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» It is interesting to contemplate an entangled bank, 
clothed with many plants of many kinds, with birds 

singing on the bushes, with various insects flitting about, 
and with worms crawling through the damp earth, and to 

reflect that these elaborately constructed forms, so 
different from each other, and dependent on each other in 

so complex a manner, have all been produced by laws 
acting around us. « 

 
− Darwin 
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I Summary 
 

 

 

 

Marine microorganisms have high functional and phylogenetic diversity and, 

through their high physiological activity, rapid turnover rates (hours to days). Contributing 

a high proportion (~70%) of total marine biomass, they sustain major elemental cycles, 

including those of carbon and nitrogen, impacting all (ocean) life on earth. The occurrence 

of different taxonomic units at one site (alpha diversity), and the differential distribution of 

microorganisms between sites (beta diversity) – and consequently the spatial distribution 

of their metabolic activity – is linked to complex ocean dynamics, including the continuous 

transport of microbial communities with ocean currents. It has been shown that the spatial 

distribution of microbial communities maps roughly to ocean provinces that are defined 

based on basic physical variables (temperature, salinity) and chlorophyll a concentrations. 

However, a more refined picture of microbial (alpha and beta) diversity patterns through 

an oceanographic lens is lacking. For example, it is unclear how physiological activity (e.g., 

primary productivity and N2 fixation) covaries with phylogenetic beta diversity. Such 

information could provide insights into ecosystem function and thus add an important 

functional dimension to spatial scales of microbial biogeography.  

 

In this thesis, I explore the relationship between microbial biodiversity (16S and 18S 

ribosomal RNA gene sequencing), and physiological rates of primary productivity, N2 

fixation in the surface ocean (0–40 m) in the Atlantic and the Indian Ocean, as well as 

coastal observations of Arctic and sub-Arctic fjords. I also include a consideration of 

chemical (dissolved inorganic nutrients, particulate organic matter) and physical 

environmental variables. I demonstrate how functional activity can be decoupled from 

phylogenetic diversity and observe environmental filtering of trophic functional groups in 

regions of high- and low chlorophyll a. I show that beta diversity patterns reflect previous 
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delineations of ocean provinces and can in turn also be used to refine their boundaries. 

Furthermore, the concept and quantification of a productivity-specific length scale can help 

to identify sample patchiness and scale sample diversity in relation to small spatial scales 

within the mosaic of marine microbial diversity structure. I show how microbial 

communities in fjords disperse regionally, and form both regional and within-fjord signals 

with different co-occurrence patterns between fjords with and without marine-terminating 

glaciers. My analyses highlight that mapping of microbial diversity patterns is scale-

dependent, providing new insights into spatial scales and patchiness of microbial functional 

biogeography. The scales identified in this thesis can be used to improve sampling design 

and analyses across temporal and spatial scales, ultimately advancing ecosystem 

monitoring. Designing effective ecosystem monitoring is fundamentally an ecological 

challenge of identifying relevant sampling scales. It is, however, also a methodological 

challenge, of data inter-compatibility through consistent method documentation that can 

also be particularly relevant to interdisciplinary research such as the biophysical-coupling 

in this thesis. To contribute to closing this methodological gap, I provide perspectives on 

best practices in method documentation that aim to make scientific analyses more 

confidently intercomparable.  

 

In conclusion, my thesis provides insights into an oceanographic definition of pelagic 

microbial ecosystem boundaries, and the impact of (functional) microbial diversity on 

primary productivity. The presented approaches and compiled information will support 

mapping microbiomes to relevant oceanographic scales and has potential implications for 

new approaches in researching, observing, and monitoring of all trophic layers in marine 

ecosystems. 
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II Thesis Outline: 

 

 

 

 

The presented thesis consists of an introductory background (Section 1), the study 

aims (Section 2), three research articles and one perspective article (Chapter 1–3; Section 

3), a synthesis of the presented research based on the study aims, anticipated future 

directions (Section 4), and a conclusion (Section 5). Specifically, chapters of the presented 

thesis are subdivided in the following four manuscripts: 

 

Chapter 1: 

This chapter consists of a manuscript published in Biogeosciences under the CC BY-4.0 

license, and parts of this study were already published as part of Cora Hörstmann’s (CH’s) 

master thesis. (Notably, chl a concentrations were corrected as part of this thesis, also 

highlighted in the corrigendum of the published manuscript). During her time as a PhD 

student, CH investigated the eukaryotic community composition of the presented transect, 

including amplicon 18S rRNA gene PCR, Illumina sequencing library preparation, 

sequencing, and statistical analysis. Further, CH performed a general dissimilarity model 

(GDM) analysis of both prokaryotic and eukaryotic amplicon sequences to investigate the 

relationship between primary productivity and di-nitrogen fixation measurements in 

relation to microbial beta diversity. In her work, CH was supervised by Eric J. Raes 

(experimental design, sample processing), Uwe John (amplicon sequencing and genomic 

analysis), Pier Luigi Buttigieg (statistical advice), and Anya M. Waite (experimental 

design, sample processing). All co-authors contributed to the data interpretation and write-

up of the manuscript.   

 

Published: Hörstmann, C., Raes, E.J., Buttigieg, P.L., Lo Monaco, C., John, U., Waite, 

A.M (2021). Hydrographic fronts shape productivity, nitrogen fixation, and microbial 
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community composition in the South Indian Ocean and the Southern Ocean, 

Biogeosciences, https://doi.org/10.5194/bg-2021-52   

 

Master thesis: Hörstmann, C., (2018). How do pro- and eukaryotic microbial communities 

impact nitrogen and carbon processes in the South Indian Ocean and the French Southern 

and Antarctic Lands? Master thesis, Universität Bremen. 

hdl:10013/epic.43436e95-5418-410f-903c-e6a06b0bae19 

  

 

 

Chapter 2: 

This chapter consists of a manuscript published in Environmental Microbiology under the 

CC BY-4.0 license (see below). CH led this study including sampling and experimental 

design, ship-board sampling (particulate organic matter, dissolved inorganic nutrients, flow 

cytometry, genomic DNA samples) and stable isotope (13C) incubation experiments, 

sample processing (particulate organic matter, stable isotope pre-processing and shipping, 

flow cytometry, DNA extraction and amplicon library preparation, sequence analysis), 

statistical analysis and manuscript writing. All co-authors contributed to data analysis, data 

interpretation and writing the manuscript. 

 

Published:  Hörstmann, C., Buttigieg, P.L., John, U., Raes, E.J., Wolf-Gladrow, D., 

Bracher, A., Waite, A.M (2021). Microbial diversity through an oceanographic lens: 

refining the concept of ocean provinces through trophic-level analysis and productivity-

specific length scales, Environmental Microbiology, doi: 10.1111/1462-2920.15832 

 

 

 

Chapter 3: 

Cora Hörstmann co-designed the presented study. Preliminary analyses were made as part 

of Pauline Thomé’s bachelor thesis. CH co-supervised Pauline Thomé in her lab work, 

statistical analysis, and data interpretation. CH performed all presented statistical analyses 

https://doi.org/10.5194/bg-2021-52
http://hdl.handle.net/10013/epic.43436e95-5418-410f-903c-e6a06b0bae19
https://doi.org/10.1111/1462-2920.15832
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and drafted the manuscript. All co-authors contributed to data interpretation and writing 

the manuscript. The manuscript is currently in review in Science Advances. 

Bachelor thesis: Thomé, P. (2020) Spatial biodiversity patterns of bacterio- and 

picoplankton communities in Arctic fjords; Bachelor thesis, Georg-August Universität zu 

Göttingen.     hdl:10013/epic.9d50f18c-f636-4c5f-ab33-8846853c6064 

 

Manuscript: Hörstmann, C., Hattermann, T., Thomé, P., Buttigieg, P. L., Morel, I., Waite, 

A. M., John, U. Marine-terminating glaciers structure Arctic and sub-Arctic picoplankton 

diversity 

 

 

 

Chapter 4: 

 

Chapter 4 consists of a peer-reviewed perspective article that CH led and that is published 

in Frontiers in Marine Science under the CC BY-4.0 license. The perspectives provided, 

although addressed to a wider ocean observing audience, have significant implications for 

the scientific work presented in this thesis and are therefore considered as a reflective and 

outlook chapter of the research in this thesis. All co-authors co-developed the perspectives 

and contributed to the writing of the manuscript.  

 

Published: Hörstmann, C., Buttigieg, P.L., Simpson, P., Pearlman, J, Waite, A.M (2021). 

Perspectives on Documenting Methods to Create Ocean Best Practices, Frontiers in 

Marine Science. 7:556234. doi: 10.3389/fmars.2020.556234 

  

http://hdl.handle.net/10013/epic.9d50f18c-f636-4c5f-ab33-8846853c6064
https://doi.org/10.3389/fmars.2020.556234
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III Glossary 
 

 

 

 

Alpha diversity. Total of all taxonomic units, here amplicon sequence variants (ASVs) 

(i.e., sample richness) and their relative abundance (i.e., sample evenness) within one 

sample. 

 

Beta diversity. The extent of change of all taxonomic units considering presence, absence 

and their relative abundance between two (or more) sites. 

 

Environmental filtering. describes the presence of abiotic variables that do not allow the 

establishment or survival of particular species within a location (Kraft et al. 2015). 

 

Functional traits. Traits that are connected to an organisms’ fitness (growth, reporduction) 

within a particular environment (Litchman et al. 2015).  

 

Heterotrophy. The dependence of organisms to take up and grow on organic carbon 

sources. 

 

Niche space (Hutchinsonian niche). Here, as defined by Hutchinson (1957), refers to the 

ecological niche of a species as an n-dimensional hypervolume shaped by the environment 

under which conditions a species can exist indefinitely and was further extended by 

Maguire (1973) with species demographics. Pironon et al. (2018), investigated the 

importance of considering demographic distribution and the distribution of species in their 

niche space.  

 

Microbial residence time. The time a microbe resides in a system (Mansfeldt et al. 2019) 

often used to understand dispersal and speciation of marine microorganisms.  
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Mixotrophy. Here, referring to the mixotrophic lifestyle of marine eukaryotes that include 

both the ability to fix inorganic carbon via photosynthesis and the ability to take up organic 

material via phagocytosis. Notably, the presence of proteorhodopsin is not considered in 

this thesis’ analyses.  Likewise, prokaryotes were generally not categorized according to 

their energy source. 

 

Photoautotrophy. Organisms that use light energy to produce organic molecules from 

inorganic carbon sources. This includes various taxonomic groups of marine eukaryotes 

and cyanobacteria.  

 

Primary productivity. The rate at which autotrophic organisms produce multi-carbon 

compounds for metabolic processes using energy from either chemical reaction 

(chemolithoautotrophs) or from sunlight (photoautotrophs). In this thesis, I am only 

referring to photoautotrophy measured by stable isotope carbon (13C) fixation incubation 

experiments. 

 

Functional redundancy/Partial functional redundancy. Organisms share the same set 

of functions (strict functional redundancy), or share some functions, but differ in other 

ecological requirements (Galand et al. 2018). 

 

Omics. Here, referring to biomolecular methods including metabarcoding (amplicon 

sequencing), (meta)genomics, (meta)transcriptomics, proteomics, and metabolomics. 
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1. Background 
 

 

 

 

Understanding the interplay of the mechanisms shaping microbial diversity in the 

ocean is key to the research of community ecology, biogeography, and also rapidly 

becoming urgent for observation and management design of marine ecosystems (Barnosky 

et al. 2012; Mittelbach and Schemske 2015). Thus, interdisciplinary, multi-dimensional 

approaches are needed to disentangle the environmental and biological factors 

orchestrating microbial diversity patterns in the ocean. Yet, microbial diversity, 

productivity, and oceanographic processes are less understood in the unified context of 

biophysical coupling, except in a few studies (e.g. the “dual-lens” approach of investigating 

a biological reaction rate in relation to oceanographic connectivity that can provide insights 

into the balance between hydrological and ecological processes; Oldham et al. 2013). 

Simultaneous measurements of biological and physical processes allow us to study 

microbial biodiversity changes at scales that are relevant for ecological and biogeochemical 

processes: from small horizontal changes within single biomass turnover (a microbe’s 

perspective) to large-scale productivity regimes that are usually remotely observed through 

chlorophyll a (chl a) satellite images. Properly measuring physical processes at these 

different scales, and the biogeochemical processes and mechanisms therein, were the 

motivation for this thesis. In the following background information, I will introduce the 

concept of microbial diversity and functional microbial diversity and set this in the context 

of microbial biogeography and the different mechanisms that play a role in creating ocean 

microbiomes.  
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1.1 Microbial diversity  
 

Marine microorganisms, including both prokaryotic (bacteria and archaea) and unicellular 

eukaryotic (protists) organisms, make up the largest fraction (~70%) of biomass in the 

ocean (Bar-on et al. 2018). Microorganisms form the base of the marine food web and 

harbor a rich diversity which is predicted to range between 2.2–4.3 million prokaryotic 

operational taxonomic units (OTUs; 16S-V4 gene clusters at 97% similarity) worldwide 

(Louca et al. 2019) with another total estimate of 200 000–250 000 eukaryotic species 

(Debroas et al. 2017). Yet, we are only scratching the surface of identifying who is there, 

as the true number of microbial OTUs remains unknown (reflected in Dance 2020) 

Microorganisms typically have large population sizes and fast generation turnover between 

hours and days (Martiny et al. 2006) and thus both indicate and also shape biological 

change (Vincent 2010). The dynamic change of microbial taxa across temporal and spatial 

scales, as well as their high richness, requires specific methods and concepts to study their 

diversity and distribution.  

 

High throughput sequencing technologies allow us to better understand the vast diversity 

and biological processes of ocean microorganisms (Vaulot et al. 2008; Caporaso et al. 

2011). However, our understanding is limited by both sampling incompleteness and 

methodological biases (e.g. primer bias, preference of the polymerase for sequences with 

specific guanine-cytosine (GC) content; see van der Loos and Nijland (2020) for further 

details) that are required to disentangle the complex interplay of microbial organisms 

within one sample, region, and across entire ocean basins. Solutions to counter these biases 

and to make samples better comparable are methodological developments (e.g. mock 

communities; Yeh et al. 2018), but also post-processing, analytical methods that address 

the compositionality of the data such as alpha diversity measures (Chao et al. 2014). 

 

The concept of alpha diversity is composed of different attributes of the observed 

community and can be context-specifically weighted and interpreted (Swingland 2001).  

There are several commonly used alpha diversity indices to estimate microbial diversity. 
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In my thesis, I adopt the measure of Hill numbers (Hill 1973). Hill numbers indicate the 

relative emphasis on rare or more abundant taxa, and are particularly suitable for the high 

diversity of microbial taxa and the associated sampling bias in its quantification (Kang et 

al. 2016). Hill numbers are parameterized by an order q and include diversity (D) Richness 

(q = 0), Shannon diversity (q = 1), and Simpson diversity (q = 2):  

𝐷𝐷𝑞𝑞 = (∑ 𝑝𝑝𝑖𝑖
𝑞𝑞𝑆𝑆

𝑖𝑖=1 )1/(1−𝑞𝑞)    (1) 

Where S is the total number of observed taxa in a sample and pi indicates the relative 

abundance of each taxonomic unit and q the individual Hill numbers. The individual Hill 

numbers and their application in microbial ecology are outlined in box 1. 

 

Generally, these diversity measures help to understand the “ecological potential” to support 

species and gives us an idea about ecological niches. Changes in alpha diversity can act as 

an numerical indicator for ecosystem change (Crummett 2020) and allow us to identify 

microbial diversity patterns on the map that relate to physical oceanographic features 

ranging from small, internal hydrographic motions to large, latitudinal trends across ocean 

basins (Raes et al. 2018). 

 

  

BOX 1 Alpha diversity measures (Hill numbers) 
 
Richness: If q = 0, the abundance of individual taxa is not considered in equation (1) then 

𝐷𝐷0 =  �∑ 𝑝𝑝𝑖𝑖0𝑆𝑆
𝑖𝑖=1 �     (2) 

and thus simply returns the total number of taxa (S), i.e. the sample richness. Richness can be largely 

biased by sampling and sequencing depth, and is therefore relatively more prone to error than other 

diversity measures. Mostly, microbial samples are rarefied (randomly subsampling the sample and 

observation how often a new species is detected) to observe the possibility of capturing the true 

richness in a sample (i.e. rarefaction curve plateaus; see below). 

 

Richness does not provide any information about relative abundances and thus lacks a crucial 

component of diversity from an ecological perspective (Pielou 1975; Chao et al. 2014). Therefore, 
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henceforth, I will consider richness independently and refer to one of the following indices as the 

diversity indices. 

Shannon diversity: For q = 1, equation (1) is undefined, but if q tends to 1 it returns  

𝐷𝐷1 = lim
𝑞𝑞 →1

𝐷𝐷1 = 𝑒𝑒𝑒𝑒𝑝𝑝�−∑ 𝑝𝑝𝑖𝑖𝑆𝑆
𝑖𝑖=1 ln (𝑝𝑝𝑖𝑖)�  (3) 

 (For mathematical proof see Hill 1973). Thus, individual taxa are weighted proportionally to their 

relative abundance (Chao et al. 2014). Shannon diversity is particularly useful to gain insights into 

the current state of the system, i.e. who is dominating and how balanced is the community (sample 

evenness) is without losing too much information about the sample richness. A comparative study of 

multiple diversity indices by Reese and Dunn (2018) revealed that the Shannon diversity is a robust 

metric and good for cross-comparing different studies as it is the most widely used metric in the field.  

   

Simpson diversity: If q = 2 then consequently more weight is put on the taxa with a proportionally 

higher relative abundance and turns equation (1) into 

𝐷𝐷2 = 1
∑ 𝑝𝑝𝑖𝑖

2𝑆𝑆
𝑖𝑖=1

      (4) 

The Simpson diversity is the most robust measure when true richness is unknown, as it largely 

neglects the rare biosphere. Simultaneously, it puts more weight on sample evenness and therefore 

provides insights into the sample complexity. For example, assuming two microbial communities 

with the same number of entities (S), Simpson diversity is relatively lower in a bloom situation where 

a single or few species dominate the community (Community B) and is relatively higher if multiple 

species are equally high abundant (Community A). 

 
Figure B1.1 Two hypothetical communities A and B with the same sample richness (S) but different relative 
abundances in their communities: Community A is relatively even while Community B has few taxonomic units 
that dominate the community. The rarefaction curve of community A is much steeper as the probability to detect 
a new species with increasing sampling depth is much higher, while the chance to re-sample individuals which 
belong to the few high abundant taxonomic units is higher in Community B.  
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Two major environmental attributes have been repeatedly linked to variations in alpha 

diversity: (1) alpha diversity increases with increasing temperature due to favourable 

kinetics of biological processes (Rohde 1992), and (2) diversity increases with increasing 

primary productivity following the concept that “a larger pie can be divided into more 

pieces” (sensu Fuhrman et al. 2008), meaning that more available resources can support a 

more diverse community (e.g. Connell and Orias 1964). Notably, most studies focus on the 

concept that resources support microbial diversity, while a support of primary productivity 

through a more efficient resource use by a diverse microbial community can equally apply 

(Cardinale et al. 2009). 

 

Ocean ecosystems are experiencing increasing anthropogenic pressures, including shifts in 

sea surface temperatures (IPCC 2021) that will also impact both microbial diversity and 

primary productivity. Defining and measuring the spatial scales of these ecosystem-level 

changes is key to a better understanding of the different mechanisms that drive changes in 

microbial diversity. Thus, sampling at high spatial and temporal resolution is needed to 

map the changes of microbial diversity. Furthermore, it is essential to understand which 

roles individual taxa and communities, and their co-occurrence and co-exclusion 

relationships, play within the ecosystem. In an analysis of microbial diversity in the context 

of a global climate prediction model, Tonelli et al. (2021) observed a decrease in microbial 

richness and diversity in the Southern Ocean with increasing sea surface temperature 

(between 2015 and 2100), a trend that has also been described for phytoplankton diversity 

in tropical regions (Thomas et al. 2012). Through the coupling of phytoplankton 

biodiversity and primary productivity may also change (Tilman et al. 1996), as well as 

changes in bacterial production rates (Sarmento et al. 2010), but disentangling the drivers 

of these processes remains challenging. We are currently missing information to accurately 

map the consequences, how functional diversity and functional redundancy (organisms 

share the same set of functions or have overlaps in their functions) could ‘buffer’ the loss 

of species (Wolf et al. 2021). Thus, trait-based approaches are urgently needed such as 

trophic-disaggregated analysis of microbial diversity (reviewed in Seibold et al. 2018). 

Through such analyses, microbial diversity could be more directly related to uptake and 
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cycling of key elements such as carbon (C) and nitrogen (N) across the multiple levels of 

spatial and temporal scales (Worden et al. 2015; Hutchins and Capone 2022).  

 

 

 

1.2 Functional Microbial Biodiversity and its role in global 

carbon and nitrogen cycling 

 

Microorganisms are the key drivers for the cycling of C and N (Box 2). Microorganisms 

are responsible for around ~50% of global C fixation via photosynthesis (Field et al. 1998; 

Mcclain 2009), and recycle around 50% of the C from primary productivity (Anderson and 

Ducklow 2001) within the microbial loop (reviewed in Azam and Malfatti 2007) 

Microbial-mediated nutrient recycling and biological N2 fixation also support ecosystem 

productivity through the provision of essential nutrients, tightly coupling C and N cycling. 

However, flux measurements quantifying nutrient uptake, such as C and N cycling, across 

ocean ecosystems are rarely coupled to whole-community microbial biodiversity 

assessments, except in a few studies (e.g. Peter et al. 2011; Raes et al. 2018). 

