Abril et al., 2002; Karrasch et al., 2003))

might additionally promote heterotrophic pathways in phytoplankton (see e.g. (Forsström et

al., 2013; Naselli-Flores and Barone, 2019)).

Though some recent studies deal with mixotrophic behavior in estuaries

(Dobbertin da Costa et al., 2024; Li et al., 2024; Millette et al., 2021) and it has been

addressed before with respect to the Elbe estuary (Wolfstein, 1990) the role of

mixotrophy remains cryptic. For instance, we do not know which taxa or functional groups

are able to make use of organic carbon and it is ambiguous to us which kinds of organic

substances (e.g. amino acids, sugars) can be utilized. With respect to the Elbe estuary, we

also lack information about the distribution of potentially mixotrophic taxa along the

estuary, especially in the unmonitored reaches where conditions such as turbidity might

favor mixotrophic behavior.

1.4. Knowledge gaps and research approach

In our study we address the following knowledge gaps and research questions (RQ):

1) Composition of phytoplankton in the mid to lower Elbe estuary:

RQ1: Which taxa/ groups dominate here?

2) Picophytoplankton abundance and composition in the Elbe estuary:

RQ2: Do picophytoplankton play a specific role?

3) Insights from applying new methods:

RQ3: Do results from this study (RQ1-2) match with known data from microscopy?

4) Mixotrophy of estuarine phytoplankton:

RQ4: Is mixotrophy a strategy to survive in the Elbe estuary?

7

https://www.zotero.org/google-docs/?MOFzlh
https://www.zotero.org/google-docs/?m7SRTp
https://www.zotero.org/google-docs/?m7SRTp
https://www.zotero.org/google-docs/?jv04vu
https://www.zotero.org/google-docs/?OISKpD


We here address both ecological and methodological knowledge gaps which are partially

intertwined. In particular, we wanted to assess phytoplankton community composition in

the mid to lower Elbe estuary in general. As described before, the mid to lower Elbe estuary

is characterized by typical estuarine features such as gradients and variations in salinity and

turbidity deriving from the mixing of freshwater and saltwater and the tidal currents. Those

conditions can challenge phytoplankton and taxa that dominate here might be very resilient

and also play a specific role in a changing world. We also tackled methodological knowledge

gaps that derive from the so far largely exclusive use of light microscopy by including

different methods, namely metabarcoding and flow cytometry. For instance, as described in

section 1.3, small-celled taxa such as picophytoplankton might be missed by light

microscopy and certain taxa can be destroyed or not thoroughly preserved by fixation

methods typically applied on microscopy samples (Bergkemper and Weisse, 2018; Callieri,

2008; Estrada et al., 2004; Markina, 2019). We also wanted to analyze the ability of different

taxa to utilize organic carbon. This is a potential strategy for phytoplankton to e.g. deal with

light limitation caused by turbidity in the estuarine water, as it has been shown for different

taxa (Calderini et al., 2022; Godrijan et al., 2022; Jones et al., 2009; Millette et al., 2017;

Tuchman et al., 2006).

A graphical overview of the different methodological components of this study is given in

figure 1.3. The study includes three key methods: metabarcoding, flow cytometry and

laboratory experiments (see also section 1.5). While the laboratory experiments are directly

addressing mixotrophy (RQ4), results from metabarcoding and flow cytometry are combined

to answer the research question about community composition, picophytoplankton and the

comparability of those results with microscopy data (RQ1-3). Beyond, flow cytometry is used

to determine growth of phytoplankton strains in the laboratory study (RQ4). Also, though

metabarcoding is not directly related to mixotrophy, this method may identify known

mixotrophic taxa and hence add to this topic (RQ4). Sampling, data analysis and comparison

with further data is part of all subjects, however, in the metabarcoding study, the

comparison with former phytoplankton composition data from microscopy is a more

comprehensive component.
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Fig. 1.3: Graphical overview of the different components of this study.

1.5. Description of the methods

In our study, we applied metabarcoding (18S, 16S) to assess phytoplankton community

composition throughout seasons in 2021 and 2022 along the Elbe estuary. Metabarcoding is

the sequencing of specific target genes (e.g. 18S, ITS, 16S) of the DNA in an environmental

sample that contains a mix of different species (e.g. in water sample). In recent years, reams

of studies on metabarcoding have been carried out from freshwater to marine sites to

identify phytoplankton independently of, e.g., size and morphology (e.g. (Fabrin et al., 2020;

Kang et al., 2021; Kolda et al., 2020; Piredda et al., 2018; Rynearson et al., 2020; Stat et al.,

2017)). Several studies found that the number of taxa identified with metabarcoding is

higher than that identified with microscopy (Chen et al., 2022; Huo et al., 2020; Piredda et

al., 2018; Zimmermann et al., 2015). Metabarcoding could furthermore reveal the presence

and importance of specific groups in the respective study areas that have been missed

before - e.g. parasitic dinoflagellates in the Jiaozhou Bay in China (Chen et al., 2022), harmful

cyanobacteria in an urban lake in Brazil (Fabrin et al., 2020), 70 new taxa in the Southern

Norwegian coastal waters of the Skagerrak (Gran-Stadniczeñko et al., 2019) - as well as new
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taxa of Thalassiosira spp. in the Narragansett Bay in the USA (Rynearson et al., 2020).

Beyond these findings of so far missed taxa, benefits of metabarcoding include an

automated workflow with high throughput and reduced personnel working times (Santi et

al., 2021). Hence, including this method in phytoplankton research and on a long-term

perspective also in monitoring approaches (e.g. with respect to the European Water

Framework Directive) is of significance not only from an ecological but also from an

economical perspective. Yet, as a relatively novel method, metabarcoding comes with

certain pitfalls. For instance phytoplankton cells contain a certain number of gene ‘copies’

that are positively correlated with their size (Godhe et al., 2008; Vasselon et al., 2018) (a

more detailed description is provided in section 2.1), but might vary and primer mismatch or

incomplete databases (Gong and Marchetti, 2019; Kezlya et al., 2023) can impede the

assessment of phytoplankton communities. Hence, application of this method does also

contribute to the general understanding and implementation of metabarcoding e.g. by

comparing results with microscopy data.

Metabarcoding can unveil the importance of taxa that remain underrepresented or

undiscovered when applying light microscopy. This can for instance include the

small-celled picophytoplankton and taxa that are sensitive to fixation agents commonly

used in microscopy (Bergkemper and Weisse, 2018; Callieri, 2008; Estrada et al., 2004;

Markina, 2019).

Furthermore, we carried out flow cytometry, mainly with the aim to distinguish and quantify

different groups of picophytoplankton. Flow cytometry has been used for decades to

characterize phytoplankton communities based on the properties of the single cells (such as

autofluorescence, size, granularity) (Dubelaar and Jonker, 2000; Markina, 2019; Paerl et al.,

2020; Read et al., 2014; Trask et al., 2005; Veldhuis and Kraay, 1990). It can be used to

differentiate between different groups of phytoplankton (e.g. picophytoplankton,

phycoerythrin-rich cyanobacteria) (Fragoso et al., 2019; Ning et al., 2021; Read et al., 2014;

Thyssen et al., 2022). The great advantage of flow cytometry is a rapid work through of

samples that mostly require no preparation (Markina, 2019) and the detection of

picophytoplankton (Crosbie et al., 2003; Grob et al., 2007; Ning et al., 2021; Otero-Ferrer et
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al., 2018; Paerl et al., 2020) that can be overlooked by conventional methods such as light

microscopy (Bergkemper and Weisse, 2018; Callieri, 2008; Estrada et al., 2004; Markina,

2019).

Flow cytometry can be used to distinguish groups of phytoplankton that have common

cell characteristics (e.g. picoeukaryotes, phycocyanin-rich picocyanobacteria).

While both metabarcoding and flow cytometry are used to assess community composition

they differ in certain ways and have their pros and cons. For instance, metabarcoding

provides much more precise information about the entities of a community (e.g. different

taxa) while the resolution in flow cytometry is lower and it can only differentiate certain

groups that significantly differ in cell traits (e.g. phycocyanin-rich cyanobacteria compared to

eukaryotes, picophytoplankton compared to larger phytoplankton). Flow cytometry, on the

other hand, provides direct quantitative data (cell counts) while the results from

metabarcoding are semi-quantitative (e.g. % of reads). Flow cytometry furthermore provides

information about the actual cell size, e.g. with respect to the definition of

picophytoplankton, while in metabarcoding assessment of picophytoplankton can only be

done based on the usual size range or classification (e.g. Mychonastes is considered

picophytoplankton but cells can sometimes be > 3 µm). Applying both methods together

allows us to make use of these different advantages and enables a comprehensive

assessment of phytoplankton communities, especially with respect to picophytoplankton.

Flow cytometry is quantitative, but does obtain a lower resolution (e.g. picoeukaryotes),

while metabarcoding obtains precise taxa information, but is semi-quantitative.

Combining both methods is hence useful to obtain profound results.

Additionally, we carried out laboratory experiments to assess the mixotrophic ability of

phytoplankton from the Elbe estuary (fig. 1.3). Though it has been shown before that

mixotrophy plays a role in the Elbe estuary (Wolfstein, 1990), the mentioned is

community-based, focussing on a narrow spatio-temporal range (summer to fall in 1989
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around the area of Brunsbüttel) and on Glucose as a source of organic carbon. We do lack

more comprehensive data, e.g. with respect to the abilities of different taxa and the effects

of different types of compounds. Understanding which taxa are able to utilize which types of

organic compounds is the basis to transfer the results to broader scales, e.g. by combining

those results with field data about the composition of phytoplankton and dissolved organic

matter. Therefore we isolated different strains of phytoplankton from different stations of

the estuary (fig. 1.1). We obtained a total of 17 different strains including seven pico-sized

green algae, six nano-sized green algae, one nano-sized cyanobacterium, two pico-sized

cyanobacteria and a diatom (tab. 1.1, see also fig. 1.2b-f). Further information about the

strains and how they were identified can be obtained from section 4 and the respective

supplementary data. We used Biolog Ecoplates™ to expose the taxa to 31 different organic

compounds (e.g. amino acids, sugars) in various replicates and assessed if the substances

affected their growth (proxied by cell counts measured via flow cytometry after approx. 24 h

compared to an ‘organic-free’ control). Ecoplates™ were originally designed as a rapid

method to characterized microbial communities, however they have been used to assess the

ability of phytoplankton to utilized dissolved organic carbon in different studies (e.g.

(Godrijan et al., 2020; Listmann et al., 2021)).

Tab. 1.1: Taxa included in the laboratory experiments. The internal strain ID implies the functional

group with N = nano-sized green alga, P = pico-sized green alga, D = diatom, C = cyanobacterium.

Taxa Strains
(Internal ID)

Origin: Station Origin: Season

Micractinium sp. N1 609 km Spring

Monoraphidium sp. N2, N7, N8 609, 692, 609 km Spring

Tetradesmus sp. N3 609 km Spring

Chlorella-like/ Chlorella sp. N4, P2 609, 692 km Spring, Winter

Mychonastes sp. P1, P4, P6 609, 633, 692 km Spring, Summer

Choricystis sp. P3 633 km Winter

unidentified pico green alga P5, P9 609 km Winter, Summer

Thalassiosirales sp. D1 633 km Winter

Synechococcales sp. C1, C6, C9 609 km Summer
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2. Metabarcoding reveals potentially mixotrophic flagellates and picophytoplankton

as key groups of phytoplankton in the Elbe estuary

This chapter is a modified version of a manuscript published as: Martens, N., Russnak, V.,

Woodhouse, J., Grossart, H.-P., Schaum, C.-E., 2024. Metabarcoding reveals potentially

mixotrophic flagellates and picophytoplankton as key groups of phytoplankton in the Elbe

estuary. Environmental research. https://doi.org/10.1016/j.envres.2024.119126

The modifications to the published version concern minor changes to integrate the

publication into the thesis (e.g. figure and section numbering).

Abstract

In estuaries, phytoplankton are faced with strong environmental forcing (e.g. high turbidity,

salinity gradients). Taxa that appear under such conditions may play a critical role in

maintaining food webs and biological carbon pumping, but knowledge about estuarine biota

remains limited. This is also the case in the Elbe estuary where the lower 70 km of the water

body are largely unexplored. In the present study, we investigated the phytoplankton

composition in the Elbe estuary via metabarcoding. Our aim was to identify key taxa in the

unmonitored reaches of this ecosystem and compare our results from the monitored area

with available microscopy data. Phytoplankton communities followed distinct seasonal and

spatial patterns. Community composition was similar across methods. Contributions of key

classes and genera were correlated to each other (p < 0.05) when obtained from reads and

biovolume (R2 = 0.59 and 0.33, respectively). Centric diatoms (e.g. Stephanodiscus) were the

dominant group - comprising on average 55 % of the reads and 66 - 69 % of the biovolume.

However, results from metabarcoding imply that microscopy underestimates the prevalence

of picophytoplankton and flagellates with a potential for mixotrophy (e.g. cryptophytes).

This might be due to their small size and sensitivity to fixation agents. We argue that

mixotrophic flagellates are ecologically relevant in the mid to lower estuary, where, e.g., high

turbidity renders living conditions rather unfavorable, and skills such as phagotrophy provide

fundamental advantages. Nevertheless, further findings - e.g. important taxa missing from
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the metabarcoding dataset - emphasize potential limitations of this method and quantitative

biases can result from varying numbers of gene copies in different taxa. Further research

should address these methodological issues but also shed light on the causal relationship of

taxa with the environmental conditions, also with respect to active mixotrophic behavior.

2.1. Introduction

Due to their large contribution to global primary production (Field et al., 1998), their role in

aquatic carbon sequestration (Basu and Mackey, 2018) and their ability to quickly respond to

environmental changes (Hattich et al., 2017; Stomp et al., 2008) phytoplankton play a key

role in climate change feedback loops (Basu and Mackey, 2018; Boscolo-Galazzo et al., 2018;

Laufkötter et al., 2015). Estuaries, the transient areas between freshwater and marine

environments, are hotspots of primary production and substrate turnover, fueled by a high

nutrient and carbon availability (Lancelot and Muylaert, 2011). Biota-mediated processes in

estuaries have cascading effects on adjacent oceanic ecosystems, e.g. on primary production

and carbon export (Araujo et al., 2014; Basu and Mackey, 2018; Lancelot and Muylaert,

2011; Subramaniam et al., 2008). However, biota-mediated processes in estuaries that affect

carbon cycling and turnover are complex and still poorly investigated. More fundamentally,

we even lack information about which taxa prevail under certain estuarine conditions, such

as high turbidity.

In the Elbe estuary, one of Europe’s largest estuaries, phytoplankton have been monitored

for decades, providing a comprehensive pool of valuable data. However, the monitoring is

largely limited to the upper 60 of over 100 km of the estuarine water body. Typical estuarine

features such as salinity shifts as a consequence of tidal currents and high turbidity

specifically characterize the mid to lower part of the estuary, where phytoplankton have last

been investigated in the 1990s (e.g. (Muylaert and Sabbe, 1999; Wolfstein, 1996)). Since

then, the ecosystem has changed considerably, e.g. due to dredging, deepening and global

warming. Furthermore, the study and analysis methods for classifying phytoplankton have

evolved. Analyses of phytoplankton communities, both in monitoring, but also in former

literature (e.g. (Wolfstein, 1996)) were primarily based on microscopy, which comes with
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some limitations, e.g. a low throughput, restriction to morphology and difficulties to detect

picophytoplankton smaller than ca. 2-3 µm (Bergkemper and Weisse, 2018; Callieri, 2008).

In recent years, metabarcoding has been increasingly used as a tool to identify

phytoplankton independently of, e.g., size and morphology (e.g. (Fabrin et al., 2020; Kang et

al., 2021; Kolda et al., 2020; Piredda et al., 2018; Rynearson et al., 2020)). This method only

depends on the DNA - i.e. targeted marker genes such as 18S or ITS - extracted from a water

sample. It is a high throughput method with reduced personnel working times (Santi et al.,

2021) that allows analyses of, e.g., more or larger samples and consequently has the

potential to result in a better representation of the ecosystem. In former studies,

metabarcoding revealed the presence of specific taxa, e.g. harmful cyanobacteria, in

freshwater, brackish and marine ecosystems (Chen et al., 2022; Fabrin et al., 2020;

Rynearson et al., 2020), often resulting in higher diversity estimates compared to microscopy

(e.g. (Chen et al., 2022; Huo et al., 2020; Piredda et al., 2018; Zimmermann et al., 2015)).

Metabarcoding can primarily yield information about the genetic setup of phytoplankton

communities, as we look at the number of ‘copies’ of a gene or a combination of specific

genes found in the sample that belong to a specific taxon. This does not directly represent

the usual measures of phytoplankton abundance, e.g. biovolumes or counts, as copy

number can vary even within one species. The tools and methods available to ameliorate

this limitation (Gong and Marchetti, 2019; Martin et al., 2022) are not always intuitive for

complex samples. However, it has been shown that the number of gene copies held in a

phytoplankton cell can be positively correlated with its size (Godhe et al., 2008; Vasselon et

al., 2018). Hence, metabarcoding reads obtained from a sample might correlate with size

dependent values from microscopy (e.g. biovolume), and community composition obtained

from both methods might be similar.

In this study, we applied 18S rRNA gene metabarcoding to analyze the community

composition of the eukaryotic phytoplankton at different stations along approximately 100

km of the Elbe estuary. Sampling campaigns were carried out in winter, spring and summer

in 2021 and 2022. Our aim was to 1) provide phytoplankton data from the unmonitored
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reaches of the estuary and set these into context of external forcing (e.g. turbidity, salinity)

and 2) to give a rough estimate of the overall comparability of the metabarcoding results

with microscopy-based data from local monitoring (HU, 2023; NLWKN, 2023) and previous

publications. Assessing the comparability of metabarcoding results with those from

microscopy is a prerequisite for the wider use of metabarcoding as an efficient tool to

analyze phytoplankton community composition, e.g. in monitoring of estuaries as well as

similar ecosystems.

2.2. Methods

Study area & sampling

The Elbe estuary extends for over 100 km from a weir in Geesthacht (ca. 586 km, Germany)

to the North Sea (ca. 713 km) (fig. 2.1). Water samples for metabarcoding were taken on the

research vessel Ludwig Prandtl by using a flow through system of the ferry box which takes

water from the upper water layers. More detailed information is shown in the

supplementary data (tab. S2.1). Sampling was conducted at six different stations along the

estuary (fig. 2.1) between May and July 2021 as well as February and June 2022. Samples

were concentrated on 0.2-0.45 µm filters at about -0.2 bar, resolved in a residue of the

sample volume, transferred to tubes and frozen at -26 °C before further processing.

Filtration units were rinsed with distilled water between the samples. We extracted DNA

using a CTAB protocol (Fawley and Fawley, 2004) (see supplementary data prot. S2.1).

Environmental data (e.g. turbidity, flow rate, salinity) were taken from the on-board ferrybox

(Petersen et al., 2011) or obtained from the official database of the FGG Elbe

(Flussgebietsgemeinschaft Elbe/ Elbe River Basin Association) (FGG Elbe, 2024) (see also

supplementary data tab. 2.1). A missing turbidity value from the pier sampling on

2021-07-29 at 609 km was replaced by a value provided from measurements on 2021-07-26

(from the research vessel) at the same location.
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The Elbe estuary was characterized by increasing salinities from upstream towards the North

Sea (see also supplementary data fig. S2.1). The salinity in the lower area - especially

between 692 km and 713 km - varied drastically, and depended on various factors such as

the river flow and the tide. Salinities were specifically low here in winter 2022 and summer

2021 at high river flow (>1000 m3 s-1 and >500 m3 s-1 respectively; (FGG Elbe, 2024)) (see also

supplementary data fig. S2.1 and tab. S2.1). In these seasons, sampling in the lower estuary

was conducted during decreasing tide, hence, in combination with the high river flow, the

surface water current towards the North Sea may have been particularly strong. In other

seasons salinities reached up to 10-20 PSU at 713 km. The highest salinity of 20 PSU was

achieved in summer 2022 when the river flow was particularly low (< 250 m3 s-1; (FGG Elbe,

2024)) (see also supplementary data fig. S2.1 and tab. S2.1) and sampling was conducted at

the peak of the flood. In spring 2021 a flow rate of ca. 462 m3 s-1 combined with a sampling

conducted at rising tide added up to a salinity of approximately 10 PSU at the lower station

(713 km; see also supplementary data tab. S2.1). The same salinity was measured in spring

2022, when the flow rate was slightly lower (ca. 337 m3 s-1) but sampling was conducted at

decreasing tide, which added to the downward current. Notably, in spring 2021, the

difference in salinity between 692 km and 713 km was more pronounced than in any other

season. Precisely, salinity was eight times higher at 713 km (10.4 PSU) compared to 692 km

(1.3 PSU). This might be because the sampling was carried out during rising tide, while river

flow was relatively low (462 m3 s-1), which may have resulted in reduced mixing of the

different water bodies. The Elbe estuary is furthermore characterized by partially high

turbidity especially between the city of Hamburg and the actual river mouth downstream of

700 km (Bergemann, 2004) and in winter ((FGG Elbe, 2024); see also supplementary data fig.

S2.1). Those patterns did reflect in our data, where the highest turbidity (>150 NTU) was

reached at 713 km in February 2022 (supplementary data fig. S2.1 and tab. S2.1).
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Fig. 2.1: Approximate location of sampling stations along the Elbe estuary referring to the data

obtained from metabarcoding in this study (shown in red) and monitoring data provided by

(NLWKN, 2023) (in green) and (HU, 2023) (in yellow). “km” metric indicates the approximate

distance from the spring of the Elbe river in the Czech Republic. The discontinuous line indicates the

approximate border between freshwater and increased salinities as observed during the sampling

campaign.

Metabarcoding & bioinformatics

Metabarcoding was carried out by biome-id (biome-id Dres Barco & Knebelsberger GbR),

using 6-12 µL of the total 40 µL of DNA extract and 18S primers

5’-GCTTGTCTCAAAGATTAAGCC-3’ (forward) and 5’-GCCTGCTGCCTTCCTTGGA-3’ (reverse)

targeting the V1-V2 region (supplementary material prot. S2.2). Adapter sequences were

removed from demultiplexed paired-end reads using R (version 4.1.3) and the package

cutadapt (version 4.7). Additional quality control (removal of reads of low quality containing

ambiguous bases), inference and taxonomic assignment was performed using DADA2

(version 1.18) (Callahan et al., 2016). Forward and reverse reads were trimmed to 260 nt and

200 nt, respectively, with maxEE and truncQ cutoffs both equal to two. Taxonomic

assignment was made using the assignTaxonomy function with the Silva 18S database
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(version 138). We observed a high number of taxa failed to achieve assignment to the genus

level. We therefore also assigned the taxonomy of reads to the PR2 18S database (version

4.14) (Guillou et al., 2012). We merged the taxonomy of the two databases, defaulting to

PR2 and only referring to the Silva database when reads were unassigned using PR2. We

removed reads from non-phytoplankton groups (i.e. groups that are not considered

phytoplankton, did not include phytoplankton in our case or did not include any further

information if they were phytoplankton or not). When the class was returned as Syndiniales,

we re-assigned it to Dinophyceae.

Data analysis

We used R (version 4.1.3) and the packages tidyverse (version 1.3.2) and ggplot2 (version

3.4.0) for data preparation and plotting. We used libreoffice draw for illustrations. Absolute

phytoplankton reads were biased by the presence of other non-phytoplankton taxa such as

Eurytemora and not comparable across samples. Hence, in this study phytoplankton are only

included as their relative contributions to the 18S phytoplankton reads, not as absolute

abundances. The number of reads found per taxon does furthermore not represent their

abundance (i.e. cell counts). This is because eukaryotic cells can hold several gene copies

(Santoferrara, 2019). However, as the number of gene copies has been shown to be

positively correlated with the cell size (Godhe et al., 2008; Vasselon et al., 2018) our results

with respect to phytoplankton composition based on metabarcoding reads might be similar

to the community composition based on other size dependent measures, e.g. biovolumes. In

this study, we largely focus on key genera (fig. 2.2d), their genotypes (fig. S2.5) and key

classes (fig. 2.2b). We define a genotype as a subgroup of a genus that has a unique DNA

sequence based on ASV (amplicon sequence variants) in the analyzed gene (18S V1-V2

region). We define key genera and classes as genera respectively classes that contribute at

least 10 % respectively 15 % to the eukaryotic phytoplankton reads in at least one sample

(i.e. at a station and season). We also calculated the average contribution of genera and

classes across seasons and stations (fig. 2.2a, fig. 2.2c). These are calculated from the

relative contributions at the different stations in the different seasons, i.e. differences in

absolute abundances are not included. In the same way we calculated the average
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contributions of different genotypes to the key genera (fig. S2.4). We assessed the

relationship between the contribution of different key genera, their genotypes and the key

classes with station, season and other parameters with a spearman rank correlation using

rcorr from the package hmisc (version 5.1-0) in R (fig. 2.3, fig. S2.6, tab. S2.3). For the

genotypes (fig. S2.6), we here focussed on those which contributed at least 5 % to the

eukaryotic phytoplankton reads in at least one sample (i.e. at a station and season). We

additionally used a t-test (t.test from the package stats, version 4.3.1, in R) to calculate if the

contributions of the different key classes and genera significantly differed between the

upper stations (609 - 633 km), mid stations (651 - 665 km) and lower stations (692 - 713 km)

(tab. S2.4). We largely refrain from including species-level data as species assignment is

uncertain with the relatively short (ca. 300 - 350 bp) 18S amplicons. However, assignments

of possible species to the different key genera and their genotypes is provided in the

supplementary material (tab. S2.5) and we do refer to the possibility that certain genotypes

might represent certain species where reasonable.

Comparative data from microscopy

To obtain a rough overview about the overlap of microscopy and metabarcoding, we

included monitoring data provided by the HU (Institut für Hygiene und Umwelt) in Hamburg,

Germany and the NLWKN (Niedersächsischer Landesbetrieb für Wasserwirtschaft, Küsten-

und Naturschutz) in Lower Saxony, Germany. Monitoring stations are located between 586

km and 646 km, i.e. around the city of Hamburg (fig. 2.1), and we included available

samplings from different time points along the years 2021 and 2022 (see supplementary

data tab. S2.1, prot. S2.3). Note that due to the different methods, sampling stations and

sampling dates, data from metabarcoding and microscopy are not expected to be identical

and dissimilarities can have various ecological and methodological reasons that will be

addressed exemplarily, but cannot be discussed exhaustively in this study. We removed the

cyanobacteria from the microscopy data, as we focus on eukaryotic phytoplankton in this

study, and eukaryotic phytoplankton are the dominant type of phytoplankton in the Elbe

estuary. Moreover, we removed the choanoflagellate Desmarella from the data, as we do

not consider this group to be phytoplankton. For the comparison on class level, we added

information on class level based on common data bases (see supplementary tab. S2.2).
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In the comparison between microscopy and metabarcoding we largely focus on key genera

and key classes (fig. 2.4), while also mentioning species level results throughout the text (see

also fig. S2.7 and tab. S2.5 for details). If genera or classes accounted for at least 10 %

respectively 15 % of the total eukaryotic phytoplankton community at least once, regardless

of the method, these were considered key genera respectively classes. For better

comparison, we also merged the groups of “unclassified centric diatoms” and

“Mediophyceae” into a single group (fig. 2.4). Centric diatoms are not classified by the HU if

they are morphologically indistinct. We can assume, also in compliance with the NLWKN

data, that those are mostly Mediophyceae. Other types of centric diatoms, e.g. Aulacoseira

from the class of Coscinodiscophyceae are classified in the HU dataset. As described above,

we also calculated the average contribution of genera and classes across seasons and

stations (fig. 2.4a, fig. 2.4c). These were obtained from the relative contributions at the

different stations in the different seasons, without including differences in absolute

abundances. This was done to make it comparable with metabarcoding data, where only

relative contributions can be obtained. To gain a better understanding about the

comparability of the communities described by reads (metabarcoding) and biovolume

(microscopy), we calculated the R2 and p values after pearson using cor.test() and cor() from

the package stats in R for the relative contributions of key taxa and classes (see also fig.

S2.8a-b). To do so, we pooled the data from closely located stations, e.g. the microscopy

sample from 646 km from summer 2022 was compared with the metabarcoding sampled

from 651 km from the same season (see also fig. S2.8a-b). We additionally used a t-test

(t.test from the package stats in R) to assess whether the contributions of different key

classes and genera significantly differed between microscopy and metabarcoding across

stations and seasons in the upper to mid estuary (586 - 651 km) (see also fig. S2.9a-b). Note

that these statistical tests only included samples from stations where comparative data from

the respective other method was available (i.e. data from station 646 km in 2021 and 651

km in winter 2022 is not included, because data from 651 km and 646 was not available in

the respective season(s) each; see also fig. 2.4). Lastly, as comparative current monitoring

data from downstream of 646 km is not available, we also include a mostly qualitative

comparison with microscopy phytoplankton data from former studies that included this area

(e.g. (Muylaert and Sabbe, 1999; Wolfstein, 1996)).
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2.3. Results

Phytoplankton communities assessed via metabarcoding & relation to abiotic parameters

Concentrations of phytoplankton in terms of chlorophyll a were highest at the uppermost

station (609 km), with particularly high values from spring (2021 and 2022) to early summer

(June 2022) (92.0 - 152.7 µg l-1) (see supplementary data tab. S2.1, fig. S2.1). The eukaryotic

phytoplankton communities followed distinct seasonal and spatial patterns (fig. 2.2)

according to metabarcoding results.

The overall most dominant group of eukaryotic phytoplankton were centric diatoms from

the class Mediophyceae. This group contributed on average 45 % to the eukaryotic

phytoplankton in terms of metabarcoding reads (fig. 2.2a) and up to 88 % in single samples

(fig. 2.2b). Stephanodiscus was the most dominant genus within the Mediophyceae during

winter and spring. This taxon represented up to 85 % of the eukaryotic phytoplankton at the

upper station (609 km) (fig. 2.2d). Stephanodiscus was the most dominant genus across

seasons and stations, averaging approximately 16 % of the total phytoplankton (fig. 2.2c).

The contributions of Stephanodiscus declined from 609 km towards further downstream,

resulting in a negative correlation with the stream km (r = - 0.72, p = 3.6 x 10-5, fig. 2.3). The

genus Stephanodiscus included 19 genotypes across seasons and stations (fig. S2.4) and the

genotype richness of this taxon was particularly high at 609 km in spring 2021 (16

genotypes; fig. S2.5). However, across seasons and stations Stephanodiscus was largely (to

ca. 98 %) represented by the three most dominant genotypes (genotype 1 - 3; fig. S2.4).

Genotype 3 was more dominant from winter to spring than in other seasons and negatively

correlated with temperature (fig. S2.5-S2.6, r = -0.49, p = 1.1 x 10-2). Our results imply that

Stephanodiscus was largely represented by the species S. hantzschii (genotype 1 and 2; tab.

S2.5) but uncertainties in species level identification should be considered (see section 2).

Genotype 3 could not be identified to species level. In summer 2021, Cyclotella was a

dominant taxon at 609 km (fig. 2.2d), contributing 49 % to the eukaryotic phytoplankton and

being associated with higher temperatures (r = 0.92, p = 2.3 x 10-11, fig. 2.3). Cyclotella

comprised 24 genotypes across seasons, the highest number among the key genera (fig.
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S2.4). Its genotype richness was highest at 609 km in summer 2021 (18 genotypes), but the

genus was largely (to ca. 80 %) represented by the three most dominant genotypes

(genotype 1 - 3; fig. S4). Genotype 3 was particularly dominant at 609 km and negatively

correlated with stream km (fig. S2.5-S2.6, r = -0.43, p = 2.6 x 10-2). Genotype 1 and 3 possibly

belong to the species C. meneghiniana, while genotype 2 could not be identified further

(tab. S2.5). Skeletonema also played a role, especially at 633 km in summer 2021, where it

contributed 35 % to the eukaryotic phytoplankton reads (fig. 2.2d) and was largely

represented by a single genotype (fig. S2.4), possibly S. subsalsum (tab. S2.5). Thalassiosira

and Minidiscus were important further downstream, mostly downstream of 633 km (fig.

2.2d). Here, Minidiscus played a role from spring to summer, contributing up to 17 % to the

eukaryotic phytoplankton. This taxon was clearly associated with higher salinities (r = 0.83, p

= 1.8 x 10-7, fig. 2.3) and was most dominant at around ca. 5-10 PSU, which was also the case

for the two most dominant genotypes (genotype 1 and 2, possibly M. spinulatus; tab. S2.5,

fig. S2.6). However, the genus comprised 8 genotypes across seasons and stations and not all

of them were positively correlated with salinity (fig. S2.6). For instance, genotype 3 (possibly

M. comicus; tab. S2.5) did largely appear at lower salinities (ca. 0-5 PSU, fig. S2.5) and its

contributions to the 18S phytoplankton reads were not significantly correlated with salinity

or station (fig. S2.6). Thalassiosira appeared in all seasons, but was most dominant in winter

(r = -0.71 with respect to temperature, p = 5.0 x 10-5, fig. 2.3). Thalassiosira was the second

most dominant genus in our dataset, contributing on average approximately 8 % to the

eukaryotic phytoplankton (fig. 2c). The genus comprised 19 genotypes (fig. S2.4). The

highest genotype richness of Thalassiosira was found at 713 km in spring 2022 (10

genotypes; fig. S2.5). The genotypes of Thalassiosira showed strong differences in their

relationship with abiotic parameters. Genotype 1 (possibly T. guillardii, tab. S2.5) was clearly

associated with the winter season and negatively correlated with temperature (fig.

S2.5-S2.6, r = -0.63, p = 6.2 x 10-4). Two other genotypes of Thalassiosira (genotype 3 and 4,

not further classified, tab. S2.5) appeared at higher salinities in the lower estuary (e.g. at

around 10 PSU) and were positively correlated with this parameter (fig. S2.5-S2.6, genotype

3: r = 0.84, p = 1.0 x 10-7, genotype 4: r = 0.81, p = 5.4 x 10-7).
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Cryptophyceae, the second most dominant class in our dataset, contributed on average 18 %

to the communities across seasons and stations (fig. 2.2a). This group appeared in all

seasons and areas but was significantly more dominant at the mid stations (651 - 665 km, p

= 5.4 x 10-4, tab. S2.4) and lower stations (692 - 713 km, p = 1.1 x 10-2, tab. S2.4) compared to

the upper stations (609 - 633 km). The most dominant genus was Cryptomonas, the third

most dominant taxon in our dataset with an average contribution of approximately 7 % (fig.

2.2c). Cryptomonas was particularly dominant in winter, when it contributed up to 26 % of

the eukaryotic phytoplankton communities (fig. 2.2d). Moreover, this taxon was quite

dominant in the mid area throughout seasons, e.g. contributing > 10 % to the communities

at 665 km in spring and summer 2022 (fig. 2.2d). Cryptomonas reached significantly higher

contributions in the mid area (651 - 665 km) compared to the upper stations (609 - 633 km,

p = 3.1 x 10-2, tab. S2.4) and lower stations (692 - 713 km, p = 1.8 x 10-2, tab. S2.4). Though

Cryptomonas appeared at the mid to lower stations, it was associated with low salinities (r =

-0.58, p = 2.0 x 10-3, fig. 2.3) and only dominant further downstream when salinities were

relatively low (e.g. < 3 PSU). This was for instance the case in winter 2022 (see also

supplementary data fig. S2.1, tab. S2.1). Cryptomonas comprised 11 genotypes (fig. S2.4).

Genotype richness was highest in summer 2021 at 609 km (10 genotypes; fig. S2.5),

however, the two most dominant genotypes (genotype 1 and 2, possibly C. curvata, tab.

S2.5) on average comprised ca. 86 % of the genus reads across seasons and stations (fig.

S2.4). Genotype 2 was particularly dominant in winter and negatively correlated with

temperature (fig. S2.5-S2.6, r = -0.58, p = 2.1 x 10-3), while genotype 1 appeared in similar

manners across seasons and expressed no significant relationship to temperature. Both

dominant genotypes of Cryptomonas were clearly negatively correlated with salinity (fig.

S2.5-S2.6, genotype 1: r = -0.54, p = 4 x 10-3, genotype 2: r = -0.44, p = 0.02) but genotype 1

had a stronger affinity to the upper stations, i.e. a significantly negative correlation with

stream km (r = -0.41, p = 3.8 x 10-2). Another cryptophyte, Hemiselmis, appeared nearly

exclusively between 692 km and 713 km and was most dominant in summer 2021, when it

contributed up to 12 % to the eukaryotic phytoplankton (fig. 2.2d). This taxon was associated

with high salinities (r = 0.75, p = 1.1 x 10-5, fig. 2.3). However, Hemiselmis was most

dominant at approximately 5 PSU (at 713 km in summer 2021; fig. 2.2d) and less dominant
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in seasons where salinities were higher (up to 20 PSU) in the lower estuary. Hemiselmis was

largely represented by a single genotype (fig. S2.4), possibly H. andersenii (tab. S2.5).

Chlorophyceae were the third most dominant class in the metabarcoding dataset, with an

average contribution of 12 % to the eukaryotic phytoplankton reads across seasons and

stations (fig. 2.2a). This group was particularly dominant from later spring (end of May 2022)

to earlier summer (June 2022) in the upper to mid estuary (approximately 609 km - 665 km),

where it achieved a contribution of up to 68 % (fig. 2.2b). Chlorophyceae were largely

represented by the genera Coelastrum and Mychonastes (fig. 2.2c-d). Coelastrum was

specifically strongly correlated with temperature (r = 0.78, p = 2.3 x 10-6, fig. 2.3). This taxon

also went along with high chlorophyll a values (r = 0.40, p = 0.04, fig. 2.3), i.e. a high total

phytoplankton abundance. Coelastrum comprised a single genotype and Mychonastes was

largely represented by one dominant genotype (fig. S2.4). Both could not be classified

beyond genus level (tab. S2.5).

Coscinodiscophyceae - mostly Guinardia and largely a single genotype therein, possibly G.

delicatula (fig. S2.4, tab. S2.5) - and not further identified dinoflagellates (Dinophyceae)

played a role downstream (ca. 692 - 713 km) in spring (2021 and 2022) and early summer

(June 2022), respectively (fig. 2.2b, fig. 2.2d). Guinardia contributed up to 43 % to the

eukaryotic phytoplankton reads, and Dinophyceae up to 50 %. Both groups were associated

with higher salinities (r = 0.73, p = 2.3 x 10-5 for Guinardia and r = 0.51 and p = 8.3 x 10-3 for

Dinophyceae). Precisely, Dinophyceae appeared most dominant in the summer sampling of

2022, when salinity varied between 9.8 PSU (692 km) and 20.0 PSU (713 km) in the lower

estuary. Guinardia was most dominant at 713 km in spring (2021 and 2022) when salinity

was up to approximately 10 PSU. This taxon also appeared at 692 km in spring 2022 when

salinity was 4.7 PSU, but did not appear at this station in spring 2021 when salinity was 1.3

PSU.

Not further identified Chrysophyceae were further important parts of the eukaryotic

phytoplankton in winter across stations, where they contributed 18-27 % (fig. 2.2b).

Chrysophyceae were specifically associated with a high flow rate (r = 0.65, p = 2.9 x 10-4, fig.
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2.3) and high turbidity (r = 0.67, p = 2.0 x 10-4, fig. 2.3), which are typical conditions in winter

(see also supplementary data fig. S2.2 and fig. S2.3). Due to their high contributions in

winter and minor contributions across seasons (fig. 2.2b), Chrysophyceae achieved an

average contribution of nearly 10 % (fig. 2.2a).

Phytoplankton communities in the upper to mid estuary as provided by local monitoring

(microscopy) & comparison with the metabarcoding-derived results

In the monitoring data from 2021 and 2022 - covering the area between 586 - 646 km of the

Elbe estuary - Mediophyceae and unclassified centric diatoms (that were likely mostly

Mediophyceae) were the most dominant groups of phytoplankton in the majority of the

included seasons (HU, 2023; NLWKN, 2023) (fig. 2.4b). These groups contributed on average

66 - 69 % to the eukaryotic biovolume obtained from microscopy across seasons and

stations (fig. 2.4a). At 586 km and 646 km, diatoms were further identified to genus level.

Here Stephanodiscus (mostly S. hantzschii; fig. S2.7) and Cyclotella (mostly C. meneghiniana;

fig. S2.7) (both Mediophyceae) were the most dominant genera across seasons (fig. 2.4c),

contributing on average 23 % and 27 %, respectively. Stephanodiscus was particularly

dominant in spring, contributing up to 71 % to the eukaryotic phytoplankton biovolume at

single stations (fig. 2.4d). Cyclotella in contrast was most dominant in summer, with up to 73

% contribution (fig. 2.4d). Other key classes in monitoring were Bacillariophyceae (including,

e.g., Nitzschia), Coscinodiscophyceae (including, e.g., Aulacoseira) and Chlorophyceae

(including e.g. Coleastrum) (fig. 2.4a; see also species level data in fig. S2.7). Additionally,

studies show that diatoms (e.g. Skeletonema costatum, Thalassiosira pseudonana, Cyclotella

striata, Guinardia delicatula) and green algae (e.g. Coelastrum microporum, Monoraphidium

contortum) played a role further downstream (> 646 km; e.g. at ca. 692 km) (Fast, 1993;

Muylaert and Sabbe, 1999; Tillmann et al., 1999; Wolfstein, 1996) where monitoring data is

not available.

Community composition was similar across methods. Contributions of key classes and

genera were correlated when obtained from reads and biovolume (R2 = 0.59, p = 6.50 x 10-20

and R2 = 0.33, p = 9.82 x 10-16 respectively; see also supplementary fig. S2.8a-b). The overall
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dominance of centric diatoms, in particular from the class Mediophyceae, is consistent

between the results from microscopy and metabarcoding (fig. 2.4a-b). Between ca. 586 - 651

km Stephanodiscus was a key player in spring 2021 and 2022 both with respect to its relative

biovolume (NLWKN, 2023) and the relative contribution to 18S reads of the eukaryotic

phytoplankton (fig. 2.4d). Both methods imply that Stephanodicsus was largely represented

by the species S. hantzchi (fig. S2.7, tab. S2.5). Stephanodiscus achieved similar contributions

with microscopy and metabarcoding despite the different stations, sampling dates and

methods (fig. 2.4d, fig. S2.9b). For instance, in spring 2021, Stephanodiscus contributed 71 %

of the eukaryotic biovolume at 586 km on 2021-05-03 and 85 % of the eukaryotic

phytoplankton reads at 609 km on 2021-05-07 (fig. 2.4d). Even across seasons,

Stephanodiscus achieved an average contribution of 23 % in microscopy (NLWKN, 2023) and

a comparable number of 29 % in metabarcoding (fig. 2.4c). Some other taxa reached similar

contributions in certain seasons at closely related stations, e.g. Cyclotella (possibly mostly C.

meneghiniana; see fig. S2.7, tab. S2.5) at 633 km (metabarcoding; ca. 25 %) and 646 km

(microscopy; ca. 18 %) in summer 2021, Skeletonema at 609 km (metabarcoding; ca. 11 %)

and 586 km (microscopy; ca. 14 %) in summer 2021 and Coelastrum at 646 km (microscopy,

ca. 3 %) and 633 km (metabarcoding, ca. 4-5 %) in summer 2021 and spring 2022 (fig. 2.4d).

Note that in the former examples, species identification differed between the two methods

for Skeletonema and Coelastrum was not identified to species level in metabarcoding (see

further information in tab. S2.5, fig. S2.7). Several phytoplankton taxa and groups found via

metabarcoding in the unmonitored area further downstream, are known for the Elbe

estuary from previous studies, e.g. Thalassiosira and Skeletonema (on genus level),

Guinardia delicatula and, more vaguely, dinoflagellates (Muylaert and Sabbe, 1999; Tillmann

et al., 1999; Wolfstein, 1996).

However, in some cases, the community composition differed between metabarcoding and

microscopy. Across seasons and stations, Bacillariophyceae (e.g. Nitzschia) were significantly

more dominant in the monitoring than metabarcoding (p = 1.5 x 10-2 and 1.1 x 10-2,

respectively; see also fig. S2.9a-b, fig. 2.4a; (HU, 2023; NLWKN, 2023)). The same was the

case for Coscinodiscophyceae (p = 2.9 x 10-2, fig. S2.9a, fig. 2.4a), largely represented by

Aulacoseira and Triceratium (fig. 2.4d). Different Mediophyceae, particularly Cyclotella,
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reached significantly higher contributions with respect to their biovolume compared to their

reads (p = 1.8 x 10-2 for Mediophyceae and p = 5.2 x 10-2 for Cyclotella, fig. S2.9a-b, fig.

2.4c-d). In metabarcoding, Chlorophyceae were significantly more dominant across seasons

and stations (p = 4.5 x 10-2, fig. S2.9a, fig. 2.4a). Here Coelastrum was particularly dominant

in summer 2022 (fig. 2.4d), while in other seasons, contributions of this taxon were more

comparable across methods and overall, they were not significantly different (fig. S2.9b).

Chrysophyceae and Cryptophyceae reached significantly higher contributions in

metabarcoding across seasons and stations compared to the monitoring data (p = 3.4 x 10-3

and p = 7.9 x 10-4, respectively, fig. S2.9a, fig. 2.4a-b), the latter mostly due to Cryptomonas

(p = 1.0 x 10-2, fig. S2.9b, fig. 2.4c-d). We do observe enhanced contributions of

Cryptomonas in winter at the microscopy stations too, but contributions were overall lower

in monitoring (up to ca. 3 % in winter but lower in other seasons) than in metabarcoding

(e.g. 17 % at 633 km in winter 2022). Beyond, species level identification differed, with C.

curvata being the dominant Cryptomonas species via metabarcoding, while in microscopy

species level could often not be obtained and otherwise included deviating species e.g. C.

ovata (fig. S2.7). Some taxa, for instance Aulacoseira, Thalassiocyclus and Triceratium were

not found by metabarcoding in any season. Vice versa, various picophytoplankton taxa (< ca.

2-3 µm) that were found via metabarcoding along the estuary (e.g. Mychonastes,

Minidiscus, Micromonas, Nannochloris, Ostreococcus) did neither appear in the monitoring

data, nor have they been reported in other literature that include the lower reaches of the

Elbe estuary to our knowledge. Of those, Mychonastes and Minidiscus appeared particularly

dominant (up to 17 % at certain stations during certain seasons) (fig. 2.2d).
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Fig. 2.2: Composition of eukaryotic phytoplankton in the Elbe estuary on class level (a, b) and genus level (c, d) based on metabarcoding reads. a) and c) show

the average contributions calculated from the relative contributions of classes (a) and genera (c) across all seasons and stations (differences in absolute

abundances are not included). In b) and d) the horizontal axes show the location in km and the panels show the different seasons (see also table S2.1). Only genera

and classes that contributed ≥ 10 % respectively ≥ 15 % at least in one sample are shown. Labels are shown where contribution was ≥ 10 %.
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Fig. 2.3: Relationship between the contributions of phytoplankton (key genera and classes) and station, season as well as other environmental parameters.

Numbers and color scheme show the correlation coefficient r calculated with spearman rank correlation. Numbers are shown if the relationship is significant (p ≤
0.05). All p-values and r-values are shown in the supplementary data (tab. S2.3). Flow rate is obtained from the FGG database (FGG Elbe, 2024) and refers to a fixed

station in the upper Elbe (Neu Darchau, at ca. 536 km). Units for environmental parameters are shown in the supplementary material (tab. S2.1).
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Fig. 2.4: Composition of eukaryotic phytoplankton in the upper to mid Elbe estuary (586 - 651 km) on class level (a, b) and genus level (c, d) with data from

microscopy-based monitoring ((HU, 2023; NLWKN, 2023); MIC) and metabarcoding (MET; this study). a) and c) show the average contributions calculated from

the relative contributions of classes (a) and genera (c) across all seasons and stations (differences in absolute abundances are not included) for META and MIC (split

by monitoring facilities NLWKN/HU due to non-classification of centric diatoms in HU data; stations per facility see fig. 2.1). In b) and d) horizontal axes show the

location in km and give information if data was obtained from microscopy (MIC) or metabarcoding (MET) (see also fig. 2.1). Panels in b) and d) show different

seasons, where the exact sampling dates differed between MIC and MET data (see tab. S2.1). Vertical axes show the contributions to biovolume (MIC) and 18S

reads (MET). For better comparison, we summarized “unclassified centric diatoms” and “Mediophyceae” into one group in a) and b). In the monitoring from 599

km and 629 km, centric diatoms were not classified any further and hence genera data is missing in c) and d) as indicated by *. Only genera and classes that

contributed ≥ 10 %, respectively ≥ 15 % at least in one sample are shown. Labels are shown where contribution was ≥ 10 %.
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2.4. Discussion

Parasitic chytrids and nanoflagellates might have affected phytoplankton abundance and

community composition

A drop in phytoplankton abundance (chlorophyll a) throughout the passage of Hamburg has

been observed before and has been associated with strong grazing pressure in this area

(Schöl et al., 2009). Selective grazing (see e.g. (Zamora-Terol et al., 2020)) might partially

explain shifts in community composition observed between 609 km (upstream of the city of

Hamburg) to 633 km (downstream of the city of Hamburg). For instance, in summer 2021,

Cyclotella was dominant at 609 km and Skeletonema at 633 km (fig. 2.4d). In other seasons

the shift in composition might not appear as obvious but the decline of the contribution of,

e.g., Stephanodiscus from 609 km to 633 km does mean that other taxa were affected less

by any lethal factors, or growing better. Shifts in community composition around the city of

Hamburg appeared in similar manners in the monitoring data (e.g. in spring 2021, where

Stephanodiscus dominated at 586 km and Triceratium at 646 km; (NLWKN, 2023)). However,

grazing may not be the only cause of phytoplankton decline and community shifts. Other

factors can for instance include the greater water depth in the harbor area compared to the

area upstream of Hamburg that can result in light limitation (Wolfstein, 1996) and chytrid

infections that have e.g. been observed in Stephanodiscus in the Elbe estuary (Muylaert and

Sabbe, 1999). Notably, with 18S rRNA marker gene sequencing we identified chytrids from

the group Chytridiomycota (e.g. Zygophlyctis and Rhizophydiales), which infect different

types of phytoplankton (Holfeld, 2000; McKindles et al., 2023; Sassenhagen et al., 2023; Seto

et al., 2020; Sime-Ngando, 2012), especially at 609 km. Further downstream we found the

nanoflagellate Cryothecomonas which has been found to feed on Guinardia (Drebes et al.,

1996; Tillmann et al., 1999). Chytrid-like and nanoflagellate parasites might affect

phytoplankton in the Elbe estuary, but due to their sometimes small and inconspicuous

appearance, they might be overlooked as a top-down control of community composition

and algal biomass. The same applies all the more to viral infections, which have been found

for e.g. Guinardia (Arsenieff et al., 2019) but are not covered by any of the methods applied

in the Elbe estuary so far (e.g. light microscopy and our 18S rRNA sequencing). Viruses are
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important entities in aquatic carbon cycles (see e.g. (Kaneko et al., 2021)) and likely also play

a role in estuaries (Labbé et al., 2018).