 

For example, recent metagenomic analyses revealed that Trichodesmium spp., which was 

long considered the champion of marine N2 fixation, can be non-diazotrophic under 

unfavorable, low-oxygen conditions (Delmont 2021). In turn, the discovery of 

heterotrophic N2 fixation has significantly changed our understanding of the contribution 

and importance of marine N2 fixation (e.g. Candidatus Atelocyanobacterium Thalassa; 

Thompson et al. 2012), highlighting the importance of whole-community analysis to 

identify activity (or community potential to become active) in researching global elemental 

cycles.  

 

Of course, the taxonomic community composition does not provide a clear picture of 

ecosystem function without flux measurements either, because the metabolic pathways, 

such as C-fixation, are present in co-existing, taxonomically distinct organisms. This 
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functional redundancy can then – to a certain extent – buffer dynamic change of individual 

taxa in relation to overall changes of major elemental cycles such as C and N (Louca et al. 

2016, 2018). In a meta-analysis of multiple studies, Graham et al. (2016) found that the 

prokaryotic community diversity (based on 16S rRNA gene analyses) was only a weak 

predictor for C and N cycling. These observations align with results by (Louca 2021) who 

found that most prokaryotic clades – and thus their metabolic function – are globally 

distributed and local differences are mainly a result of local environmental filtering. 

 

However, if the selective forces of environmental filtering change, then (biologically) the 

set of beneficial traits that influence an organism’s fitness in a specific environment also 

change (Violle et al. 2007). Thus, microbial communities performing environmental 

functions need to be considered in a context of this “partial redundancy”. Galand et al. 

(2018) showed that community shifts in diversity were associated with a change in 

functional traits across seasonal scales and biome-level spatial scales. Setting C and N 

fluxes in relation to whole-community biological traits will help to identify cascading 

effects (e.g. changes in trophic coupling in the community affect C-remineralization and 

C-export efficiency; Stukel et al. 2011; Le Moigne et al. 2015). Including microbial 

diversity and microbial trait analysis in researching C and N fluxes can reveal the 

mechanisms behind changes in these processes and help to better understand and predict 

ecosystem functions. 

 

BOX 2: Microbial role in global C and N cycling 
 
Carbon (C) and nitrogen (N) are the two of the most important elements sustaining life on earth (Fig. 

B1 a).  The biggest reservoir for C (~80%) is in the ocean, in the form of dissolved inorganic carbon 

(DIC), and a small fraction of particulate organic carbon (POC) (Friedlingstein et al. 2019). C can be 

exported to the deep sea through the biological and physical C pump where it is buried on time scales 

of the order of 1000–10 000 years. However, most of the C and N is recycled in the upper ocean 

within the microbial loop and thus again made available for primary productivity (Fig. B2.1b). 

Biological N2 fixation, terrestrial N input and upwelling of N can promote photosynthetic, autotrophic 

plankton growth and, by that, is tightly coupled to the microbial loop (Fig. B2.1b, c). 
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Figure B2.1 a. Global carbon cycle adapted and modified after (Friedlingstein et al. 2019). Scheme is simplified 
with a focus on oceanic C cycling. Land C budget includes permafrost, vegetation and soil. Fossil C budget 
includes coal, oil and gas reserves. Numbers indicate and small arrows indicate fluxes (in Gt C year−1) and 
stocks (in Gt C) of carbon. Bold arrows indicate anthropogenic perturbation of C cycling through fossil fuels, 
land use change, land uptake and ocean uptake (uncertainties are not shown). Atmospheric increase is 4.9 Gt C 
year−1 with a relatively small uncertainty of 0.02 Gt C year−1 (not represented in the figure); b. Biological carbon 
pump and microbial loop adapted and modified after (Buchan et al. 2014). In brief, photosynthetic autotrophic 
plankton fixes inorganic C into organic C via photosynthesis. Phytoplankton are grazed by heterotrophic protists 
and zooplankton, are lysed by viruses, releasing dissolved organic matter (DOM), or die and form particulate 
organic matter (POM) that includes particulate organic C, N and phosphorus (P). DOM and POM are recycled 
by heterotrophic bacteria within the microbial loop and thus make available nutrients for phytoplankton growth. 
Viruses contribute and promote the release of POM and DOM through microbial cell lysis (viral shunt; not 
discussed in this thesis). A small fraction of the POM sinks to the seafloor in the form of aggregates (‘marine 
snow’) and can be stored on geological time scales (biological C pump); c. marine nitrogen (N) cycle. Light 
grey indicates N processes not discussed in this thesis. 
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1.3 Microbial beta diversity and biogeography 
 

Surface ocean currents, fronts and eddies shape the mosaic of niches and ecosystem 

structures underlying phylogenetic and functional microbial biodiversity in the ocean. In 

principle, a given microbial community can move globally, passively dispersed through 

ocean currents, but local environmental factors constrain growth of different microbial 

assemblages (‘Everything is everywhere but the environment selects’; Baas Becking 1934). 

However, fast generation times and large population sizes (Elena and Lenski 2003) 

including historical attributes of communities, also contribute to observed diversity 

differences across spatial (and temporal) scales (Martiny et al. 2006; Hellweger et al. 2014). 

 

Both biological processes and oceanographic features act to modify microbial beta 

diversity patterns between two or more sites or across temporal scales. These processes can 

be collectively understood as combinations of internal process including ecological 

determinism and stochasticity, and external processes orchestrating the resulting 

community assembly, and their collection of biological traits within an environment (e.g. 

Vellend et al. 2014; Fitzpatrick 2020). Deterministic processes include intrinsic processes 

and traits within the microbial community in response to niche properties such as nutrient 

acquisition or growth rates (here, referring to Hutchinsonian niche; (Hutchinson 1957), and 

microbial interactions with each other via grazing, parasitism, symbiosis and competition 

(Vellend and Agrawal 2010). Stochastic ecological processes include random colonization, 

and extinction and can be largely driven by external processes acting on the community 

such as horizontal dispersal (dispersal-limitation theory; MacArthur and Wilson 1967) and 

vertical mixing within the mixed layer (Cheng et al. 2020). Depending on environmental 

conditions, different combinations of deterministic, stochastic and external processes 

control microbial beta diversity (Vilmi et al. 2021). 

 

Microbial biogeography offers a framework to reflect on the distribution of 

microorganisms in space and over geological time scales (Martiny et al. 2006). Marine 
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microbes disperse through advective transport (Villarino et al. 2018) following a ‘microbial 

conveyor belt’ over 1000 years that allows them to diversify under different local 

environmental conditions across different space and timescales (Mestre and Höfer 2021). 

Locally, they adapt to local environmental conditions such as temperature gradients that 

result in ‘breakpoints’ of taxonomic beta diversity patterns between polar and temperate 

algal microbiomes (Martin et al. 2021). The interplay between physical, chemical, and 

biological processes ultimately results in the formation of ocean provinces on scales from 

small coastal provinces such as the Canary coastal province to large ocean subtropical 

gyres (Longhurst 2007 ; Box 3, Fig. B2.1).   

 

Longhurst provinces have been shown to overlap with the beta diversity patterns of 

microorganisms (e.g. Milici et al. 2016; Raes et al. 2018). However, microbes often have 

the potential to respond rapidly to environmental changes, resulting in small-scale 

dynamics and patchiness within ecosystems (Zwirglmaier et al. 2008; Zinger et al. 2011; 

Gibbons et al. 2013; Goodwin et al. 2017). The spatial scale of these ecosystem patches 

such as ocean filaments (Fadeev et al. 2021), fronts (Mousing et al. 2016), and eddies 

(Bolaños et al. 2020) are rarely observed across spatial scales of microbial community 

turnover time, and are only in a few studies directly linked to the intrinsic biological 

processes. 

 

 

BOX 3: physico-biological scales and categorization in the ocean 
 
To delineate the ocean’s seascape into large ecosystems, Longhurst (2007) defined ocean provinces 

based on physical (temperature, salinity) and biological (chl a) parameters (Fig. B3.1). The 

boundaries of these provinces are rationalized by the physical circulation of the ocean, and not the 

distribution pattern of individual species. Longhurst provinces are a widely used categorization of the 

ocean for biogeochemical models (Vichi et al. 2011) and phytoplankton bio-optical observations 

(Taylor et al. 2011). 
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Naturally, these boundaries are not static and need to be refined to resolve temporal variations of 

physical oceanographic features. Due to temporal and spatial constraints, Longhurst provinces do not 

resolve all dynamics that shape plankton distributions (Fig. B3.2). However, emerging 

interdisciplinary approaches and application of different sensors and observation methods allow more 

refined understanding of ecosystem dynamics across spatial and temporal scales (reviewed in Dickey 

2003). 

 
Figure B3.1 Longhurst provinces of the ocean (adapted from Flanders Marine Institute (2009). Longhurst 
Provinces version 4. Available online including extended version of individual names at 
https://www.marineregions.org/). 

https://www.marineregions.org/
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Figure B3.2 Platforms and temporal and spatial scales of physico-biological processes, adapted and modified 
after (Dickey 2003).  

 

 

1.4 Horizontal scales of microbial biodiversity 
 

 

 

1.4.1 Observed bio-physical horizontal scales in the surface ocean 
 

The scales at which microbial diversity patterns vary also depend on the fluid connectivity 

of ocean systems (see Carr et al. 2003). Numerous beta diversity patterns have been 

described, such as latitudinal gradients (e.g. Hillebrand 2004; Fuhrman et al. 2008), 

distance-decay (Milici et al. 2016), species-abundance distributions (Matthews and 

Whittaker 2014; Locey and Lennon 2016), and temporal and spatial patterns (Preston 1960; 

Horner-Devine et al. 2004; Zhou et al. 2008). Therefore, to understand whether and how 
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microbial community composition is linked to a fundamental ecosystem function such as 

primary productivity requires systematic examinations across different environmental 

gradients, ocean regions and temporal scales. Dual-lense approaches (e.g. Oldham et al. 

2013) that consider measurements of microbial communities along with chemical and 

physical contextual data, can help to shed light on the small and large scale pattern in this 

mosaic of the different temporal and spatial scales of biodiversity signals in the ocean.  

 

On a small scale, a local community can experience a habitat change depending on both 

their internal biomass turnover and on the local/ regional hydrodynamics as well as the 

types of existing environmental gradients across which communities are transported 

(Jönsson and Watson 2016). Crump et al. (2004) measured the growth of microbial 

communities in the context of changing physical residence times along a salinity gradient 

in an estuary.  They found seasonal changes mixing in communities (where residence 

time > growth rate), and the development of local communities at intermediate salinity 

(where residence time < growth rate). Similarly, a meta-analysis of 885 metagenome-

assembled genomes revealed residence time as the 4th most important predictor of 

microbial beta diversity patterns in the global ocean (Faure et al. 2021). In the open ocean, 

understanding the timescales of advection in relation to those of intrinsic biological 

processes such as microbial growth and biomass turnover can help to assess sample 

patchiness, informing sampling scales and ultimately help us to better monitor marine 

ecosystem dynamics. 

 

   

 

1.4.2 Methodological challenges that limit a global scaling of microbial 

observations 

 

Monitoring ocean ecosystems effectively requires development of appropriate sampling 

scales for individual research campaigns and integrated analysis of multiple datasets. For 

example, the comparison of multiple datasets (Global Ocean Ship-based Hydrographic 

Investigations Program (BIO-GO-SHIP); https://biogoship.org/; TARA Oceans; 

https://biogoship.org/
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https://oceans.taraexpeditions.org/; GEOTRACES; https://www.geotraces.org/) that 

aligned in their methodological sampling design, and thus allowed new scientific insights 

into global patterns of ocean nutrient limitation (Ustick et al. 2021). Unfortunately, many 

ocean datasets have localized methodological adaptations and refinements, which are often 

not broadly accessible and/or well documented, which is the reason for the current 

reproducibility crisis (Lowndes et al. 2017).  

   

Both the generated data and the underlying methodological complexity require structured, 

and consistent ways to enable global cross-comparisons of ocean observations. For ocean 

data FAIR (findable, accessible, interoperable, reproducible) data principles supported a 

culture of more open knowledge sharing in ocean observation (Tanhua et al. 2019). 

Specifically, in microbial observations this includes standardisation of essential metadata 

(e.g., Minimum information about a marker gene sequence (MIMARKS) and minimum 

information about any (x) sequence (MIxS); Yilmaz et al. 2011), as well as reference 

material (e.g. mock communities, Parada et al. 2016). While the FAIR principles refer to 

data, it is also important to consider similar principles in method documentation.  

 

Consensus on the optimal technical approach exists for a few large-scale campaigns such 

as the GO-SHIP report from the SCOR Working Group 154 (Boss et al. 2020) and networks 

such as the Genomic network for monitoring earth’s ecosystems (Davies and Field 2012; 

Davies et al. 2014). However, a large number of localized methodologies (reviewed in 

Buttigieg et al. 2018) and organisational silos (reviewed in Révelard et al. 2021) persist; a 

situation that remains challenging in terms of developing openly accessible and 

reproducible methods that are benchmarked and inter-comparable with each other. Thus, 

strategies and guidelines are needed to make methods more complete and reproducible. A 

more open culture of method sharing and co-development could promote more inclusive 

science (Woodall et al. 2021) and the development of and consensus on globally 

interoperable, context-specific best practices, which will in turn enable us to study ocean 

systems at larger scales more confidently. 

 

https://oceans.taraexpeditions.org/
https://www.geotraces.org/
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2. Objectives and hypotheses 
 

 

 

 

In this thesis, I study microbial alpha and beta diversity patterns associated with 

changes in microbial mediated processes (specifically, primary productivity and N2 

fixation, as two important processes of marine C- and N-cycling, see Box 2 for further 

details) in their hydrographic context. I resolve functional beta diversity through trophically 

disaggregated analyses assessed against biogeochemical gradients. I focus on surface 

oceanographic features such as fronts and currents and the advection of microbial 

communities therein. Specifically, I investigate the following five main objectives (O) of 

marine microbial ecology in the Atlantic and Indian Ocean as well as of Arctic and sub-

Arctic Fjords (Fig. 2.1). 

 

 
Figure 2.1. Datasets included in this thesis. Sampling sites analysed in Chapter 1 from of the 
MD206 expedition around Kerguelen island are indicated in orange; Sampling sites analysed in 
Chapter 2 from of the PS113 expedition across the Atlantic Ocean are indicated in red; Sampling 
sites analysed in Chapter 3 from of HE492, HE431, HE533, MSM21 and MSM56 expeditions to 
sub-Arctic and Arctic fjords are indicated in yellow. Province label are added for provinces studied 
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in this thesis: ANTA – Antarctic, ARCT – Antlantic Arctic, BRAZ – Brazilian Current coast, 
CNRY – Canary Current coast, FKLD – Falkland Current coast, ISSG – Indian South Subtropical 
gyre, NADR – North Atlantic drift, NAST-E – North Atlantic Subtropical gyre – East, NATR – 
North Atlantic Tropical gyre, SANT – Sub Antarctic water ring, SATL – South Atlantic Subtropical 
gyre, SARC – Atlantic Sub-Arctic, SSTC – South subtropical convergence, WTRA – Western 
Tropical Atlantic.  
 

 
    
O1: Investigating temperature and primary productivity as two key structuring 

variables of microbial alpha diversity patterns in pelagic marine ecosystems.  

 

Two general theories exist of microbial alpha diversity patterns: Microbial diversity 

increases with increasing temperature across a latitudinal gradient (H1.1) (Rohde 1992), 

and higher microbial diversity is supported by increasing primary productivity (PP) until 

intermediate rates of PP (H1.2) (Vallina et al. 2014) within ocean provinces (Raes et al. 

2018). In Chapter 1 and Chapter 2, I explored whether these previously described 

relationships of microbial diversity and their activity hold in the south Indian Ocean, and 

across a latitudinal transect in the Atlantic Ocean. Specifically, Chapter 1 includes an 

observational study simultaneously assessing prokaryotic and eukaryotic diversity using 

16S and 18S rRNA gene amplicon sequencing techniques combined with in situ rate 

measurements of PP and N2 fixation, both microbially-mediated processes. In Chapter 2, 

I grouped the microbial 16S and 18S rRNA sequences into trophic functional groups based 

on literature research, a perspective that disentangles the direct and indirect relationships 

of microorganisms with PP and thus provides better insights into the food web and C-

cycling. 

 

 

O2: Mapping microbes: How can we better grasp the structure and function of 

microbial beta diversity in the surface ocean? 

 

Longhurst provinces can be used to delineate pelagic microbiomes (Faure et al. 2021) with 

clear province boundaries (Raes et al. 2018) (H2.1). However, less understood is whether 
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these beta diversity patterns also reflect microbial activity, as (partial) functional 

redundancy has been previously observed in marine ecosystems (Louca et al. 2016). 

Therefore, I investigated the following objective: (O2.1) How can we link microbial 

phylogeny to their activity within the framework of ocean provinces? In order to link 

phylogeny to activity, I classified 16S and 18S rRNA gene sequences in trophic functional 

groups based on literature research, and measured primary productivity and N2 fixation 

across the Indian Ocean (Chapter 1) and Atlantic Ocean (Chapter 2). In Chapter 1, I 

focused on how the beta diversity pattern, primary productivity and N2 fixation changes 

across a boundary in the South Indian Ocean to better understand the role of boundary 

currents for the structure and function of microbiomes.  

 

More practically, as microbes have fast turnover rates (hours to days; Martiny et al. 2006) 

they may also be good indicators to reflect change. This resulted in the following objective 

(O2.2) Can we use microbial beta diversity patterns to refine the boundaries of these 

existing delineations? In Chapter 2, I refined ocean provinces based on microbial beta 

diversity profiles. This approach can help to better identify appropriate boundaries for 

microbial ecosystems and thus inform about scales of microbial diversity change and to 

identify sampling schemes and potential sample patchiness. I used a combination of 

satellite observations, in situ measurements of temperature, salinity, dissolved inorganic 

nutrients (N, P, Si), particulate organic matter (C, N) and chlorophyll a concentrations for 

a more holistic approach of the different environmental variables shaping microbial 

diversity. 

 

 

O3: Assessing the effect of regional advection by surface currents on microbial 

biodiversity patterns 

 

Advection is a key determinant for microbial beta diversity patterns in the ocean (Jönsson 

and Watson 2016) (H3.1). Yet, the spatial scales of microbial biodiversity patterns are 

inadequately quantified in relation to temporal dimensions that are relevant to 

biogeochemical cycles and microbial biomass turnover rates. In Chapter 2, we calculated 
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productivity-specific length scales for each station across a latitudinal transect in the 

Atlantic Ocean. The productivity-specific length scale reflects the potential length scale of 

horizontal displacement of a microbial community over the period of biomass turnover 

(i.e., the inverse of specific primary productivity). This provides insights into forces driving 

diversity patterns within and across ocean provinces. Additionally, in Chapter 3, we 

estimated microbial transport – and thus the oceanographic connectivity between sampling 

sites of multiple time points. Specifically, we estimated the spatial scales for dispersal 

over a month, three month, six month, a year, and 5 year periods, using a hydrodynamic 

model to map large ensembles of Lagrangian drifter trajectories. This model analysis 

helped to resolve oceanographic connectivity of microbial communities between Arctic 

and sub-Arctic fjords.  

 

 

O4: Resolving the complexity of regional variabilities: spatial scales of microbial beta 

diversity patterns in coastal fjords 

 

In comparison to open ocean systems, the heterogeneity and variability of physical 

dynamics in coastal systems are not well resolved in the more coarsely defined Longhurst 

provinces (e.g. highlighted in Hardman-Mountford et al. 2008). Specifically, the Arctic 

region is marked by fragmented coastlines with fjords ranging deep into the terrestrial 

systems and productivity sustained by the input from marine-terminating glaciers. Shaped 

through these strong land-sea exchange processes, I hypothesized that: (H4.1) Microbial 

beta diversity is strongly shaped by the presence of marine-terminating glaciers. Previous 

work identified comparable links in fjords of the Southern Hemisphere (Maturana-

Martínez et al. 2021). In Chapter 3, I present an analysis of multiple Arctic and sub-Arctic 

fjords located in the Atlantic sector of the Arctic. The presence of marine-terminating 

glaciers in some of these fjords, and the absence of such glaciers in others, allows us to 

better understand (co-)occurrences of microbial taxa in these high-latitude environments.  
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O5: Enabling global scaling of ocean observations through consistent and 

reproducible method documentation 

 

The cross-comparability and meta-analyses of microbial datasets (such as the ones used in 

this thesis) strongly depend on how and which information we can access. Of course, this 

is not only an issue in microbial observation but spans across all ocean observing 

disciplines. Understanding of the underlying methodological choices and experimental 

designs allows better inter-comparability of ocean data. However, many method 

descriptions are incomplete, inaccessible or even lost; sharing its part to the existing 

reproducibility crisis of ocean data (Lowndes et al. 2017). In Chapter 4, we provide a 

perspective on how to document ocean methods more transparently and reproducibly. 

Through this, we pave the way for enhanced communication, collaboration and 

accessibility of methods to support the ocean community in developing, testing, and 

adopting scientific methods in more diverse contexts. This also supports a more effective 

use of available technologies and archiving systems such as the Ocean Best Practices 

System (OBPS), ultimately allowing the scaling of scientific observations more globally.  
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3. Chapters 

 

 

 

 

In this thesis, I demonstrate how functional activity can be decoupled from 

phylogenetic diversity through e.g. the environmental filtering of specific trophic 

functional groups in regions of high- and low chlorophyll a, respectively. Further, large 

variations in temporal and spatial scales impact the establishment of local communities and 

subsequently define ocean provinces. I show that beta diversity patterns reflect these ocean 

provinces and can in turn be used to refine ecosystem boundaries. In that context, the 

presented calculations of sample-wise productivity-specific length scales can help to 

identify sample patchiness and scale sample diversity in relation to different spatial levels 

of marine ecosystem structure. I apply these concepts through an integrative analysis of 

multiple Arctic and sub-Arctic fjords including multiple expeditions and sampling years 

and show how microbial communities disperse and form regional and within-fjord signals 

with different co-occurrence patterns between fjords with and without marine-terminating 

glaciers. Lastly, I provide perspectives on how consistent method documentation can make 

individual observations better reproducible, ultimately helping to improve inter-

comparability of multiple observations and scaling of science more globally. 
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CHAPTER 1: Hydrographic fronts shape productivity, nitrogen 

fixation, and microbial community composition in the southern 

Indian Ocean and the Southern Ocean 
 

 

 

Authors:  Cora Hörstmann, Eric J Raes, Pier Luigi Buttigieg, Claire Lo Monaco, Uwe John,  

  Anya M Waite 

 

 

 

 

Abstract 
 

Biogeochemical cycling of carbon (C) and nitrogen (N) in the ocean depends on both the 

composition and activity of underlying biological communities and on abiotic factors. The 

Southern Ocean is encircled by a series of strong currents and fronts, providing a barrier to 

microbial dispersion into adjacent oligotrophic gyres. Our study region straddles the boundary 

between the nutrient-rich Southern Ocean and the adjacent oligotrophic gyre of the southern Indian 

Ocean, providing an ideal region to study changes in microbial productivity. Here, we measured 

the impact of C and N uptake on microbial community diversity, contextualized by hydrographic 

factors and local physico-chemical conditions across the Southern Ocean and southern Indian 

Ocean. We observed that contrasting physico-chemical characteristics led to unique microbial 

diversity patterns, with significant correlations between microbial alpha diversity and primary 

productivity (PP). However, we detected no link between specific PP (PP normalized by 

chlorophyll a concentration) and microbial alpha and beta diversity. Prokaryotic alpha and beta 

diversity were correlated with biological N2 fixation, which is itself a prokaryotic process, and we 

detected measurable N2 fixation to 60°S. While regional water masses have distinct microbial 

genetic fingerprints in both the eukaryotic and prokaryotic fractions, PP and N2 fixation vary more 

gradually and regionally. This suggests that microbial phylogenetic diversity is more strongly 
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bounded by physical oceanographic features, while microbial activity responds more to chemical 

factors. We conclude that concomitant assessments of microbial diversity and activity are central 

to understanding the dynamics and complex responses of microorganisms to a changing ocean 

environment. 

 

 

 

Chapter 1 | 1 Introduction 
 

The Southern Ocean (SO), in particular its sub-Antarctic zone, is a major sink for atmospheric CO2 

(Constable et al. 2014). The SO is separated from the Indian South Subtropical Gyre (ISSG) by the 

South Subtropical Convergence province (SSTC), comprising the Subtropical Front (STF) and the 

Subantarctic Front (SAF). The SSTC is a zone of deep mixing and thus elevated nutrient 

concentrations (Longhurst 2007). Further, the SSTC has been shown to act as a transition zone 

both numerically and taxonomically for dominant populations of marine bacterioplankton (Baltar 

et al. 2016).  

 

In this dynamic context, a key driver of microbial productivity is nutrient availability, especially 

through tightly coupled carbon (C) and nitrogen (N) cycles. The constant availability of nutrients 

through vertical mixing in frontal zones, such as the STF, enhances primary productivity (Le Fèvre 

1987) and chlorophyll a (chl a) concentrations (Belkin and O’Reilly 2009). Primary productivity 

(PP) and specific primary productivity (PB, meaning primary productivity per unit chl a) are 

reflected in the relative abundance of different phytoplankton size classes whose productivity 

values are, in turn, stimulated by nutrient injections via shallowing of mixed layer depth (MLD) at 

the SO fronts (Strass et al. 2002); decreasing the possibility of N limitation. However, N limitation 

can also biologically be alleviated through N2 fixation mediated by diazotrophs, significantly 

contributing to the N pool in oligotrophic regions (Tang et al. 2019). In high-latitude regions, 

biological N2 fixation could potentially have a large impact on productivity (Sipler et al. 2017). 

However, large disagreements exist between models of high latitude N2 fixation and its coupling 

to microbial diversity due to sparse sampling in these regions (Tang et al. 2019). 
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Due to the dynamics of the region, conflicting observations, and climate-driven changes, resolving 

the coupling of microbial productivity and diversity is particularly important across the strong 

environmental gradients crossing the ISSG, through the SSTC into the SO. Indeed, climate 

variability has been shown to impact ocean productivity and thus influences the provision of 

resources to sustain ocean life (Behrenfeld et al. 2006). To date, observations of climate-change-

related effects in this region of the SO have been synthesized only based on long-term nutrient 

concentration and physical (temperature and salinity) changes (Lo Monaco et al. 2010); however, 

these typically lack a microbial dimension. Microbial composition, activity, and C export may all 

be impacted by climate-driven changes in ocean dynamics (Evans et al. 2011) such as MLD 

shallowing, eddy formation, and poleward shifts of ocean fronts (Chapman et al. 2020). For a more 

holistic ecosystem-based understanding of this region, concomitant assessments of (1) steady-state 

biogeochemical processes through rate measurements of key elements (such as C and N) and (2) 

the microbial diversity that underpins it are essential enhancements to such long-term 

investigations. 

 

Here, we measure the impact of C and N uptake on microbial community diversity, alongside the 

effects of hydrography (e.g., dispersal limitation) and local physico-chemical conditions across the 

Southern Ocean and southern Indian Ocean. We focused our investigation on surface communities, 

aiming to resolve horizontal surface variation. We used our observation to assess whether the 

following relationships – previously observed in related systems – hold in our study region: 

 

1. Microbial diversity increases with increasing primary productivity (PP). Previous work has 

claimed that more resources support higher species richness until intermediate rates of PP (Fig. 

C1.1; Vallina et al. 2014) within ocean provinces (Raes et al. 2018). 

2. Frontal systems are discrete ecological transition zones between regions that provide 

perspectives on the findings of  Baltar et al., (2016; see above). These systems often separate water 

masses with distinct trophic structures (e.g., Albuquerque et al., 2021). 

3. Microbial alpha and beta diversity are impacted by N2 fixation, which is itself correlated 

with the presence of other available sources of N and/or temperature; this is to provide more 

evidence on the role of N2 fixation to the N budget in high latitudes (see e.g., Sipler et al., 2017; 

Shiozaki et al., 2018). 
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To our knowledge, there are no concomitant evaluations of how surface gradients, microbial 

activity, and community composition relate to one another in this region. Here, we provide 

perspectives on these key relationships across the Indian South Subtropical Gyre (ISSG), the 

Subtropical Front (STF), and Subantarctic Front (SAF), and the SO comprising the Polar Front 

(PF) and Antarctic Zone (AZ). 

 

 

 

Chapter 1 | 2 Materials and methods 
 

 

Chapter 1 | 2.1 Study region, background data, and sample collection 

 

Our study region ranged from Réunion in the Indian South Subtropical Gyre (ISSG) to south of the 

Kerguelen Islands in the Southern Ocean (56.5°S, 63.0°E; Fig. C1.1a) as part of a larger repeated 

“OISO” sampling program – (Océan Indien Service d’Observations; Metzl and Lo Monaco, 1998; 

https://doi.org/10.17600/17009700). Samples were collected as part of the VT153/OISO27 

(MD206) cruise aboard the R/V Marion Dufresne from 6 January to 7 February 2017. 

 

Physical and biogeochemical data, as well as metadata, were collected from a rosette equipped with 

Niskin bottles and a conductivity, temperature, depth sensor (CTD) (Sea-Bird SBE32) equipped 

with a SBE43 O2 sensor and a Chelsea Aqua tracker fluorometer. OISO long-term data, starting in 

1998, were used as a backdrop to our data collected in 2018 and allowed us to monitor changes in 

physical and chemical oceanographic properties over time (Supplementary 1 File A).  

 

 

Chapter 1 | 2.2 Province delineation after Longhurst 

 

We identified three main clusters (i.e., ocean provinces) and five subclusters (i.e., water masses) 

on a temperature–salinity plot (Fig. C1.1b). As an overview, we used CTD depth profiles to 

validate the vertical extent of water masses in our samples (Fig. C1.1c, d) and checked the 

https://doi.org/10.17600/17009700
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horizontal extent of the identified clusters using remote sensing data of sea surface temperature 

(Supplementary 1 Fig. S1). Additionally, we checked the horizontal boundaries of these clusters 

for matches in strong chl a concentration gradients as an approximate for biological component of 

ocean provinces, following the concept of Longhurst (2007). Satellite data were acquired from 

MODIS (https://neo.sci.gsfc.nasa.gov/, last access: 16 June 2021), with images processed by 

NASA Earth Observations (NEO) in collaboration with Gene Feldman and Norman Kuring, i.e., 

NASA OceanColor Group (Supplementary 1 Fig. S2). We calculated the geodesic distance 

between sites from latitude and longitude coordinates using the geodist package in R (v0.0.4; 

Padgham et al., 2020). 

 

 

Chapter 1 | 2.3 Nutrient analysis 

 

Dissolved inorganic nutrient concentrations, including phosphate (PO4), silicate (Si), mono-

nitrogen oxides (NOx), nitrite (NO2), and ammonium (NH4), were assayed on a QuAAtro39 

continuous segmented flow analyzer (Seal Analytical) following widely used colorimetric methods 

(Armstrong 1951; Murphy and Riley 1962; Wood et al. 1967) with adaptations to particular needs 

for Seal Analytical QuAAtro autoanalyzer. NH4 was measured using the fluorometric method of 

Kérouel and Aminot (1997). Detection limits of these methods were 0.1 μmol L−1 for PO4, 

0.3 μmol L−1 for Si, 0.03 μmol L−1 for NOx, and 0.05 μmol L−1 for NH4.  

 

 

Chapter 1 | 2.4 Dissolved inorganic nitrogen and carbon assimilation 

 

At each CTD station, water samples to measure primary productivity (PP) and N2 fixation were 

taken from the underway flow-through system (intake at 7 m). As the ship was moving during 

sampling, the distance between samples of the same station can range up to 15 km. Incubations 

were performed in acid-washed polycarbonate bottles on deck at ambient light conditions. All 

polycarbonate incubation bottles were rinsed prior to sampling with 10% HCl (3x), deionized H2O 

(3x), and sampling water (2x). In order to obtain the natural abundance of particulate nitrogen (PN) 

https://neo.sci.gsfc.nasa.gov/
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and particulate organic carbon (POC), which we used as a t0 value to calculate the assimilation 

rates, 4 L of water was filtered onto a 25mm pre-combusted GF/F filter for each station. 

 

N2 fixation experiments were carried out in triplicate for each station. We used the combination of 

the bubble approach (Montoya et al. 1996) and the dissolution method (Mohr et al. 2010) proposed 

by Klawonn et al., (2015). The 4.5 L bottles were filled up headspace free. All incubations were 

initialized by adding a 15N2 gas bubble with a volume of 10 mL. We used 15N2-labeled gas provided 

by Cambridge Isotope Laboratories (Tewksbury, MA). Bottles were gently rocked for 15 min. 

Finally, the remaining bubble was removed to avoid further equilibration between gas and the 

aqueous phase. After 24 h, a water subsample was transferred to a 12mL exetainer® and preserved 

with 100 μL HgCl2 solution for later determination of exact 15N–15N concentration in solution. 

Natural 15N2 was determined using membrane inlet mass spectrometry (MIMS; GAM200, IPI) for 

each station with an average enrichment of 3.8±0.007 at% 15N2 (mean SD; n = 104). Primary 

productivity was measured by adding Na13CO3 at a final 13C concentration of 200 μmol L−1. 

Incubation bottles were incubated on board at ambient sea surface temperature (SST; water intake 

at 7 m) using a continuous-flow-through system. Temperature of both incubation bins was 

continuously measured. After 24 h, the C and N2 fixation experiments were terminated by 

collecting the suspended particles from each bottle by gentle vacuum filtration through a 25 mm 

pre-combusted GF/F filter (< 10 kPa). Filters were snap-frozen in liquid nitrogen and stored at −80 

°C while at sea. Filters with enriched (T24) and unenriched (T0) samples were acidified and dried 

overnight at 60 °C. Analysis of 15N and 13C incorporated was carried out by the isotopic laboratory 

at the University of California, Davis, California campus, using an Elementar Vario EL Cube or 

MICRO cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). 

 

Carbon assimilation rates were calculated according to Knap et al., (1996), excluding the 14C–12C 

conversion factor, and N2 fixation was calculated according to Montoya et al., (1996). The 

minimum quantifiable rate was calculated according to Gradoville et al., (2017). 
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Chapter 1 | 2.5 Pigment analysis 

 

For pigment analyses, 4 L of seawater was filtered (<10 kPa) on a 47mm Whatman GF/F filter and 

stored at −80 °C until further analysis. High-performance liquid chromatography (HPLC) was 

carried out as described in Kilias et al., (2013) with the following modifications: 150 μL of the 

internal standard canthaxanthin was included to each sample. Samples were dissolved in 4 mL 

acetone and disrupted with glass beads using a Precellys 24 tissue homogenizer (Bertin 

Technologies, France) at 7200 rpm for 20 s. Detection of the sample at 440 nm absorbance was 

performed using an HPLC analyzer (Varian Microsorb-MV 100-3 C8).We used chl a concentration 

to estimate phytoplankton biomass. Pigment concentrations were calculated according to Kilias et 

al., (2013) and quality controlled according to Aiken et al., (2009) (Supplementary 1 File A). HPLC 

output data were analyzed using diagnostic pigments for the different taxa and phytoplankton 

functional types (PFTs) after Hirata et al., (2011) (Supplementary 1 File A, Table S1). This 

approach can be used to reveal dominant trends of the phytoplankton community and size structure 

at the regional and seasonal scales (Ras et al. 2008). Furthermore, diagnostic pigments were used 

to delineate three different size classes (pico-, nano-, and microplankton) according to Vidussi et 

al., (2001). The relative proportion of each phytoplankton size class (PSC) was calculated based 

on the linear regression model proposed by Uitz et al., (2006). We investigated the patterns of PSCs 

with a second-order polynomial fit. 

 

 

Chapter 1 | 2.6 DNA analysis 

 

Two liters of seawater from the shipboard underway system from each station were filtered through 

a 0.22 μm Sterivex® filter cartridge for DNA isolation, snap-frozen in liquid nitrogen, and stored 

at −80 °C. DNA was extracted using a DNeasy® Plant Mini Kit (QIAGEN, Valencia, CA, USA, 

catalog no. or ID 69106) following the manufacturer’s instructions. Sterivex cartridges were gently 

cracked open, and filters were removed and transferred into a new and sterile screw-cap tube. 

Approximately 0.3 g of pre-combusted glass beads (diameter 0.1 mm; 11079101 Bio Spec 

Products) and 400 μL buffer AP1 were added to the filter, followed by a bead beating step using a 

Precellys 24 tissue homogenizer (Bertin Technologies, France), with two times at 5500 rpm for 
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20 s with 2 min on ice in between and a final bead beating step at 5000 rpm for 15 s. DNA 

concentrations were quantified by the Quantus™ fluorometer and normalized to 2 ng μL−1. 

 

Amplicon 16S and 18S rRNA gene PCR and sequencing 

Amplicons of the bacterial 16S rRNA gene and eukaryotic 18S rRNA gene (using primers from 

27F–519R; (Parada et al. 2016), TA-Reuk454FWD1–TAReukREV3; (Stoeck et al. 2010), 

respectively) were generated following standard protocols of amplicon library preparation (16S 

Metagenomic Sequencing Library Preparation, Illumina, part no. 15044223 Rev. B). The 16S and 

18S rRNA gene PCR products were sequenced using 250 bp paired-end sequencing with a MiSeq 

sequencer (Illumina) at the European Molecular Biology Laboratory (EMBL) in Heidelberg 

(Germany) and at the Leibniz Institute on Aging (FLI) in Jena (Germany), respectively. 

 

Amplicon sequence data analysis 

For both 16S rRNA gene and 18S rRNA gene amplicon sequences, we used the DADA2 R 

package, v1.15.1 (Callahan et al. 2016) to construct amplicon sequence variant (ASV) tables by 

the following steps: prefiltering “filterandtrim” function with truncLD50 and default parameters. 

Primer sequences were cut using the Cutadapt software implementation (v1.18) in the DADA2 

pipeline, removing a fixed number of bases matching the 16S forward (515F-Y, 19 bp) and reverse 

(926R, 20 bp) primers, and the 18S forward (TAReuk454FWD1, 20 bp) and reverse 

(TAReukREV3, 21bp) primers.  Primer trimmed fastq files were quality trimmed with a minimum 

sequence length of 50 bp and checked by inspection of the average sequence length distribution 

(for both the 16S rRNA gene and 18S rRNA gene sequences). Samples within forward and reverse 

fastq files were dereplicated and merged with a minimum overlap of 20 bp. ASV tables were 

constructed, and potential chimeras were identified de novo and removed using the 

“removeBimeraDenovo” command. Sequencing statistics for removed reads and sequences in each 

step can be found in Supplementary 1 Table S2. Taxonomic assignment was performed using the 

SilvaNGS (v1.4; Quast et al., 2013) pipeline for 16S rRNA gene data with the similarity threshold 

set to 1. Reads were aligned using SINA v1.2.10 (Pruesse et al. 2012) and classified using BLASTn 

(v2.2.30; Camacho et al., 2009) with the Silva database (v132) as a reference database. For 

taxonomic assignment of 18S rRNA gene amplicons, we used the plugin “feature-classifier” (from 

package “q2-feature-classifier”, v2019.7.0) in QIIME2 (Bokulich et al. 2018) and the pr2 database 
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(v4.12; Guillou et al., 2013). We removed ASVs annotated to mitochondria and chloroplasts from 

16S rRNA gene ASV tables and ASVs annotated as metazoans from 18S rRNA gene ASV tables. 

ASV tables of 16S rRNA gene amplicons, and 18S rRNA gene amplicons were used for further 

statistical analyses. 

 

 

Chapter 1 | 2.7 Ecological data and statistical analysis 

 

A combination of temperature, salinity, dissolved oxygen concentrations, and dissolved inorganic 

nutrient concentrations (NO3, NO2, NH4, Si, and PO4) were used to characterize the physical and 

biogeochemical environment of the study region.  

 

Statistical documentation, package citations, and scripts are publicly archived under 

CoraHoerstmann/MD206_Microbes (https://www.doi.org/10.5281/zenodo.5779517). All 

statistical tests were performed in R version 3.6.3 (R Core Team, 2020).  

 

Microbial alpha diversity was calculated with Hill numbers (richness, Shannon entropy, inverse 

Simpson, q = 0–2; Chao et al., 2014) using the iNEXT package v2.0.20 in R with confidence set 

to 0.95 and bootstrap = 100 (MD206_Microbes/alpha_diversity). Accordingly, rarefaction curves 

are shown in Supplementary 1 Fig. S3. Pearson correlations between microbial richness (q = 0), 

inverse Simpson diversity (q = 2), environmental parameters, and biological rates were calculated 

and plotted (ggplot2) (Supplementary 1 Fig. S4). The p values were adjusted for multiple testing 

using Holm adjustment (Holm 1979), and residuals were checked for normal distribution 

(Supplementary 1 Fig. S5). For comparability and statistical downstream analyses, we performed 

the following transformations to the ASV table and the environmental metadata: to account for the 

compositionality of sequencing data (see Gloor et al., 2017), we performed a centered log ratio 

(CLR)-transformation for redundancy analysis (RDA). We used Hellinger transformation 

(decostand() function in vegan) of the ASV pseudocount data (minimum pseudocount per ASV 

cutoff was 3) for PERMANOVA analyses. Environmental data were z-scored for comparable 

metadata analysis (S1_code_archive/transformations). For multivariate analyses of microbial beta 

diversity and environmental parameters, we performed redundancy analyses (RDA) of the CLR-

https://www.doi.org/10.5281/zenodo.5779517


Chapter 1 

32 

 

transformed ASV tables (MD206_Microbes /RDA). Differences of microbial beta diversity (based 

on Hellinger transformed ASV tables), phytoplankton community composition (based on pigment 

concentrations), and water masses were tested with permutational ANOVA (PERMANOVA; 

Anderson, 2001) using the adonis2() function in vegan along with a beta dispersion test to evaluate 

the homogeneity of the dispersion. To investigate where differences of environmental variables 

have an impact on microbial community dissimilarity, we performed a general dissimilarity model 

(GDM) of the community dissimilarity and environmental variables, and we checked for the 

influence of geographic distance based on spline magnitude (gdm package; 

MD206_Microbes/GDM). As differences in microbial beta diversity were significant in 

PERMANOVA between provinces and water masses, we performed a similarity percentage 

(SIMPER) analysis in R using the vegan package to assess which ASVs contribute most to the 

observed variance of microbial community composition (Supplementary 1 Table S3; 

MD206_Microbes/taxonomy_analyses). To determine the number of ASVs shared between 

provinces (or unique to certain provinces), we transformed ASV pseudocount tables into binary 

tables and calculated shared and unique ASVs using the upsetR package in R (v.4, Conway et al., 

2017; MD206_Microbes/upsetR). We calculated the percentage of all within-sample-observed 

ASVs within the merged samples of a province (Supplementary 1 Table S4). 