Mixotrophic flagellates might play a larger role in the Elbe estuary than previously assumed

Flagellates from the classes Dinophyceae, Chrysophyceae and Cryptophyceae play a role in

various estuaries (Bazin et al., 2014; Kim et al., 2023; Piwosz et al., 2018; Umanskaya et al.,

2023; Wu et al., 2022) and are also known from the Elbe estuary (HU, 2023; NLWKN, 2023;

Wolfstein, 1996). While the contributions of Dinophyceae in the monitored upper to mid

estuary (586 - 651 km) were low (< 5 %) consistent across the methods, Chrysophyceae and

Cryptophycae appeared overall more dominant when phytoplankton communities were

assessed via metabarcoding. Though we lack comparable (and quantitative) data from the

mid to lower estuary, this pattern seems to hold here: While dinoflagellates are reported

from the lower estuary in former studies, chrysophytes and cryptophytes were either not

included or possibly included as vague groups such as ‘flagellates’ (Muylaert and Sabbe,

1999; Wolfstein, 1996). An underrepresentation of these groups may be related to their

fragile nature. Cryptophytes and chrysophytes have been described as sensitive to fixation

agents that are commonly used to preserve microscopy samples (Altenburger et al., 2020;

Cerino and Zingone, 2006; Medlin et al., 2017; Sonntag et al., 2000; Xia, 2013). Beyond,

small-sized taxa such as Hemiselmis (ca. 5 µm) might in general be overlooked (Lane and

Archibald, 2008). On the other hand, we lack information about the number of 18S gene

copies held per cell of chrysophytes and cryptophytes. A high number of gene copies with

respect to cell size can render a taxon to appear more dominant when metabarcoding is

carried out compared to e.g. biovolumes obtained from microscopy. The available literature

is limited and cannot provide clear answers. For instance, some sources report a higher

representation of cryptophytes in metabarcoding compared to conventional techniques

(Banerji et al., 2018; Hanžek et al., 2023), while others speak of an underrepresentation of

cryptophytes based on 18S rRNA marker gene sequencing (Xu et al., 2023) and the

cryptophyte Rhodomonas salina has an average number of SSU rDNA gene copies per cell

with respect to its size (Godhe et al., 2008). Pigment analysis gives further support for the

underrepresentation of cryptophytes by microscopy (e.g. (Gieskes and Kraay, 1983; Montoya
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et al., 2006)). For chrysophytes, information is even more scarce. However, Charvet el al.

found that chrysophytes were more dominant when assessed with microscopy (biomass)

compared to metabarcoding reads (Charvet et al., 2012) which rather speaks against a

consistent overrepresentation of this group based on sequencing.

While further research is needed to ultimately assess the quantitative relevance of the

abovementioned phytoplankton classes in the Elbe estuary, some specific functions of these

groups support their importance here and in similar ecosystems. Some taxa such as

Cryptomonas, the most dominant cryptophyte in our dataset, are able to vertically migrate

(deNoyelles et al., 2016), and hence can avoid grazing and support retention in the tidal

estuary (Steidle and Vennell, 2024). Moreover, taxa from all three groups, i.e. dinoflagellates

(Coyne et al., 2021; Millette et al., 2017), cryptophytes (Ballen-Segura et al., 2017; Princiotta

et al., 2019; Urabe et al., 2000) and chrysophytes (Bec et al., 2006) are known for their

mixotrophic abilities. Exploiting heterotrophic pathways might help those groups to survive

under light limited conditions that typically appear in estuaries due to high turbidity.

Transcriptome analyses have revealed that Cryptomonas compensates for low light

availability in turbid waters by enhanced grazing on bacteria (Calderini et al., 2022). In our

data, Cryptomonas was particularly dominant in winter, the season when light availability is

typically rather low due to low sunlight and high turbidity (fig. 2.2-2.3, fig. S2.1-S2.2). Recent

studies have shown that actively mixotrophic flagellates are key components in estuaries

(Dobbertin da Costa et al., 2024; Li et al., 2024; Millette et al., 2021).

Their motility and ability to use alternative sources of energy and nutrients might allow

mixotrophic flagellates to persist where other phytoplankton taxa are removed by currents

or constrained by light limitation. These groups might consequently play a crucial role to

maintain primary production and food webs. By incorporating organic carbon (e.g. bacteria)

phagotrophic phytoplankton make energy and nutrients available for higher trophic levels.

Due to their ability to draw on different sources of nutrients and energy mixotrophs are a

more stable food source for higher trophic levels (Katechakis et al., 2005) which is of specific

relevance in estuaries and similar ecosystems where phytoplankton abundance can be

limited due to environmental forcing (e.g. turbidity, salinity). Simultaneously, by utilizing
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heterotrophic pathways, mixotrophic phytoplankton contribute to higher CO2 production.

Considering that phagotrophs might become more reliant on organic prey under warming

(Gonzalez et al., 2022; Lepori-Bui et al., 2022), we could head towards a more heterotrophic

system that might further negatively affect the oxygen budget of this habitat (Geerts et al.,

2017).

Metabarcoding emphasizes the importance of eukaryotic picophytoplankton in estuarine

communities

Picophytoplankton are a key component in phytoplankton communities in estuaries (e.g.

(Moreira-Turcq et al., 2001; Purcell-Meyerink et al., 2017)). This may be associated with their

ability to survive under extreme conditions (Belkinova et al., 2021; Somogyi et al., 2022) and

at different light conditions (Callieri, 2017; Tragin and Vaulot, 2019). In a former study, we

found that picophytoplankton from the Elbe estuary were able to utilize miscellaneous

organic compounds (e.g. sugars, amino acids), which might allow them to maintain growth

in the challenging habitat (Martens et al., 2024a). Though there is information about the

gene copy numbers of some picophytoplankton taxa (Godhe et al., 2008) and they do have

similar gene copies to cell size ratios as larger phytoplankton, we do lack respective data for

the most dominant picophytoplankton in our dataset (i.e. Mychonastes, Minidiscus). Hence,

we cannot say if or to what extent picophytoplankton might be overrepresented in our data

compared to e.g. biovolume based community assessments. However, picophytoplankton

can be difficult to detect and quantify with microscopy due to their small size or sensitivity

to fixation agents (see e.g. (Bergkemper and Weisse, 2018; Huo et al., 2020)). In the Elbe

estuary, Minidiscus and Mychonastes were particularly dominant when communities were

analyzed via metabarcoding (fig. 2.2d). Mychonastes has been isolated from the upper Elbe

river before (Krienitz et al., 2011) and in a recent study we isolated different strains from the

estuarine reaches (Martens et al., 2024a). Both Minidiscus and Mychonastes underwent

changes in taxonomic assignments. Mychonastes e.g. might be included as Dictyosphaerium

in former studies and monitoring data (Krienitz et al., 2011). However, though

Dictyosphaerium was reported by the monitoring facilities (HU, 2023; NLWKN, 2023) we

cannot conclude that it necessarily or exclusively referred to Mychonastes. Dictyosphaerium
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can include colony-forming types that can be more easily detected in microscopy and the

primarily solitary Mychonastes (Krienitz et al., 2011). Notably, both Dictyosphaerium and

Mychonastes were quite dominant in summer 2022, providing up to ca. 9 % of the

biovolume (at 629 km; (HU, 2023)) respectively up to 17 % of the metabarcoding reads (at

609 km). This may indicate that they do mean the same group in metabarcoding and

microscopy or that those are different taxa that have similar traits with respect to e.g.

temperature. Species level identification implies that Minidiscus might be largely

represented by M. spinulatus and M. comicus, which have a cell diameter of 2 - 6 µm

(Jewson et al., 2016; Park et al., 2017). In the monitoring data, Minidiscus might appear as

Thalassiosira (Park et al., 2017) (e.g. as Thalassiosira proschkinae; fig. S2.7) or unidentified

centric diatoms < 5 µm but those groups did not express comparable contributions to the

eukaryotic phytoplankton. We also lack recent quantitative microscopy data from the mid to

lower estuary where Minidiscus was particularly dominant but the absence of key species

from metabarcoding, such as M. spinulatus (also as Thalassiosira spinulata (Park et al.,

2017)) in former datasets (e.g. (Muylaert and Sabbe, 1999; Wolfstein, 1996)), might imply

that Minidiscus is not (thoroughly) covered by microscopy. It has been suggested before that

small diatoms such as Minidiscus are globally overlooked (Leblanc et al., 2018).

By incorporating dissolved organic compounds (Martens et al., 2024a), picophytoplankton

may pass on important nutrients along the food webs. Though picophytoplankton may not

always be directly consumed by dominant zooplankton groups such as Eurytemora (Schöl et

al., 2009), it has been suggested that copepods might consume picophytoplankton rather

indirectly by uptake of picophytoplankton-containing aggregates (Stukel et al., 2013; Wilson

and Steinberg, 2010). Aggregate formation is a typical feature of various aquatic ecosystems

including estuaries (Zimmermann-Timm et al., 1998) and estuarine zooplankton might swap

to an aggregate diet when phytoplankton availability is low (Modéran et al., 2012). While the

nutritional value of aggregates (including e.g. detritus) might be rather low,

aggregate-attached phytoplankton (Stukel et al., 2013; Zimmermann-Timm et al., 1998) can

add important nutrients such as fatty acids. In areas with low availability of larger-celled taxa

such as the mid to lower estuary, zooplankton might be dependent on aggregate-associated
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materials, and hence possibly on picophytoplankton. Additionally, picophytoplankton are

crucial prey for nauplii larvae and filter feeders (Bemal and Anil, 2019; Richard et al., 2022).

Coastal inputs determine community composition in the lower estuary

The combination of the different currents (river flow, tide) resulted in different salinity

conditions in the lower and partially mid estuary (see also further description in the

methods and supplementary data fig. S2.1 and tab. S2.1). In winter 2022, when river flow

was high (> 1000 m3 s-1) and sampling was carried out during decreasing tide, salinity rather

gradually increased from 665 km (freshwater) to 713 km (2.7 PSU) and the community

structure changed in similar manners, i.e. rather moderately. For instance, Cryptomonas,

which was negatively correlated with salinity (fig. 2.3) contributed similar proportions to the

eukaryotic phytoplankton reads in the mid estuary at 651 km (26 %) and in the lower estuary

at 692 km (25 %) under freshwater conditions (ca. 0-1 PSU) (fig. 2.2d). In spring 2021, spring

2022 and summer 2022, salinity was higher in the lower estuary (ca. 10 - 20 PSU at 713 km)

and there were partially clear boundaries where certain taxa occurred. For example, in

spring 2022, Cryptomonas contributed ca. 14 % at 665 km at 0.9 PSU, but was practically

absent at 692 km where salinity was 4.7 PSU (fig. 2.2d). Similarly, in spring 2021 and spring

2022, Guinardia, which was positively correlated with salinity (fig. 2.3), only appeared at

stations with salinities above ca. 5 PSU, i.e. at 713 km during both spring samplings and at

692 km only in spring 2022 (fig. 2.2d). Dinoflagellates and Hemiselmis were further key

groups that appeared overall more dominant at higher salinities. Dinoflagellates were most

dominant at ca. 20 PSU in summer 2022, but also appeared at lower salinities, including

freshwater, which is reasonable as this group includes various taxa. Hemiselmis was most

dominant at ca. 1 - 5 PSU in summer 2021. While shifts in salinity can affect phytoplankton,

it is likely that movement of the water masses itself had a stronger and more immediate

effect on the phytoplankton communities. Marine dinoflagellates (Jansen et al., 2006;

Klöpper et al., 2003) and Guinardia (Hernández-Fariñas et al., 2014; Schlüter et al., 2012) for

instance are important in the North Sea. Guinardia is moreover considered an exclusively

marine taxon. However, coastal taxa may benefit from river-born materials (see e.g.
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(Schlüter et al., 2012; Weston et al., 2008)) and hence their dominance in the lower estuary

might not just be coincidental.

In former studies, we find different statements concerning the community composition in

the lower Elbe estuary. Muylaert and Sabbe (Muylaert and Sabbe, 1999) speak of in situ

production rather than coastal imports, however, it remains unclear which stations they

refer to (e.g. rather stations near 713 km or 692 km), but sampling was carried out during

rather low salinities. In our data, marine taxa and groups were specifically found at salinities

above ca. 5 PSU. Wolfstein (Wolfstein, 1996) found freshwater, brackish and marine taxa at a

station near 692 km, but data about their quantity is not available. In the study of Tillmann

et al. (Tillmann et al., 1999) the marine taxon Guinardia delicatula appeared close to our

lower station (713 km) but not further upstream. Altogether, our study provides further

understanding about the so far rather limited data on community composition in the lower

Elbe estuary.

Broad distribution of certain genera might be explained by different ecotypes

Most of our key genera comprised various genotypes which partially expressed different

patterns along space and time respectively abiotic conditions (fig. 2.2, fig. S2.5-S2.6). The

different genotypes might represent different ecotypes that inhabit different ecological

niches. Combining metabarcoding, microscopy data from the local monitoring (where

available) and further literature we find that though some of those potential ecotypes do

represent different species (see also tab. S2.5, fig. S2.7) genotypic diversity along

environmental conditions appears within species in various cases. This implies that the

species alone is not sufficient to explain their distribution.

For instance, Thalassiosira and Stephanodiscus included one genotype each that was

particularly dominant during colder seasons. In the case of Thalassiosira this genotype was

identified as T. guillardii. We lack species identification for the genotype of Stephanodiscus

associated with lower temperature, but in spring 2021 the genotype appeared to have

similar contributions to the eukaryotic phytoplankton as the species S. minutulus in
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microscopy (fig. S2.7, fig. S2.6, genotype 3), which might imply that the genotype represents

this taxon. Both S. minutulus and T. guillardii are known from other estuaries but not

necessarily from the colder seasons (Piwosz et al., 2018; Trigueros, 2000). Similarly,

Minidiscus seems to divide into different species, with M. spinulatus (fig. S2.5, genotype 1

and 2) appearing at higher salinities, while M. comicus (genotype 3) was mostly found at 5

PSU or lower salinities, but both taxa appear from brackish to marine habitats (Fernandes

and Correr-Da-Silva, 2020; Park et al., 2017). The findings of the same species along different

habitat conditions show that the species alone is not sufficient to describe the ecological

positioning of these phytoplankton. This is also the case for Cryptomonas, where the

genotype associated with lower temperatures was assigned to the same species (C. curvata)

as the other dominant genotype that appeared more important in spring and summer.

Genotype diversity of C. curvata has been described before (Nishino et al., 2015) and might

explain the broad distribution of this species along space and time.

Deviations between microscopy and metabarcoding might be explained by differences in

sampling stations and dates and by methodological biases

The correlation between the contributions of various key classes and genera based on reads

and biovolumes (fig. S2.8a-b, fig. 2.4) implies a correlation of the number of gene copies per

cell with the size of the phytoplankton taxa in the samples, as shown by, e.g., (Godhe et al.,

2008; Vasselon et al., 2018). In cases where the results were less similar, those differences

can to a certain degree be explained by the different sampling stations and sampling time

points (see also supplementary data tab. S2.1). For instance, Triceratium

(Coscinodiscophyceae) was dominant in spring 2021 at the monitoring station at 646 km (fig.

2.4d). This taxon did not appear in any other microscopy sample from the included dataset,

hence, the fact that we did not find this taxon via metabarcoding might be due to its narrow

spatio-temporal appearance. Similarly, the dominance of Coelastrum in metabarcoding in

summer 2022 may be an effect of the specific conditions during sampling, as in other

seasons, contributions of this taxon were more similar across methods (fig. 2.4d). The

metabarcoding sampling in summer 2022 was carried out approximately two weeks earlier

than that for monitoring (supplementary data tab. S2.1). During these two weeks, water
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temperatures were rising by approximately 2.5 °C ((FGG Elbe, 2024); supplementary data fig.

S2.10). This might explain a shift from the dominance of Coelastrum (metabarcoding,

2022-06-22) towards higher contributions of Cyclotella (monitoring, 2022-07-04). In 2021,

when summer sampling was carried out later during the water temperature peak of the year

((FGG Elbe, 2024); supplementary data fig. S2.10), Cyclotella was dominant across methods

(fig. 2.4d). Ultimately, this might also partially explain why Cyclotella appeared on average

more dominant in microscopy (fig. 2.4c).

Due to the different sampling stations and dates we cannot completely disentangle where

biases were method-related or actual ecological features. However, there is reasonable

evidence that some differences cannot be fully explained by spatio-temporal effects.

Quantitative differences between the methods - i.e. taxa being differently dominant - can for

instance appear when a taxon has a relatively high or low number of 18S gene copies with

respect to its size. We might argue that the overall higher contribution of pennate diatoms

from the class Bacillariophyceae in microscopy compared to metabarcoding (fig. 2.4a-b)

might be caused by such biases. Qualitative differences can appear when taxa are assigned

differently or identified only by one of the methods. For instance, we found several

picophytoplankton taxa via metabarcoding that were so far not reported from the Elbe

estuary (e.g. Minidiscus, Mychonastes). As discussed in a section further above, some of

them might be - to a certain extent - included under other names in the monitoring efforts

or further literature (e.g. Mychonastes as Dictyosphaerium; (Krienitz et al., 2011)). However,

picophytoplankton appears overall more prominent in metabarcoding (see also section

further above) than previously reported in other literature or the monitoring data, which

might be related to difficulties in detecting their small mostly solitary cells via microscopy,

and due to fixation issues (see e.g. (Bergkemper and Weisse, 2018; Huo et al., 2020)). In

turn, in metabarcoding, primer mismatch or incomplete sequencing databases can lead to

failure to identify taxa (e.g. (Gran-Stadniczeñko et al., 2019; Huo et al., 2020; Santoferrara,

2019)). This might have been the case for Aulacoseira, a genus well known from the Elbe

estuary which was especially important in summer 2021 in the monitoring ((HU, 2023), fig.

2.4d, e.g. at 629 km), while not a single read was found via metabarcoding of any sample.
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Method limitations and need for further research

Both metabarcoding and microscopy do provide valuable insights into the presence of

certain taxa in certain areas, which are relevant components in the food webs here.

However, when studying community composition, irrespective of the method, certain

information remains largely unrevealed. For instance, we know nothing about the actual

performance (e.g. growth) of phytoplankton under certain conditions. Do taxa appear more

dominant than others because they grow well or just survive better? Do they have specific

hydrodynamical traits with respect to cell morphology that make them accumulate in certain

areas despite unfavorable environmental conditions? Are potential mixotrophic taxa actively

mixotroph in this ecosystem? Beyond those general uncertainties, other factors such as the

sampling strategy (e.g. number of samples, locations, dates, and also how sampling is

carried out along a moving water body) can affect the results and restrict ecological

conclusions.

Further methodological constraints can additionally complicate data interpretation. For

instance, primer mismatch, PCR biases and incomplete databases (Kelly et al., 2019; Kezlya

et al., 2023; Santoferrara, 2019) can lead to failure to detect or adequately represent taxa

and finally affect species composition outputs. The quantitative comparability of

metabarcoding with conventional approaches such as microscopy can be affected by the

number of gene copies in a cell, which is correlated with cell size but might sometimes

experience stronger variations even for strains of the same species (Godhe et al., 2008; Gong

and Marchetti, 2019; Vasselon et al., 2018). In microscopy, indistinct morphology, small

cell-sizes and effects of fixation agents can affect the accuracy of reported community

structures (Bergkemper and Weisse, 2018; Kezlya et al., 2023; Medlin et al., 2017).

Identification errors might additionally play a role as sample analysis is not automated but

depends on the observer.

By focussing on dominant key taxa, we can largely avoid including artifacts (such as free

floating DNA) in our study. The finding of certain groups (e.g. picophytoplankton and

Cryptophyceae) along seasons and stations additionally provides certainty about their actual
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importance in this ecosystem in quantitative means, and indicate that random process e.g.

with respect to PCR amplification did rather not play a significant role. An overlap of key taxa

(e.g. Stephanodiscus hantzchii, Cyclotella meneghiniana; fig. 2.4, tab. S2.5, fig. S2.7, fig. S2.5)

found via metabarcoding and microscopy in the upper to mid estuary provides further

support about the reliability of the metabarcoding data and their comparability with data

from microscopy. However, uncertainties remain from the relatively low number of samples,

the missing of replicates and the absence or underrepresentation of certain sampling

seasons (fall and winter) and areas (e.g. the mid area which was not sampled in 2021).

Moreover, further studies and other research approaches are needed to more thoroughly

address how potential drivers such as turbidity and salinity affect the estuarine

phytoplankton in causal means (e.g. transcriptome analysis (Calderini et al., 2022) or

experimental studies (Sew and Todd, 2020; Wirth et al., 2019)). This is also crucial to

differentiate between actual drivers that affect the performance and hydrodynamics (i.e.

growth/ survival and current driven distributions of taxa). Also, we suggest determining the

actual mixotrophic behavior of potential mixotrophic groups such as cryptophytes,

chrysophytes and dinoflagellates (as e.g. in (Dobbertin da Costa et al., 2024; Millette et al.,

2021)).

Our study provides first insight in the comparability of microscopy and metabarcoding data

from the Elbe estuary. However, as we made use of an available microscopy dataset,

samples were not obtained at the same time points or stations, and microscopy data was

not available from downstream of 646 km. Differences in the composition of the samples

may affect the comparability, and ecological and methodological biases could not be

completely disentangled in this study. While we could obtain various valuable information

from the comparison, e.g. the missing of certain taxa such as Aulacoseira in metabarcoding,

but also the complying of different key taxa across methods, comparing metabarcoding and

microscopy from the same samples as carried out for other ecosystems (Huo et al., 2020;

Mora et al., 2019; Santi et al., 2021) would help to ultimately evaluate the comparability of

both approaches in the Elbe estuary and similar ecosystems. As our primer set, which

targets the V1-V2 region of the 18S gene, could not amplify certain important taxa (e.g.

Aulacoseira) we furthermore suggest the use of different more commonly used primers in
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further metabarcoding efforts, e.g. 18S primers targeting the V4 or V9 region (Kezlya et al.,

2023).

Today, combining metabarcoding and microscopy is the approach of choice to appropriately

characterized phytoplankton communities - covering the weaknesses of both methods (Huo

et al., 2020; Mora et al., 2019; Santi et al., 2021). However, while further research is needed

to eliminate weak points of metabarcoding, its implementation as a standard method to

analyze phytoplankton communities appears inevitable due to its benefits especially with

respect to automated sample processing, the independence of morphological structures,

size and sample fixation. While the desire for comparability and familiar measures such as

biovolume appears reasonable, in the discussion about a long-term implementation of

metabarcoding, we might also question our current perspectives: Does metabarcoding have

to obtain the exact same results as microscopy? Are conventional measures such as cell

counts or biovolume the right ones? Are results of metabarcoding, i.e. the detected number

of DNA sequences of a taxonomic group, of less ecological relevance?