 

 

 

Chapter 1 | 3 Results 
 

 

Chapter 1 | 3.1 Delimitation of regional water masses 

 

Through our analysis of temperature, salinity, oxygen, and dissolved inorganic nutrient (N, P, Si) 

concentrations, we identified five distinct water masses, fronts, and frontal zones: the ISSG, STF, 

SAF, PFZ, and AZ, which broadly aligned with three oceanographic provinces (ISSG, SSTC, and 

SO; Fig. C1.1a). Within the Southern Ocean (SO), we identified four water masses in our transect 

including the Antarctic Zone (AZ) and three distinct frontal systems: (1) the Polar Front (PF), (2) 

the Subantarctic Front (SAF), and (3) the Subtropical Front (STF; Fig. C1.1). In our analysis, 
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stations 6, 7, and 9 were placed within the Polar Front Zone (PFZ), which is between the SAF and 

PF. Due to the bathymetrically driven convergence of the STF and SAF around Kerguelen island, 

we consider the SAF as part of the convergence zone between the SO and Indian Ocean (IO), i.e. 

the South Subtropical Convergence province (SSTC), rather than as a Southern Ocean frontal 

system. At 7 m depth, we noted clear shifts in temperature (SST), salinity, and dissolved inorganic 

nutrient (NO3, PO4, Si) concentrations when crossing the STF. The STF is described as a 

circumpolar frontal zone creating the boundary between our measurements of the warm (20–

25 °C), saline (> 35), and oligotrophic (NO3 < 0.03 μM; PO4 : 0.04–0.21 μM) subtropical waters 

(STW) of the Indian South Subtropical Gyre (ISSG) and the cold (3–6 °C) macronutrient-rich SO 

(NO3 : 19.2–24.9 μM; PO4 : 1.43–1.71 μM) (Figs. C1.1, C1.2, Suppelementary 1 Fig. S2). In the 

context of this study, STW and ISSG could be used interchangeably; we henceforth refer to it as 

ISSG. 

 

 

Chapter 1 | 3.2 Primary productivity (PP) 

 

Maximum primary productivity (PP) values within our dataset were measured near the Kerguelen 

Plateau in the Polar Front Zone (PFZ) at station 9 (3236.8 and 3553.3 μmol C L−1 d−1, respectively) 

and station E (2212.4–2688.1 μmol C L−1 d−1, n = 6). Comparing all PP measurements across water 

masses, we found relatively high PP in other stations of the PFZ (stations 6, 7; Fig. C1.3a; 

Table C1.1) and in the Subantarctic Front (SAF) (stations 4, 15). Lowest PP values (190.4–

642.6 μmol C L−1 d−1) were measured at the stations in the Indian South Subtropical Gyre (ISSG). 

While stations in the ISSG showed very little variations within one station (e.g., 226.09–371.07 

μmol C L−1 d−1, n = 6, station 18), variation within SO stations was relatively high (e.g., 587.42–

1875.58 μmol C L−1 d−1, n = 6, station 37; Table C1.1). 

 

Overall, the variation of specific primary productivity (PB) did not show great variations between 

provinces, with maximum rates at station 11 (Table C1.1; Fig. C1.3b). We did not find a significant 

correlation between mixed layer depth and PB (Pearson correlation: r = 0.21, p = 0.47, n = 12).  
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Figure C1.1. (a) The MD206 transect and OISO stations. Stations are colored according to water masses 
and encircled by sampling extent: black circles indicate stations where only CTD (conductivity, 
temperature, depth) data are provided, and stations encircled in red denote where additional samples for C, 
N, and community composition were taken. (b) A plot of potential temperature (in degrees Celsius (°C) and 
salinity (in practical salinity units)) using sea surface (7 m) data of the stations used in further microbial and 
C/N analyses. The yellow circle highlights the Indian South Subtropical Gyre (ISSG), light blue circle the 
Subtropical Front (STF), blue circle the Subantarctic Front (SAF), dark green circle the Polar Front Zone 
(PFZ) and the light green circle indicates the Antarctic Zone (AZ); dashed lines indicate water masses 
clustered within ocean provinces: the blue line marks the South Subtropical Convergence province (SSTC), 
and the green line marks the Southern Ocean (SO); panels (c) and (d) show depth profiles of temperature, 
oxygen, and salinity along two transects of the OISO stations. Colored bars indicate water masses according 
to (b). Panel (c) shows the western transect covering OISO stations 2, 3, 4, 5, 6, and 37 around 53±1°E 
longitude; panel (d) shows the eastern transect of OISO stations 10, 11, 12, 13, 14, 15, 16, and E around 
68±5°E. 
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Table C1.1. Sampling stations visited during the OISO27 cruise, including chlorophyll a concentrations, 
primary productivity (PP), specific primary productivity (PB), and N2 fixation. Mixed layer depth (MLD) 
was calculated using Δd = 0.03 kg m-3 compared to a surface reference depth of 7 m. NA indicates no data. 
Ranges and mean for sample replicates of N2 fixation and PP are given (n = 3 for stations 3, 9, 11, 15; n = 6 
for stations E, 37, 2, 4, 6, 7, 14, 16, 18). Colored bars indicate water masses; yellow bar highlight the Indian 
Ocean gyre (ISSG), light blue bar the Subtropical Front (STF), blue bar the Subantarctic Front (SAF), green 
bar the Polar Front zone (PFZ), and dark green the Antarctic Zone (AZ). 
Station Longitude 

 °E 
Latitude 
 °S 

MLD  
[m] 

chl a 
[µg L-1] 

Primary productivity (PP) 
[µmol C L-1 d-1] 

specific PP (PB) 
[µmol C µg chl a-1 L-1 d-1] 

N2 fixation  
[nmol L-1 d-1] 

MQR 
[nmol L-1 d-1] 

37 52.003 55.004 52.5 0.38 587.42 - 1875.58; 1185.59 1562 – 4988; 3153 0.76 - 3.09; 1.97 1.2 

11 63.006 56.499 49.5 0.18 1020.91 - 2065.12; 1541.95 5640 - 11409; 8519 0.23 - 2.20; 0.89 1.2 

10 68.421 50.667 88.2 0.15 NA NA NA NA 

E 72.367 48.8 81.3 0.83 2212.37 - 3114.53; 2645.72 2662 - 3748; 3184 0.18 - 2.09; 0.92 0.7 

7 58.004 47.667 49.6 0.58 942.99 - 4305.26; 2129.45 1634 - 7460; 3690 1.0 - 4.39; 1.75 1.2 

9 64.999 48.501 69.4 0.34 3236.8 - 3553.33; 3395.07 9568 - 10503; 10035 0.19 - 2.15; 0.88 0.8 

6 52.102 45.000 41.7 0.40 676.44 - 4242.33; 1977.6 1671 - 10481; 4886 0.17 - 3.25; 0.93 0.9 

14 74.884 42.499 30.8 0.64 994.1 - 3847.07; 2635.94 1548 - 5994; 4107 0.0 -  2.26; 0.78 0.7 

15 76.407 39.999 29.8 0.63 1579.92 - 2341.93; 1884.88 2514 - 3727; 2999 0.0 - 1.43; 0.24 1.2 

4 52.79 40.001 54.6 0.42 524.32 - 1876.67; 1069.21 1258 - 4504; 2566 0.11 - 4.91; 2.01 3.5 

3 53.499 35.000 15.9 0.25 350.33 - 845.86; 642.59 4787 - 11559; 8781 0.65 - 6.91; 2.81 5.4 

16 73.466 35.001 19.9 0.05 170.05 - 537.91; 378.28 3483 - 11018; 7748 0.39 - 2.21; 1.05 1.3 

2 54.1 30.001 12.9 0.06 63.24 - 324.72; 190.38 1003 - 5152; 3021 0.7 - 2.88; 1.58 2.6 

18 65.832 28.0 16.9 0.04 226.09 - 371.07; 301.38 5406 - 8873; 7206 0.94 - 7.92; 4.04 5.0 

 

 

Chapter 1 | 3.3 N2 fixation 

 

Di-nitrogen (N2) fixation was above the minimum quantifiable rate (MQR) at all stations (Table 

C1.1). N2 fixation measurements did not show a clear temperature-dependent trend (Fig. C1.3), 

and neither were they directly associated with low dissolved inorganic nutrient (DIN) values 

(Supplementary 1 Fig. S9). N2 fixation in the warm oligotrophic waters of the Indian South 

Subtropical Gyre (ISSG) was up to 7.93 nmol N L−1 d−1 (station 18; Fig. C1.3c; Table C1.1). 

Lowest N2 fixations were measured in the productive zone of the STF and SAF (0.24–2.01 nmol 

N L−1 d−1, n = 3). In the AZ, N2 fixation ranged between 0.89 and 1.97 nmol N L−1 d−1. The variation 

between replicates was high; e.g., rates ranged between 0.9 and 7.9 nmol N L−1 d−1 at station 18 

(Table C1.1). Across provinces, we did not find notable differences in N2 fixation. 
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Chapter 1 | 3.4 Phytoplankton pigment analyses 

 

Photosynthetic pigment concentrations showed a clear separation between the oligotrophic ISSG 

and the nutrient-rich SO (Supplementary 1 Fig. S6). Chlorophyll a concentrations were relatively 

low in the warmer water stations of the ISSG than in the SSTC and SO (Table C1.1). The relative 

proportion of phytoplankton biomass to the total organic matter was estimated by calculating the 

Figure C1.2. Nutrient concentrations (μmol L−1) and 
molar ratios of particulate organic carbon (POC) to 
particulate nitrogen (PN) during the MD206 expedition 
against sea surface temperature (°C): (a) nitrate, (b) 
phosphate, (c) silicate, and (d) POC : PN ratio. Colored 
bars indicate water masses according to their sea surface 
temperature: yellow bar highlights the Indian South 
Subtropical Gyre (ISSG), light blue bar highlights the 
Subtropical Front (STF), blue bar highlights the 
Subantarctic Front (SAF), dark green bar highlights the 
Polar Front Zone (PFZ), and light green bar highlights 
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ratio of PN : chl a and showed a strong increase in the ISSG (11.5‒29.7 PN : chl a, n = 4) in 

comparison to the SSTC (2.7‒7.2 PN : chl a, n = 3) and SO (2.8–15.3 PN : chl a, n = 6; 

Supplementary 1 Fig. S7). The phytoplankton community composition was significantly and 

markedly different across provinces (PERMANOVA; permutations = 999, R2 = 0.76, p < 0.001; 

n = 14) and water masses (PERMANOVA; permutations = 999, R2 = 0.81, p = 0.002, n = 14). The 

pigment concentration of prokaryote-specific pigment zeaxanthin was high in the ISSG (0.03–

0.06 mg m−3, n = 4; Supplementary 1 Fig. S6a). Zeaxanthin still occurred in the STF and SAF 

(0.03–0.04 mg m−3, n = 3) but disappeared in the SO (< 0.01 mg m−3, n = 6). Prochlorococcus was 

distinctly identified through its diagnostic pigment, divinyl chl a, and showed a relatively high 

pigment concentration in the ISSG (0.02–0.03 mg m−3, n = 4; Supplementary 1 Fig. S6a). We found 

concentrations of diatom-specific fucoxanthin (except station 18) ranging from 0.021 mg m−3 in 

the ISSG (station 16) to 0.34 mg m−3 in the SO (station 37; Supplementary 1 Fig. S6a). Across 

water masses, fucoxanthin concentration was slightly higher in the AZ (0.06–0.5 mg m−3, n = 4) 

than in all other water masses (0–0.13 mg m−3, n = 10). The distribution of potential phytoplankton 

size classes (PSCs; pico- nano- and microplankton), calculated from diagnostic pigments 

(Supplementary 1 File A), showed a clear pattern over temperature variations (Supplementary 1 

Fig. S6b). The pigment data suggested that picoplankton dominated warm water in the ISSG, and 

picoplankton abundance sharply decreased (second-order polynomial fit: R2 = 0.98, p < 0.001, 

n = 14) at lower values of SST. Pigment data also suggested that microplankton showed a contrary 

trend to the relative fraction of picoplankton, having high abundance in cold water and decreasing 

at higher values of SST, with a minimum at 20 °C SST and a slight increase (14% microplankton 

of all phytoplankton size classes) towards 25 °C SST (second-order polynomial fit: R2 = 0.77, 

p < 0.001, n = 14). Nanoplankton showed a maximum at 12 °C SST and decreased both towards 

warmer and colder waters (second-order polynomial fit, R2 = 0.58, p < 0.01, n = 14). 
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Chapter 1 | 3.5 Eukaryotic planktonic community composition 

 

For each station, except station 4, the V4 region of the small subunit ribosomal RNA gene (18S 

rRNA) was amplified and sequenced to determine the community composition of micro-, nano-, 

Figure C1.3. Primary productivity (PP) and 
specific primary productivity (PB) measured 
during the MD206 cruise. (a) PP in micromole 
carbon per liter per day against sea surface 
temperature (SST) in degrees Celsius (°C). (b) 
PB, normalized by chl a concentration. (c) 
Nitrogen fixation rates against sea surface 
temperature (SST) in degrees Celsius 
measured during the MD206 cruise. Rates are 
shown in nanomole nitrogen per liter per day. 
Colored bars indicate water masses: yellow 
bar highlights the Indian South Subtropical 
Gyre (ISSG), light blue bar highlights the 
Subtropical Front (STF), dark blue bar 
highlights the Subantarctic Front (SAF), dark 
green bar highlights the Polar Front Zone 
(PFZ), and light green bar marks the Antarctic 
Zone (AZ). 
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and pico-eukaryotes in all three oceanic provinces. We recovered a total of 2618 ASVs. After 

removing sequences annotated to metazoans, 2501 ASVs remained (4.4% of ASVs removed). 

 

We found a strong correlation between both eukaryotic richness and diversity (inverse Simpson 

index) with SST (Pearson correlations: r = 0.85, p < 0.001 for richness and r = 0.82, p = 0.001 for 

inverse Simpson, n = 12; Supplementary 1 Fig. S4a, c). Overall, eukaryotic diversity was 

negatively correlated with PP (r = −0.66, p = 0.02, n = 12; Supplementary 1 Fig. S4e) and 

significantly and positively associated with N2 fixation (r = 0.74, p = 0.01, n = 12; Supplementary 

1 Fig. S4g). However, a strong correlation between rate measurements (PP, N2 fixation) and 

eukaryotic diversity was only apparent in the ISSG, and no significant trend across other provinces 

(Pearson correlation after removal of ISSG samples from dataset: for PP r = 0.47, p = 0.24 and for 

N2 fixation r = −0.48, p = 0.23, n = 8). Our RDA constrained 81% of the variance in the ASV table, 

with a p value of 0.095 (permutations = 999, n = 12). Sites were well separated between Longhurst 

provinces along the first two RDA axes (capturing 52.67% constrained variance, Fig. C1.4a). Our 

PERMANOVA, which tested the province-based separation, produced moderate but significant 

results (permutations = 999, R2 = 0.54, p = 0.001, n = 12). An additional PERMANOVA grouping 

sites by water masses produced similar results (permutations = 999, R2 = 0.67, p = 0.001, n = 12; 

Fig. C1.4a).We found that more ASVs only occurred in one province rather than in two or more 

provinces (Fig. C1.4e). Sites within the ISSG province were associated with SST and N2 fixation. 

Sites in the SSTC were associated with high NH4 concentrations. Sites belonging to the SO were 

associated with dissolved inorganic nutrients (NO3, PO4, Si), dissolved oxygen, and chl a 

concentrations as well as high PP. Linear relationships between beta diversity and rates were only 

weak for PP (PERMANOVA; permutations = 999, R2 = 0.27, p = 0.004, n = 12) and both weak 

and insignificant between beta diversity and N2 fixation (PERMANOVA; permutations = 999, 

R2 = 0.13, p = 0.14, n = 12). Investigating whether and at which magnitude environmental 

parameters have an effect on microbial community dissimilarity, our general dissimilarity model 

(GDM) showed the expected curvilinear relationship between the predicted ecological distance and 

community dissimilarity (Fig. C1.4c I). Based on I-spline magnitudes of all tested environmental 

variables, geographic distance had little effect on community dissimilarity (Supplementary 1 Fig. 

S8a). Community dissimilarity changed most notably in response to variability in low magnitudes 

of PP (i.e., ISSG and STF; 17% of total community dissimilarity, n = 12) and plateaued with PP 
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above 1100 μmol C L−1 d−1 (Fig. C1.4c III). A community dissimilarity change occurred most 

notably when N2 fixation rates were above 2 nmol N L−1 d−1 (19% of change in total community 

dissimilarity associated with changes in N2 fixation rates) (Fig. C1.4c IV). Among all tested 

environmental parameters, our I-spline results showed that community dissimilarity increased most 

in response to variability in MLD and PO4 concentrations (49% of change in total community 

dissimilarity associated with MLD variability and 63% with PO4 variability, n = 12; Supplementary 

1 Fig. S8a). Significant differences in community dissimilarity structure between Longhurst 

provinces were associated with high-pseudocount taxa, dominated by dinoflagellates 

(Dinophyceae) and diatoms (Bacillariophyta; SIMPER analysis; Supplementary 1 Table S3). The 

pseudocount of ASVs belonging to the phylum Ochrophyta (Bacillariophyta_X) contributed to 

differences between ocean provinces (contributing to at least 9.51% of the differences in 

community dissimilarity between the SO and ISSG). Moreover, 4.79% of the differences in 

community dissimilarity between the SO and the SSTC were associated with a higher ASV count 

of Bacillariophyta_X ASVs in the SO. Further, we identified 10 ASVs belonging to the phylum 

Dinophyceae, contributing 2.1% to the community dissimilarity structure between the SO and 

ISSG and 5.79% to the community dissimilarity structure between the SSTC and ISSG. This was 

further supported by relatively high concentrations of the photosynthetic pigments chl c3 and 

peridinin (both indicative pigments for dinoflagellates) in the SO and SAF. We found a relatively 

high number of ASV94 and ASV23 (Chloroparvula pacifica) in the SSTC, contributing 3.07% to 

the community dissimilarity between the SSTC and the ISSG. 

 

 

Chapter 1 | 3.6 Prokaryotic community composition 

 

From each of the 14 stations, a fragment of the small subunit ribosomal RNA gene (16S rRNA) 

was amplified and sequenced to obtain insights into the diversity and community composition of 

prokaryotes. A total of 1308 ASVs were recovered from which we removed 267 ASVs annotated 

as chloroplasts and 68 ASVs annotated as mitochondria. Prokaryotic richness increased with 

increasing sea surface temperature (Pearson correlation: r = 0.65, p = 0.03, n = 11; Supplementary 

1 Fig. S4a). Maximum alpha diversity (inverse Simpson) estimate was found in the SAF (81.92, 

station 15; Supplementary 1 Fig. S4d). Prokaryotic alpha diversity (inverse Simpson) was 
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positively (but not significantly) linked to primary productivity (r = 0.36, p = 0.55, n = 11; 

Supplementary 1 Fig. S4f) but showed a significant negative correlation with N2 fixation (r = −0.7, 

p = 0.05, n = 11; Supplementary 1 Fig. S4h). 

 

Our RDA of the prokaryotic ASV table captured 90% of the total variance with a p value of 0.06 

(permutations = 999, n = 11). Sites clustered into Longhurst provinces along the first two RDA 

axes (62.48% of variance constrained; Fig. C1.4b). This was also shown in the PERMANOVA 

solution for Longhurst provinces (permutations = 999, R2 = 0.62, p < 0.001, n = 11) and our 

PERMANOVA grouping into water masses (permutations = 999, R2 = 0.74, p < 0.001, n = 11; 

Fig. C1.4b). We found more ASVs occurring in either the ISSG or the SO provinces rather than 

across all provinces (Fig. C1.4f). Further, the ISSG and the SO shared the least ASVs (Fig. C1.4f). 

In the RDA, sites within the ISSG province were positively associated with SST and N2 fixation. 

Sites belonging to the SO were positively associated with dissolved inorganic nutrients (NO3, PO4, 

Si), dissolved oxygen, and chl a concentrations as well as high PP (Fig. C1.4b). The community 

composition within the SSTC (STF and SAF) was distinct from that of the ISSG and SO along the 

second RDA axis (21.67% variance constrained) and positively associated with NH4 concentrations 

(Fig. C1.4b). Linear relationships between beta diversity and rates were weak for PP 

(PERMANOVA; permutations = 999, R2 = 0.31, p = 0.007, n = 11) and N2 fixation 

(PERMANOVA; permutations = 999, R2 = 0.2, p = 0.05, n = 11). 

 

Investigating whether and at which magnitude environmental parameters have an effect on 

prokaryotic microbial community dissimilarity, our general dissimilarity model (GDM) showed 

the expected curvilinear relationship (Fig. C1.4d I). Based on I-spline magnitude, geographic 

distance had little effect on community dissimilarity. The largest magnitude in community 

dissimilarity could be observed between 190–1200 μmol C L−1 d−1 (Fig. C1.4d III). Community 

dissimilarity changed most notably in response to variability in low magnitudes of N2 fixation and 

did not change in samples with highest average N2 fixation measurements (2.8 nmol N L−1 d−1 

station 3, and 4.0 nmol N L−1 d−1 station 18). Largest magnitudes of community dissimilarity were 

associated with dissolved oxygen concentrations (Supplementary 1 Fig. S8b). 
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Taxonomically, based on analysis of the CLR-transformed ASV table, the prokaryotic community 

was dominated by Proteobacteria, Cyanobacteria, and Bacteroidetes, which are all typical clades 

for surface water samples (e.g., Biers et al., 2009). The greatest community differences occurred 

between stations of the Southern Ocean (SO) and the Indian South Subtropical Gyre (ISSG) 

provinces. Structure in community dissimilarity between the ISSG and SO were mostly associated 

with the number of Flavobacteriaceae (11.52% of total community dissimilarity, SIMPER analysis, 

Table S6) and Planktomarina (Alphaproteobacteria) (5.69% of the total difference in community 

dissimilarity, SIMPER analysis, Supplementary 1 Table S3). Further, the SO had distinct ASVs 

belonging to the SUP-05 cluster, contributing 2.56% (ASV_12) to the difference between SO and 

SSTC. The ISSG was characterized by a high number of Cyanobacteria and some Actinobacteria. 

The cyanobacterial fraction was dominated by Prochlorococcus and Synechococcus. Within the 

class level, all stations were dominated by Alpha- and Gammaproteobacteria, Bacteroidia, 

Oxyphotobacteria (Cyanobacteria), and Verrucomicrobia. Within the Alphaproteobacteria, we 

found a great dominance of ecotypes I, II, and IV of SAR11 clade throughout all samples. The 

relative number of pseudocounts of bacteria belonging to the phylum Bacteroidetes decreased 

towards warmer SST in the ISSG, with significant differences between the SO and ISSG (Welch 

two-sample t test t = 4.58, p < 0.001, n1 = 341, n2 = 151). The phylum Bacteroidetes was largely 

dominated by the order Flavobacteriales (90.98% of annotated ASVs). Cyanobacteria mainly 

occurred in the SSTC and in the ISSG, which were dominated by Prochlorococcus in the ISSG 

and Synechococcus in the SSTC. Cyanobacterial pseudocounts were significantly lower in the SO 

in comparison to the SSTC (Welch two sample t test, t = −3.86, p < 0.001, n1 = 17, n2 = 31) and to 

the ISSG (Welch two-sample t test, t = 4.74, p < 0.001, n1 = 17, n2 = 45). Atelocyanobacteria 

(UCYN-A) occurred in the SAF (station 14) and ISSG (stations 2, 3). 
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Figure C1.4. (a) Eukaryotic and (b) prokaryotic community structures of different water masses measured 
during the MD206 cruise. Redundancy analysis (RDA) of 18S and 16S rRNA gene ASV tables as response 
variables and environmental metadata as explanatory variables; environmental metadata are represented as 
arrows. Constrained analyses were performed by water mass. There were significant relationships between 
water masses and community dissimilarities (PERMANOVA, 999 permutations; p < 0.001, R2 = 0.67 for 
eukaryotes and p < 0.001, R2 = 0.74 for prokaryotes). Colors indicate major water masses according to the 
legend: yellow bar highlights the Indian South Subtropical Gyre (ISSG), light blue bar highlights the 
Subtropical Front (STF), blue bar highlights the Subantarctic Front (SAF), dark green bar highlights the 
Polar Front Zone (PFZ), and light green bar highlights the Antarctic Zone (AZ). Eukaryotic (c) and 
prokaryotic (d) general dissimilarity model (GDM) with (I) observed compositional dissimilarity against 
predicted ecological distance, calculated from temperature+dissolved oxygen +NO3 +NH4 +Si +chl a +PP 
+N2 fixation; (II) observed compositional dissimilarity against predicted compositional dissimilarity to test 
the model fit; and contribution of (III) PP and (IV) N2 fixation to community dissimilarity expressed as a 
function of the environmental parameter (f(PP) and f(N2fix), respectively). For all functional plots of 
environmental data of the GDM analysis, see Supplementary 1 Fig. S8. Eukaryotic (e) and prokaryotic (f) 
UpSet plots of ASV intersections between Longhurst provinces. Analyses are based on binary tables 
(presence or absence) and the sum of all ASVs found across samples within one province. Intersection size 
shows number of ASVs shared between provinces (black dots, associated) and ASVs only found in one 
province (only black dot). Set size shows number of ASVs found in a specific Longhurst province. 
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Chapter 1 | 4 Discussion 
 

 

Each water mass in our study had a distinct microbial fingerprint, including unique communities 

in frontal regions. We highlight clear relationships between microbial diversity, primary 

productivity, and N2 fixation (high linear and nonlinear covariability) in the southern Indian Ocean 

Gyre (ISSG), the Southern Ocean (SO), and their frontal transition zone. Below, we discuss how 

this clear provincialism of microbial diversity is disconnected from regional gradients in primary 

productivity (PP) and N2 fixation across our transect. This could suggest that microbial 

phylogenetic diversity is more strongly bounded by physical oceanographic boundaries, while 

microbial activity (and thus, perhaps, their functional diversity, not assessed here) responds more 

to chemical properties that changed more gradually between the low- and high-nutrient provinces 

we sampled. 

 

 

N2 fixation and associated microbial diversity display distinct regional variations 

Overall, our N2 fixation (up to 4.4±2.5 nmol N L−1 d−1) was comparable to N2 fixation measured 

by González et al. (2014) above the Kerguelen Plateau (up to 10.27±7.5 nmol N L−1 d−1) and 

showed a similar latitudinal trend as N2 fixation further east in the Indian Ocean, although with 

around 10-fold lower absolute rates (0.8–7 vs. 34–113 nmol N L−1 d−1; Raes et al. 2014). We note 

that the localized rates reported by González et al. (2014) are to date the only published N2 fixation 

measurements in this region, likely to be close to the annual maxima because of high irradiance; 

however, further investigations across seasonal changes within the study area are needed to confirm 

our observations. Our regional data are therefore important in closing the gaps in N2 fixation 

measurements in the Southern Ocean, especially considering that large disagreements exist 

between models of high-latitude N2 fixation rates (Tang et al. 2019). N2 fixation measurements 

often show high basin-wide variability as well as high variability between samples at the same site, 

being sensitive to details of experimental design, incubation, and sea-state conditions (Mohr et al. 

2010). In aggregate, these issues are best accounted for by calculating the minimum quantifiable 

rate (MQR; Gradoville et al., 2017). We observed high heterogeneity of biological samples taken 

from the underway flow-through system 5 min apart (separated by 15 km) within the same water 
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mass. Similar variability in absolute measurements of N2 fixation (2.6–10.3 nmol N L−1 d−1 

7.5 nmol N L−1 d−1) were reported by González et al. (2014) close to our sampling site around 

Kerguelen island. This could imply a sub-mesoscale variability or influence of other unmeasured 

parameters. As oligotrophic gyres extend and displace southwards under climate change (Yang et 

al. 2020a), the biogeochemical and physical characteristics of the SO are changing (Caldeira and 

Wickett 2005; Swart et al. 2018), and biological regional N2 fixation might become an important 

N source for productivity. Our data showed maximal N2 fixation in the oligotrophic waters of the 

ISSG; however, notably, measurable N2 fixation occurred well into the SO, to 56 °S, suggesting 

that N2 fixation contributes to the regional N pool, despite other available sources of N (Sipler et 

al. 2017; Shiozaki et al. 2018). Similarly, we found a negative N in the SO, which potentially 

indicates a P excess supporting N2 fixation (Knapp 2012). Noteworthy is a slight increase in N2 

fixation in the Antarctic Zone (AZ). High-latitude measurements in northern polar regions (Bering 

Sea) reached 10–11 nmol N L−1 d−1 (Shiozaki et al. 2017), substantially higher than our 

measurements of the SO (0.8–1.9 nmol N L−1 d−1), potentially supported by the close proximity to 

the coast or other factors such as day length, seasonality, diazotroph community, or trace metal 

concentrations. Our results suggest that regional N2 fixation was not limited by the presence of 

other sources of bioavailable N (Supplementary 1 Fig. S9); this is a conclusion also reached in a 

number of studies including culture experiments (Knapp 2012; Eichner et al. 2014; Boatman et al. 

2018), as well as in situ measurements in the South Pacific (Halm et al. 2012); off the coast of 

Chile and Peru with rates up to 190 μmol N m−2 d−1 (Fernandez et al. 2011); and across the eastern 

Indian Ocean (Raes et al. 2015). This evidence counters the hypothesis of Breitbarth et al. (2007) 

that N2 fixation occurs only when other sources of N are limited. The contribution of N2 fixation 

to the N pool – and thus to productivity – varies strongly with ecosystem structure: in the SO, 

despite the local N2-fixation measurements, N2 fixation remains likely a very minor contributor to 

the N required by the microbial community for primary productivity. Our results also strongly 

suggest that prokaryotic community structure and composition (beta diversity) were strongly 

impacted by the presence of biological N2 fixation, which is itself a prokaryotic process (Karl et al. 

2002). For example, the N2-fixing Atelocyanobacteria (UCYN-A) occurred in the SAF and ISSG; 

however, to gain a clear insight into the community and N2 fixation, the diazotrophic community 

would need to be further resolved by amplicon analysis of functional (nifH) genes (Luo et al. 2012) 

as shown in other high-latitude studies (Fernández-Méndez et al. 2016; Raes et al. 2020). 
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Total and specific primary productivity differentially affect microbial diversity 

We found PP was highest in the PFZ and decreased towards higher latitudes in the SO (Fig. C1.3a). 

Strass et al. (2002) showed that frontal maxima of PP are expected, and the observed decrease was 

probably due to Fe limitation in the SO (Blain et al. 2008). Primary productivity can also be limited 

by Si concentration and light availability when the mixed layer deepens (Boyd et al. 2000), but in 

our data Si concentrations were high in the surface water samples, and light levels were close to 

maximum in austral summer. The measured maximum PP above the Kerguelen Plateau (station E) 

was likely stimulated by Fe inputs (Blain et al. 2007). Our results did not support prior observations 

that frontal regions (SAF and STF) supported higher specific primary productivity (PB; as reported 

in the Antarctic Atlantic sector; Laubscher et al. 1993). While phytoplankton community 

composition, phytoplankton size distribution, and nutrient concentrations were strikingly different 

between the ISSG and SO, we found little difference in PB, with some slightly lower values 

observed within the SSTC (Fig. C1.3b). Differences in PB usually arise from physiological changes 

due to variabilities in irradiance (Geider 1987), nutrient concentrations (Chalup and Laws 1990; 

Behrenfeld et al. 2008), or differences in phytoplankton community structure, where cyanobacteria 

have the highest PP efficiency and diatoms the lowest (Talaber et al. 2018). Thus, our observations 

suggest that either (1) there is a lack of selective pressure on photosynthetic efficiency between 

provinces or (2) mechanisms driving PB are different between provinces, and the sum of beneficial 

(e.g., increased nutrient concentrations in the SO) and detrimental mechanisms (e.g., low irradiance 

and photoinhibition through deep vertical mixing, reported from the Antarctic circumpolar current 

(ACC); Alderkamp et al. 2011) result in similar PB. The slight variation around the frontal system 

is hard to interpret, as the complex interplay between factors may result in stochasticity. Primary 

productivity can be an important driver for (phylogenetic) microbial alpha diversity (Vallina et al. 

2014), especially within ocean provinces (Raes et al. 2018). While our observational study only 

has a small number of samples within and between oceanic provinces (n = 12, nISSG = 4, nSSTC = 3, 

nSO = 4), it did suggest that further validation of this assumption is needed. We observed that PP 

changed gradually across the sampling region and that local variability in PP was high between 

samples taken 15 km apart within the SSTC and SO (Fig. C1.3a). These local variabilities can arise 

from complex physico-chemical interactions between the STF, SAF, and SO (Mongin et al. 2008). 

Counter to Vallina et al. (2014) and Raes et al. (2018), we found a significant negative correlation 

between eukaryotic alpha diversity and PP within the ISSG. Further, we found no correlation 
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between eukaryotic diversity and PP within the SSTC and SO and none between prokaryotic alpha 

diversity across all provinces (Supplementary 1 Fig. S7). In terms of beta diversity, we observed a 

structuring effect of PP for pigment, 16S rRNA gene, and 18S rRNA gene-derived diversity 

profiles (Fig. C1.4a, b, Supplementary 1 Fig. S8). Pigment analysis revealed that photosynthetic 

prokaryotic diversity is strongly impacted by the relative abundance of Prochlorococcus, which 

does not generally occur in cold high-latitude waters (> 40 S/N; Supplementary 1 Fig. S6) 

(Partensky et al. 1999) and, if so, only in low abundance (reviewed in Wilkins et al., 2013). Our 

16S rRNA gene analyses confirm these observations showing that (1) picoplankton – and 

specifically Prochlorococcus – had relatively high proportions in the ISSG but very low in the 

SSTC, (2) Synechococcus dominated the Cyanobacterial fraction in the SSTC, and (3) both 

Prochlorococcus and Synechococcus were not detected in the SO (Supplementary 1 Fig. S6). In 

the SSTC and SO, phytoplankton communities had high proportions of dinoflagellates 

(Dinophyceae) and diatoms (Bacillariophyta) (up to 74% of diatom diagnostic pigment 

concentrations), which are known as essential contributors to marine PP and microbial diversity 

(Malviya et al. 2016) and known to dominate the phytoplankton fraction within the Polar Frontal 

Zone (PFZ), especially as the blooming season progresses (Brown and Landry 2001). Further, our 

results show that phytoplankton community structure appears to be tightly coupled to the 

occurrence of specific heterotrophic organisms (Supplementary 1 Table S3) and thus may mediate 

an indirect effect of PP through microbial food webs (as also noted in, e.g., Sarmento and Gasol 

2012). For example, in areas of relatively high diatom concentrations, we found increased 

proportions of Flavobacteria. These bacteria specialize on successive decomposition of algal-

derived organic matter (Teeling et al. 2012) and are known associates of diatoms (Pinhassi et al. 

2004). Further, Planktomarina belonging to the Roseobacter clade affiliated (RCA) subgroup had 

relatively high proportions in the SO and is generally suggested to occur in colder environments 

(Giebel et al. 2009) and previously detected in the Polar Front (Wilkins et al. 2013). The RCA 

subgroup is known for dimethylsulfoniopropionate (DMSP) degradation in phytoplankton blooms 

(Han et al. 2020). In addition to bacteria known to be associated with phytoplankton, we also 

observed those which symbiose with other organisms (e.g., Georgieva et al. 2020), such as the 

sulfur oxidizing Thioglobaceae (SUP-05 cluster), previously found in symbiosis with Myctophidae 

fish near Kerguelen Islands (Gallet et al. 2019). While beyond the scope of this study, we encourage 



Chapter 1 

48 

 

further investigations of such trans-kingdom functional interactions as they themselves may offer 

regional insights. 

 

Implications for microbial regionality 

Microbial diversity was regionally constrained independent of geographical distance (GDM 

analysis), but it was partitioned into ocean provinces as repeatedly described for other ocean basins 

such as the Pacific (Raes et al., 2018) and the Atlantic Ocean (Milici et al. 2016). This supports the 

classical concept of microbial biogeography (Martiny et al. 2006). Further, we found that microbial 

beta diversity was even better resolved by individual water masses, highlighting the importance of 

including oceanographic boundaries that limit cross-front dispersal (Hanson et al. 2012; Wilkins et 

al. 2013; Hernando-Morales et al. 2017). Our beta diversity analysis confirmed the findings by 

Baltar and Arístegui (2017), who found unique environmental sorting and/or selection of microbial 

populations in the SAF and STF. Further, we were able to link these communities to high NH4 

concentrations. This suggests high recycling of nitrogen sources within the microbial loop and 

potentially favoring nitrification in this area (Sambrotto and Mace 2000). We also found increased 

dinoflagellate concentrations (PFT) which have been described to grow well under NH4 conditions 

(Townsend and Pettigrew 1997). Despite our small sample size within the SAF and STF, we were 

able to detect these characteristics, supporting the call from Baltar et al. (2016) for better integrating 

frontal zones in our understanding of microbial biogeography. Different trade-offs such as nutrient 

limitation and grazing can shape the microbial seascape (Acevedo-Trejos et al. 2018). In our study, 

the deviation between PN : chl a was large between the SO and IO with high PN : chl a ratios in 

the ISSG (Supplementary 1 Fig. S7), which has been used as an indicator of a relatively high 

abundance of heterotrophic microbes and protists over autotrophic organisms (Hager et al. 1984; 

Waite et al. 2007; Crawford et al. 2015). This would suggest that grazers formed a higher fraction 

of total biomass in the ISSG than in the SO. However, we did not measure zooplankton biomass 

or grazing rates, so this remains speculative. 
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Chapter 1 | 5 Conclusion and outlook 
 

 

Our study leads us to conclude that simultaneous assessment of microbial diversity, 

biogeochemical rates, and the physical partitioning of the ocean (provincialism) is central to the 

understanding of microbial oceanography. Each water mass in our study had a distinct microbial 

fingerprint, including unique communities in frontal regions. Microbial alpha diversity and 

community dissimilarity correlated with biogeochemical rate measurements; however, 

mechanisms driving this association need further investigation through high-resolution sampling 

across spatial and temporal scales. Our results also indicate that high-latitude N2 fixation could 

meaningfully contribute to the global and regional N pool (as reported for Arctic N2 fixation by 

Sipler et al. 2017), which may become especially significant as global stratification (and 

concomitant restrictions in deep water replenishment of nutrients) intensifies. While our sampling 

is too limited to conclude the point, our observations that phylogenetic diversity is constrained by 

hydrographic properties and province boundaries but that biogeochemical rates and nutrient 

concentrations are changing more gradually suggest that trans-province functional redundancy is 

present despite strong biogeographic separation in phylogenetic terms. As an outlook, we therefore 

encourage examining both phylogenetic and functional diversity to assess how functional groups 

and guilds contribute to the major biogeochemical (C, N) cycles across provinces and other 

biogeographic regions. Coordinated studies across ocean provinces are key to establishing the 

baselines we need to monitor the rapidly changing properties of the southern high latitudes in the 

face of rising temperature, acidification, and perturbations in regional currents. 
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Code availability.  

All code is publicly archived under https://www.doi.org/10.5281/zenodo.5779517 (Hörstmann, 

2021) in the github repository CoraHoerstmann/MD206_Microbes. 

Data availability.  

All HPLC data; environmental and rate measurement data, including PN, MIMS data, PP, and N2 

fixation; and minimum quantification rate calculations are stored in the PANGAEA database 

(Hörstmann et al., 2018). All sequences are archived in the European Nucleotide Archive (primary 

accession: PRJEB29488).

https://www.doi.org/10.5281/zenodo.5779517
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Abstract 
 

In the marine realm, microorganisms are responsible for the bulk of primary production, thereby 

sustaining marine life across all trophic levels. Longhurst provinces have distinct microbial 

fingerprints; however, little is known about how microbial diversity and primary productivity 

change at finer spatial scales. Here, we sampled the Atlantic Ocean from south to north 

(~50°S−50°N), every ~0.5° latitude. We conducted measurements of primary productivity, 

chlorophyll a, and relative abundance of 16S and 18S rRNA genes, alongside analyses of the 

physicochemical and hydrographic environment. We analyzed the diversity of autotrophs, 

mixotrophs and heterotrophs, and noted distinct patterns among these guilds across provinces with 

high- and low-chlorophyll a conditions. Eukaryotic autotrophs and prokaryotic heterotrophs 

showed shared inter-province diversity pattern, distinct from the diversity pattern shared by 

mixotrophs, cyanobacteria and eukaryotic heterotrophs. Additionally, we calculated samplewise 

productivity-specific length scales, the potential horizontal displacement of microbial communities 

by surface currents to an intrinsic biological rate (here, specific primary productivity). This scale 

provides key context for our trophically disaggregated diversity analysis that we could relate to 

underlying oceanographic features. We integrate this element to provide more nuanced insights 

into the mosaic-like nature of microbial provincialism, linking diversity patterns to oceanographic 

transport through primary production.  
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Chapter 2 | 1 Introduction 
 

 

The continuous movement of seawater and turnover of microbial biomass and diversity in marine 

ecosystems form a time-varying mosaic of phylogenetic and functional biodiversity across ocean 

basins. This complicates efforts to map, understand and monitor key marine ecosystem attributes 

such as microbial growth, biodiversity, and carbon cycling (Stec et al. 2017).  

 

Marine ecosystems comprise a wide array of microbial life: microbial (photo-)autotrophic, pro- 

and eukaryotes, form the base of the marine food web (Hutchins et al. 2015; Sunagawa et al. 2015), 

and sustain energy exchange, provision, and recycling of resources (Falkowski et al. 2008; Guidi 

et al. 2016) for higher trophic levels. Heterotrophs- and mixotrophs remineralize most of the carbon 

and nutrients from the primary production via the microbial loop, before these can be exported to 

the deep sea (Azam et al. 1983; Azam and Malfatti 2007).  

 

In terrestrial systems, primary producer communities have been used to define major biomes 

(Woodward 1987; Woodward et al. 2004), biogeographic realms, and ecoregions (Olson et al. 

2001) through their physical and functional structuring of ecosystems (Cardinale et al. 2011). In 

the ocean, Longhurst (Longhurst 2007) used chlorophyll a (chl a) concentrations as a proxy for 

phytoplankton biomass to delimit ocean provinces, alongside water temperature to distinguish 

water masses. Longhurst provinces are used to define oceanographic biogeographic subdivisions; 

however, static applications of these provinces typically overlook the dynamic interactions, life 

histories, endemism and/or vicariance within ecological assemblages, needed to truly map 

microbial biogeography. Thus, multiple variables including biomass, primary productivity (PP), 

and diversity need to be considered with carefully structured sampling across space and time 

(Kollmann et al. 2016). Here, we investigate how integrating multiple physical and biochemical 

variables – accounting for their horizontal displacement by surface currents – can improve our 

understanding of microbial provincialization across a high-resolution transect (~0.5° latitude) of 

the Atlantic Ocean.  
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Microbial assemblages can act as “fingerprints'' for water masses thanks to their high diversity, 

responsiveness, and (typically) fast generation time (hours to days; Martiny et al., 2006), aiding 

the definition of biogeographic boundaries in pelagic environments (Raes et al. 2011; Fuhrman et 

al. 2015). However, the dynamic nature of the oceans – with their fronts, currents, eddies, up- and 

downwellings, and other hydrographic features – has the potential to add additional complexity to 

the ecological variation between and within such regions (Oliver and Irwin 2008; Hernando-

Morales et al. 2017).  

 

Hydrographic features create structural variability in the ocean, which (through, e.g. modifying 

nutrient distributions) provides more diverse niche space for microbial communities to colonize. 

Unless mitigated, this would increase microbial diversity (e.g. Kemp and Mitsch, 1979; Cadotte, 

2006) and should favor phytoplankton productivity (Legendre 1981). While basin-scale horizontal 

dispersal of organisms by major ocean currents is known to reduce microbial β-diversity (Raes et 

al. 2011; Richter et al. 2019; Sommeria-Klein et al. 2021), mesoscale and sub-mesoscale horizontal 

transport of microbial communities, and the impact on their activity, is rarely taken into account, 

except in a few frameworks that couple ecology and hydrography (e.g. the “dual-lens” approach; 

Oldham et al., 2013). Indeed, hydrographic dynamics within and between ocean provinces interact 

with both neutral and selective ecological processes, resulting in communities in different 

successional states (Zhou et al. 2014) and/or shaped by opportunistic responses (e.g. Duffy and 

Stachowicz, 2006; Hartmann et al., 2012; Fadeev et al., 2021).  