2.5. Conclusion

We used metabarcoding to identify key taxa along the Elbe estuary, which is characterized by

typical estuarine features, such as variations in turbidity and salinity. Results were compared

with those available from microscopy-based monitoring and further literature. An overlap in

the results from metabarcoding (reads based eukaryotic phytoplankton community

composition) and microscopy (biovolume based eukaryotic phytoplankton community

composition) indicates that the methods yield comparable results for many key taxa, while

certain groups such as picophytoplankton, cryptophytes and chrysophytes appeared

underrepresented by microscopy. As phagotrophs, the latter might play a specific role in the

turbid light-limited reaches of the estuary. However, further research is needed to ultimately

draw conclusions about the role of the abovementioned groups in the Elbe estuary and

about the comparability of the results from metabarcoding with those from microscopy (e.g.

including larger samples sizes, direct comparison of the methods from the same samples

and laboratory experiments aimed at the causal relationship of taxa abundance with

environmental conditions).
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3. Picophytoplankton dominate phytoplankton communities in the Elbe estuary in

terms of cell counts

We plan to publish this chapter in a peer-reviewed journal at a later date.

Abstract

Picophytoplankton are important primary producers, but not always adequately recognized,

e.g. due to methodological limitations. In this study, we combined flow cytometry and

metabarcoding to investigate seasonal and spatial patterns of picophytoplankton abundance

and community composition in the Elbe estuary. Picophytoplankton (mostly picoeukaryotes

such as Mychonastes and Minidiscus) contributed on average 70 % (SD = 14 %) to the total

phytoplankton counts. In the summer picocyanobacteria (e.g. Synechococcus) played a more

significant role. The contributions of picophytoplankton to the total phytoplankton were

particularly high from summer to winter as well as in the mid estuary. However, at salinities

of around 10 PSU in the mixing area the proportion of picophytoplankton was comparably

low (average 49 %, SD = 13 %). Our results indicate that picophytoplankton prevail in the

Elbe estuary year-round with respect to cell counts. Picophytoplankton could occupy

important niche positions to maintain primary production under extreme conditions where

larger phytoplankton might struggle (e.g. at high or low temperature and high turbidity), and

also benefit from high nutrient availability here. However, we did not find evidence that they

played a particularly significant role at the salinity interface. Our study highlights the

importance of including picophytoplankton when assessing estuarine phytoplankton as has

been suggested for other ecosystems such as oceans.

3.1. Introduction

Picophytoplankton (< 2-3 µm) are important primary producers in aquatic ecosystems from

oligotrophic to eutrophic habitats (Coello-Camba and Agustí, 2021; Moreira-Turcq et al.,

2001; Purcell-Meyerink et al., 2017; Takasu et al., 2023; Zhang et al., 2015). These tiny

organisms fulfill crucial ecological functions, e.g. as food for nauplii larvae and filter feeders

44

https://www.zotero.org/google-docs/?ESgZmE
https://www.zotero.org/google-docs/?ESgZmE


(Bemal and Anil, 2019; Richard et al., 2022) and in carbon export (Basu and Mackey, 2018;

Puigcorbé et al., 2015). The small size of picophytoplankton allows them to occupy specific

ecological niches, for example due to the high surface to volume ratio which might facilitate

the uptake of required nutrients, and slow sinking velocity that can keep them in the

euphotic zone (Massana, 2011; Raven, 1998). Short generation times and high standing

genetic variation give picophytoplankton a comparatively high evolutionary potential (e.g.

(Barton et al., 2020; Benner et al., 2020; Schaum et al., 2016)). Picophytoplankton are more

than likely to prevail in changing environments (see e.g. (Benner et al., 2020; Flombaum and

Martiny, 2021a; Tan et al., 2022)). Some picophytoplankton have been shown to appear

under extreme conditions e.g. at high or varying salinity, turbidity and temperature

(Belkinova et al., 2021; Somogyi et al., 2022).

Extreme living conditions are common across ecosystems, including estuaries. Estuaries are

the interfaces between the freshwater and marine world and characterized by gradients and

tidal-induced variation of environmental forcing (e.g. salinity, turbidity) and

picophytoplankton can be an important group here (Gaulke et al., 2010; Moreira-Turcq et al.,

2001; Purcell-Meyerink et al., 2017; Sathicq et al., 2020). However, due to their small size

picophytoplankton are still often not adequately recognized. This is largely due to difficulties

in detecting and identifying these small-celled organisms with light microscopy, and because

they cannot always be thoroughly preserved (Bergkemper and Weisse, 2018; Huo et al.,

2020).

Here, we applied flow cytometry and metabarcoding (partially from (Martens et al., 2024b),

in the context of new metabarcoding data) to (1) investigate spatial and seasonal patterns in

picophytoplankton abundance and composition in the Elbe estuary, (2) identify dominant

taxa and (3) assess under which conditions (with respect to abiotic factors, season, location)

picophytoplankton and different players within (e.g. picocyanobacteria) might be particularly

dominant.
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3.2. Material and Methods

The Elbe estuary is located in the North of Germany, passing through the city of Hamburg,

and enters the North Sea at Cuxhaven (fig. 3.1a). As one of Europe’s largest estuaries it is an

important natural habitat and supplies the human population with essential ecosystem

services (e.g. via port of Hamburg, recreation areas). The Elbe estuary has been experiencing

intense anthropogenic pressure for centuries and further changes such as global warming or

deepening of shipping channels might have additional impacts on the ecosystem functioning

(see e.g. (Van Maren et al., 2015)). The tidal estuarine area is separated from the Elbe river

by a weir at 586 km distance from the river source. Here, a total of 50 surface water samples

were taken from seven stations along the Elbe estuary during different sampling campaigns

(fig. 3.1a, supplementary tab. S3.1). Samples were taken from the upper water layers.

Further details about sampling in the different sampling campaigns - e.g. sampling method

and sample volume - are given in the supplementary data (tab. S3.1). 25 of the samples

were taken around the city of Hamburg (approx. 623 - 633 km) and used as a seasonal

dataset (fig. 3.3, fig. S3.4) and 29 samples from longitudinal sampling of six stations (609 -

713 km) covering three different seasons (spring and summer each 2021 and 2022 as well as

winter 2022) were used as a spatial dataset (fig. 3.2a-c, fig. S3.2).

Of each sample, 3 to 5 technical replicates à 20 µL were analyzed using flow cytometry (BD

accuri C6 plus) with a flow rate of 66 µl min-1 and regular cleaning and mixing between the

samples. Phytoplankton cells could be distinguished from other suspended matter by their

cytometric properties (e.g. fluorescence, size) which were also used to identify different

groups of phytoplankton (see e.g. (Ning et al., 2021; Read et al., 2014; Thyssen et al., 2022)

and supplementary material fig. S3.1). Picophytoplankton in the included samples from the

Elbe estuary could be divided into two major groups: Picoeukaryotes and picocyanobacteria.

Picocyanobacteria differed from picoeukaryotes in their fluorescence properties. This group

had a higher phycocyanin- and lower chlorophyll-fluorescence (fig. S3.1). Notably, some

larger cells might be excluded from our analysis due to detection limits and low sample

volume. However, we know from former data (see e.g. (Martens et al., 2024b; NLWKN,
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2023)) that taxa < 40 µm (e.g. Stephanodiscus, Cyclotella) were dominant in most seasons

and areas of the Elbe estuary.

Fig. 3.1: Study area (Elbe estuary) and sampling stations of the seasonal and spatial dataset (a) and

schematic overview of the overlap and offset between the measured endpoint and definition of

picophytoplankton (Pico) by the different methods (b). In (a) “km” metric indicates the approximate

distance from the spring of the Elbe river in the Czech Republic. The discontinuous line shows the

approximate border between freshwater and increased salinities during the sampling campaign. In

(b) text within the circles are examples.

For the spatial dataset, 16S rRNA metabarcoding as well as 18S rRNA metabarcoding from

another study (see further information in (Martens et al., 2024b)) were included to add

information about picophytoplankton taxa in the Elbe estuary (fig. 3.2d-e, fig. S3.3). Samples

for 16S rRNA sequencing were processed in the same way as shown for the 18S data

(Martens et al., 2024b), however, reads were assigned using the BLAST database (carried out

by biome-id Dres Barco & Knebelsberger GbR). In both datasets, we selected taxa that are in

general considered picophytoplankton or can be < 3 µm (e.g. Synechococcus, Choricystis,

Mychonastes, Minidiscus). We kept colony forming taxa that might appear solitary where

single cells can be < 3 µm (e.g. Microcystis) - as well as unidentified cyanobacteria - in the

dataset as they might add to the picocyanobacteria counts in the cytometry data. Note that
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the definition of picophytoplankton in the metabarcoding data is based on taxa identity and

their usual size ranges, while in flow cytometry the definition is exclusively based on the

actual cell size (< 3 µm) (fig. 3.1b). Furthermore, while in flow cytometry we detect

abundance, metabarcoding results are rather correlated with biovolume. This is due to the

size dependence of DNA copies per cell (Godhe et al., 2008) and as a result, larger

(picophytoplankton) taxa might appear more dominant in metabarcoding compared to flow

cytometric data without being more abundant in terms of cell counts. Consequently, what is

included in “picophytoplankton” and how dominant it is can to some extent differ between

the methods (see fig. 3.1b for further examples/ details). We also excluded data from

samples with less than 100 picocyanobacteria, respectively picoeukaryotes reads in

metabarcoding (fig. S3.3). The number of picophytoplankton reads per sample varied from

147 to 6108 (average 1733) in the 18S dataset and 113 to 5692 (average 2155) in the 16S

dataset.

Data were processed in R (version 4.1.3), including the packages tidyverse (version 1.3.2),

ggplot2 (version 3.4.0), lubridate (version 1.9.2), scales (version 1.2.1) and MuMIn (version

1.47.5). We also used LibreOffice Draw (version 7.1.2.2) for overview figures and addition of

text notes. For spatial analyses, we obtained potentially interesting patterns from the figures

showing cell counts and contributions of picophytoplankton groups along stations (fig.

3.2a-c, fig. S3.2) and then carried out an ANOVA aov() and Tukey test TukeyHSD() from the

package stats (version 4.3.1) to assess whether the observed patterns were significant. To do

so, we partially clustered different stations together, precisely the mid estuary (633 - 692

km) and the mid to lower estuary (633 - 713 km) and compared those with the residue

stations, i.e. the uppermost (609 km) and lowermost (713 km) station. In the figures 3.2a-c,

3.3 and S3.4 with used GAMs for curve fitting with geom_smooth() from ggplot2 and the

formula y ~ s(x, bs = "cr", k). The k value was determined based on the lowest AIC as

obtained from uGamm() from the package MuMIn and AIC() from stats (see tab. S3.3). A

spearman rank correlation with the function rcorr() from the package Hmisc() (version 5.1-0)

was applied to draw conclusions about the relationship of picophytoplankton groups with

abiotic parameters obtained from the samples (precisely water temperature, salinity,

turbidity, PO4 and NO3; see also supplementary data fig. S3.5-S3.7 and tab. S3.4) (fig. 3.4).
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Those data were provided by Helmholtz-Zentrum hereon and obtained from the FGG

database (FGG Elbe, 2024).

3.3. Results

Across seasons and methods, flow cytometry detected between 2.3 x 103 and 123 x 103

picophytoplankton cells mL-1 in the samples from the different stations and seasons from the

Elbe estuary. On average 70 % (SD = 14 %) and up to 99 % of the detected phytoplankton

cells per sample were < 3 µm. Picoeukaryotes were by far the most dominant group with an

average contribution of 77 % (SD = 11 %) to the picophytoplankton cell counts, while

picocyanobacteria played a role in summer (up to 53 %).

Across seasons, picophytoplankton, picoeukaryotes and picocyanobacteria were overall

significantly more abundant at the uppermost station (609 km) than in the area further

downstream (633 - 713 km) (fig. 3.2a, ANOVA/ Tukey: p = 6.0 x 10-11, p = 2.1 x 10-10 and p =

3.7 x 10-6, respectively; see also tab. S3.2). Contributions of picoeukaryotes to the

phytoplankton cell counts were significantly higher in the mid estuary (633 - 692 km)

compared to the upper station (609 km) (fig. 3.2c, ANOVA/ Tukey: p = 0.009; tab. S3.2), while

they showed no significant differences between the mid and lower, as well as the upper and

lower stations (tab. S3.2). As the picophytoplankton fraction was largely represented by

picoeukaryotes, those patterns hold for the contributions of picophytoplankton to the

phytoplankton cell counts as a whole (fig. 3.2b, ANOVA/ Tukey: p = 0.031 for comparison of

the mid (633 - 692 km) and upper area (609 km); tab. S3.2). In contrast, contributions of

picocyanobacteria to the picophytoplankton did not express a distinct pattern along space

across season (fig. S3.2f).

Minidiscus and Mychonastes were the most dominant picoeukaryote taxa across seasons

based on 18S rRNA reads (fig. 3.2d). Therein, Mychonastes was more dominant in the upper

to mid reaches of the estuary (approx. 609 – 665 km), and Minidiscus in the mid to lower

area (approx. 651 – 713 km). Nannochloropsis was prominent at 609 km in early May (spring

2021) and at 692 to 713 km in February (winter 2022) (fig. S3.3a). Here Choricystis also
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played a role (contributions up to approx. 20 %). Other picoeukaryotes such as Bathycoccus

and Picochlorum were minor contributors to the 18S picophytoplankton reads. Results from

16S sequencing (fig. 3.2e) show that Synechococcus and Microcystis might be the most

relevant contributors to picocyanobacteria in summer 2021, where picocyanobacteria were

particularly dominant (up to 53 % of the picophytoplankton cells; see also fig. S3.2f). Here

Microcystis was more dominant at the upper stations (609 - 633 km) and Synechococcus at

the lower stations (692 - 713 km). Notably there is some degree of uncertainty to what

extent Microcystis would fall into the size range of picophytoplankton, due to colony

formation and cell size. It is likely that Synechococcus reached significantly higher

proportions among the cells < 3 µm than suggested in figure 3.2e. Minor contributors to the

picocyanobacteria reads were e.g. Prochlorococcus and Cyanobium (“other” in fig. 3.2e).

In the seasonal dataset from downstream of the city of Hamburg (623 - 633 km), the

abundances and contributions of the different picophytoplankton groups expressed distinct

patterns along the sampling dates. The complexity is reflected in the high k values (15 - 20)

of the fitted GAMs (fig. 3.2, fig. S3.4, tab. S3.3). Picoeukaryotes expressed three seasonal

peaks in spring, summer and fall, where the spring peak was most pronounced (fig. 3.3a).

Picocyanobacteria reached their maximum abundance around July to August with high

abundances extending into October (fig. 3.3b). Picophytoplankton contributions to the total

phytoplankton were highest in a single sample from the temperature peak in summer (fig.

3.3c), largely due to picocyanobacteria (fig. 3.3b+d), and across different samples in fall,

which is due to low abundance of larger-celled taxa combined with the fall peak of

picoeukaryotes and the remains of the fading summer bloom of picocyanobacteria (fig.

3.3a-b, fig. 3.3d). In contrast, picophytoplankton were less dominant within the

phytoplankton communities in spring (fig. 3.3c) due to taxa > 3 µm blooming in parallel.

Seasonal effects could also be observed in the spatial dataset as longitudinal data was

obtained from different seasons (winter, spring and summer). Here, highest absolute

abundances of picophytoplankton were observed in summer 2022 (fig. S3.2a). Contributions

of picophytoplankton to the total phytoplankton counts were overall highest in summer

2021 and in winter 2022 mostly due to picocyanobacteria as well as picoeukaryotes and low

abundance of larger-celled phytoplankton, respectively (fig. S3.2d-f).
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Abiotic conditions varied along seasons and stations (see also supplementary fig. S3.5-S3.6).

Temperature was highest in July (up to 23 °C in the spatial dataset at 665 km) and low in

winter (down to 3 °C). Turbidity, salinity, NO3 and PO4 expressed spatial and seasonal

patterns (fig. S3.5). Salinity was enhanced at the lowermost stations (692 - 713 km) and

highest in summer 2022 and spring of both years (fig. S3.5a). Compared to other seasons,

turbidity was enhanced in winter 2022 and spring 2021 (fig. S3.5b), NO3 in winter 2022 and

summer 2021 (fig. S3.5c) and PO4 in summer 2021 (fig. S3.5d). Note that turbidity was also

enhanced in fall 2021 (fig. S3.7; (FGG Elbe, 2024)) where we did not obtain longitudinal

samples, but seasonal samples from a fixed area (623 - 633 km). Turbidity, PO4 and NO3

concentrations were enhanced downstream of 609 km (fig. S3.5b-d).

Picophytoplankton abundance was positively correlated with temperature (fig.3.4). This was

a result of high abundance of picocyanobacteria in summer 2021 (fig. 3.3b, fig. S3.2c, fig.

S3.6), high abundance of picoeukaryotes in summer 2022 (fig. S3.2b) and low abundances of

both groups in winter (fig. S3.2b-c). Relative contributions of picoeukaryotes to the

(pico-)phytoplankton were negatively correlated with temperature (fig. 3.4). Overall this

pattern arises from relatively high picoeukaryotes contributions to the phytoplankton in fall

and winter (fig. S3.2e, fig. S3.4b) where phytoplankton abundance was generally low, and

enhanced picocyanobacteria contributions to the picophytoplankton in summer (fig. 3.3d,

fig. S3.2g). Picophytoplankton contributions to the phytoplankton cell counts were

negatively correlated with salinity (fig. 3.4), largely due to low contributions at around 10

PSU at 713 km in spring 2021 and 2022 (fig. S3.2d, fig. S3.5a). Cell counts of

picophytoplankton were negatively correlated with turbidity and NO3 (fig. 3.4) due to their

high absolute abundance at 609 km - especially in summer - where turbidity and NO3

concentrations were rather low (fig. S3.2a, fig. S3.5b-c). In contrast, relative contributions of

picophytoplankton to the phytoplankton were positively correlated with these parameters

and additionally with PO4 (fig. 3.4). This relationship with PO4, NO3 and turbidity is affected

by the higher proportions of small cells in the mid to lower estuary compared to 609 km,

where these parameters achieved overall higher values and by the seasonal dominance of
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picocyanobacteria in summer 2021 (at high PO4) and picoeukaryotes in winter (at high

turbidity and NO3) (fig. S3.2d-f, fig. S3.5b-d).

Fig. 3.2: Spatial distribution of different picophytoplankton groups along different stations (stream

km) across different seasons. Additional data, also separated by season, can be found in the

supplementary material (fig. S3.12, fig. S3.3). Note that the number of samples included per season

might differ, especially in d), and e) only shows data from summer 2021 due to lack of sufficient data

from other seasons. In a) and e) station is used as a factor for clarity and labels are shown for values

>= 10 %. Contributions of cyanobacteria to picophytoplankton can be obtained from c)

(“picocyanobacteria = 1 - picoeukaryotes”). Regression lines were added with geom_smooth() from

ggplot2 and the method “gam” (see also tab. S3.3). For clarity we use the following abbreviations:

Pico = picophytoplankton, picoeuk = picoeukaryotes, phyto = phytoplankton. a) - c) refer to cell

counts from flow cytometry, d) - e) to reads from metabarcoding. Data in d) is obtained from a

former study (Martens et al., 2024b).
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Fig. 3.3: Seasonal distribution of different picophytoplankton groups in the area around Hamburg

(approx. 623 - 633 km). Additional data can be found in the supplementary material (fig. S3.4).

Horizontal scales show the sampling date independent of the year, i.e. day of the month. Data was

merged when sampling was carried out < 5 days apart. Contributions of cyanobacteria to

picophytoplankton can be obtained from the picoeukaryotes contribution in c) (“picocyanobacteria =

1 - picoeukaryotes”). Regression lines were added with geom_smooth() from ggplot2 and the

method “gam” (see also tab. S3.3). For clarity we use the following abbreviations: Pico =

picophytoplankton, picoeuk = eukaryotes, phyto = phytoplankton. On the bottom we show the

temperatures at certain time points (see further details in fig. S3.6).
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Fig. 3.4: Correlation of different picophytoplankton groups with abiotic conditions in the spatial

and seasonal dataset. Numbers and color scheme show the correlation coefficient r calculated with

spearman rank correlation for p ≤ 0.05 (see also tab. S3.4). Salinity, turbidity, NO3 and PO4 are shown

for the spatial dataset only, as these parameters did either not vary much or were not obtained in

the seasonal dataset. Temperature is shown for both datasets separately. 16S data was not included

here due to the low number of data points (see methods). For clarity we used the abbreviations

picoeuk = picoeukaryotes, picocyano = picocyanobacteria and phyto = phytoplankton.

Due to enhanced contributions to the picoeukaryotes reads from winter to spring compared

to the other seasons (fig. S3.3a), Nannochloropsis was negatively correlated with

temperature (fig. 3.4). The negative relationship with PO4 can be mainly explained by the

high contributions of this taxon at 609 km in spring 2021, where PO4 was particularly low

(precisely below detection limit; fig. S3.5d). Mychonastes was clearly associated with the

freshwater reaches of the estuary (fig. 3.2d, fig. S3.3a), resulting in negative correlation with

salinity (fig. 3.4, fig. S3.5a). In contrast, Minidiscus was more dominant further downstream

and hence associated with higher salinity and higher PO4 values (fig. 3.4, fig. 3.2d, fig. S3.3a,

fig. S3.5a+d).
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3.4. Discussion

We used flow cytometry to quantify picophytoplankton along the Elbe estuary and across

seasons, and combined the results with composition data obtained from metabarcoding.

Our results indicate that picophytoplankton - and therein picoeukaryotes - were the

dominant groups of phytoplankton in the Elbe estuary with respect to abundance in the vast

majority of the samples. Notably, different picoeukaryote taxa (precisely Minidiscus and

Mychonastes) could each contribute up to 17 % to the eukaryotic phytoplankton reads,

implying that this group was also relevant in terms of biovolume (see also (Martens et al.,

2024b) and fig. 3.1b). Considering their ubiquitous appearance throughout water bodies

around the world (Coello-Camba and Agustí, 2021; Purcell-Meyerink et al., 2017; Sathicq et

al., 2020; Takasu et al., 2023), it is not surprising that picophytoplankton also play an

important role in the Elbe estuary, even though empirical evidence has so far been scarce for

this ecosystem.

Picophytoplankton have been found to be important at extreme and highly variable

salinities, e.g. in hypersaline lakes and in the Black Sea (Belkinova et al., 2021; Somogyi et al.,

2022) and at intermediate salinities (e.g. 5 - 10 PSU) in estuaries (Wetz et al., 2011), which

are somewhat extreme for both freshwater and saltwater inhabitants. However, our data so

far imply that picophytoplankton were overall more abundant and dominant at freshwater

and rather high salinity (approx. 20 PSU). Nevertheless, some picophytoplankton taxa, such

as certain genotypes of Minidiscus (see also (Martens et al., 2024b)) as well as Ostreococcus,

Bathycoccus and Picochlorum, which were particularly associated with intermediate

salinities (approx. 1 - 10 PSU), have been associated with brackish habitats (e.g. in (Hu et al.,

2016; Tragin and Vaulot, 2019)) and high salinity tolerances (Foflonker et al., 2016; Somogyi

et al., 2022) before. Those groups might fulfill significant ecological functions at the salinity

interface, e.g. as primary producers and as food items for higher trophic levels, the latter

regardless of whether they are in particularly good condition.

Distribution patterns in the contributions of picophytoplankton to the total phytoplankton

cells - and the relationship of those contributions with abiotic parameters - indicate that
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picophytoplankton play a major role under extreme environmental conditions with respect

to temperature and turbidity. Picocyanobacteria were associated with high water

temperatures in summer (e.g. up to 22 °C; see also temperatures along seasons in fig. S3.6),

as observed for picocyanobacteria in other studies (Alegria Zufia et al., 2021; Murrell and

Lores, 2004). This group may become more dominant in the Elbe estuary under global

warming (see also (Flombaum and Martiny, 2021b)), which might affect food webs due to

the relatively low nutritional value and possible toxicity of cyanobacteria (Ger et al., 2016;

Sim et al., 2023). Picoeukaryotes were most abundant in spring, but their relative

contributions to the phytoplankton communities were overall highest in fall and winter, as

well as in the middle reaches of the estuary, i.e. at a combination of low temperature and

low light availability (due to turbidity and sunlight). While further research is needed to

disentangle the effects of temperature and turbidity, picoeukaryotes have been associated

with the colder seasons in other studies (Alegria Zufia et al., 2021; Vörös et al., 2009) and a

positive relationship between turbidity and picophytoplankton as a whole has been

observed before. Those studies argue that picophytoplankton might have specific strategies

in light harvesting (Coe et al., 2021; Malinsky-Rushansky, 2002; Somogyi et al., 2022, 2017;

Soulier et al., 2022). Additionally, we found that picoeukaryotes from the Elbe estuary were

particularly skilled in utilizing organic compounds (Martens et al., 2024a) which might give

them advantages over other phytoplankton groups. The positive relationship of the

contributions of different picophytoplankton groups with nutrients (NO3 and PO4)

furthermore imply that those groups benefit from high nutrient availability, e.g. in areas with

otherall low phytoplankton concentrations such as the mid to lower estuary (633 - 713 km).