 

Here, we assess the relative importance of regional water mass characteristics (physicochemical 

parameters and hydrography) on microbial diversity. Further, we resolve diversity responses along 

major trophic groups (auto-, mixo-, heterotrophs), an important but under-studied perspective in 

microbial ecology (reviewed in Seibold et al., 2018). We leverage a conceptual framework which 

asserts that microbial communities are distinct within oceanographic regions, separated by fronts 

and currents limiting microbial dispersal (Martiny et al. 2006; Milici et al. 2016; Raes et al. 2018). 

We then assess how ecosystem structure (i.e. hydrography), bottom-up, and top-down factors can 

qualify and advance traditional partitioning of the Atlantic into biogeographic provinces.   
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Chapter 2 | 2 Results 
 

 

Delineation of oceanographic, ecosystemic provinces 

Our analyses of remote sensing observations of geostrophic currents, sea surface temperature and 

chl a combined with in situ measurements of oceanographic features, chl a, and microbial diversity 

informed our determination of ecosystem boundaries shown in Figure C2.1. The ecosystem 

boundaries broadly overlapped with the Longhurst Provinces and we thus maintain the same 

naming conventions (Supplementary 2 Fig. S1). One exception was the South Atlantic Gyral 

(SATL) province, wherein sites were clearly ordinated into separate groups; one with cool waters 

(COLD; 20.4−23.3 °C) in the Argentine Basin, south of the Rio Grande rise, and northern, 

oligotrophic warmer waters (HOT; 25.1−27.5 °C) in the Brazil Basin (Supplementary 2 Fig. S2, 

S3). Further, Stations 24 and 92 were outliers with respect to the temperature-salinity plot used for 

identifying ecosystem boundaries (Supplementary 2 Fig. S2), and were thus not grouped in an 

ocean province.  

 

On a broad scale, we could separate ocean provinces into provinces with low and high chl a with 

significant differences in chl a concentratio𝑎𝑎ns (Wilcoxon, p = 9.112e−6, n1 = 38, n2 = 39), and 

significant differences in PP (Wilcoxon, p = 3.686e−5, n1 = 38, n2 = 39; Table C2.1). In our principal 

component analysis (PCA) (Supplementary 2 Fig. S4), sites in the Southwest Atlantic Shelves 

province (FKLD), Brazil Current Coast province (BRAZ), Canary Current Coast province 

(CNRY), North Atlantic Subtropical Gyre province (NAST-E), and North Atlantic Drift province 

(NADR) (i.e. high-chl a) provinces were associated with high particulate organic matter and high 

dissolved inorganic nutrient concentrations. Further, the SATL-COLD, SATL-HOT, Western 

Tropical Atlantic province (WTRA), and North Atlantic Tropical Gyre province (NATR) (i.e. low-

chl a provinces) provinces were associated with low temperatures and larger distance to coast 

(> 600 km; Supplementary 2 Fig. S4). 
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Province PP and chl a concentrations correlate across the transect (Pearson correlation; r = 0.48, 

p = 6.68e−6, n = 80), but did not always correlate within provinces (e.g. WTRA: r = 0.08, p = 0.8, 

n = 11). We measured the highest PP in the CNRY province, a peak in chl a concentrations relative 

to adjacent ocean provinces (Table C2.1), and total cell numbers of 1207±737 cells µl−1 

(mean ± SD, n = 30).  

 

Figure C2.1. Map of the PS113 
expedition showing chl a 
concentration gradients ranging 
from 0‒3 mg chl a m−3, total 
nanoplanktonic cell number 
(ranging from 1000 - 3000 cells 
μl−1) and primary productivity 
(PP) (nmol C l−1 h−1) against 
latitude. Stations are indicated 
by circles. Ocean provinces are 
indicated with colored lines. 
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Biomass turnover and transport of pelagic microbial communities 

In the following analyses, we used a quantitative comparison of biomass turnover (specific PP; PB) 

and current speed (see Methods, Equations C2.3, C2.4) to estimate the distance a microbial 

community has traveled through passive advection before half of its biomass has been turned over: 

the productivity-specific length scale (Fig. C2.2a).  

 
Figure C2.2. (a) map of the PS113 expedition indicating productivity specific length scale using a 
quantitative comparison of measured biomass turnover (half of standing stock phytoplankton biomass (chl a 
concentration) is replaced by new biomass (calculated from primary productivity rates) and measured  
horizontal current speed (ADCP horizontal velocity), see equation (3, 4) for more details. Direction is 
derived from ADCP measurements. Ocean provinces are indicated with colored lines. Light grey stars 
indicate low-chl a provinces, dark grey stars indicate high-chl a provinces (b) Specific primary productivity 
(PB) against current speed (m d−1) at each site. Sites are color coded according to ocean provinces. 
Productivity-specific length scales (km) are indicated by grey linears across the plot. (c) beta diversity to 
neighbouring sites based on ordination distances against productivity-specific length scales for each trophic 
functional group. Sites are color coded according to ocean provinces. Box 1 indicates high beta diversity 
with great variability within the CNRY province. Box 2 corresponds to beta diversity variation of most 
ocean provinces with an upper limit of 5 km productivity-specific length scale; box 3 indicates an increase 
in beta diversity with productivity-specific length scales > 5 km. 
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Based on the biological and physical component of the productivity-specific length scale, we 

observed strong sample variations in both variables (PB based on PP per day (d) and chl a, 

Table C2.1, and surface current speed) within and between provinces (Fig. C2.2b). For example, 

the SATL-HOT province had high variations in PB (0.007–0.07 mg C m−3 d−1, n = 15) with 

relatively constant horizontal current speed (1–3 m d−1). In contrast, we measured a large range of 

horizontal current speed (2–7 m d−1, n = 4) at relatively low PB (0.002–0.01 mg C m−3 d−1, n = 4) 

within the BRAZ province resulting in the largest productivity-specific length scales (up to 22 km) 

of our dataset.  

 

We used our calculations of sample-specific productivity-specific length scales to examine 

variabilities in beta diversity (β-diversity) between neighbouring sites (Fig. C2.2c). We noted three 

major regimes in our joint analysis of β-diversity and productivity-specific length scales 

(Fig. C2.2c):  The first regime matches the CNRY province and shows markedly high variability 

in β-diversity, but always at low (< 5km) productivity-specific length scales. The second regime 

shows a largely random scatter bounded by a well-defined upper threshold of β-diversity (0.05 

ordination distance). Similar to the first regime, we observed this distribution of β-diversity to be 

restricted to productivity-specific length scales under 5 km. The final regime occurs at productivity-

specific length scales between 5 km and 18 km. We observed an increase in β-diversity with 

increasing productivity-specific length scales. However, the variation between functional trophic 

groups increased with increasing productivity-specific length scales, too. Cyanobacteria, 

eukaryotic heterotrophs and mixotrophs were more similar to each other with a stronger increase 

in β-diversity compared to the β-diversity observed in prokaryotic heterotrophs and eukaryotic 

autotrophs.    

   

Alpha diversity (α-diversity) across functional groups and oceanographic provinces 

Rarefaction curves for both prokaryotes and eukaryotes saturated in all samples (Supplementary 2 

Fig. S5). Prokaryotic Shannon diversity was highest (260.1) at Station 11 (BRAZ province) and 

lowest (59) at Station 97 (WTRA province; Supplementary 2 Table S2). Eukaryotic Shannon 

diversity was highest (766.8) at Station 45 (SATL-COLD province) and lowest (11.2) at Station 8 

(BRAZ province).  
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We observed that α-diversity varied across trophic groups, provinces, and latitude (Fig. C2.3a). 

The α-diversity of both eukaryotic and prokaryotic autotrophs and eukaryotic mixotrophs was 

lower than that of heterotrophs. Relative to other functional groups, heterotrophic prokaryotes had 

higher α-diversity in the southernmost and northernmost provinces (FKLD, BRAZ, NADR).  

Shannon diversity increased towards the equator and was most pronounced for heterotrophic pro- 

and eukaryotes (Fig. C2.3a) with the highest α-diversity in the SATL-HOT, SATL-COLD, and 

WTRA provinces; the warmest and most oligotrophic provinces sampled. Similarly, the low-chl a 

provinces had significantly higher mixotrophic α-diversity than the high-chl a provinces 

(Wilcoxon, p < 2.2e−16, n1 = 39, n2 = 68). 

 

In relation to the physical-chemical parameters, α-diversity was positively and linearly correlated 

with physical variables (temperature and salinity), and negatively correlated with nutrient and 

biochemical concentrations (NO3, PO4, POC, PN, chl a) across ocean provinces (Fig. C2.3b). The 

correlation between temperature and α-diversity was significant for autotrophic eukaryotes, 

mixotrophs, and heterotrophic prokaryotes (Fig. C2.3b, Supplementary 2 Table S1). POC, PN, and 

chl a were significantly negatively correlated with the α-diversity of autotrophic eukaryotes. The 

α-diversity of heterotrophic prokaryotes was negatively correlated with NO3, PO4, POC, PN 

(Fig. C2.3b, Supplementary 2 Table S1). However, within provinces, we found both positive and 

negative correlations of functional groups with temperature, nutrients, and particulate matter (e.g. 

PN correlated positively with cyanobacterial diversity in the SATL-COLD province: r = 0.8, 

p = 3.85e−4, n = 15, Fig. C2.3b). 

 

Primary productivity had no significant correlations with picoplankton cell number or microbial α-

diversity across any trophic functional group (Supplementary 2 Table S1). However, in the CNRY 

province, where productivity rates were significantly higher than in other provinces (Wilcoxon, 

p = 5.75e−4, n1 = 17, n2 = 77), diversity of autotrophic eukaryotes and cyanobacteria were 

negatively correlated with PP (r = −0.6, p = 0.04, n = 14, and r = −0.6, p = 0.01, n = 14, respectively; 

Fig. C2.3b). 
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Figure C2.3. Alpha diversity across ocean provinces. (a) Mean microbial Shannon diversity of eukaryotic  
autotrophs, prokaryotic autotrophs (cyanobacteria), eukaryotic mixotrophs, heterotrophic eukaryotes and  
heterotrophic prokaryotes; Error bars indicate standard deviation of microbial Shannon diversity within each  
province. Sample size within each province are indicated below; (b) Pearson correlations of Shannon 
diversities with and environmental parameters within ocean provinces. Distance to coast (dCoast) calculated  
as distance of sample to next shore (in km), dBoundary is the distance to the province boundary of the  
sample identified to belong to, temperature is sea surface temperature (°C), salinity is sea surface salinity,  
oxygen (μM), nitrate (NO3) in μM, phosphate (PO4) in μM Silicate (Si) in μM, Particulate organic Carbon  
concentration (POC) in nM, particulate nitrogen (PN) concentration in nM, chl a in mg m−3, specific primary 
productivity (PB) in nmol C l−1 chl a−1, primary productivity (PP) in nmol l−1 h−1. Correlation plots with 
colors indicating gradient from negative (red) to positive (blue) correlation; correlations of not significant, 
i.e. p > 0.05, and with non-normal distribution of residuals in linear regression model were removed from 
the plot (for full correlation plot see Supplementary 2 Fig. S6, and Fig. S8–S15 for residual histogram plots 
of individual provinces and across the entire transect. Within provinces, correlations were calculated for 
eukaryotes and prokaryotes, respectively, and each trophic group (autotroph, mixotroph and heterotroph) 
against different environmental variables and against each other. Colored boxes indicate correlations within 
provinces: FKLD, Southwest Atlantic Shelves province (n = 4); BRAZ, Brazil Current Coastal province (n 
= 8); SATL, South Atlantic Subtropical Gyral province (COLD: n = 15; HOT: n = 20); WTRA, Western 
Tropical Atlantic province (n = 17); NATR, North Atlantic Tropical Gyral province (n = 6); CNRY, Canary 
Current Coastal province (n = 26), NAST, North Atlantic Subtropical Gyral province (n = 10); NADR, 
North Atlantic Drift province (n = 13). TOTAL indicates all samples across the entire transect (n = 121). 
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We noted that α-diversity of trophic functional groups are similarly structured in their correlations 

with environmental (physical + chemical) parameters; however, the magnitudes and significances 

of the correlations varied between groups (e.g. NAST-E PO4, auto.cyano; r = 0.83, p = 0.01; PO4, 

het.prok, r = 0.39 p = 0.27, Supplementary 2 Fig. S6, S7), as did the distribution of residuals 

(Supplementary 2 Fig. S8–S15). Between functional groups, we observed a significant positive 

correlation between the α-diversity of autotrophic eukaryotes and cyanobacteria in the CNRY 

provinces or between autotrophic eukaryotes and mixotrophs in the CNRY and NADR provinces 

as well as across the transect (Fig. C2.3b, Supplementary 2 Fig. S16).  

 

We observed that each province has a distinct correlation pattern across the variables we examined 

(Fig. C2.3b). Correlations were more pronounced in the CNRY province (Fig. C2.3b). We could 

not identify pairs of parameters with correlations that were consistently repeated across provinces 

(e.g. temperature, auto.euk SATL-COLD; temperature, auto.euk SATL-HOT; Fig. C2.3b). Further, 

we noted that samples were not evenly spread along bivariate plots, especially in physically 

energetic regions (i.e. large scatter of temperature‒salinity profile; Supplementary 2 Fig. S17).  

 

Beta diversity (β-diversity) patterns of auto-, mixo-, and heterotrophs across provinces 

Sites belonging to high-chl a and low-chl a provinces were well separated along the first axes of 

our redundancy analysis (RDA) plots for each trophic functional group (Fig. C2.4; between 40 and 

61% of variance constrained). Sites belonging to high-chl a provinces were associated with higher 

dissolved inorganic nutrient concentrations, particulate organic matter, and chl a concentrations. 

Sites belonging to low-chl a provinces were associated with higher temperatures, salinity and larger 

distances to province boundaries and the coast.  

 

We found that sites in low-chl a and high-chl a provinces were differentially ordinated in our RDA 

biplots. We observed the shortest distances between sites in low-chl a provinces when analyzing 

autotrophic eukaryotic diversity. In contrast, heterotrophic eukaryotic and mixotrophic diversity 

led to sites in low-chl a provinces being ordinated furthest apart from those in other provinces 

(Supplementary 2 Table S2). While autotrophic eukaryotic communities were distinctly separated 

between the high-chl a provinces, mixotrophic communities had short relative ordination distances 

or overlapped in these provinces (Fig. C2.4a, c; Supplementary 2 Table S2). Across all trophic 
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groups, the samples from the CNRY province showed the largest spread among the second RDA 

axes and partially overlapped with samples from the NAST-E province (Fig. C2.4). 

 

Prokaryotic heterotrophic communities were more similar to autotrophic eukaryotes in their pattern 

of the biplots (procrustes analysis, Supplementary 2 Table S2), with shorter relative distances in 

low-chl a than in high-chl a provinces (Fig. C2.4a, e; Supplementary 2 Table S1). In contrast, 

cyanobacteria, heterotrophic and mixotrophic eukaryotes were more similar to each other 

(procrustes analysis, Supplementary 2 Table S2); shorter relative distances in high-chl a than in 

low-chl a provinces (Fig. C2.4; Supplementary 2 Table S1). 

 

Analysis of the β-diversity among communities of heterotrophic pro- and eukaryotes, and 

mixotrophs ordinated station 24 between those that are characteristic of the BRAZ province and 

the southern, cold part of the SATL-COLD province (Fig. C2.4c, d, e). Similarly, analysis of β-

diversity of the autotrophic eukaryotes and mixotrophs at Station 92 (located between the SATL-

HOT and the WTRA province), ordinated the station between the SATL-HOT and WTRA 

(Fig. C2.4a, c).  

 

The SATL province, as defined by Longhurst (2007), clustered into two distinct groups in 

microbial β-diversity (Fig. C2.4) which was also apparent in our biogeochemical inspection and 

division into a southern dynamic (COLD) part, and a northern, oligotrophic (HOT) part in the 

Brazil Basin (Fig. C2.4). 
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Figure C2.3. Redundancy analysis (RDA) of CLR-transformed ASV counts, subsequently partitioned into 
separate ASV tables for each functional group (a) autotrophic eukaryotes, (b) autotrophic prokaryotes (c) 
eukaryotic mixotrophs, (d) heterotrophic eukaryotes, and (e) heterotrophic prokaryotes. Contextual spatial 
and environmental data (z-scored) were used as explanatory variables, represented as arrows. Samples 
cluster according to ocean provinces. Samples separate between low-chl a provinces (SATL-COLD, SATL-
HOT, WTRA, NATR) (indicated with light grey star) and high-chl a provinces (FKLD, BRAZ, CNRY, 
NAST-E, NADR) (indicated with dark grey star) along the first axis (RDA 1) across all functional groups.  
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Chapter 2 | 3 Discussion 
 

 

Our study revealed that microbial trophic groups showed variable α- and β-diversity patterns in 

relation to physical and biogeochemical environmental parameters across our south-to-north 

transect. Below, we discuss how our integrative results can contribute to refining microbial, 

biogeographic provincialism. Our results provide an estimate of sample-based spatial scales of 

differences in biodiversity signals, suggesting that observations of ecosystem function and stability 

need regional high-resolution sampling.   

 

 

In situ measurements of province characteristics deviate from Longhurst provinces 

Broadly, traditional Longhurst province boundaries (Longhurst, 2007) are determined by clustering 

remote sensing data on chl a and temperature data (e.g., Devred et al., 2007; Hardman-Mountford 

et al., 2008) or in situ measurements of phytoplankton pigment composition (Barlow et al. 2007; 

Taylor et al. 2011; Bracher et al. 2020); Our delineation largely overlapped (for about 80% of the 

stations) with the provinces delineated by Bracher et al., (2020) using hierarchical cluster analysis 

on phytoplankton group composition data derived from the HPLC marker pigments (see 

Supplementary Material Table S6; Hörstmann et al. 2021). However, we observed regional 

divergence. Most pronounced was the separation of the SATL province into SATL-HOT and 

SATL-COLD; supported by our physical, chemical, and microbial observations. This difference 

could not be detected in phytoplankton pigment-based analyses (see Bracher et al. 2020). Such 

observations (if confirmed) exemplify how new provincialisation can arise from microbial 

oceanographic perspectives.  

 

However, we also noted that some of our in situ measurements could lead to spurious distinctions 

within provinces. For example, we occasionally measured high nutrient and chl a concentrations 

in provinces known to be oligotrophic (Longhurst, 2007; e.g. up to 0.43 mg m−3 chl a in the NATR 

province). Given our sampling regime, this may simply be the result of sampling a transient patch 

of high-nutrient/high-chl a water. Our β-diversity supports this possibility, as NATR sites were 

largely ordinated with sites from other oligotrophic provinces along the first major axis in each of 
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our RDA triplots (Fig. C2.4). We note that this shows the value of microbial diversity data in 

holistically describing oceanographic provinces, especially when sampling dynamic regions.  

 

Ocean currents can drive overlaps in β-diversity signals: For example, ordinations showed that sites 

from the NAST-E and CNRY province overlapped (Fig. C2.4), likely caused by transport and 

dispersal along the Azores Current which joins the Canary Current (Fedoseev, 1970; 

Supplementary 2 Fig. S2a). The complex dynamics in the CNRY province (driven, for example, 

by a weakening of the Canary Current through coastal upwelling and eddy formations as described 

in accompanying studies of the same sampling campaign; (Bracher et al. 2020; von Appen et al. 

2020), likely contributed to increased microbial β-diversity, relative to most other provinces. 

Similarly, samples in physically energetic provinces (e.g. BRAZ province), defined by an increased 

scatter in their temperature-salinity profiles (Supplementary 2 Fig. S2, S17), were more distributed 

in their α-diversity suggesting that the habitat structure is more disrupted or patchy in these 

ecosystems and high-resolution sampling (< 50 km) is needed for stable biodiversity assessments 

as shown in other studies across ocean filaments (Fadeev et al., 2021) and fronts (Mousing et al. 

2016).  

 

 

Productivity-specific length scales and their role in microbial biogeography  

The ratio of primary productivity rate and current speed gives us a productivity-specific length over 

which a biological community is carried during a single biomass turnover. This can be interpreted 

as a scale relating the potential for observed changes in β-diversity to horizontal transport. This 

may be seen as a time-sensitive version of earlier relationships described between chl a patchiness 

and current speed (Powell et al. 1975). Specifically, we estimated the primary productivity rate 

(normalized PB) at each sampling site through 13C stable isotope experiments and biomass 

assessment (chl a concentration). The advective environment in which this growth occurs was 

characterized through measuring surface current speed – in m d−1 – at each sampling point. Overall, 

the productivity-specific length scale provides a first order estimate of the spatial scale of 

ecosystem patchiness in epipelagic systems, ultimately controlled by a key biological rate (PP) and 

horizontal current speed.  
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Across the Atlantic, we identified three regimes of β-diversity associated with different magnitudes 

of productivity-specific length scales (high diversity at low productivity-specific length scales 

(Fig. C2.2c/box 1), low diversity at low productivity-specific length scales (Fig. C2.2c/box 2), and 

increasing diversity with increasing productivity-specific length scales (Fig. C2.2c/box 3)), 

affected by different magnitudes of PB and current speed within different provinces (Fig. C2.2b).  