Phytoplankton concentrations are known to decline along the Elbe estuary, especially

through the city of Hamburg. This is partially explained by local grazing effects (Schöl et al.,

2009) but may also be affected by e.g. sinking in the current-calmed harbor basins

(Wolfstein, 1996). Picophytoplankton abundance followed this pattern in our study.

However, due to their small size, they might be less affected by those factors than

larger-sized taxa, which can beyond the aforementioned ones contribute to the elevated

contributions in the mid estuary compared to the station upstream of Hamburg (609 km).

For instance, small picophytoplankton cells have a reduced sinking velocity compared to
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larger-celled phytoplankton. Moreover, while one of the key zooplankton taxa - Eurytemora

(Schöl et al., 2009) - may utilize picophytoplankton e.g. as part of aggregates (Modéran et

al., 2012; Wilson and Steinberg, 2010) - they likely prefer to consume larger-celled

phytoplankton, and hence, picophytoplankton might be removed less rapidly by grazing.

Methodological limitations - such as an underrepresentation of samples with intermediate

to higher salinities - might have affected some of our interpretations, however, consistent

findings across a high number of samples included, e.g. with respect to the

picophytoplankton dominance in terms of cell counts, make it inevitable to conclude that

picophytoplankton play a key role in the Elbe estuary. Their high contributions under

extreme conditions - e.g. high temperatures and low light availability - implies that they

occupy ecological niches to maintain primary production where larger phytoplankton might

struggle, and their small nature might protect them from rapidly being removed from the

water body. In contrast, in microscopic data from the Elbe estuary, larger-celled

phytoplankton taxa dominate. For instance, in our flow cytometric data, picoeukaryotes < 3

µm made on average 51 % (ranging from 12 - 74 %) in the different samples in the upper to

mid estuary (precisely 609 - 651 km) in spring and summer 2021. At close by monitoring

stations in these seasons (568 km and 646 km; see also (Martens et al., 2024b; NLWKN,

2023)), groups described as < 5 µm (small representatives of Dictyosphaerium and centric

diatoms) made on average only ca. 8 % (ranging from 1 - 23 %) of the microscopic cell

counts. Our results emphasize the importance to include the so far underrated group of

picophytoplankton in (estuarine) research and provide insights into the comparability of

techniques (e.g. flow cytometry, metabarcoding) for detecting (pico)phytoplankton

communities.
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4. Organic compounds drive growth in phytoplankton taxa from different functional

groups

This chapter is a modified version of a manuscript published as: Martens, N., Ehlert, E., Putri,

W., Sibbertsen, M., Schaum, C.-E., 2024. Organic compounds drive growth in phytoplankton

taxa from different functional groups. Proceedings of the Royal Society B 291: 20232713.

https://doi.org/10.1098/rspb.2023.2713

The modifications to the published version concern minor changes to integrate the

publication into the thesis (e.g. figure and section numbering).

Abstract

Phytoplankton are usually considered autotrophs, but an increasing number of studies

shows that many taxa are able to also utilize organic carbon. Acquiring nutrients and energy

from different sources might enable an efficient uptake of required substances and provide a

strategy to deal with varying resource availability, especially in highly dynamic ecosystems

such as estuaries. In our study we investigated the effects of 31 organic carbon sources on

the growth (proxied by differences in cell counts after 24 h exposure) of 17 phytoplankton

strains from the Elbe estuary spanning four functional groups. All of our strains were able to

make use of at least 1 and up to 26 organic compounds for growth. Pico-sized green algae

such as Mychonastes, as well as the nano-sized green alga Monoraphidium in particular

were positively affected by a high variety of substances. Reduced light availability, typically

appearing in turbid estuaries and similar habitats, resulted in an overall poorer ability to

utilize organic substances for growth, indicating that organic carbon acquisition was not

primarily a strategy to deal with darkness. Our results give further evidence for mixotrophy

being a ubiquitous ability of phytoplankton and highlight the importance to consider this

trophic strategy in research.
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4.1. Introduction

Phytoplankton may play a more complex role in the carbon cycle than previously assumed.

While one of their main roles is fixing CO2 through photosynthesis - which is the basis of

carbon sequestration (Basu and Mackey, 2018) - various studies now provide evidence that

many taxa are actually able to acquire organic carbon from their environment, either by

phagotrophy (Koppelle et al., 2022; Millette et al., 2023) or by uptake of dissolved

compounds (Godrijan et al., 2022; Listmann et al., 2021). Mixotrophy appears for taxa from

miscellaneous functional groups of phytoplankton, including haptophytes (Anderson et al.,

2018; Godrijan et al., 2022; Koppelle et al., 2022), green algae (Azaman et al., 2017;

Listmann et al., 2021; Pang et al., 2022), dinoflagellates (Millette et al., 2017), cyanobacteria

(Muñoz-Marín et al., 2020), cryptophytes (Ballen-Segura et al., 2017) and diatoms (Villanova

and Spetea, 2021).

Combining autotrophic and heterotrophic mechanisms might enable an efficient uptake of

carbon and required nutrients such as N, P or amino acids (Foresi et al., 2022; Reinl et al.,

2022). Mixotrophic phytoplankton can achieve higher biomass yields in the presence of

organic carbon compared with autotrophic conditions (Kang et al., 2004; Liu et al., 2009),

which is made use of in bioengineering (Chu et al., 2022). The availability of different

pathways of energy and nutrient acquisition might also have substantial benefits in highly

dynamic ecosystems, e.g. when light, prey or nutrient availability vary (Anderson et al.,

2018; Godrijan et al., 2022; Millette et al., 2017; Naselli-Flores and Barone, 2019), and allow

phytoplankton to be a stable food source for zooplankton (Katechakis et al., 2005).

In tidal estuaries water masses are constantly reshuffled while phytoplankton drift between

freshwater and saltwater ecosystems. Here phytoplankton are exposed to high variations in

environmental conditions such as salinity and turbidity (Tagliapietra et al., 2009), as well as a

high number of organic substances such as amino acids (Kerner and Yasseri, 1997) or fatty

acids (Franke et al., 1995). The utilization of organic compounds in such ecosystems might be

critical for phytoplankton to maintain growth, especially where light is limited as a

consequence of high loads of suspended matter. Different phytoplankton taxa have been
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shown to survive and grow based on organic carbon in the dark and at reduced light levels

(Calderini et al., 2022; Godrijan et al., 2022; Jones et al., 2009; Millette et al., 2017; Tuchman

et al., 2006). Hence, unsurprisingly, the importance of mixotrophic taxa in estuarine

ecosystems has been reported in several studies (Hammer and Pitchford, 2006; Lee et al.,

2012; Li et al., 2022; Wolfstein, 1990).

There is an increasing awareness that mixotrophy of phytoplankton might be the norm

rather than the exception (Flynn et al., 2013; Reinl et al., 2022). This alters our

understanding of food webs and substrate cycles. As part of the microbial loop as well as by

grazing on bacteria and other small organisms, mixotrophic phytoplankton contribute to

trophic upgrading (Princiotta et al., 2019). Here, trophic upgrading means that they do not

only pass on energy and nutrients as such, but might also alter them towards a higher

nutritional value for zooplankton (Traboni et al., 2021), e.g. by providing high lipid and

protein contents (Naselli-Flores and Barone, 2019). By incorporating both organic and

inorganic matter, biomass of mixotrophic phytoplankton becomes decoupled from the actual

primary production. Mixotrophic phytoplankton can have a reduced chlorophyll content

(Azaman et al., 2017; Liu et al., 2009; Znachor and Nedoma, 2010) and might therefore be

underrepresented quantitatively with conventional measuring techniques that make use of

pigment concentrations. Ultimately, recent studies show that integrating mixotrophy in

climate change research is crucial for understanding carbon dynamics (Ward and Follows,

2016; Wieczynski et al., 2023).

Here, we investigated the effects of 31 dissolved organic compounds on the growth of 17

phytoplankton strains isolated from the Elbe estuary by using Biolog EcoPlates™. Our aim

was to compare the potential of different phytoplankton taxa from different functional

groups to utilize dissolved organic carbon for growth, as proxied by differences in cell counts

after 24 h exposure. We moreover wanted to investigate the effects of reduced light

availability that might occur frequently in the turbid estuary on organic carbon source

uptake.
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4.2. Methods

Isolation and cultivation of phytoplankton

Water samples for the isolation of phytoplankton were collected in March (2021-03-12),

May (2021-05-07/08) and February (2022-02-28) on the research vessel Ludwig Prandtl

(LP210308, LP210503, LP220228) as well as during one sampling from the pier in July

(2021-07-21). The sampling stations were located at 609 km (Bunthäuser Spitze), 633 km

(Mühlenberger Loch) and 692 km (Brunsbüttel) distance from the spring of the Elbe river in

the Czech Republic. Station coordinates are given in the supplementary material in addition

to information about abiotic parameters during sampling (tab. S4.1).

We used a dilution approach to isolate the phytoplankton strains. This was conducted either

in 96 well plates, where samples were diluted to contain on average 0.5 cells per well or on

agarose by picking colonies grown from single cells. Each strain went through this process at

least twice to ensure clonality on the level of the focal species. We obtained 17 clonal

phytoplankton strains (fig. 4.2, tab. S4.1). Note that isolation success is biased by the

abundance of taxa but also by their viability in the laboratory and does not necessarily

reflect the natural communities. We did not remove the microbiome, as former studies have

shown that phytoplankton can depend on bacteria in their environment (Pang et al., 2022;

Yao et al., 2019). Moreover, co-occurrence and interactions with bacteria reflect the natural

conditions in the field.

All strains were maintained in WHM freshwater medium to which silicate was added (0.11

mol l-1 Na2SiO3). The pH of the media was approximately 7. In a common garden approach,

winter strains were kept at 12 °C (respectively 15 °C) and summer strains at 18 °C. Strains

were held at a 12 h: 12 h light: dark cycle at approximately 150 µmol photons s-1 m-2 in the

light phase. Cultures were gently mixed at 60 r.p.m. on a horizontal shaker.

All included strains are shown in fig. 4.2 as well as in the supplementary data (tab. S4.1)

together with further information (e.g. origin, abiotics).
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Identification of the strains

DNA was extracted using a CTAB protocol (Fawley and Fawley, 2004). Cyanobacteria were

identified by 16S sequencing (27F forward 5’-AGAGTTTGATCCTGGCTCAG-3’, 1429R reverse

5’-GGTTACCTTGTTACGACTT-3’) and eukaryotes were identified by 18S sequencing

(5’-GCTTGTCTCAAAGATTAAGCC-3’ forward, 5’-GCCTGCTGCCTTCCTTGGA-3’ reverse) using

the ncbi BLAST database. Additionally, morphological criteria from microscopy (Keyence

BZ-X800) and flow cytometry (BD accuri C6 plus) were included to characterize the different

strains. Green algae were assigned to the pico green or nano green fraction based on their

size represented by their flow cytometric characteristics (see supplementary data tab. S4.1).

Our strains were identified as seven pico-sized green algae, six nano-sized green algae, three

cyanobacteria and one diatom (tab. S4.1). All strains differed from each other either

morphologically, with respect to their origin and sampling season and/ or genetically, hence

representing unique geno- or ecotypes. Further information about how we assigned the taxa

to the different strains is provided in the supplementary data (tab. S4.1).

Experimental setup

An overview of the experimental setup is given in fig. 4.1a. We used Biolog EcoPlates™ to

analyze the effects of organic carbon sources on the growth of the phytoplankton strains.

The plates contained 31 organic substances, as well as a control without an organic

compound, in triplicates. Organic compounds included 10 carbohydrates, nine carboxylic

acids, six amino acids, four polymers and two amines. We added 100 µL aliquots of samples

with known cell count to each well of the EcoPlates™.
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Fig. 4.1: Experimental setup (a) and data processing and analysis (b). ‘Light’ and ‘dark’ refer to the

condition of the light phase of the 12 h:12 h light: dark cycle, which were ca. 150 µmol photons s-1

m-2 in the light treatment and ca. 75% reduced in the dark treatment. Amp = ampicillin (100 µg ml-1)

added ca. five days prior to measurements. The horizontal axes in (b) show the control and different

organic compounds, as can be obtained from the supplementary information (fig. S4.1.1-S4.1.24).

Significance refers to the comparison of an organic treatment with the control without added organic

compounds.
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After approximately 24 hours, we used flow cytometry (BD accuri C6 plus) to determine the

number of cells in each well. To do so, the cultures were resuspended by pipetting and

transferred from the EcoPlates™ to regular 96 well plates suitable for the flow cytometer.

Here, we measured 10 µL per well with a flow rate of 66 µl min-1, regular cleaning and

mixing between the samples. Small volumes have been shown to be overall sufficient to

accurately determine cell numbers of homogeneous phytoplankton monocultures, such as

the strains included in this study (see example data in the supplementary data tab. S4.4).

The average control variation on the plates was 5.8 %. Gating was conducted optically based

on the obvious phytoplankton clusters. The cell count after ca. 24 h incubation in the plates

was used as a proxy for growth (see further explanations in the section “determination of

growth”). More precisely, we compare the cell counts in the organic treatment wells with

those in the control wells, and describe the relative growth, i.e. were cultures growing better

or worse in the presence of organic than in the control? While this is not a growth rate per

se, and not a perfect proxy for growth, we refer to it as ‘growth’ throughout the text for

better readability.

All 17 strains were grown under standard light incubation, i.e. 12 h: 12 h light: dark cycle,

where the photon flux in the light phase was ca. 150 µmol photons s-1 m-2. We refer to this

setup as ‘light’ throughout the study. In the strains’ habitat, light availability quickly declines

along the water column due to high turbidity (Fast, 1993). We therefore wanted to also

investigate the effects of reduced light availability on the use of organic carbon for growth.

For practical reasons, we selected a subset of four strains that particularly covered the

largest groups of our pool of strains - i.e. nano and pico green algae. Those included one

strain each of Mychonastes (strain P4), Choricystis, Tetradesmus as well as one strain of

Monoraphidium (strain N7). Light reduction across wavelengths was achieved by

semi-transparent foil (Lee Zirkon Filter, type 210), while running the standard 12 h: 12 h

light: dark conditions of the incubators as described above. We refer to the ca. 75 % light

reduction as ‘dark’ or ‘darkness’ throughout the text. The strains were kept in culture flasks

in the dark for two weeks prior to the measurements, then transferred to the EcoPlates™

and incubated in the dark in the presence of the organic compounds for approximately 24 h.

One strain, Mychonastes (strain P4) was grown under reduced light availability with a longer
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dark acclimation time of eight weeks in order to assess the effect of acclimation time. To test

for potential effects of the microbiome on the results the same strain was also included in an

ampicillin treatment, both under standard light conditions and after dark acclimation of 10

weeks. Here, ampicillin was added as 100 µg ml-1 ca. five days prior to the measurement.

During the longer phases in the dark, i.e. more than two weeks, cultures were regularly

transferred into fresh medium.

To be able to account for potential plate effects, we repeated the experiment three times for

every strain and light treatment, thereby including different densities within the exponential

growth phase. This resulted in a total of ca. 70 plates included in this study. Exponential

growth was ensured by tracking of the cell counts in various different samples prior to the

transfer of the cultures to the EcoPlates™ (see supplementary data fig. S4.2).

Metadata for the measurements - e.g. exact incubation times - can be found in the

supplementary data (tab. S4.2).

Data processing and analysis

Cytometric data (cell counts) were processed and analyzed in R (version 4.1.3), including the

packages Tidyverse (version 1.3.2) and stats (version 4.1.3). We used ggplot2 (version 3.4.0)

for graphical presentation of data and LibreOffice Draw (version 7.1.2.2) for overview figures

and addition of text notes.

An overview of the data processing is shown in fig. 4.1b. Results of the plate replicates were

similar despite different cell densities (see supplementary data fig. S4.1.1-S4.1.24) across a

wide range of taxa and compounds, allowing us to merge data across plates for every strain

and light treatment. To do so, we first normalize the data of each plate by the plate's control

mean (fig. 4.1b, upper right panel). For clarity we subtracted 1 from all ratios so that

negative effects are represented by negative values and positive effects by positive values.

The normalization step was necessary, as strains were included at different densities in the

different plates. We then merged the datasets (fig. 4.1b, lower left panel), resulting in nine
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replicates per strain, light treatment and organic compound respectively control. We then

used the t-test (R, package stats version 4.1.3) to assess whether there were significant

differences between each treatment with different organic compounds and the control (p ≤

0.05) (fig. 4.1b, lower right panel, see also supplementary data tab. S4.3 and fig.

S4.1.1-S4.1.24 lower panel). This gave us the number of significant positive and negative

effects per strain and light condition across organic compounds, i.e. how many compounds

positively or negatively affected our strains (fig. 4.2a, b). The normalized cell counts i.e.

ratios of organic treatments vs. controls were moreover used to describe the strength of the

effects on the strains, i.e. how much higher or lower cell counts were compared to the

control (fig. 4.2c).

In the same way as described, we calculated the number of significant effects and the effect

strength per type of organic compound (e.g. carbohydrate, amino acids) summarized across

all different strains in the standard light treatment (fig. 4.3a-c). We indicated by ‘+’ and ‘-’

how the number of significant effects changed from light to the two weeks dark treatment

with respect to the four strains included in that part of the experiment, i.e. Mychonastes

(strain P4), Tetradesmus, Choricystis and Monoraphidium (strain N7) (fig. 4.3a, b).

Lastly, we used the t-test (R package stats version 4.1.3) to assess if the ratio was different

between the different light treatments for the respective selection of strains (fig. 4.2c) (p ≤

0.05, see supplementary data tab. S4.3).

Determination of growth

As described in the section “experimental setup”, our assessment of growth was based on

the cell counts after 24 h in the EcoPlates™ exclusively. Here we understand growth

relatively, i.e. did cultures grow better or worse in the organic treatment wells compared to

the control wells? Cell count was not determined in the wells of the EcoPlates™ prior to the

24 h incubation i.e. at day 0. This is because the small volume in the wells does not allow a

sampling of aliquots sufficient for flow cytometry, as ca. 100 µL are needed in the wells

during measurement to avoid air entering the system, and sampling directly from the
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EcoPlates™ is not possible. Due to the general homogeneous character of the samples (see

supplementary data tab. S4.4), gentle mixing prior plating and rapid transfer to the wells of

the EcoPlates™, we can assume, from cell count measurements using aliquots from the

samples growing in flasks, that the cell count was equal when transferred to the wells. Only

the Chlorella-like strain had a slightly less homogeneous character, resulting in higher

variation among technical replicates (see supplementary data tab. S4.4), which is also

reflected in enhanced control variation in the EcoPlates™ (on average 12 % and up to 24 %

on a single plate). However, any variation would be covered within the variation of the

replicates on the plates. This means that even an inhomogeneous distribution of cells in the

wells is very unlikely to affect the plate results significantly in terms of false positive effects.

All our strains were able to grow within the time frame of a single day (see also example cell

counts in the supplementary fig. S4.2). Hence, the relatively short period of 24 h was

sufficient to draw conclusions about relative effects of growth on the included strains.

4.3. Results

Organic carbon drives growth in phytoplankton in the light

In the light, growth, as proxied by differences in cell counts, was significantly positively

affected by different organic compounds in all 17 strains and significantly negatively affected

in 13 strains (fig. 4.2a, b, tab. S4.3). While most strains experienced both positive and

negative effects depending on the organic compound, the vast majority of effects were

positive.

Overall, the highest number of significantly positive effects in the light treatment - up to 25

out of 31 - appeared for the pico green algae strains, particularly the three Mychonastes

strains, Chlorella, Choricystis and one of the unidentified pico green algae strains (fig. 4.2b,

tab. S4.3). In the group of nano green algae results varied, with a low number of significantly

positive effects in Tetradesmus, the Chlorella-like strain and Micractinium and higher

numbers of 14 - 23 significantly positive effects in the three Monoraphidium strains. The

number of significantly positive effects on our diatom and the cyanobacteria was overall

rather low. Strongest positive effects in the light treatment appeared for Mychonastes with
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up to 90 % increased cell numbers, followed by the Synechococcales with up to 70 %

increased cell numbers compared to the control (fig. 4.2c).

The number of significantly negative effects was overall low compared with the number of

significantly positive effects under the standard light conditions (fig. 4.2a, b, tab. S4.3). The

highest number of significantly negative effects here was found for Tetradesmus which was

negatively affected by nine organic compounds. Strongest negative effects in the light

appeared for the Monoraphidium strain N7, as well as different Mychonastes strains where

cell counts were diminished by up to over 90 % and up to over 70 % respectively (fig. 4.2c,

see also supplementary data fig. S4.1.6, S4.1.9, S4.1.13) compared with the control without

organic compounds.

Effects of different compounds can be taxa-specific

While the majority of compounds had positive effects across a wide range of taxa, we found

a few taxa-specific differences (supplementary fig. S4.1.1-S4.1.24). For instance, Tween 40

and Tween 80 significantly negatively affected many different taxa, including e.g.

Mychonastes (e.g. fig. S4.1.9, S4.1.13, S4.1.19), Monoraphidium (fig. S4.1.7) and

Tetradesmus (fig. S4.1.3). In contrast Choricystis was significantly positively affected by these

polymers (fig. S4.1.11). All three cyanobacteria and the diatom included in this study were

significantly negatively affected by D-xylose (fig. S4.1.20-S4.1.23). In other taxa, specifically

Mychonastes (fig. S4.1.9, S4.1.13, S4.1.19) D-xylose had significantly positive effects on

growth. This highlights that different taxa can be affected in different ways by the same

organic compounds.
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Fig. 4.2: Number of significantly negative (a) and positive (b) effects (t-test, p ≤ 0.05, tab. S4.3) of organic compounds on the growth of phytoplankton and

effect ratio (strength) (c) across three plate replicates per strain and light treatment. The x-axis shows the taxa, including various strains in some cases, and light

treatment (indicated by color). E.g. we included three different strains of Mychonastes, while one of them – P4 – was included with different light treatments.

Strain names N7 and P4 are shown explicitly as needed for the further description. In (a) labels with less than five significant effects were removed for clarity. (c)

includes all effects independent of their significance per strain and light treatment, i.e. every single measurement normalized by the control of the respective plate.

This is presented by relative values around 0. Each boxplot consists of 279 values (31 substances x 3 well replicates x 3 plate replicates). Where relevant, we

highlighted where the ratios of the different light treatment groups were significantly different (t-test, p ≤ 0.05, indicated by *; n.s. = not significant) in (c).
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Darkness downgrades effects of organic carbon

Incubation in the dark had largely negative effects on the use of organic compounds for

growth compared to the standard light conditions (fig. 4.2). Precisely, Mychonastes (strain

P4), Tetradesmus and Monoraphidium (strain N7) had more significantly negative and fewer

significantly positive effects after two weeks in the dark (fig. 4.2a, b, tab. S4.3). In the three

strains, the overall ratio between organic treatments and controls was significantly lower

after two weeks in the dark than in the light (fig. 4.2c, tab. S4.3). Tetradesmus was

significantly negatively affected by 23 compounds in the dark (fig. 4.2a, tab. S4.3, see also

supplementary data fig. S4.1.4), which was the highest number of negative effects achieved

by a single strain in the whole experiment. The taxon also achieved the strongest negative

effects in the dark, with up to 80 % reduced cell counts compared to the control (fig. 4.2c,

see also supplementary data fig. S4.1.4).

Choricystis achieved a higher number of significantly positive and lower number of

significantly negative effects in the dark compared to the standard light conditions (fig.

4.2a+b, tab. S4.3). The overall ratio between organic treatments and the control across

compounds remained identical (fig. 4.2c, tab. S4.3) indicating that there was a shift in how

different substances affected the strain.

A longer dark acclimation time of eight weeks tested on Mychonastes (strain P4) did not

positively affect the ability to use organic carbon for growth compared to the two weeks

acclimation in the dark (fig. 4.2). Indeed, the longer acclimation time resulted in even fewer

significantly positive and more significantly negative effects (fig. 4.2a, b, tab. S4.3) and the

overall ratio between organic treatments and controls was significantly lower (fig. 4.2c, tab.

S4.3).
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Ampicillin removes negative effects in both light treatments and reduces the strength of

positive effects in the light

The treatment of Mychonastes (strain P4) with ampicillin affected the overall outcome

compared to the respective references without ampicillin in the light (standard light

treatment) and in the dark (eight weeks dark treatment). Consistently, both in the light and

in the dark, the addition of ampicillin removed all negative effects (fig. 4.2a, tab. S4.3),

specifically the strong growth inhibition that appeared in the treatments with Tween 40 and

Tween 80 in the absence of ampicillin (see also supplementary material fig. S4.1.13, S4.1.14,

S4.1.16, S4.1.17). Both in the light and in the dark, there was a net loss of two significantly

positive effects in the ampicillin treatment. This net loss was a result of some additional

significantly positive effects and the removal of some significantly positive effects in the

ampicillin treatment (see also supplementary material fig. S4.1.13, S4.1.14, S4.1.16,

S4.1.17). This largely concerned different substances in the light and in the dark. In the dark,

the overall ratio between the organic treatments and the control increased in the presence

of ampicillin, mostly due to the removal of negative effects (fig. 4.2c, tab S4.3). In contrast, in

the light, the overall ratio was reduced in the presence of ampicillin (fig. 4.2c, tab S4.3).

While negative effects were removed by ampicillin, the effect strength of positive effects

was reduced in the light: Without ampicillin, significantly positive effects went along with an

average cell count increase of 22.7 %. In the ampicillin treatment, the average increase was

only 5.6 %.

Positive effects are caused by a high variety of different compounds

In the light, the highest number of significantly positive effects across strains was achieved

by different carboxylic acids and carbohydrates, which are also the two groups with the most

substrates included (fig. 4.3b, tab. S4.3). Strongest positive effects were achieved by

carboxylic acids, specifically 2-hydroxy benzoic acid as well as itaconic acid, with up to 90 %

increased cell numbers (fig. 4.3c).

Significantly negative effects were often associated with the polymers Tween 40 and Tween

80, as well as the carboxylic acid D-galactonic acid g-lactone and the carbohydrate D-xylose
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(fig. 4.3a, tab. S4.3). Strongest negative effects appeared for Tween 80 where cell count was

up to ca. 94 % lower than in the control (fig. 4.3c).

In the dark, the number of significantly negative effects overall increased for all types of

compounds (fig. 4.3a) for the subset of strains included, i.e. Mychonastes (strain P4),

Tetradesmus, Monoraphidium (strain N7) and Choricystis. On average, it increased by about

four significantly negative effects. The change was remarkably strong for carbohydrates,

where 10 times more significantly negative effects appeared in the dark compared to light,

mostly associated with Tetradesmus. The number of significantly positive effects declined for

all types of compounds except carbohydrates (fig. 4.3b), where it increased from 17 to 19.

This was associated with more significantly positive effects by carbohydrates on the growth

of Mychonastes and Choricystis in the dark.

4.4. Discussion

Pico green algae and Monoraphidium particularly benefit from organic carbon

In our study, we investigated the ability of 17 phytoplankton strains to use 31 dissolved

organic carbon sources for growth. All of our strains took advantage of the presence of

certain organic compounds (fig. 4.2b). This is in compliance with former studies conducted

with phytoplankton strains from the same or related taxonomic groups both from natural

habitats and from culture collections, including e.g. Mychonastes (Abdullin and Bagmet,

2015), Choricystis (Oliveira et al., 2022), Monoraphidium (Zhao et al., 2013), Tetradesmus

(Patnaik and Mallick, 2020) and Micractinium (Smith et al., 2015). Our results support the

idea that mixotrophy might be a default strategy in phytoplankton rather than an

exceptional ability. Strains that were positively affected by a high number of different

compounds, i.e. more than 10 to more than 20, moreover originated from all different

sampling stations and seasons included (see also supplementary data tab. S4.1). Hence,

mixotrophy seems to appear across seasons and space in the Elbe estuary.
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Pico-sized green algae such as Mychonastes, Choricystis and Chlorella were significantly

positively affected by a high variety of organic substances, and included some of the

strongest effects (fig. 4.2b,c, tab. S4.3, see also supplementary data fig. S4.1.10, S4.1.11,

S4.1.13). Their small size allows for rapid uptake of dissolved compounds. Moreover, these

fast-living creatures might be able to more quickly adjust to the availability of organic

compounds than larger taxa, and show their full potential within the relatively short 24 h

experiments. However, the results show that size was not necessarily the only key driver, as

the larger Monoraphidium taxa experienced similar effects on growth to the pico green

algae, while the small cyanobacteria did not.

Poor positive effects of organic carbon on the growth of some taxa does not necessarily

imply that there were no effects at all. Other studies have shown that organic carbon can

alter traits beyond growth, such as cell size (Azaman et al., 2017) that were not determined

in our study. The results of the Chlorella-like strain - i.e. a low number of effects - might have

been related to its less homogeneous character (see also section “determination of growth”

in the methods and supplementary data tab. S4.4), resulting in higher variation and lower

probability to become significant in the t-test. Ultimately, some of the strains with a rather

low number of less than 5 significantly positive effects (fig. 4.2b) had more significant effects

on single plates which did not re-appear in the other plate replicates and were therefore not

significant when the plate data were merged. This was for instance the case in Micractinium

(see supplementary fig. S4.3.3) and Thalassiosirales (see supplementary fig. S4.3.5). Those

strains seem to use more organic carbon sources under certain conditions, in this case

mostly in the later exponential phase (see also examples in supplementary data fig.

S4.3.3-S4.3.7). In the later exponential phase, nutrient limitation and remineralisation of

compounds by bacteria could play a role. However, effects appearing in the late exponential

phase were to large extent reflected on the plates with less dense cultures (supplementary

data fig. S4.3.3-S4.3.10, see also section “Inorganic nutrient limitation and remineralisation

by bacteria did likely not affect the results” below). Hence nutrient limitation appears to not

be the primary driver for the effects observed. The role of the growth phases for organic

carbon acquisition has rarely been discussed to our knowledge (Listmann et al., 2021). Our
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results highlight the necessity to integrate the life cycle into mixotrophy related research,

especially taking into account that in the field taxa might often not grow exponentially.

Fig. 4.3: Number of significantly negative (a) and positive (b) effects (t-test, p ≤ 0.05, tab. S4.3) of

different types of organic compounds on the growth of the 17 phytoplankton strains in the light

(three plates per strain) and effect ratio (strength) (c). The ‘+’ and ‘-’ indicate how the number of

significant effects changed from light to dark (two weeks incubation), referring to the four strains

included in the dark experiment, namely Mychonastes (strain P4), Tetradesmus, Choricystis and

Monoraphidium (strain N7). Precisely, ‘+’ indicates an increase of significant effects from light to dark

and ‘-’ indicates a decrease of significant effects from light to dark. Note the varying numbers of

compounds included per substrate type described in the methods. (c) includes all effects,

independent of their significance per strain and light treatment, i.e. every single measurement

normalized by the control of the respective plate. This is presented by relative values around 0. The

number of data points included in the box plots varied from ca. 300 to ca. 1500 depending on the

number of substrates included per substrate type.

Organic carbon acquisition is not primarily a strategy to deal with darkness

Combining autotrophic and heterotrophic mechanisms might enable phytoplankton to

maintain growth, especially under highly variable and partially stressful conditions such as

light limitation, which is common in estuaries and similar habitats (Tagliapietra et al., 2009).
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Different studies have found mixotrophy to be associated with reduced light availability,

which has largely been investigated for phagotrophs (Calderini et al., 2022; Millette et al.,

2017) and benthic diatoms (Tuchman et al., 2006). Some phytoplankton taxa have been

shown even to survive complete darkness on the basis of organic carbon (Godrijan et al.,

2022; Jones et al., 2009).

However, for the strains included in our dark experiment, we found overall fewer significant

and weaker positive and more significant and partially stronger negative effects in the dark

than in the light (fig. 4.2a-c, tab. S4.3). While significantly negative effects could be removed

by addition of ampicillin, indicating bacteria played a role here, positive effects remained

constrained both in the ampicillin treatment and with enhanced dark acclimation time.

This indicates that the poorer ability to utilize organic carbon for growth was an effect of the

reduced light availability. Light dependence of organic carbon uptake and utilization has

been observed before (Beamud et al., 2014; Muñoz-Marín et al., 2020). Though many of our

strains would certainly benefit from different organic compounds in their natural habitat

also at reduced light availability, our results indicate that organic carbon acquisition was not

primarily a strategy to maintain growth in the dark. Factors beyond growth however, such as

accumulation of storage substrates (e.g. polyglucans and lipids) that could ensure longer

term survival have not been investigated in this study and could play a role. A shift in the use

of different types of compounds for growth towards a higher number of significantly positive

effects of carbohydrates in the dark - specifically in Choricystis and Mychonastes - might

show the effort of phytoplankton to acquire an alternative source of energy where light is

limited (fig. 4.3b, tab. S4.3). We should furthermore consider that our dark acclimation study

only included four taxa - all green algae - that do neither represent the full range of

phytoplankton taxa nor that of ecotypes of taxa in the Elbe estuary and we cannot

extrapolate our results on other taxa and functional groups. Also, there is to our knowledge

no study available dealing with the uptake of organic compounds under light limitation by

green algae in particular, hence, we lack comparable data to confirm if the observed

behavior is typical for green algae in general or only for the small number of taxa or strains

included in our study.
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Inorganic nutrient limitation and remineralisation by bacteria likely did not affect the results

As we worked with non-axenic cultures, bacterial activity can to a certain extent affect the

results. Particularly, there might be concerns that abiotic nutrient limitation could play a role

in denser cultures, and that remineralisation of the organic compounds by bacteria might

promote phytoplankton growth and cause false positive effects. While we cannot completely

avoid effects of bacterial supply of inorganic nutrients, we made sure to minimize effects on

the study outcome by experimental design, data assessment and processing. First of all, by

tracking the cell counts in various different samples prior to the transfer to the EcoPlates™,

we ensured that growth was exponential at the beginning of the 24 h incubation window.

Second, cultures were included at different densities along the exponential growth phase: at

early, mid and late exponential phase. Cultures were grown in enrichment medium (WHM),

and at densities below the late exponential phase we can be very certain that abiotic

nutrient limitation did not play a role. By comparing the data of the different EcoPlates™,

we found that there was no overall trend of more significant positive effects appearing at

higher densities, which would be implied, if nutrient limitation and remineralisation played a

dominant role (supplementary data fig. S4.3.1). To assess this, we applied the t-test per

EcoPlate™ and compared the number of significant effects achieved on the different plates

of a strain and light treatment (fig. S4.3.1-S4.3.2). In 83 and 96 % of the cases, significantly

positive respectively negative effects, did not exclusively appear at the densest plate, but

also at lower cell concentrations proxied by the plate’s control mean. Moreover, in 61 and 83

% of the cases, a higher or equal number of significantly positive respectively negative

effects was found at lower to mid densities compared to the highest density included. In a

few cases, where significant effects only appeared in the densest plates, this had no

apparent effect on the overall results merged across plates, as discussed in detail in den

supplementary material (fig. S4.3.3-S4.3.7). Lastly, we do know from a former study

(Listmann et al., 2021) that use of organic carbon might be growth phase dependent, hence,

nutrient limitation alone might not explain why we see more effects in denser plates in some

cases.
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Negative effects of organic carbon might have been promoted by bacteria

Though in an overwhelming amount of cases organic compounds had positive effects on the

growth of our taxa, significantly negative effects appeared for various strains. While the

positive effects appeared evenly distributed across various different compounds, a high

number of negative effects were associated with the polymers Tween 40 and Tween 80 as

well as the carboxylic acid D-galactonic acid g-lactone. The number of significant negative

effects overall increased when strains were held in darkness (fig. 4.2a, fig. 4.3a). A

specifically high number of significantly negative effects appeared for Tetradesmus (fig.

4.2a). Similar results were obtained in former studies with another Tetradesmus strain under

heterotrophic conditions (Sutherland and Ralph, 2021). The results of the Ampicillin

treatment on Mychonastes (strain P4) in the dark and in the light, where all significantly

negative effects were removed, gives indications that the negative effects might be largely

explained by microbial processes. Such processes might play a role in hindering

phytoplankton growth in the estuary. Phytoplankton strongly decline along the estuary

especially during the passage through the city of Hamburg and so far this has been led back

to grazing (Schöl et al., 2009; Walter, 2017). Potential negative effects of bacterial processes

should be considered.

The microbiome might reinforce the utilization of organic carbon by phytoplankton

In the Ampicillin treatment of Mychonastes (strain P4) the strength of positive effects was

diminished in the light, and in both the light and dark, the number of significantly positive

effects was slightly lower compared to the samples that had not received an Ampicillin

treatment. We can largely rule out that inorganic nutrient limitation and remineralisation by

bacteria played a role here, as especially the very strong positive effects of up to ca. 80 %

increased cell numbers in the light appeared in the plate with the lowest concentration of

the culture (see also supplementary data fig. S4.1.13), where inorganic nutrients were surely

not a limiting factor. However, bacteria that live in a symbiosis-like relationship with

phytoplankton might benefit from the organic sources present and in turn provide other

substances, e.g. essential vitamins (Amin et al., 2012), that drive the growth of
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phytoplankton. Our results emphasize that the microbiome might be important for

phytoplankton to make use of organic substances in their environment.

Data processing might have led to covering of effects

As mentioned in the section “data processing and analysis”, data was merged across plates

as results were mostly similar in the different plate replicates (see also supplementary fig.

S4.1.1-S4.1.24). In a few cases, results were less similar across plates, e.g. for Micractinium

in general (supplementary fig. S4.1.1), and in case of single compounds across different taxa

(supplementary fig. S4.1.1-S4.1.24). This can lead to covering of potential significant effects

that appeared only on single plates, but not repeatedly across plate replicates (also shown

exemplarily for some strains in fig. S4.3.3-S4.3.10). However, this is an acceptable trade-off

with giving the data more power by including more replicates, i.e. making it far less likely

that identified significant effects are based on random variation.

Culture handling and plate life might have affected phytoplankton, but are unlikely to have

affected the overall results

We tracked the cell counts prior to plating. By comparing those counts with the results of

the experiments - i.e. cell counts after 24 h in the EcoPlates™ (day 1) - we found that in

some taxa cell counts declined from day 0 (culture flasks) to day 1 (EcoPlates™), or

increased less than expected. A decrease was observed in ca. 35 % of the plates (see also

supplementary fig. S4.2), and an increase of less than 5 % in 8 % of the plates. It appears

that this phenomenon was randomly distributed across different taxa. It might be either

explained by the culture handling (e.g. mixing and transfer to the plate) or by the difficulties

associated with life in the plates (e.g. sticking to cell walls). As culture handling, and plate

effects in general, should be identical for the controls and treatments on the same plates,

this is unlikely to affect the overall outcome of this study. Higher cell numbers in the

treatment wells after 24 h compared to the control would still indicate higher growth caused

by the compounds in the treatment wells. This is because the organic compound included is

the only difference between the control and treatment wells. Hence, there is no mechanistic
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indication that positive effects of organic compounds found on growth in this study could be

reinforced by such plate effects. Additionally, due to the inclusion of 9 replicates per organic

treatment and control, and the significance calculated, random false identification of effects

in general should not appear. However, where compounds had negative effects on the

growth of phytoplankton, this could exacerbate effects introduced by culture handling and

growth in well plates with comparatively low medium volumes. As a result, there is a chance

that negative effects of organic compounds could in some cases be reinforced, while still

only appearing if there were negative effects of the compounds in the first place.

4.5. Conclusion

Organic compounds promoted the growth of phytoplankton taxa from the Elbe estuary

across functional groups, season and origin. The role of phytoplankton as partial

heterotrophs - e.g. in trophic upgrading - should be considered in upcoming research. Our

results moreover indicate that organic carbon acquisition is not primarily a strategy to deal

with reduced light availability. However, effects beyond growth, e.g. use of organic

compounds to accumulate storage substrates for longer-term survival in the dark, could play

a role and have not been included in this study. Bacteria might promote negative effects of

organic carbon on the growth of phytoplankton. Those should be considered in further

research and discussions about phytoplankton abundance in the Elbe estuary and similar

habitats.
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5. Discussion

In the present study, we applied metabarcoding and flow cytometry to analyze community

composition in the Elbe estuary. We emphasized the knowledge gaps deriving from the lack

of monitoring and research in the mid to lower estuary, so far largely exclusive use of

microscopy, and specifically with respect to picophytoplankton. We further carried out

laboratory experiments to assess the ability of phytoplankton taxa from the Elbe estuary to

utilize dissolved organic compounds. Below we address the research questions indicated in

section 1.4 by pointing out key findings of our study. We also highlight further ecological

implications from our results and provide suggestions for further research. An overview of

the key findings along space and seasons is provided in figure 5.1.
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Fig. 5.1: Overview of key findings. Horizontal lines indicate the approximate area where a finding was most relevant (continuous line) or also relevant to some

degree (discontinuous lines) along the estuary referring to the respective sampling stations included (see also fig. 1.1 for details). Icons are added to support the

information transferred in the respective text notes. Note that the figure is highly simplified for clarity.
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RQ1: Which phytoplankton taxa and groups dominate in the mid to lower Elbe estuary?

The mid to lower Elbe estuary is particularly characterized by typical estuarine features such

as gradients and variations in salinity and high turbidity in response to river flow and tidal

currents (section 2.2, fig. S2.1). Taxa that appear under such conditions may play a critical

role in maintaining food webs and biological carbon pumping, but knowledge about

phytoplankton in this area is limited to a few studies from decades ago (e.g. (Muylaert and

Sabbe, 1999; Wolfstein, 1996)). Since then, the ecosystem has furthermore considerably

changed, e.g. due to dredging and global warming.

We applied metabarcoding and flow cytometry to assess community composition along the

Elbe estuary (section 1.5). The former is suitable to identify key taxa (e.g. on genus level, and

even different species and genotypes within) while the latter can be used to distinguish

between phytoplankton groups with certain cell traits (e.g. size). As the number of gene

copies per cell is correlated with cell size in phytoplankton (Godhe et al., 2008), composition

based on metabarcoding can be understood as a proxy for composition based on size

dependent measures (e.g. biovolume). In contrast, flow cytometric data provides abundance

i.e. cell counts, e.g. of size groups such as picophytoplankton.

While residues of freshwater taxa from upstream (e.g. Stephanodiscus, Skeletonema,

Mychonastes; section 2.3, fig. 2.2d) could be found in the mid to lower estuary, we identified

further taxa and groups which were in particular associated with this area (651 - 713 km), as

key groups in the mid to lower estuary. These included Thalassiosira, Minidiscus,

Hemiselmis, Cryptomonas and Guinardia as well as not further identified dinoflagellates (fig.

2.2, section 2.3 - 2.4). Therein, Hemiselmis, Minidiscus, Guinardia and the group of

dinoflagellates - partially known from the North Sea (Klöpper et al., 2003; Schlüter et al.,

2012) - appeared particularly dominant in the lower estuary (692 - 713 km) and were

associated with elevated salinities (e.g. 5 - 20 PSU), indicating that these phytoplankton

were pushed into the estuary by the flood stream. Those phytoplankton can however

benefit from river-born materials in the river plume (see e.g. (Schlüter et al., 2012; Weston

et al., 2008)) and hence their dominance in the lower estuary may not just be coincidental.
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Notably, Minidiscus was represented by different genotypes and species and not all of them

were correlated with salinity (fig. S2.5 - S2.6, tab. S2.5). Diversity within this genus might

explain its rather broad distribution along the mid to lower estuary (section 2.4, fig. 2.2d).

Similarly, certain genotypes of Thalassiosira were positively correlated with salinity (fig. S2.5

- S2.6) though the genus as a whole was not (fig. 2.3).

Cryptomonas was the only dominant genus of phytoplankton that was particularly

associated with the mid estuary (651 - 665 km). This group reached significantly higher

contributions to the eukaryotic phytoplankton reads in this area compared to both the

upper stations (609 - 633 km) and the lower stations (692 - 713 km) (tab. S2.4). Cryptomonas

was clearly associated with low salinities (section 2.3 - 2.4, fig. 2.3), and did only appear

downstream of 665 km when salinity was below 5 PSU as e.g. in winter (fig. S2.5). We

conclude that Cryptomonas is not forced into the estuary by currents, but rather has specific

strategies to retain, survive and/ or grow in this area. This taxon is known for its mixotrophic

ability (Ballen-Segura et al., 2017; Princiotta et al., 2019; Urabe et al., 2000) and may obtain

additional energy by grazing on bacteria. Transcriptome analyses show that Cryptomonas

can compensate for low light availability in turbid waters by enhanced phagotrophy

(Calderini et al., 2022). Additionally, Cryptomonas can vertically migrate (deNoyelles et al.,

2016). This can help them to avoid grazing but also support their retention in the estuary

(Steidle and Vennell, 2024). The described skills may allow Cryptomonas to persist in the mid

to lower Elbe estuary, while other taxa are removed by currents or constrained by light

limitation (due to high turbidity).

Results from flow cytometry furthermore imply that picophytoplankton - mostly

picoeukaryotes - were the dominant group of phytoplankton in the mid estuary with respect

to cell counts. This group reached significantly higher contributions between 633 and 692

km compared to the upper station (609 km) across seasons (section 3.3, fig 3.2b-c, tab.

S3.2). While results from flow cytometry and metabarcoding are not directly comparable

(see details in section 3.2 and fig. 3.1b), we can argue that Mychonastes and Minidiscus

were the dominant taxa of this group (fig. 3.2d). Similar to Cryptomonas, certain traits might

help picophytoplankton to retain, survive and/ or grow in this area. For instance, due to their
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small size, picophytoplankton might be less affected by elimination factors around the city of

Hamburg, such as grazing by the key zooplankton Eurytemora (Schöl et al., 2009). Their

smallness can also support retention in the surface layers where light is more available and

hence avoid losses by sinking and promote photosynthetic growth. Beyond, it has been

suggested that picophytoplankton in general might prevail in turbid waters - such as those

found in the mid to lower Elbe estuary - which is attributed to specific advantages in light

harvesting (Coe et al., 2021; Gaulke et al., 2010; Malinsky-Rushansky, 2002; Somogyi et al.,

2022, 2017; Soulier et al., 2022). Mixotrophy in terms of acquisition of dissolved organic

carbon can furthermore support the growth and competitive advantage of picoeukaryotes in

particular in the Elbe estuary (see also discussion about RQ4).

Coastal taxa such as Guinardia can dominate the lower Elbe estuary during floods.

Cryptomonas (via metabarcoding) and picoeukaryotes (via flow cytometry) appeared

particularly dominant in the mid estuary. The presence of these groups here appears not

primarily to be based on currents, but they may have certain strategies to thrive in this

area (e.g. mixotrophy).
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RQ2: Do picophytoplankton play a specific role in the Elbe estuary?

Picophytoplankton have cell sizes smaller than 2-3 µm and can easily be missed when

phytoplankton communities are analyzed with the standard method of light microscopy

(Bergkemper and Weisse, 2018; Callieri, 2008). In the last decades, the importance of

picophytoplankton has found more and more attention in research. Their ubiquitous

appearance throughout different water bodies around the world (Coello-Camba and Agustí,

2021; Moreira-Turcq et al., 2001; Purcell-Meyerink et al., 2017; Takasu et al., 2023; Zhang et

al., 2015) might be associated with specific features of picophytoplankton going along with

their small size and simplicity (e.g. low sinking velocity, high relative surface to take up

nutrients) (Massana, 2011; Raven, 1998). These traits allow them to coexist with and

sometimes even outcompete larger-celled phytoplankton.

In our study, we analyzed picophytoplankton (< 3 µm) abundance, their contributions to the

total phytoplankton cell counts and the proportions of picoeukaryotes and

picocyanobacteria via flow cytometry (see also section 1.5, section 3). We additionally

included information about picophytoplankton taxa from metabarcoding (18S and 16S

sequencing) (section 1.5, section 3).

Picophytoplankton contributed on average approximately 70 % (SD = 14 %) to the

phytoplankton cell counts in the different samples and were the dominant type of

phytoplankton in the Elbe estuary in the majority of the seasons and areas (see also section

3). Though picophytoplankton (and especially picoeukaryotes) were more important in the

mid to lower estuary with respect to relative contributions to the phytoplankton (see

discussion about RQ1), they achieved overall highest abundances upstream of Hamburg

where they could also reach high contributions (average 61 %, SD = 16 %). This indicates that

picophytoplankton were not exclusively associated with specific estuarine conditions such as

salinity gradients and turbidity that rather appear further downstream, but played a general

role and may also be of significance in the riverine areas of the Elbe upstream of the weir.

While picoeukaryotes were the dominant type of picophytoplankton throughout most
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seasons, picocyanobacteria dominated at high water temperatures in summer (e.g. 22°C)

where they could make up to 43 % of the phytoplankton cell counts.

In our metabarcoding data, single taxa of picophytoplankton (namely Mychonastes and

Minidiscus) did furthermore each contribute up to 17 % to the eukaryotic phytoplankton

reads, which can be understood as a proxy for relative biovolume (see also (Godhe et al.,

2008) and section 2.1 - 2.2). This indicates that picophytoplankton are also relevant in terms

of biovolume. Considering their global importance, it is not surprising that

picophytoplankton play an important role in the Elbe estuary.

Picophytoplankton are overall the dominant group of phytoplankton in the Elbe estuary

with respect to cell counts, capturing particularly large proportions in the middle reaches

of the water body. Therein picoeukaryotes were the dominant group in most seasons,

while picocyanobacteria played a dominant role in summer. Certain picophytoplankton

taxa (especially Mychonastes and Minidiscus) were additionally important in terms of

metabarcoding reads which can be understood as a proxy for relative biovolume.
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RQ3: Do results from this study (RQ1-2) match with known data from microscopy?