 

For example, prokaryotic growth in oligotrophic regions with low current speed, such as the SATL-

HOT province, has been shown to be controlled by heterotrophic grazing (Teira et al. 2019). In our 

data, the change in β-diversity within the SATL-HOT province occured at intermediate 

productivity-specific length scales with higher PB, higher proportional heterotrophic biomass, and 

higher eukaryotic heterotrophic richness relative to other sites (Fig. C2.2b, c/box 2). This can 

suggest that differences in productivity-specific length scales are a result of greater biological top-

down control on local biodiversity than differences in horizontal current speed. The β-diversity 

signals in provinces with high horizontal current speed increased with increasing productivity-

specific length scales (Fig. C2.2c/box 3 SATL-COLD, BRAZ), suggesting a possible shift in 

mechanisms for β-diversity at higher productivity-specific length scales. The observed increase in 

β-diversity was likely due to the variable local energetics of the Brazilian Coastal Current (De 

Souza and Robinson 2004); reflected in a large range of temperature-salinity signals in our dataset, 

Supplementary 2 Fig. S2). These energetics can result in a confluence zone of communities 

potentially far from their region of origin (Malvinas-Brazil Confluence; Clayton et al. 2013). 

However, at this point, we cannot differentiate between the physical and biological mechanisms as 

we also observed different magnitudes of ordination distances within different trophic functional 

groups.  For most of our sites (Fig. C2.2c/box 2), the length scale was < 5 km and did not correlate 

with the relatively low β-diversity signals in our RDA analyses (< 0.05 ordination distance). In this 

case,  β-diversity can be controlled  by one or more of the multiple environmental variables shaping 

microbial communities such as vertical mixing (Cheng et al. 2020), atmospheric processes (Mayol 

et al. 2014), macroorganisms (Troussellier et al. 2017), and anthropogenic impact (Nogales et al. 

2011).  

 

It is important to note that at this point, we discuss surface dynamics only, and do not include any 

consideration of vertical mixing, itself clearly an important feature in generating diversity changes 
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(Delong et al. 2006), and likely the source for the great heterogeneity of β-diversity in the CNRY 

province (Fig. C2.2c/box 1). Understanding the interplay of biological and physical controls would 

require more complete analyses of biological and physical interactions and is thus only a first-order 

estimate.  

 

Essentially, the productivity-specific length scale can be seen as defining a relevant scale of the 

mosaic of the biodiversity signatures measured in this study, revealing where higher-resolution 

sampling (< 5km) would have added more value to our data set and thus where more careful 

interpretations of our β-diversity results are necessary. It also provides a perspective on the 

resolution future campaigns should adopt to develop biogeographic understandings in each region.    

 

We are convinced that Lagrangian sampling – at scales informed by sample-based productivity-

specific length scales – could enhance our understanding of microbial pelagic biogeography. This 

approach would help characterize how far microbial communities in a given water packet could 

disperse within provinces boundaries, giving shape to their internal mosaics of biodiversity. This 

is analogous to how the Damköhler number relates exposure timescale and processing timescale of 

a chemical reaction, to express how spatially and temporally extended the impacts of that reaction 

will be felt (Oldham et al., 2013). 

 

 

Province-dependent correlation structures between α-diversity and environmental variables 

Across our entire transect, correlations between microbial α-diversity and environmental variables 

followed well-described latitudinal temperature-diversity relationships (e.g. Fuhrman et al., 2008; 

Ibarbalz et al., 2019). However, we observed more faceted environment-diversity relationships 

within provinces, especially within physically energetic provinces (Fig. C2.3b). More measured 

variables, including temperature, correlated with α-diversity in energetic provinces relative to those 

with less energetic profiles. This suggests that the temperature-diversity relationship is not 

controlled by thermal energy alone (see, e.g., Giebel et al., 2009), but is nested in a more faceted 

microbial response to local water mass characteristics. For example, the high-temperature 

provinces we sampled were also oligotrophic (low chl a), which would confound any attempt to 
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independently assess temperature-diversity relationships without accounting for the impact of 

oligotrophic conditions on α-diversity (Fig. C2.3a; Santi et al., 2019). 

 

Our results showed a nuanced relationship of PP to microbial α-diversity within provinces and do 

not corroborate previous observations, which detected significant positive correlations (Raes et al., 

2018). We observed moderate positive (but not significant at n = 20) correlations of PP and 

prokaryotic heterotrophic α-diversity in low-chl a provinces. This may be due to more oligotrophic 

conditions supporting more even saturation of available niches, rather than boom-and-bust 

dynamics characteristic of eutrophic environments and events (Duffy and Stachowicz 2006). In 

contrast, we observed a negative and significant correlation between α-diversity and PP in the 

highly productive CNRY province, suggesting the rise and succession (via invasibility) of a few, 

opportunistic phylotypes (Steiner and Leibold 2004), due to input of limiting nutrients from 

Saharan dust (von Appen et al. 2020). Together, our observations in the Atlantic and those in the 

Pacific (Raes et al., 2018) suggest that the relationship between PP and microbial α-diversity is 

nuanced, and observed signals depend on province-specific characteristics, which drive 

competition. 

 

Notably, the differences in sampling size (nmin = 8, nmax = 20) of different provinces impact 

individual correlation and correlation significance. Thus, we excluded the FKLD (n = 4) and NATR 

(n = 6) province from our correlation analysis. The great variability in significant correlations 

between environmental variables and microbial diversity showed that refined observations within 

provinces are needed to confirm the observed individual environment-diversity relationships.  

 

Low and high chl a conditions correspond to contrasting diversity patterns between trophic groups  

We observed contrasting β-diversity patterns in microbial functional groups associated with low- 

and high-chl a conditions, supporting the observations by (Irwin et al. 2006) of differences in the 

importance of environmental predictors for different phytoplankton functional types. Our results 

show that environmental conditions are important predictors not only on a phylogenetic level (e.g. 

diatoms vs dinoflagellates, Irwin et al., 2006) but also within trophic functional groups.  
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We observed that eukaryotic mixotrophic communities had relatively high α-diversity at each site 

and high β-diversity between sites in low-chl a provinces (vs. high-chl a provinces), suggesting 

that mixotrophy is supported under low-nutrient, low chl a conditions (see, e.g. Hartmann et al., 

2012). Similarly, the β-diversity of cyanobacteria and eukaryotic heterotrophs was greater in sites 

under low chl a conditions, suggesting these functional groups are more susceptible to selective 

forces in these provinces (e.g. increased cyanobacterial diversity under low phosphate conditions; 

Thompson et al., 2013).  

 

In contrast, we observed that there is greater β-diversity between sites across high-chl a provinces 

(vs. low-chl a provinces) when examining eukaryotic autotrophic and prokaryotic heterotrophic 

communities (Fig. C2.4a, e), which  are known to structure one another (Seymour et al. 2017). 

However, we did not observe any proportional change in the α-diversity of these groups between 

low- and high-chl a provinces. This suggests that higher productivity is contributing more to 

species turnover between sites, rather than greater diversity within sites (Vallina et al. 2014). 

Observing a stable number of Hutchinsonian niches suggests that their occupancy is driven more 

by stochastic than deterministic processes in these provinces.  These processes may include the 

dilution of slow-growing cells in dynamic systems (Irwin et al., 2006) as well as the prevalence 

and favoring of r-strategists in the community. However, further work is needed to explore these 

speculations.  

 

Overall, our results extend previous findings (Legendre, 1981) of coupling between microbial 

diversity and productivity, showing trophy-specific diversity patterns between low-chl a and high-

chl a conditions. Only more temporally and spatially expanded observations (factoring in 

functional diversity using metagenomics/-transcriptomics, improved hydrographic descriptions, 

and physicochemical/nutrient profiles in these regions would allow our observations to be more 

confidently linked to ecosystem states driven by productivity (Chase and Leibold 2002) and 

broader biogeographic descriptions.  
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Chapter 2 | 4 Conclusion  
 

 

Here, we assessed how measures of microbial diversity and activity can better inform ecological 

partitioning of the ocean, granting new perspectives on functional microbial biogeography across, 

within, and between provinces. We showed that eukaryotic autotrophs and prokaryotic 

heterotrophs show similar cross-province β-diversity patterns, distinct from those shared by 

mixotrophs, cyanobacteria and eukaryotic heterotrophs. Our calculations of a productivity-specific 

length scale are, to our knowledge, the first attempt to quantify – on a per-sample basis – the 

influence of surface ocean currents on microbial communities coupled to primary productivity 

measurements. This provides a first-order estimate of how spatially extended a microbial diversity 

signature may be, and thus the scale of a recognizable patch in a larger biogeographic area. Our 

findings also show the value of exploring functional communities (i.e. guilds) of microorganisms 

to more holistically understand community ecology with phylogenetic diversity data. We conclude 

that highly resolved sampling of these factors along more Lagrangian designs would help microbial 

ecology coherently map the subdivisions of the ocean’s biogeographic provinces.  

 

 

 

Chapter 2 | 5 Materials and Methods 
 

 

Chapter 2 | 5.1 Sample collection 

 

Our sampling was part of the PS113 (ANT-XXXIII/4) campaign onboard RV Polarstern from Punta 

Arenas, Chile, to Bremerhaven, Germany, from 2018-05-08 to 2018-06-10 (Strass 2018). We took 

discrete measurements for biophysical analyses of sea surface water at 193 stations in the Atlantic 

Ocean from about 11 m depth through the ship´s seawater system (Teflon® tubing with a 

membrane pump) at an interval of ~0.5° latitude. 
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Chapter 2 | 5.2 Province delineation after Longhurst  

 

We defined ecological regions based on the variables suggested by Longhurst (Longhurst, 2007), 

which include gradients in sea surface temperature, salinity, chl a, and checked for matches in 

nutrient concentrations (Supplementary 2 section 1, Fig. S1, Fig. S2). We classified samples into 

provinces by identifying 1) clusters on a temperature-salinity plot (i.e. by water mass) where 

clusters were constrained by geographic proximity (Supplementary 2 Fig. S2), and 2) boundary 

currents that coincided with province boundaries (i.e., where surface velocity vectors (geostrophic 

currents) were strong at province boundaries as identified above; Supplementary 2 Fig. S3a; 

Copernicus, 2020). We also identified ocean ridges in bathymetry profiles as features potentially 

structuring the modified provinces (GEBCO 2019). We compared our classification into Longhurst 

provinces with delineations proposed by Bracher et al. (2020) (Supplementary Material Table S6; 

Hörstmann et al. 2021). 

 

We classified provinces as high-chl a provinces if their mean chl a concentrations were above 

0.3 µg m−3 chl a, or as low-chl a provinces if their mean concentrations were below 

0.1 µg m−3 chl a. Provinces with mean concentrations between 0.1 and 0.3 µg m−3 were treated as 

ambiguous, and we defaulted to classifications in (Longhurst, 2007). For details see Supplementary 

2 section S1. 

 

We calculated the distances to the coast and to province boundaries in qgis 3.14 (QGIS Geographic 

Information System, 2020) by densifying the vector coastlines and extracting vertices, followed by 

extracting the distance from each site points to the nearest hub on the coast contours. We used the 

“110 m vector coastline” (v4.1.0, Natural Earth Data) and the province boundaries (delineated 

above) in our calculations. 
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Chapter 2 | 5.3 Biochemical and primary productivity profiling  

 

At each station, we collected biochemical samples for dissolved inorganic nutrients (silicate, 

phosphate, nitrate, and nitrite) as well as particulate organic matter (POC and PN). For details see 

Supplementary 2 section S2.  

 

We measured primary productivity (PP) with 200 µmol NaH13CO3 stable isotope incubations in 

triplicates over a time period of ~24 h.  For details on experimental design see Supplementary 2 

section S3 and incubation conditions are documented online in the Supplementary Material Table 

S7 (Hörstmann et al. 2021). Analysis of 13C incorporated into organic matter was carried out on a 

PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Cheshire, UK) by the Isotopic Laboratory at the UC Davis, California 

campus. PP was calculated as in equation (C2.1): 

𝑃𝑃𝑃𝑃 =  𝑎𝑎𝑎𝑎%(𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒ℎ𝑒𝑒𝑒𝑒)−𝑎𝑎𝑎𝑎%(𝑁𝑁𝑁𝑁)∗𝑃𝑃𝑃𝑃𝑃𝑃 
(100∗(𝐷𝐷𝐷𝐷𝑃𝑃(13𝑃𝑃)÷�𝐷𝐷𝐷𝐷𝑃𝑃(13)+𝐷𝐷𝐷𝐷𝑃𝑃(12𝑃𝑃)�−𝑎𝑎𝑎𝑎%(𝑁𝑁𝑁𝑁)∗𝐷𝐷𝑒𝑒𝑒𝑒𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑖𝑖𝐼𝐼𝑒𝑒 𝑎𝑎𝑖𝑖𝑡𝑡𝑒𝑒

   (C2.1) 

with at%(enriched) as the atom percent derived from 13C-spiked samples; at%(NA) is the atom 

percent of natural abundance derived from particulate organic carbon (POC) samples. Dissolved 

inorganic carbon (DIC) is assumed as 2000 µmol kg−1 (after Zeebe and Wolf-Gladrow, 2001). 

Incubation time is the time between sample spike and filtration (~24 h).  

We calculated specific primary productivity (PB) based on PP and chl a concentration, as shown in 

equation (C2.2). 

𝑃𝑃𝐵𝐵 =  𝑃𝑃𝑃𝑃
𝑒𝑒ℎ𝑙𝑙 𝑎𝑎

           (C2.2) 

Where PP is expressed in mg C m−3 d−1 and chl a concentration in mg chl a in m−3, resulting in a 

PB value in mg C m−3 d−1 chl a −1. 

 

Productivity-specific length scale 

To link the biomass turnover of microbial communities to their pelagic advection, we calculate a 

length scale for biological-physical coupling (productivity-specific length scale) using a 

quantitative comparison of measured biomass turnover and measured current speed. 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑠𝑠𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝 𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑝𝑝ℎ 𝑠𝑠𝑝𝑝𝑎𝑎𝑙𝑙𝑒𝑒 =  𝑙𝑙𝑙𝑙(2) ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑙𝑙𝑝𝑝 𝑠𝑠𝑝𝑝𝑒𝑒𝑒𝑒𝑝𝑝 ∗ 𝜆𝜆−1   (C2.3) 
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Where the productivity-specific length scale is expressed in km. current speed reflects average 

horizontal current speed from the VM-ADCP which provided data for the depth range 20−50 m. 

The λ is derived as in equation (C2.4). 

 

𝜆𝜆 =  𝑃𝑃𝑃𝑃
𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑠𝑠 𝑠𝑠𝑎𝑎𝐼𝐼𝑒𝑒𝑠𝑠 𝐼𝐼𝑖𝑖𝐼𝐼𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠

        (C2.4) 

PP is expressed in mg C m−3 d−1 and the standing stock biomass corresponds to the chl a 

concentration (in mg m−3) times 23 mg chl a (mg C)−1 (for conversion between chl a  and carbon 

concentrations (Geider 1987); validated against in situ POC concentrations; Supplementary 2 Table 

S4).  

 

 

Chapter 2 | 5.4 Microbial sampling, processing, and amplicon sequence analyses 

 

Flow Cytometry 

At each station, samples for cell counts were taken into 2 ml Eppendorf tubes, and incubated in the 

dark prior to fixation using 0.2% paraformaldehyde. Samples were snap-frozen and stored at 

−80° C while at sea. Samples were analyzed on a BD Accuri™ C6 Plus Flow Cytometer (BD 

Biosciences-US) according to Gasol and Moran, (2015). For details on measurements see 

Supplementary 2 section S4.  

 

Microbial DNA sampling 

For 16S and 18S rRNA gene sequencing analysis, 4 l of seawater were filtered through 0.2 µm 

Sterivex® filters. Filters were purged with air, tightly closed, snap-frozen in liquid nitrogen, and 

stored at −80°C until further analysis. 

 

DNA extraction and amplicon sequencing 

DNA was extracted using a DNeasy® PowerWater® DNA extraction kit (QIAGEN, Valencia, CA, 

USA, Catalog No./ID: 14900) following the manufacturer’s instructions. After DNA extraction, 

DNA concentration was quantified using a Quantus™ Fluorometer and normalized to 2 ng μl−1. 

Amplicons targeting the variable region 4 (V4) of the bacterial 16S rRNA gene (515F−806R) 

(Caporaso et al. 2016) and the variable region 4 (V4) of the eukaryotic 18S rRNA gene (TA-
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Reuk454FWD1–TAReukREV3) (Stoeck et al. 2010) were generated following standard protocols 

of amplicon library preparation (16S Metagenomic Sequencing Library Preparation, Illumina, Part 

#15044223 Rev.B) and sequenced using a MiSeq Sequencer (Illumina). 16S and 18S rRNA gene 

amplicon reads were generated using 300-bp paired-end sequencing using Nextera XT Index Kit 

v2 Set A-B (Illumina) index primer. Samples were demultiplexed using bcl2fastq (Illumina) with 

barcode mismatches set to 1.  

 

ASV tables for both 16S and 18S rRNA gene amplicon sequences were constructed using the 

DADA2 R package, v1.15.1 (Callahan et al. 2016). Samples were processed using the DADA2 

pipeline (v.1.15) with an additional step where primers were trimmed using cutadapt v1.18 after 

pre-filtering of FASTQ files. Diagnostics of each filtering step are documented online in the 

Supplementary material Table S9 (Hörstmann et al. 2021) and number of reads plotted for each 

filtering step in density plots (Supplementary 2 Fig. S18).  

 

Taxonomic assignment and functional grouping 

Taxonomic assignment was performed outside DADA2 using SilvaNGS (v1.4) (Quast et al. 2013) 

pipeline for 16S rRNA gene data with the similarity threshold set to 1. Reads were aligned using 

SINA v1.2.10 (Pruesse et al. 2012), and classified using BLASTn (v2.2.30) (Camacho et al. 2009) 

with the Silva database (v132) as a reference database. For taxonomic assignment of 18S rRNA 

gene amplicons, we used the QIIME 2 Plugin 'feature-classifier' (v2019.7.0 from package 'q2-

feature-classifier') in qiime 2 (Bokulich et al. 2018) and the pr2 database (v4.12) (Guillou et al. 

2013). 

 

We classified eukaryotic taxa as either autotroph, mixotroph, heterotroph, or unknown if no 

information of trophy was available by performing an unstructured literature search to validate 

expert-led assignment by UJ (see outcomes in Supplementary 2 Table S5). Prokaryotes, except 

Cyanobacteria, were considered to be dominated by a heterotrophic lifestyle (sensu Herndl et al., 

2008), see Supplementary 2 Table S5 for further details. 
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Chapter 2 | 5.5 Ecological data analyses  

 

We performed our data analysis using R v4.0.3 (R Core Team, 2020) and RStudio v1.4.1103 

(RStudio Team, 2021). Statistical analysis code is publicly archived on github 

(CoraHoerstmann/AtlanticMicrobiome) in the tagged release: 

https://zenodo.org/badge/latestdoi/329689664. Biophysical parameters, concentrations of 

particulate organic matter, dissolved inorganic nutrients, microbial cell counts, and PP 

measurements were used as environmental metadata for statistical analyses with microbial 

sequencing data. 

 

Alpha diversity (α-diversity) was determined by calculating Hill numbers (Chao et al. 2014) of 

richness, Shannon entropy, and Simpson concentration (q = 0, q = 1, and q = 2), using the iNEXT 

package (v2.0.20) repeating calculations 100 times 

(AtlanticMicrobiome/alpha_diversity/alpha_diversity.R). Rarefaction curves of all Hill numbers 

were plotted using fortify() of the ggplot2 package (v3.3.3). Further analyses were performed using 

Shannon diversity measures of each trophic functional group, as it reflects true diversity (richness 

+ evenness) and is less susceptible to fluctuations in rarer phylotypes.  

 

Pearson correlations between microbial Shannon diversity and environmental parameters (salinity, 

temperature, PO4, H4SiO4, NO3, dissolved oxygen, distance to province boundary, distance to 

coast, PN, POC, chl a) were calculated and plotted using the corrplot() function of the corrplot 

package (v0.84) and adjusted for multiple testing using the Holm-Bonferroni method 

(AtlanticMicrobiome/correlation_analyses/general_corrplot.R). Residuals of all correlations were 

screened for notable departures from Gaussian distributions, in which case these correlations were 

excluded from our results (AtlanticMicrobiome/correlation_analyses/Residuals_corrplot.R; 

Supplementary 2 Fig. S8‒S15). 

 

ASV tables and environmental metadata were transformed for comparability and statistical 

downstream analyses (general_clr_hellinger_transformations.R, z-scoring_subset.R in 

AtlanticMicrobiome/data_transformations/). Before transformations, we removed all ASVs 

with ≤ 3 instances across all samples. Further, before CLR transformation, we performed Bayesian-

https://zenodo.org/badge/latestdoi/329689664
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multiplicative treatments of zeros in the ASV tables using cmultRepl() function of the 

zComposition package (v1.3.4): this uses sample-wise totals to convert zero counts (which will 

lead to errors in log-ratios) into near-zero estimates, assuming undersampling rather than absence. 

To account for compositionality effects in our ASV tables (see Gloor et al., 2017), we performed 

a CLR-transformation for RDA. Prior to PERMANOVA analyses using the decostand() function 

in vegan (v2.5.6), Environmental variables were checked for normal distribution (Supplementary 

2 Fig. S19), and z-scored for scale-independent intercomparability. 

 

We examined the distribution of sites among environmental gradients using a PCA on our 

microbial diversity metadata. We tested differences of ocean provinces using two-sided Wilcoxon 

rank sum tests (hereafter: Wilcoxon) (AtlanticMicrobiome/environmental_analyses/PP_plots.R). 

    

To examine microbial beta diversity (β-diversity) and its relation to environmental and contextual 

variables, we performed a set of RDA using the CLR-transformed ASV tables as response matrices 

and tables of environmental variables as explanatory matrices. We calculated sun azimuth and 

altitude based on sampling time and location using the suncalc (v.0.5.0) package in R. We 

performed stepwise model to identify significant environmental variables using ordiR2step() 

function in vegan (AtlanticMicrobiome/multivariate_analysis_ordistep.R). Differences of 

microbial dissimilarity between ocean provinces were tested with a permutational MANOVA 

(PERMANOVA) (Anderson 2001) on Aitchinson distance of the CLR-transformed ASV tables 

using the adonis2() function along with a beta dispersion test to evaluate the homogeneity of 

dispersion using the betadisper() function in vegan 

(AtlanticMicrobiome/multivariate_analysis/RDA_functions.R). 