Phytoplankton communities in the Elbe estuary were so far largely analyzed with light

microscopy, and data are limited to current monitoring from the upper to mid reaches (586 -

646 km) (HU, 2023; NLWKN, 2023) and less recent studies from the mid to lower area (e.g.

692 km) (Muylaert and Sabbe, 1999; Wolfstein, 1996). While applying light microscopy to

assess phytoplankton community structures appears intuitive, this method comes with some

limitations, e.g. a low throughput, restriction to morphology and difficulties to detect

picophytoplankton smaller than ca. 2-3 µm (Bergkemper and Weisse, 2018; Callieri, 2008).

Hence, in our study, we applied other methods to analyze phytoplankton communities,

mostly metabarcoding, as well as flow cytometry with respect to picophytoplankton in

particular. Flow cytometry is a rapid and simple method to provide cell count based data and

can e.g. be used to determine the proportion of picophytoplankton in a community (section

1.5). Metabarcoding can obtain more precise information (e.g. genera) (section 1.5). As the

number of gene copies per cell is correlated with cell size in phytoplankton (see also (Godhe

et al., 2008) and section 2.1 - 2.2), composition based on metabarcoding can be compared

with composition based on microscopy-based biovolumes. Yet, differences in the results

might sometimes result from the different measurement endpoints. For instance, a high

gene copy number can make certain taxa appear more dominant via metabarcoding

compared to microscopy.

Our results show that the composition of eukaryotic phytoplankton based on 18S reads was

similar to the composition of eukaryotic phytoplankton based on microscopy-based

biovolume from monitoring in the upper to mid estuary (586 - 651 km) (HU, 2023; NLWKN,

2023) (section 2.3 - 2.4, fig. S2.8). For instance, centric diatoms from the group

Mediophyceae and therein Stephanodiscus were dominant players in both datasets (fig. 2.4,

section 2.3 - 2.4). Furthermore, taxa identified in the lower estuary via metabarcoding

partially match with those from former literature. For instance, Guinardia has been observed

in the lower Elbe estuary before via microscopy (Tillmann et al., 1999; Wolfstein, 1996).
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However, we also found differences between the results from metabarcoding and

microscopy. Some taxa (e.g. Aulacoseira, Nitzschia) appeared not thoroughly covered by

metabarcoding. This can be related to different factors, including e.g. primer mismatch or a

relatively low number of gene copies with respect to cell size.

In the upper to mid estuary, where monitoring data is available (586 - 651 km),

picophytoplankton appeared more dominant both in terms of 18S reads in metabarcoding

(section 2.3 - 2.4) as well as in terms of cell counts from flow cytometry (section 3.4)

compared to the microscopy-based biovolumes and cell counts, respectively. Beyond,

potentially mixotrophic flagellates from the classes Cryptophyceae (especially Cryptomonas)

and Chrysophyceae were more dominant via metabarcoding compared to microscopy here

(section 2.3 - 2.4, fig. S2.9). For all mentioned groups, there is no indication that this was

caused by differences in sampling time points and stations between the microscopy and

metabarcoding datasets (see details in section 2.3 - 2.4, tab. 2.1), and they appear

furthermore underrepresented or even absent in former literature from the lower reaches

of the estuary (Muylaert and Sabbe, 1999; Wolfstein, 1996).

We conclude that these deviations were based on methodological differences with respect

to metabarcoding and microscopy. While we cannot completely exclude such effects, we did

not find evidence that these groups, i.e. picoeukaryotes, cryptophytes and chrysophytes -

have a particularly high gene copy number that would make them appear more dominant in

metabarcoding data. In microscopy however, these groups can be underrepresented due to

their small size and because cells are often fragile and can be destroyed by fixation agents or

not thoroughly preserved (Bergkemper and Weisse, 2018; Cerino and Zingone, 2006; Lane

and Archibald, 2008; Medlin et al., 2017; Sonntag et al., 2000; Xia, 2013).
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Our study implies that metabarcoding and microscopy overall yield comparably results,

but certain groups can be underrepresented by the one or other method:

Picophytoplankton and certain flagellates (e.g. cryptophytes) appeared underestimated in

microscopy data, likely due to their small and fragile nature (Bergkemper and Weisse,

2018; Cerino and Zingone, 2006; Lane and Archibald, 2008; Medlin et al., 2017; Xia, 2013).

In turn, metabarcoding seems to not (adequately) cover certain key taxa from microscopy

(e.g. Aulacoseira, Nitzschia), possibly due to primer mismatch or low number of gene

copies.
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RQ4: Is mixotrophy a strategy to survive in the Elbe estuary?

Mixotrophy is the ability of phytoplankton to utilize organic carbon sources, which can be

divided into the uptake of dissolved compounds and phagotrophy, i.e. the uptake of particles

such as bacteria (section 1.3). A flexible acquisition of energy and nutrients from different

available sources appears a reasonable life strategy to efficiently acquire resources (see e.g.

(Muñoz-Marín et al., 2020; Reinl et al., 2022)), especially in ecosystems such as estuaries

where organic material is fairly available (see e.g. (Abril et al., 2002; Karrasch et al., 2003))

while light for photosynthesis can be limited due to turbidity (fig. S2.1).

In our experimental study (section 4) we assessed the ability of different phytoplankton

strains isolated from the Elbe estuary to utilize dissolved organic compounds for growth.

Though phagotrophy was not directly addressed in our study, results from metabarcoding

can provide further evidence about the importance of potentially phagotrophic taxa (section

3). Lastly, combining the results from our laboratory study - i.e. the ability of different taxa to

utilize organic carbon - with community data from metabarcoding and flow cytometry can

help understanding the impact of mixotrophic behavior on community structures.

Though in our laboratory study (section 4) all included phytoplankton strains were able to

utilize certain organic compounds for growth, we found distinct differences between the

taxa and functional groups. The majority of the included pico green algae strains (e.g.

Mychonastes, Choricystis) as well as all three nano green algae strains of Monoraphidium

could utilize a high number of organic compounds (e.g. > 20) while some other taxa showed

a rather poor ability to utilize organic substances (e.g. Tetradesmus and picocyanobacteria

from the group Synechococcales) (see also fig. 4.2).

The ability to utilize organic carbon did not automatically result in high contributions of the

taxa in the field (e.g. in case of Monoraphidium), and vice versa, picocyanobacteria which

achieved high contributions to cell counts in summer, did have a rather poor ability to utilize

organic carbon in our experiments. These results show that organic carbon acquisition is

certainly not the only factor shaping phytoplankton communities, and others such as

90

https://www.zotero.org/google-docs/?kb1YuW
https://www.zotero.org/google-docs/?Fpisko


selective grazing or temperature tolerance were additionally important. However, the

apparent success of picoeukaryotes in the Elbe estuary according to metabarcoding and flow

cytometry (see also discussion about RQ2) might be partially explained by their mixotrophic

abilities.

In our metabarcoding data, we additionally found evidence for the importance of potentially

phagotrophic groups such as dinoflagellates, cryptophytes and chrysophytes (Ballen-Segura

et al., 2017; Bec et al., 2006; Millette et al., 2017) in the Elbe estuary (see also section 2.4).

Low light availability - paired with high prey availability - might support the importance of

these groups in estuaries. Cryptomonas for instance, which was particularly dominant at

high turbidity in the Elbe estuary (fig. 2.2 - 2.3), has been found to compensate for low light

availability by enhanced grazing (Calderini et al., 2022).

Though picoeukaryotes were also associated with high turbidity i.e. low light availability,

especially in our flow cytometry dataset (fig. 3.4), we could not prove in our experiments

that mixotrophy was a specific strategy to deal with darkness. Indeed, included taxa could

overall utilize organic compounds more thoroughly at standard light conditions and it has

been shown before that the uptake and utilization of organic compounds can depend on

light availability (Beamud et al., 2014; Muñoz-Marín et al., 2020).

However, only four strains - all green algae - were included in the dark experiment - and

results should not be transferred to other taxa and groups. Especially diatoms - a dominant

group in the Elbe estuary (fig. 2.2, fig. 2.4) - were underrepresented in our data, and it has

been shown before that benthic representatives of this group can increase the use of

organic compounds in the dark (Tuchman et al., 2006). Moreover, it should be considered

that the ability of mixotrophy still provides certain groups such as picoeukaryotes a relative

advantage over others, even when not being a specific strategy to deal with darkness and

elevated numbers of positive effects caused by carbohydrates in the dark might moreover

show the effort to exploit alternative sources of energy (see also fig. 4.3).
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Combined, our results from the laboratory experiments and the community data obtained

via metabarcoding and flow cytometry provide strong evidence for mixotrophy playing a

crucial role in phytoplankton in the Elbe estuary as implied in former research (Wolfstein,

1990).

Though mixotrophy might play a specific role under typical estuarine conditions (e.g. light

limitation, high availability of organic matter) we should not conclude that this feature is

limited to estuaries. Mixotrophy has been found in numerous phytoplankton taxa from

miscellaneous habitats (Anderson et al., 2018; Azaman et al., 2017; Ballen-Segura et al.,

2017; Godrijan et al., 2020; Koppelle et al., 2022; Listmann et al., 2021; Millette et al.,

2017; Muñoz-Marín et al., 2020; Pang et al., 2022; Villanova and Spetea, 2021) and the

finding from our laboratory experiments, where all 17 strains across functional groups

were able to utilize certain organic compounds, provides further support for mixotrophy

being the norm rather than the exception in phytoplankton (see also (Flynn et al., 2013;

Mitra et al., 2014).
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Ecological significance

The findings of our study altogether provide new insights into the biotic structures of the

Elbe estuary.

Phytoplankton in the mid to lower estuary, including those that are forced into this area by

tidal currents (e.g. Guinardia) or by the river stream (e.g Stephanodiscus) and specifically

those who appear more autochthonous (e.g. Cryptomonas, picoeukaryotes) might occupy

specific ecological niches in this area, where phytoplankton abundance is overall low and

maintain a certain level of primary production here.

Though, due to their size, picoeukaryotes are not a preferred food item for dominant taxa

such as Eurytemora (Schöl et al., 2009), they might be important e.g. as food for nauplii

larvae and filter feeders (Bemal and Anil, 2019; Richard et al., 2022). Moreover, it has been

suggested that Eurytemora can swap to an aggregate diet when phytoplankton availability is

low (Modéran et al., 2012). Aggregate formation is a typical feature of various aquatic

ecosystems including estuaries (see e.g. (Zimmermann-Timm et al., 1998)). While the

nutritional value of aggregates (including e.g. detritus) can be rather low, aggregate-attached

phytoplankton (Stukel et al., 2013; Zimmermann-Timm et al., 1998) could add important

nutrients such as fatty acids. In areas with low availability of larger-celled taxa such as the

mid to lower Elbe estuary, zooplankton might be largely dependent on aggregate-associated

materials, and hence possibly on picophytoplankton.

Mixotrophy has cascading effects along the food chains. It has been shown that

mixotrophically grown phytoplankton can be of higher nutritional value for zooplankton

(Traboni et al., 2021). More generally, by incorporating organic carbon (e.g. bacteria,

dissolved compounds) phytoplankton make energy and nutrients (more) available for higher

trophic levels. Due to their ability to draw on different sources of nutrients and energy,

phytoplankton with a high mixotrophic ability are moreover a more stable food source for

zooplankton (Katechakis et al., 2005). Altogether, these factors make mixotrophy appear
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critical in areas such as the mid to lower Elbe estuary where food availability for zooplankton

is overall low.

Conversely, exploiting heterotrophic pathways places mixotrophic phytoplankton into a

more heterotrophic state compared to the assumption of purely autotrophic behavior.

Phytoplankton that do use organic substances to gain energy have been shown to have

increased respiration rates (Liu et al., 2009; Smith et al., 2015) and downregulate

photosynthesis by reducing their chlorophyll a content (Liu et al., 2009; Smith et al., 2015;

Znachor and Nedoma, 2010). Where respiration exceeds photosynthesis phytoplankton tip

over to become net heterotrophs, i.e. CO2 producers. This might particularly be the case

when habitat conditions such as those in the mid to lower Elbe estuary (e.g. low light

availability and high prey availability) favor heterotrophic pathways and when other

conditions such as high temperatures additionally fuel respiration (Barton et al., 2020;

Padfield et al., 2016).

Method limitations and need for further research

By including various samples along space and time, focussing on dominant groups and

setting our results in the context of further literature and monitoring data (e.g. (Calderini et

al., 2022; Dobbertin da Costa et al., 2024; NLWKN, 2023)) we can be largely certain about

the plausibility of our conclusions. Yet, experimental design and methodological pitfalls (see

also section 2.4) can always affect interpretations.

For example, due to the relatively low number of samples analyzed and the

underrepresentation of certain areas and seasons (e.g. fall, winter, mid stations; see also

section 2.4), especially in the metabarcoding dataset, uncertainties remain e.g. with respect

to the relationship of taxa to environmental conditions. For instance, Cryptomonas was

associated with elevated turbidity, but turbidity was also specifically high in winter, where

this taxon prevailed, and temperature might have affected these results. To disentangle the

effects of different drivers, further research should address the direct causal relationship of

Cryptomonas and other important groups with environmental conditions, e.g. in the context
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of mesocosm or more simple laboratory experiments. Such experiments can also give

insights about the well-being of those phytoplankton under the typical estuarine conditions,

rather than just evaluating their appearance as it is the case in e.g. metabarcoding and

microscopy-based field surveys.

Beyond that, variations in gene copy numbers (Gong and Marchetti, 2019) might alter the

comparability of metabarcoding and microscopy data. While our findings about the

quantitative importance of picophytoplankton could be backed up by flow cytometric

results, we do miss further support concerning the importance of e.g. Cryptomonas and its

potential underrepresentation in the microscopy data. We hence supposed that further

research should address these limitations, e.g. by obtaining the size-normalized number of

18S gene copies of Cryptomonas isolated from the Elbe estuary via qPCR (see e.g. (Vasselon

et al., 2018)).

In our experimental study, we could prove that several phytoplankton taxa from the Elbe

estuary exploit dissolved organic compounds for growth (section 4). Results from

metabarcoding provide additional support that potentially phagotrophic taxa (e.g.

Cryptomonas) play a role in the Elbe estuary (section 2), however, further studies should

address to what extent those express actively mixotrophic behavior in the Elbe estuary (as

e.g. in (Dobbertin da Costa et al., 2024; Millette et al., 2021)). Moreover, the mixotrophic

ability of diatoms from the Elbe estuary (e.g. Stephanodiscus, Thalassiosira) should be

approached in further research as this group is a dominant group in the Elbe estuary, but

could not thoroughly be included in our laboratory experiments. Lastly, the role of the

microbiome in relation to the utilization of organic compounds by phytoplankton should also

be investigated in more detail.
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Conclusion

By applying metabarcoding and flow cytometry - and including the unmonitored mid to

lower reaches of the study area - we provide new insights into phytoplankton communities

along the Elbe estuary. We postulate, that picophytoplankton and potentially mixotrophic

groups of phytoplankton such as Cryptomonas might play a key role, especially in the mid

estuary, but have so far been underrated when communities were assessed via microscopy,

possibly due to their small size and fragile nature. Our laboratory experiments furthermore

provide further evidence for mixotrophy being a key function in phytoplankton from the Elbe

estuary - and more broadly spoken in phytoplankton in general. High contributions of

various potentially phagotrophic flagellates (e.g. Cryptomonas) identified in the

phytoplankton communities of the Elbe estuary analyzed via metabarcoding give further

support for the importance of a mixotrophic life strategy in this habitat. However, further

research should address the weak points of our research, e.g. with respect to a relatively low

number of samples and underrepresentation of certain areas and seasons in the

metabarcoding dataset and the interpretation of metabarcoding results in the context of

gene copy numbers. Moreover, active mixotrophic behavior of the identified potentially

mixotrophic flagellates (e.g. Cryptomonas) in the Elbe estuary should be investigated, and

diatoms from this habitat should be more thoroughly included into considerations about

mixotrophic behavior.
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Supplementary material

Note that this supplementary material is condensed to show the most important

information and to fit in A4 format. The complete material is available online together with

the published versions of the different chapters, and this is noted accordingly where

relevant.
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Supplementary tables

Tab. S2.1: Metadata sampling. LP = Research Vessel Ludwig Prandtl. This table was condensed for

clarity, the full table is available online with the publication

https://doi.org/10.1016/j.envres.2024.119126 (there named tab. S1).

Season Station Date Cruise
Comparative dataset monitoring

(NLWKN 2023, HU 2023)

Spring
2021

609 & 633 km 2021-05-07
LP210503

Sampling 2021-05-03
(586 km, 599 km,
629 km, 646 km)

692 & 713 km 2021-05-08 none

Summer
2021

609 km 2021-07-29 From pier Sampling 2021-08-09
(586 km, 599 km,
629 km, 646 km)633 km

2021-07-30 LP210725
692 & 713 km none

Winter
2022

609, 633 & 651 km

2022-02-28 LP220228

Sampling 2022-03-09
(599 km, 629 km)

665, 692 & 713 km none

Spring
2022

609, 633 & 651 km

2022-05-22 LP220522

Sampling 2022-06-01
(586 km, 599 km,
629 km, 646 km)

665 km

none692 km

713 km

Summer
2022

609, 633 & 651 km

2022-06-20 LP220613

Sampling 2022-07-04
(586 km, 599 km,

646 km)

665, 692 & 713 km none
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Tab. S2.2: Assignment of classes to the genera from the monitoring data. Please find this

supplementary material online, published with the publication

https://doi.org/10.1016/j.envres.2024.119126 (there named tab. S2).

Tab. S2.3: r and p values from spearman rank correlation. Please find this supplementary material

online, published with the publication https://doi.org/10.1016/j.envres.2024.119126 (there named

tab. S3).
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Tab. S2.4: Comparisons of the contributions of key genera & classes along areas (t-test), defined as

upper (609 & 633 km), mid (651 & 665 km) and lower (692 & 713 km).

Group Area 1 Area 2 p Mean (Area 1) Mean (Area 2)

Chlorophyceae upper lower 0.0347262111 19.24 3.84

Chlorophyceae upper mid 0.3864300477 19.24 12.97

Chlorophyceae lower mid 0.0391011685 3.84 12.97

Chrysophyceae upper lower 0.590988949 9.48 7.54

Chrysophyceae upper mid 0.3891365823 9.48 13.55

Chrysophyceae lower mid 0.1912338101 7.54 13.55

Cryptophyceae upper lower 0.0105250579 9.87 21.68

Cryptophyceae upper mid 0.0005440104 9.87 26.75

Cryptophyceae lower mid 0.2697179668 21.68 26.75

Dinophyceae upper lower 0.0501332008 0.78 11.68

Dinophyceae upper mid 0.1364700576 0.78 0.06

Dinophyceae lower mid 0.0390254657 11.68 0.06

Mediophyceae upper lower 0.0037783017 57.73 33.82

Mediophyceae upper mid 0.0400698211 57.73 40.55

Mediophyceae lower mid 0.2466075529 33.82 40.55

Coscinodiscophyceae upper lower 0.0723372395 0.19 10.92

Coscinodiscophyceae upper mid 0.7032318014 0.19 0.11

Coscinodiscophyceae lower mid 0.0704835322 10.92 0.11

Coelastrum upper lower 0.1083652554 6.59 0.21

Coelastrum upper mid 0.3159818754 6.59 2.6

Coelastrum lower mid 0.1219044334 0.21 2.6

Cyclotella upper lower 0.2072373979 9.03 2.09

Cyclotella upper mid 0.1585033823 9.03 1.24

Cyclotella lower mid 0.388019729 2.09 1.24
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Tab. S2.4 (continued)

Group Area 1 Area 2 p Mean (Area 1) Mean (Area 2)

Mychonastes upper lower 0.1090359985 4.19 0.81

Mychonastes upper mid 0.951479519 4.19 4.36

Mychonastes lower mid 0.1459713132 0.81 4.36

Skeletonema upper lower 0.9550378352 4.71 4.49

Skeletonema upper mid 0.7261618121 4.71 3.41

Skeletonema lower mid 0.5394700955 4.49 3.41

Stephanodiscus upper lower 0.005141533 34.64 3.22

Stephanodiscus upper mid 0.0100005069 34.64 6.61

Stephanodiscus lower mid 0.2681092124 3.22 6.61

Thalassiosira upper lower 0.0010161455 2.98 11.01

Thalassiosira upper mid 0.2454429894 2.98 9.28

Thalassiosira lower mid 0.7364862639 11.01 9.28

Minidiscus upper lower 0.0002424473 0.49 9.74

Minidiscus upper mid 0.0955408734 0.49 4.41

Minidiscus lower mid 0.0548868968 9.74 4.41

Cryptomonas upper lower 0.5599407441 5.54 3.65

Cryptomonas upper mid 0.0309967804 5.54 14.48

Cryptomonas lower mid 0.0179663395 3.65 14.48

Guinardia upper lower 0.0904315974 0 10.1

Guinardia upper mid 0.3632174676 0 0.03

Guinardia lower mid 0.0913352887 10.1 0.03

Hemiselmis upper lower 0.0378849592 0 3.04

Hemiselmis upper mid 0.3632174676 0 0.05

Hemiselmis lower mid 0.0407181402 3.04 0.05
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Tab. S2.5: Species identified via metabarcoding. Note that species identification remains uncertain

due to short ca. 300 - 350 bp amplicons. This table was condensed for clarity, showing only the four

most dominant genotypes of each genus, or less, where less than four genotypes appeared. The full

table is available online with the publication https://doi.org/10.1016/j.envres.2024.119126 (there

named tab. S5).

Genus
Geno-
type

Species
Average contribution to genus
reads across seasons & stations

[%]

Coelastrum 1 NA 100

Cryptomonas 1 Cryptomonas curvata 45.81

Cryptomonas 2 Cryptomonas curvata 40.02

Cryptomonas 3 Cryptomonas pyrenoidifera 9.39

Cryptomonas 4 Cryptomonas pyrenoidifera 2.23

Cyclotella 1 Cyclotella meneghiniana 32.3

Cyclotella 2 NA 26.71

Cyclotella 3 Cyclotella meneghiniana 21.14

Cyclotella 4 Cyclotella meneghiniana 3.53

Guinardia 1 Guinardia delicatula 99.3

Guinardia 2 Guinardia delicatula 0.43

Guinardia 3 Guinardia flaccida 0.21

Guinardia 4 Guinardia delicatula 0.06

Hemiselmis 1 Hemiselmis andersenii 90.85

Hemiselmis 2 Hemiselmis andersenii 4.99

Hemiselmis 3 Hemiselmis andersenii 4.1

Hemiselmis 4 Hemiselmis cryptochromatica 0.06

Minidiscus 1 Minidiscus spinulatus 48.97

Minidiscus 2 Minidiscus spinulatus 28.37

Minidiscus 3 Minidiscus comicus 18.71

Minidiscus 4 Minidiscus variabilis 2.39
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Tab. S2.5 (continued)

Genus
Geno-
type

Species
Average contribution to genus
reads across seasons & stations

Mychonastes 1 NA 82.38

Mychonastes 2 NA 14.5

Mychonastes 3 Mychonastes homosphaera 2.93

Mychonastes 4 NA 0.19

Skeletonema 1 Skeletonema subsalsum 91.92

Skeletonema 2 Skeletonema marinoi 6.64

Skeletonema 3 Skeletonema subsalsum 1.44

Stephanodiscus 1 Stephanodiscus hantzschii 50.72

Stephanodiscus 2 Stephanodiscus hantzschii 25.23

Stephanodiscus 3 NA 21.84

Stephanodiscus 4 NA 1.43

Thalassiosira 1 Thalassiosira guillardii 49.88

Thalassiosira 2 Thalassiosira pseudonana 15.6

Thalassiosira 3 NA 12.7

Thalassiosira 4 NA 9.73
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Tab. S3.1: Metadata flow cytometry. The sample volume describes the sample taken from the water. These samples were then mixed before an aliquot of

20 µL per replicate was used for the flow cytometric measurement.

Station
(km)

Date
Included in
dataset(s):

Technical
replicates

Type of
sampling

Cruise
number

Sampling
method

Water sample
volume

Storage
times (cold)

609 2022-06-21 spatial 5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

633 2022-06-21
spatial +
seasonal

5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

651 2022-06-21 spatial 5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

665 2022-06-21 spatial 5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

692 2022-06-21 spatial 5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

713 2022-06-21 spatial 5 Prandtl (Ship) LP220613 Ferrybox 500 mL ca. 14 - 22 h

609 2022-05-22 spatial 5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

633 2022-05-22
spatial +
seasonal

5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

651 2022-05-22 spatial 5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

665 2022-05-22 spatial 5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

692 2022-05-22 spatial 5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

713 2022-05-22 spatial 5 Prandtl (Ship) LP220522 Ferrybox 500 mL ca. 7 - 13 h

629 2022-04-28 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 7 h

629 2022-04-13 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 6 h

629 2022-04-01 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 4 h

633 2022-03-12 seasonal 10 ( 5 each) Ostetal (Ship) NA Bucket/ tube
2 x 15 mL

(ebb & flood)
ca. 1 d

629 2022-03-02 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 28 h
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Tab. S3.1 (continued)

Station
(km)

Date
Included in
dataset(s):

Technical
replicates

Type of
sampling

Cruise
number

Sampling
method

Water sample
volume

Storage
times (cold)

609 2022-02-28 spatial 5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

633 2022-02-28
spatial +
seasonal

5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

651 2022-02-28 spatial 5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

665 2022-02-28 spatial 5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

692 2022-02-28 spatial 5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

713 2022-02-28 spatial 5 Prandtl (Ship) LP220228 Ferrybox 500 mL ca. 4 - 13 h

629 2022-02-03 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 5 h

629 2022-01-20 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 5 h

629 2021-12-16 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 30 h

629 2021-12-02 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 9 h

629 2021-11-22 seasonal 5
Prandtl substitute

(Pier)
NA Bucket/ tube 15 mL 3 h

629 2021-11-18 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 7 h

629 2021-11-03 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 27 h

623 2021-10-21 seasonal 5 Dockland (Pier) none Bucket/ tube 15 mL < 1 h

629 2021-10-21 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 3 h

623 2021-10-14 seasonal 5 Dockland (Pier) none Bucket/ tube 15 mL < 1 h

623 2021-10-13 seasonal 5 Dockland (Pier) none Bucket/ tube 15 mL < 1 h

623 2021-10-06 seasonal 5 Dockland (Pier) none Bucket/ tube 15 mL < 1 h

629 2021-10-06 seasonal 5 Longterm (Pier) NA Bucket/ tube 15 mL 26 h

124



Tab. S3.1 (continued)

Station
(km)

Date
Included in
dataset(s):

Technical
replicates

Type of
sampling

Cruise
number

Sampling
method

Water sample
volume

Storage
times (cold)

633 2021-08-29 seasonal 18 (3 each) Ostetal (Ship) NA Bucket/ tube
6 x 15 mL

(3x ebb, 3x
flood)

up to 14 h

633 2021-07-30
spatial +
seasonal

3 Prandtl (Ship) LP210725 Ferrybox 2 L 13 h

665 2021-07-30 spatial 3 Prandtl (Ship) LP210725 Ferrybox 2 L 10 h

692 2021-07-30 spatial 3 Prandtl (Ship) LP210725 Ferrybox 2 L 8 h

713 2021-07-30 spatial 3 Prandtl (Ship) LP210725 Ferrybox 2 L 6 h

609 2021-07-29 spatial 3 Prandtl (Ship) LP210725 Ferrybox 2 L 10 h

623 2021-07-23 seasonal 3 Dockland (Pier) NA Bucket/ tube 15 mL < 1 h

692 2021-05-08 spatial 3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 11 h

713 2021-05-08 spatial 3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 9 h

609 2021-05-07 spatial 3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 36 h

633 2021-05-07
spatial +
seasonal

3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 34 h

651 2021-05-07 spatial 3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 34 h

665 2021-05-07 spatial 3 Prandtl (Ship) LP210503 Ferrybox 2 L ca. 32 h
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Tab. S3.2: Results from ANOVA and Tukey test for assessment of spatial patterns (spatial dataset)

Picophytoplankton group Compared areas p F Direction

Picophytoplankton cells
Upper (609 km) vs.

mid to lower

(633 - 713 km)

6.0 x 10-11 51.6

609 km > otherPicoeukaryotes cells 2.1 x 10-10 48.2

Picocyanobacteria cells 3.7 x 10-6 23.5

Picophytoplankton %

of phytoplankton

Upper (609 km) vs.

mid (633-692 km)
0.009

5.26

mid > upper

Upper (609 km) vs.

lower (713 km)
0.610 not relevant

Mid (633-692 km) vs.

lower (713 km)
0.171 not relevant

Picoeukaryotes %

of phytoplankton

Upper (609 km) vs.

mid (633-692 km)
0.031

4.42

mid > upper

Upper (609 km) vs.

lower (713 km)
0.891 not relevant

Mid (633-692 km) vs.

lower (713 km)
0.118 not relevant

Tab. S3.3: GAM fitting. For the spatial data (fig. 3.2), we tested all possible k values (3 - 6), for

seasonal data (fig. 3.3, S3.4) we tested k values from 10 - 20. In all cases we selected the k with the

lowest AIC for in the figures. For clarity, only a selection of the tested k values and their AIC are

shown here.

Figure k AIC Comment

2a (Picophytoplankton cell counts ~
station)

4 1096.92

5 1096.86 Chosen for figure

6 1097.1

2b (Picophytoplankton as % of
phytoplankton ~ station)

3 1009.9 Chosen for figure

4 1010.3

2c (Picoeukaryotes as % of
phytoplankton ~ station)

3 969.4 Chosen for figure

4 970.0
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Tab. S3.3 (continued)

Figure k AIC Comment

3.3a (Picoeukaryotes cell counts ~
date)

10 784.2

17 651.7 Chosen for figure

20 655.6

3.3b (Picocyanobacteria cell counts ~
date)

10 509.3

15 470.1 Chosen for figure

20 471.4

3.3c (Picophytoplankton as % of
phytoplankton ~ date)

10 922.7

15 906.8

20 878.8 Chosen for figure

3.3d (Picoeukaryotes as % of
picophytoplankton ~ date)

10 881.5

15 819.9 Chosen for figure

20 820.8

S3.4a (Picophytoplankton cell counts
~ date)

10 787.5

15 710.2 Chosen for figure

20 713.6

S3.4b (Picoeukaryotes as % of
phytoplankton ~ date)

10 933.4

15 893.8

20 880.8 Chosen for figure

S3.4c (Picocyanobacteria as % of
phytoplankton ~ date)

10 841.2

15 784.9

20 781.1 Chosen for figure
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Tab. S3.4: r and p values from spearman rank correlation (for abbreviations and units see fig. 3.4)

Var1 Var2 p r

Temp_spatial Mychonastes 0.2698 0.27

Salinity Mychonastes < 0.0001 -0.83

Turbidity Mychonastes 0.6013 -0.13

NO3 Mychonastes 0.1206 -0.37

PO4 Mychonastes 0.0757 -0.42

Temp_spatial Nannochloropsis 0.0097 -0.58

Salinity Nannochloropsis 0.3887 -0.21

Turbidity Nannochloropsis 0.6328 0.12

NO3 Nannochloropsis 0.3708 -0.22

PO4 Nannochloropsis 0.0216 -0.52

Temp_spatial Minidiscus 0.7259 0.09

Salinity Minidiscus 0.0001 0.77

Turbidity Minidiscus 0.9488 -0.02

NO3 Minidiscus 0.1671 0.33

PO4 Minidiscus 0.0096 0.58

Temp_spatial Choricystis 0.6446 -0.11

Salinity Choricystis 0.2049 0.30

Turbidity Choricystis 0.0517 0.45

NO3 Choricystis 0.0068 0.60

PO4 Choricystis 0.0150 0.55

Temp_seasonal Pico [cells/ mL] < 0.0001 0.53

Temp_spatial Pico [cells/ mL] < 0.0001 0.59

Salinity Pico [cells/ mL] 0.2712 0.100

Turbidity Pico [cells/ mL] 0.0291 -0.2

NO3 Pico [cells/ mL] < 0.0001 -0.48
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Tab. S3.4 (continued)

Var1 Var2 p r

PO4 Pico [cells/ mL] 0.1310 -0.14

Temp_seasonal Pico [% of phyto] 0.3255 -0.09

Temp_spatial Pico [% of phyto] 0.9793 ~ 0

Salinity Pico [% of phyto] 0.0397 -0.19

Turbidity Pico [% of phyto] < 0.0001 0.42

NO3 Pico [% of phyto] < 0.0001 0.5

PO4 Pico [% of phyto] 0.0010 0.29

Temp_seasonal Picoeuk [cells/ mL] < 0.0001 0.47

Temp_spatial Picoeuk [cells/ mL] < 0.0001 0.54

Salinity Picoeuk [cells/ mL] 0.3039 0.09

Turbidity Picoeuk [cells/ mL] 0.0254 -0.20

NO3 Picoeuk [cells/ mL] < 0.0001 -0.50

PO4 Picoeuk [cells/ mL] 0.0368 -0.19

Temp_seasonal Picoeuk [% of phyto] < 0.0001 -0.48

Temp_spatial Picoeuk [% of phyto] 0.0012 -0.29

Salinity Picoeuk [% of phyto] 0.2404 -0.11

Turbidity Picoeuk [% of phyto] < 0.0001 0.37

NO3 Picoeuk [% of phyto] 0.0032 0.26

PO4 Picoeuk [% of phyto] 0.5694 -0.05

Temp_seasonal Picocyano [cells/ mL] < 0.0001 0.70

Temp_spatial Picocyano [cells/ mL] < 0.0001 0.63

Salinity Picocyano [cells/ mL] 0.2698 0.10

Turbidity Picocyano [cells/ mL] 0.0067 -0.24

NO3 Picocyano [cells/ mL] < 0.0001 -0.41

PO4 Picocyano [cells/ mL] 0.3389 -0.09
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Tab. S3.4 (continued)

Var1 Var2 p r

Temp_seasonal Picocyano [% of phyto] < 0.0001 0.42

Temp_spatial Picocyano [% of phyto] 0.1551 0.13

Salinity Picocyano [% of phyto] 0.2590 -0.10

Turbidity Picocyano [% of phyto] 0.0019 0.28

NO3 Picocyano [% of phyto] < 0.0001 0.52

PO4 Picocyano [% of phyto] < 0.0001 0.40
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Tab. S4.1: Metadata strains. This table was condensed for clarity, the full table is available online

with the publication https://doi.org/10.1098/rspb.2023.2713 (there named tab. S1). Note that origin

was corrected (609 & 692 km = 610 & 690 km in the published version).

Internal

strain ID
Group Genus Origin Season

Temperature

Incubation Origin

N1

Nano

green

algae

Micractinium 609 km May 21 12 °C 10 °C

N2 Monoraphidium 609 km March 21 15 °C 5 °C

N3 Tetradesmus 609 km May 21 12 °C 10 °C

N4 Chlorella-like 609 km March 21 15 °C 5 °C

N7 Monoraphidium 692 km May 21 12 °C 10 °C

N8 Monoraphidium 609 km May 21 12 °C 10 °C

P1

Pico

green

algae

Mychonastes 609 km July 21 18 °C 22 °C

P2 Chlorella 692 km Feb 22 12 °C 5 °C

P3 Choricystis 634 km Feb 22 12 °C 5 °C

P4 Mychonastes 692 km May 21 12 °C 10 °C

P5 unidentified 609 km Feb 22 12 °C 5 °C

P6 Mychonastes 634 km May 21 12 °C 10 °C

P9 unidentified 609 km July 21 18 °C 22 °C

D1 Diatoms Thalassiosirales 634 km Feb 22 12 °C 5 °C

C1

Cyano-

bacteria
Synechococcales 609 km July 21 18 °C 22 °CC6

C9
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Tab. S4.2: Metadata EcoPlates™. Please find this supplementary material online, published with the

publication https://doi.org/10.1098/rspb.2023.2713 (there named tab. S2).

Tab. S4.3: p values t-test. The t-test was carried out to compare different treatments (e.g. organic

carbon, ampicillin) with the respective controls. Please find this supplementary material online,

published with the publication https://doi.org/10.1098/rspb.2023.2713 (there named tab. S3).

Tab. S4.4: Test of strain homogeneity. Please find this supplementary material online, published with

the publication https://doi.org/10.1098/rspb.2023.2713 (there named tab. S4).

132

https://doi.org/10.1098/rspb.2023.2713
https://doi.org/10.1098/rspb.2023.2713
https://doi.org/10.1098/rspb.2023.2713


Supplementary figures

Fig. S2.1: Abiotic conditions and chlorophyll a along seasons (top row; across stations) and along stations (bottom row; across seasons) in the Elbe estuary. Flow

rate is obtained from the FGG database (FGG Elbe, 2024) and refers to a fixed station in the upper Elbe (Neu Darchau, at ca. 536 km). Where samples were taken at

different dates within a season, flow rate is shown for these different dates (spring 2021, summer 2021). Note that the stations 651 km and 665 km only include

data from 2022 and data from spring and summer 2021 does not include data from those stations. All values are additionally shown in the online version of tab.

S2.1. Note that the unit referring to each vertical axis is shown in the panel header.
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Fig. S2.2: Average daily turbidity (FNU) at the station Grauerort (ca. 661 km) in the Elbe estuary based on data from the FGG Elbe database (a) from 2017 - 2022

and (b) zoomed in for 2021 – 2022 (FGG Elbe, 2024). Panel (a) was obtained directly from the FGG database, but modified by removing German texts. It is added

to show that turbidity was specifically high in winter across years. Panel (b) was generated based on the FGG database data and additionally shows the days when

our samples were taken as red dots at a random vertical height.
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Fig. S2.3: Average daily flow rate (m3 s-1) at the station Neu Darchau (ca. 536 km) in the Elbe river based on data from the FGG Elbe database (a) from 2017 -

2022 and (b) zoomed in for 2021 – 2022 (FGG Elbe, 2024). Panel (a) was obtained directly from the FGG database, but modified by removing German texts. It is

added to show that the flow rate was specifically high in earlier seasons. Panel (b) was generated based on the FGG database data and additionally shows the days

when our samples were taken as red dots at a random vertical height.
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Fig. S2.4: Average genotype composition of key genera across seasons and stations in the Elbe estuary (based on metabarcoding). Genotypes are named by

sequential numbers ordered by their dominance (% of genus). For clarity, only the most dominant genotypes 1 – 4 are shown as different colors. Average

contributions are calculated from the relative contributions of the genotype to the genus contributions across seasons and stations (differences in absolute

abundances between samples are not included). Labels are shown where contribution was ≥ 10 %.
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Fig. S2.5: Contributions of genotypes of selected key genera to the eukaryotic phytoplankton communities along stations of the Elbe estuary in different

seasons (based on metabarcoding). Here we only included the data of key genera that were not mostly (defined as ≥ 80 %) represented by a single genotype (see

also fig. S2.4). Genotypes are named by sequential numbers ordered by their dominance (% of genus, see fig. S4). For clarity, only the most dominant genotypes 1

– 4 are shown as different colors. Note that 651 km and 665 km were not included in 2021. Pink frames highlight the samples with the highest genotype diversity

of each genus and the number shows the respective number of genotypes. Blue numbers show approximate salinity where > 1 PSU (see also online version of tab.

S2.1).
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Fig. S2.6: Relationship between the contributions of phytoplankton (genotypes of key genera) and station, season as well as other environmental parameters

(based on metabarcoding). Here we only included the data of key genera that were not mostly (defined as ≥ 80 %) represented by a single genotype (see also fig.

S2.4). Genotypes are named by sequential numbers ordered by their average dominance across seasons (% of genus, see fig. S2.4). We here only included

genotypes that contributed at least 5 % to the eukaryotic phytoplankton in at least one sample (i.e. at one station in one season; see also fig. S2.5). The number

behind the genus indicates the assigned genotype (e.g. Cryptomonas.1 = Cryptomonas genotype 1). Numbers in the heatmap and color scheme show the

correlation coefficient r calculated with spearman rank correlation. Numbers are shown if the relationship is significant (p ≤ 0.05). All p-values and r-values are

shown in the supplementary data (available online, see notes with respect to tab. S2.3). Flow rate is obtained from the FGG database (FGG Elbe 2024) and refers to

a fixed station in the upper Elbe (Neu Darchau, at ca. 536 km). Units for environmental parameters are shown in the online version of supplementary tab. S2.1.
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Fig. S2.7 (part 1 of 2): Contributions of species of key genera to the eukaryotic phytoplankton communities along stations in the upper to mid Elbe estuary in

different seasons (based on microscopy/ biovolume) (NLWKN 2023, HU 2023). Note that centric diatoms were largely not classified further at 629 km and 599

km, hence data for genera such as e.g. Stephanodiscus are missing at those stations. Also, winter data are not available from 586 km and 646 km.
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Fig. S2.7 (part 2 of 2): Contributions of species of key genera to the eukaryotic phytoplankton communities along stations in the upper to mid Elbe estuary in

different seasons (based on microscopy/ biovolume) (NLWKN 2023, HU 2023). Note that centric diatoms were largely not classified further at 629 km and 599

km, hence data for genera such as e.g. Thalassiocyclus are missing at those stations. Also, winter data are not available from 586 km and 646 km.
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Fig. S2.8a: Contributions of key classes to the eukaryotic phytoplankton communities based on metabarcoding reads and microscopy biovolumes (NLWKN

2023, HU 2023). Note that the comparability is affected by actual ecological differences between the samples (different sampling time points and stations). To

allow statistical analysis, we here paired microscopy and metabarcoding stations (see fig. 2.1) in the following way: 586 km and 599 km were each compared with

609 km, 629 km was compared with 633 km and 646 km was compared with 651 km. Sampling dates were grouped as shown in tab. S2.1. R2 and p are based on a

pearson correlation. Note that data from 646 km in 2021 and from 651 km in winter 2022 are not included because data from the respective comparative station

(i.e. 651 km in 2021 and 646 in winter 2022) are missing.
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Fig. S2.8b: Contributions of key genera to the eukaryotic phytoplankton communities based on metabarcoding reads and microscopy biovolumes (NLWKN

2023, HU 2023). Note that the comparability is affected by actual ecological differences between the samples (different sampling time points and stations). To

allow statistical analysis, we here paired microscopy and metabarcoding stations (see fig. 2.1) in the following way: 586 km and 599 km were each compared with

609 km, 629 km was compared with 633 km and 646 km was compared with 651 km. Sampling dates were grouped as shown in tab. S2.1. Note that data from 646

km in 2021 and from 651 km in winter 2022 are not included because data from the respective comparative station (i.e. 651 km in 2021 and 646 in winter 2022)

are missing. Therefore, also the key genus Triceratium is not included, as it only appeared at 646 km in spring 2021.
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Fig. S2.9a: Contributions of key classes to the eukaryotic phytoplankton communities based on metabarcoding reads (MET) and microscopy biovolumes (MIC)

(NLWKN 2023, HU 2023) across seasons (tab. S2.1) and stations in the upper to mid area (586 – 651 km). Note that the comparability is affected by actual

ecological differences between the samples (different sampling time points and stations; tab. S2.1, fig. 2.1). * indicate significant differences between the results of

the two methods based on a t-test (p ≤ 0.05). Note that data from 646 km in 2021 and from 651 km in winter 2022 are not included because data from the

respective comparative station (i.e. 651 km in 2021 and 646 in winter 2022) are missing.
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Fig. S2.9b: Contributions of key genera to the eukaryotic phytoplankton communities based on metabarcoding reads (MET) and microscopy biovolumes (MIC)

(NLWKN 2023, HU 2023) across seasons (tab. S2.1) and stations in the upper to mid area (586 – 651 km). Actinoptychus, Aulacoseira, Cyclostephanos,

Thalassiocyclus, Triceratium, Minidiscus and Mychonastes only appear either in microscopy or metabarcoding and are hence not included. Note that the

comparability is affected by actual ecological differences between the samples (different sampling time points and stations; tab. S2.1, fig. 2.1). * indicate significant

differences between the results of the two methods based on a t-test (p ≤ 0.05). Note that data from 646 km in 2021 and from 651 km in winter 2022 are not

included because data from the respective comparative station (i.e. 651 km in 2021 and 646 in winter 2022) are missing.
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Fig. S2.10: Average daily water temperatures (°C) at the station Grauerort (ca. 661 km) in the Elbe river based on data from the FGG Elbe database from 2021 –

2022 (FGG Elbe, 2024). Red dots show the sampling dates of this study at a random vertical height. Blue dots show the respective sampling dates from the

comparative monitoring dataset used in this study. The notes/ vertical lines exemplary show the temperature differences between the metabarcoding and

monitoring samplings in summer 2021 and summer 2022. Temperature was particularly different in summer 2022 (18.9 °C vs. 21.5 °C) which might explain part of

the differences found in terms of phytoplankton community composition.
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Fig. S3.1: Cytogram examples of communities and single strains of phytoplankton isolated from the Elbe estuary. We used approximately 40 different samples

(isolated taxa and laboratory incubated communities) from the Elbe estuary to determine the borders between phytoplankton and other suspended matter (e.g.

bacteria, debris) and between eukaryotes and phycocyanin-rich cyanobacteria based on the flow cytometric properties. The gating of phytoplankton (phyto; upper

panels) was based on forward scatter (FSC ; ~ size) and APC (allophycocyanin fluorescence; red fluorescence, filter 675 nm, laser 640 nm). Here we also set a lower

size border of around 0.5 µm which was proxied in between the FSC values of 0.12 and 1 µm beads. The gating of eukaryotes (euk) and cyanobacteria (cyano)

(lower panels) was done based on the ratio of APC and PerCP (peridinin-chlorophyll-protein complex fluorescence; red fluorescence, filter 670 nm, laser 488 nm).

Lastly, we defined the picophytoplankton threshold based on 3 µm beads.
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Fig. S3.2: Spatial distribution of different picophytoplankton groups along different stations (stream km; fig. 3.1) and different seasons. Contributions of

cyanobacteria to picophytoplankton can be obtained from c) (“picocyanobacteria = 1 - picoeukaryotes”). Regression lines were added with geom_smooth() from

ggplot2 and the method “loess” as visual support. For clarity we use the following abbreviations: Pico = picophytoplankton, picoeuk = picoeukaryotes, phyto =

phytoplankton. Note that 651 km was not sampled in July 2021.
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Fig. S3.3: Spatial contributions of picoeukaryote genera to picoeukaryote 18S rRNA reads (a) and picocyanobacteria genera to picocyanobacteria 16S rRNA

reads (b). Labels are shown where contribution was at least 10 %. Station is used as a factor (i.e. bars have the same distance independent of the actual location).

Note that in each a) and b) we selected different taxa that can be or are usually understood as picophytoplankton (< 3 µm). Cells of these taxa however can

sometimes be larger than 3 µm or form colonies and some unidentified cyanobacteria might not be < 3 µm. Moreover, the number of reads can depend on cell size

(Godhe et al., 2008). Hence, the selection in this plot does not necessarily accurately represent the picophytoplankton obtained from flow cytometry, where the

definition is based on their actual cell size and abundance (see also fig. 3.1b). Where bars are missing - or in case of picocyanobacteria even complete panels -

metabarcoding was either not carried out (651 - 665 km in 2021) or data was removed due to low number of picocyanobacteria or picoeukaryotes reads (< 100)

(all other cases). Photos show examples of picophytoplankton strains isolated from the Elbe estuary (Martens et al., 2024a). For clarity we use the following

abbreviations: Picocyano = picocyanobacteria, picoeuk = picoeukaroytes.
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Fig. S3.4: Seasonal distribution of different picophytoplankton groups in the area around Hamburg (approx. 623 - 633 km). Horizontal scales show the sampling

date independent of the year, i.e. day of the month. Data was merged when sampling was carried out < 5 days apart. Contributions of cyanobacteria to

picophytoplankton can be obtained from the picoeukaryotes contribution in c) (“picocyanobacteria = 1 - picoeukaryotes”). Regression lines were added with

geom_smooth() from ggplot2 and the method “gam” (see also tab. S3.3). For clarity we use the following abbreviations: Pico = picophytoplankton, picoeuk =

eukaryotes, phyto = phytoplankton. On the bottom we show the temperatures at certain time points (see further details in fig. S3.6).
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Fig. S3.5: Abiotic conditions at the different stations and seasons of the spatial dataset. Regression lines were added with geom_smooth() from ggplot2 and the

method “loess” as visual support. Note that one missing value of turbidity on 2021-07-29 (summer 2021) at 609 km was replaced by a value from 2021-07-26 at

609 km.
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Fig. S3.6: Water temperature along seasons in the seasonal dataset. Regression line was added with

geom_smooth() from ggplot2 and the method “loess” as visual support.

Fig. S3.7: Average daily turbidity (FNU) at the station Seemannshöft (ca. 629 km) in the Elbe

estuary based on data from the FGG Elbe database from 2021 - 2022 (FGG Elbe, 2024). Figure was

obtained directly from the FGG database, but modified by removing German texts.

Fig. S4.1.1-S4.1.24: Cell counts of different strains after 24 h exposure to organic compounds in the

EcoPlates™ under different light conditions. Please find this supplementary material online,

published with the publication https://doi.org/10.1098/rspb.2023.2713 (there named fig.

S1.1-S1.24).

Fig. S4.2: Casual tracking of cell counts of different strain cultures used for the EcoPlates™. Please

find this supplementary material online, published with the publication

https://doi.org/10.1098/rspb.2023.2713 (there named fig. S2).

Fig. S4.3.1-S4.3.10: Number of significantly positive and negative effects across strain densities and

further detailed information about the respective results of selected strains. Please find this

supplementary material online, published with the publication

https://doi.org/10.1098/rspb.2023.2713 (there named fig. S3.1-S3.10).
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