 

Data availability. 

Chlorophyll a (chl a) data was derived from (https://doi.org/10.1594/PANGAEA.913514) and 

published in (Bracher et al. 2020). Dissolved inorganic nutrients, Particulate organic matter and 

primary productivity measurements are publicly archived 

(https://doi.org/10.1594/PANGAEA.926458, https://doi.org/10.1594/PANGAEA.926460, and 

https://doi.org/10.1594/PANGAEA.926462, respectively). Sequence data for this study have been 

deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession number 

https://doi.org/10.1594/PANGAEA.913514
https://doi.org/10.1594/PANGAEA.926458
https://doi.org/10.1594/PANGAEA.926460
https://doi.org/10.1594/PANGAEA.926462
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PRJEB42499 (https://www.ebi.ac.uk/ena/browser/text-search?query=PRJEB42499), using the 

data brokerage service of the German Federation for Biological Data (GFBio, (Diepenbroek and 

Glöckner 2014), in compliance with the Minimal Information about any (X) Sequence (MIxS) 

standard (Yilmaz et al. 2011). The analysis based on satellite data was generated using E.U. 

Copernicus Marine Service Information and are available at: http://marine.copernicus.eu 

(Copernicus, 2020) using the GLOBAL_ANALYSISFORECAST_PHY_CPL_001_015 data (Lea 

et al. 2015). The 110 m vector coastline (ESRI shapefile; v4.1.0) is available at 

https://www.naturalearthdata.com/.  

 

Code availability. 

Statistical analysis code is publicly archived on github in the tagged release: 

https://github.com/CoraHoerstmann/AtlanticMicrobiome  

  

https://www.ebi.ac.uk/ena/browser/text-search?query=PRJEB42499
http://marine.copernicus.eu/
https://www.naturalearthdata.com/
https://github.com/CoraHoerstmann/AtlanticMicrobiome


Chapter 2 

78 

 

 

  



Chapter 3 

 

79 

 

 

CHAPTER 3: Marine-terminating glaciers structure Arctic and sub-

Arctic picoplankton diversity 
 

 

 

Authors:  Cora Hörstmann, Tore Hattermann, Pauline Thomé, Pier Luigi Buttigieg,  

Isidora Morel, Anya M. Waite, Uwe John 

 

 

 

Abstract 
 

Arctic fjords are complex marine ecosystems at the interface between terrestrial and marine 

systems experiencing the highest air and water temperature increase globally. These pristine 

ecosystems are some of the most productive high-latitude systems and are sustained by a diverse 

microbial community at the base of the marine food web. Due to the unique features of Arctic 

fjords, most studies concern a single or few fjords, and comparative studies incorporating 

connectivity paths and community networks are lacking. Furthermore, it is unknown how marine-

terminating glaciers impact key ecosystem attributes such as species co-occurrence structure and 

microbial community productivity. Here, we investigated the eukaryotic and prokaryotic 

picoplankton alpha and beta diversity structures of 93 surface water samples collected from 21 

Arctic and sub-Arctic fjords between 2012 and 2019. We modeled oceanographic connectivity 

between individual fjords and detected increasing dissimilarities in microbial community structures 

between fjords with greater hydrodynamic separation. Additionally, a multivariate analysis 

revealed that the microbial community structure was highly reflective of the presence or absence 

of marine-terminating glaciers. Furthermore, we observed a more prokaryotic-dominated co-

occurrence network within fjords without marine-terminating glaciers. This suggests that further 

loss of marine-terminating glaciers in fjord systems could induce a baseline community shift from 

more eukaryotic- to prokaryotic-dominated community structures and corresponding changes in 
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ecosystem functions. Our findings also suggest that these potential community changes could be 

further amplified by glacier melt and oceanographic transport of taxonomic groups. These effects 

are likely to be more pronounced for prokaryotes, whose dispersal is currently more restricted by 

temperature barriers than is the dispersal of eukaryotes. The present study refines understanding of 

the microbial picoplankton community structure, with potential implications for future scenarios 

and shifts at the base of the marine food web. Understanding these mechanisms will require more 

refined microbial observations along with time-resolved oceanographic models. 

 

 

 

Chapter 3 | 1 Introduction 
 

 

Arctic fjords are among the most productive regions of high-latitude ocean systems (Smetacek and 

Nicol 2005). Due to increasing anthropogenic climate change, fjords have been subject to severe 

ecosystem changes such as glacial retreat, changes in freshwater input, and altered matter exchange 

between terrestrial and coastal ocean systems (Hopwood et al. 2020). Glacial retreat and associated 

environmental changes in fjord systems pose a serious threat to local biodiversity and ecosystem 

function (Szeligowska et al. 2021).  

 

Microorganisms, the key players in marine primary productivity, form unique, regional 

communities in sub-Antarctic fjords (Maturana-Martínez et al. 2021). However, the structural 

impact of marine-terminating Arctic glaciers on microbial diversity is incompletely understood, 

limiting the ability to project how glacial retreat will impact fjord ecosystems.   

 

Arctic fjords are characterized by steep spatial and temporal environmental gradients, including 

strong seasonality (Marquardt et al. 2016) and strong physical gradients along the fjord length, 

which are driven by dynamic inputs of freshwater and nutrient release from glaciers and river runoff 

(Müller et al. 2018; Kim et al. 2020b). Additionally, anthropogenic climate change has regionally 

increased heat transport through poleward extension of Atlantic water, referred to as Atlantification 

(Polyakov et al. 2018), altering the ‘trails of life and death’ of species into the Arctic Ocean 
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(Wassmann et al. 2015). Increased Atlantification can cause northward shifts of key species in 

marine biogeochemical cycles such as Emiliania huxleyi (Neukermans et al. 2018; Oziel et al. 

2020), and increased dominance of Phaeocystis pouchetii (Nöthig et al. 2015) with potential 

alterations in energy transfer to higher trophic levels. Moreover, warmer surface water 

temperatures can increase the metabolic rates of picoplankton, ultimately increasing primary 

productivity (Frey et al. 2018) and altering the local carbon pool (Azzaro et al. 2021). At the 

community level, the microbial food web of Arctic estuaries is dominated by parasites during the 

winter season, and the co-occurrence of parasites with microbial species defines the majority of 

species interactions in genomic network analyses, shifting in summer to detritus-dominated 

microbial communities (Kellogg et al. 2019). Detailed ecological studies at multiple sites with 

different oceanographic, glacial, and environmental conditions are needed to elucidate the complex 

climate-related changes in microbial diversity and associated changes in food webs and carbon-

cycling. 

  

Analysis of microbes and their role in microbial food webs requires trait-based approaches, 

especially considering the large size range and differential ecological roles of microbes (Massana 

and Logares 2013). Among typical planktonic size classes (micro-, nano-, and picoplankton), pico-

eukaryotes, (here defined by a cell size of 0.2–3 µm), and prokaryotes, share several traits and 

make up a large fraction of the photoautotrophic biomass (Li et al. 2013). Furthermore, 

picoplankton are likely to play an increasingly important role in the Arctic Ocean in the future due 

to their high nutrient affinity (Li et al., 2009), large effective population size, and high genetic 

diversity (Elferink et al. 2017). 

 

Here, we investigated the impact of marine-terminating glaciers on picoplankton assemblages of 

multiple Arctic and sub-Arctic fjords, which included samples from 93 sites in 21 glacial- and non-

glacial-influenced fjords in Sweden/south Norway, north Norway, Svalbard, Iceland, east 

Greenland, and west Greenland.  We modeled oceanographic connectivity between these regions, 

hypothesizing that microbial beta diversity changes would be related to regional and pan-Arctic 

oceanographic transport of microorganisms, while being limited by local environmental selection 

processes (Wassmann et al. 2015). We applied both multidimensional analyses of prokaryotic and 

eukaryotic 16S and 18S rRNA gene sequences, together with environmental variables, and co-
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occurrence network analyses of prokaryotic and eukaryotic taxa. We hypothesize that fjords with 

and without glaciers have distinct beta diversity patterns and co-occurrence networks in both 

prokaryotes and eukaryotes, with microbial communities in glacier-influenced regions being more 

sensitive to freshwater input and the potential upwelling of deep communities (Maturana-Martínez 

et al. 2021). Further, similar to seasonal (Kellogg et al. 2019) or regional sea ice-influenced water 

masses (Fadeev et al. 2018), differences in dominating taxa and co-occurrence patterns could repeat 

regionally due to different glacier-influenced environmental conditions (Seifert et al. 2019). Our 

analysis contributes to an improved understanding of the microbial ecosystem structure on a pan-

Arctic scale in an ecologically-sensitive region subject to rapid and dramatic climate-driven 

changes. 

 

 

 

Chapter 3 | 2 Materials and Methods 
 

 

Chapter 3 | 2.1 Sampling  

 

Data analyzed in this study include datasets from five expeditions in Arctic and sub-Arctic coastal 

waters and fjord waters in the northern hemisphere during spring and summer between 2014–2019. 

The expeditions took place on the research vessels RV Maria S. Merian (MSM) and RV Heincke 

(HE). Specifically, this dataset consists of environmental (temperature, salinity, fluorescence, PO4, 

NO3, and Si) and picoplankton DNA data from the following cruises: HE431 in north Norway, 

south Norway, and Sweden in 2014; HE492 in Svalbard in 2017, HE533 in north Norway in 2019; 

MSM21-3 in Iceland and west Greenland in 2012 and MSM56 in Svalbard and east Greenland in 

2016. Sampling and processing of all environmental and sequence data were previously published 

elsewhere (Elferink et al. 2017, 2020; Seifert et al. 2019) or are described in Supplementary Section 

A (HE533, HE492). We sub-sampled one replicate (replicate A) for sites with multiple replicates. 

Additionally, we excluded clear outliers from analysis, which were due to a Crysocromulina spp. 

bloom (John et al. in prep.) during the HE533 expedition.  
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Chapter 3 | 2.2 Microbial DNA processing, amplicon sequencing, amplicon sequence analyses, and 

taxonomic assignment 

 

16S and 18S rRNA metabarcoding  

To extract DNA from the 0.2 µm polycarbonate filters, the Genomic DNA from soil (NucleoSpin® 

Soil) kit was used following the manufacturer’s protocol with a minor modification: the sample 

lysis was conducted with a bead beater (MagNA Lyser, Roche) for 2 × 30 seconds at 55,000 rpm.  

 

The variable region 4 (V4) of the small subunit ribosomal RNA gene (16S for prokaryotes and 18S 

for eukaryotes) was used as a molecular marker to determine the taxonomic community 

composition. Primers were selected in accordance with the Earth Microbiome Project 

(http://www.earthmicrobiome.org/protocols-and-standards/) using prokaryotic primers (515F–

806R) (Caporaso et al. 2016) and eukaryotic primers (TA-Reuk454FWD1–TAReukREV3) 

(Stoeck et al. 2010) with overhanging Illumina adapters. The library preparation preceding the 

sequencing followed standard protocols (16S Metagenomic Sequencing Library Preparation, 

Illumina, Part #15044223 Rev.B; Illumina Technology). 

 

The amplicon libraries were paired-end sequenced on the Illumina MiSeq sequencing platform. 

The prokaryotic samples were sequenced at the Alfred Wegener Institute in Bremerhaven, 

Germany, and the eukaryotic samples were sequenced at the Leibniz Institute on Aging (FLI) in 

Jena, Germany, using 300-bp paired-end sequencing on a MiSeq Sequencer (Illumina) with a 

MiSeq Reagent Kit v3 (600-cycle). All samples were demultiplexed using bcl2fastq (Illumina) with 

barcode mismatches set to 1. 

 

16S/ 18S rRNA sequence processing and taxonomic assignment 

Amplicon sequence variants (ASVs) were obtained by processing the resulting raw paired-end 

reads with R (R Core Team, 2013) package DADA2 v1.16.0 (Callahan et al. 2016) following a 

modified version of the DADA2 Pipeline Tutorial (v1.8). Processing of 18S rRNA gene reads and 

16S rRNA gene reads were performed separately. Reads were pre-filtered by length (minLen = 50) 

and quality (minQ = 2), followed by removal of the primers. The pre-filtered reads were further 

filtered by the expected length of the amplicon (240–160 bp for 16S rRNA V4 and 270–220 bp for 

http://www.earthmicrobiome.org/protocols-and-standards/
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18S rRNA V4) and quality, for which the maximum number of expected errors (maxEE) was set 

to 2.7 for forward reads and 2.2 for reverse reads. De-replication, error learning, and sample 

inference were then performed on the filtered reads. To obtain the full denoised sequences, the 

paired-end reads were merged with a minimum overlap (minOverlap) of 20 bp. Finally, chimeras 

were removed and the ASV tables were built. Prokaryotic and eukaryotic taxonomy were assigned 

against the Silva v132 database and the pr2 database v4.12, respectively. We removed all ASVs 

that were annotated as mitochondria or chloroplasts from the 16S rRNA ASV tables, and ASVs 

annotated as metazoans from the 18S rRNA ASV table. 

 

Oceanographic dispersal 

Numerical simulations were performed using the output of a 3D, high-resolution, general ocean 

circulation model of the Arctic Mediterranean to compute large ensembles of Lagrangian drifter 

trajectories and assess the potential dispersal of mircoorganisms and map oceanographic 

connectivity between the sampling sites. 

 

The hydrodynamic model used to represent the ocean currents in the study area was based on 

metROMS (https://doi.org/10.5281/zenodo.290667), which couples the state-of-the-art Regional 

Ocean Modeling System (ROMS, http://myroms.org), a free-surface, hydrostatic, primitive 

equation ocean general circulation model (Shchepetkin and McWilliams 2005), with the 

comprehensive dynamic-thermodynamic sea ice model CICE 

(https://zenodo.org/record/1205674). metROMS was run with a horizontal resolution of 4 × 4 km 

in an orthogonal, curvilinear grid covering the entire Arctic Mediterranean over 2005–2017, 

referred to as the “A4-setup” (Isachsen 2015; Hattermann et al. 2016). A4's initial state and 

boundary conditions were derived from monthly-averaged global reanalyses (Storkey et al. 2010) 

and additional forcing along its open boundaries using the global TPXO tidal model (Egbert and 

Erofeeva 2002). Atmospheric forcing was conducted via 6-h ERA-Interim reanalysis (Dee et al. 

2011). Riverine freshwater input was provided in the form of monthly climatologies from 26 major 

rivers encircling Northern Europe and the Arctic Mediterranean and additional glacial runoff 

estimates from Greenland and Svalbard. Output from the A4-setup contained velocity fields in 32 

terrains following vertical layers, and a temporal resolution of 24 h. The first two model years were 
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discarded as spin-up, and validation against available observations confirmed that the model 

satisfactorily reproduced the general features of currents, hydrography, and sea ice. 

 

Synthetic floats were introduced to A4 and tracked using TRACMASS (www.tracmass.org; Döös 

1995) while they were freely advected by the model's daily averaged velocity field. Cohorts of 

approximately 1,000 floats were seeded every 10 days, evenly distributed between 5 m and 20 m 

depth in an area of 3 × 3 model grid cells centered on each sampling site and tracked over a lifetime 

of 5 years. To assess the statistical dispersal due to time-varying ocean currents, for each sampling 

site, time series of ensemble-mean drifter concentrations were computed on the A4 grid by 

counting the number of drifters of a given age per grid cell from all cohorts, divided by the total 

number of drifters of that age and all cohorts within the model domain (Supplementary 3 Fig. S1). 

Based on these calculations, the matrices of oceanographic connectivity between release and 

receiving sampling sites were obtained (Supplementary 3 Fig. S2–S7) by averaging the drifter 

concentration of a given release site within a 15 × 15 cell area centered on the receiving site. Station 

HE533.F02.28A (Tanafjord) and HE431.F02.19 (Sognefjord) were excluded from this analysis, as 

these stations were located close to land and could not be resolved by the A4 coastline geometry. 

Because drifter counts generally decrease exponentially as drifters disperse away from their origin, 

a logarithmic scale was used to compare drifter concentrations. 

 

Statistical analyses 

We performed all data analysis using R v4.1.0 (R Core Team, 2021) and RStudio v1.4.1106 

(RStudio Team, 2021). All code publicly archived AGJohnAWI/ArcticPicos under 

https://doi.org/10.5281/zenodo.5781579.  

 

ASV tables and environmental metadata were transformed for comparability and downstream 

statistical analyses. Before transformations, we removed all ASVs with ≤ 1 instances for eukaryotes 

and prokaryotes, and performed Bayesian-multiplicative treatments of zeros using the cmultRepl() 

function of the zComposition package (v1.3.4). We performed CLR-transformation of the ASV 

tables for redundancy analysis (RDA). Further, we calculated the Aitchinson distance of the ASV 

tables for distance analysis (ArcticPicos/data_transformations). 

 

https://doi.org/10.5281/zenodo.5781579
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Hill numbers for alpha diversity sample richness and Shannon entropy (Chao et al., 2014) were 

calculated using the iNEXT package (v2.0.20) with 100 iterations. Pielou evenness was calculated 

by dividing Shannon evenness by sample richness. Differences in alpha diversity scores were tested 

with the F-test for sample variances followed by a two sample t-test with var.equal = FALSE 

(ArcticPicos/alpha_div).  

 

We tested the effect of hydrodynamic connectivity on microbial beta diversity changes through 

correlation analysis. Specifically, we turned the oceanographic connectivity matrices for each 

temporal bin into hydrodynamic distance matrices by calculating the inverse of the log10 of the 

synthetic particles between each site pair. The total number of observed site pairs was 210. To test 

the effect of oceanographic connection on microbial beta diversity, we removed sites that were not 

oceanographically connected from analysis. We then normalized the data to the range between 0 

and 1, with values close to “0” indicating small hydrodynamic distance and values close to “1” 

indicating large hydrodynamic distance. We calculated the Pearson correlations between the 

normalized hydrodynamic distances and 16S rRNA and 18S rRNA Aitchinson distances using the 

cor.test() function of the stats package (v4.1.0) (ArcticPicos/analysis_distance). 

 

We identified significant explanatory variables for microbial beta diversity structure using the 

permutational analysis (ordiR2step() function with perm.max set to 200), and investigated 

microbial beta diversity and contextual environmental data using RDA 

(ArcticPicos/analysis_multivariate). Residuals of RDAs were checked for normal distribution 

(Supplementary 3 Fig. S8). We tested differences between sites based on ASV tables between 

geographic regions, fjords, and regions with and without marine-terminating glaciers with a 

permutational ANOVA (PERMANOVA) using the decostand() function in vegan (v2.5.7). 

Environmental variables were checked for normal distribution and z-scored for scale-independent 

intercompatibility. Further, we produced binary (presence/ absence) ASV tables and calculated the 

number of overlapping ASVs between sites with marine-terminating glaciers and without marine-

terminating glaciers using the upsetR package (v1.4.0). 

 

We created cross-domain microbial networks of glacial- and non-glacial-influenced regions of 

merged eukaryotic and prokaryotic CLR-transformed ASV tables (sensu Tipton et al. 2018). We 
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imported ASV tables, contextual metadata, and taxonomy tables into a phyloseq object using the 

phyloseq package (v1.36.0) (ArcticPicos/analysis_network). ASVs were agglomerated at the genus 

level using the tax_glom() function in phyloseq and split into glacier- and non-glacial-influenced 

regions using the phyloseq_sep_variable() function in metagMisc (v0.0.4). If taxonomic 

assignment at the genus level was missing, we added a class level denoted by “f__” and an 

individual number. Microbial networks were calculated and visualized using the NetCoMi package 

in R (v1.0.2) (Peschel et al. 2020). Conditional dependencies of ASVs were calculated based on 

SPIEC-EASI (Sparse InversE Covariance estimation for Ecological Association and Statistical 

Inference) associations using the netConstruct() function with sparsification set to 0.3 and using 

the “multRepl” option for zero handling. Networks were analyzed using the netAnalyze() function 

with the cluster method set to "cluster_fast_greedy", hubs set to nodes with simultaneously 

characterized by highest degree, betweenness, and closeness centrality (hubPar = c("degree", 

"between", "closeness")), and nodes identified as hubs if the node’s centrality value was above the 

90% quantile (hubQuant = 0.9).  

 

 

 

Chapter 3 | 3 Results 
 

 

Chapter 3 | 3.1 Geographic location and large-scale oceanographic-related community dissimilarity 

 

We analyzed a total of 93 surface ocean samples from Arctic and sub-Arctic fjords of five 

expeditions between 2012 and 2019 in the northern hemisphere spring and summer. 

Geographically, the samples were clustered together in six geographically distinct regions: north 

Norway, Sweden/south Norway, Svalbard, Iceland, east Greenland, and west Greenland 

(Fig. C3.1a, Supplementary 3 Table S1). These regions are oceanographically influenced by cold 

and low-salinity polar water and warmer and more saline Atlantic water, as indicated by their 

varying temperature-salinity profiles (Supplementary 3 Fig. S9). 
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Dissolved inorganic nutrient (NO3, PO4, and Si) concentrations had high regional variability 

(Fig. C3.1b). High internal variability was detected within fjords in north Norway, the Orust-Tjörn 

Fjord (Sweden), and Disco Bay (west Greenland), primarily due to relatively higher concentrations 

in the fjord tips (Supplementary 3 Table S1). Due to the high internal variability, we could not 

identify common differences between regions with and without marine-terminating glaciers.  

 

We simulated the trajectories of synthetic Lagrangian drifters to estimate the potential transport of 

microbial communities with ocean currents between 2007 and 2018 (Fig. C3.1c). Drifter 

concentrations were averaged and color-coded based on groups of release sites, and their 

occurrence at other fjords was recorded if this resulted in oceanographic time-dependent 

connectivity matrices (Supplementary 3 Fig. S3–S8). Drifters released for ≤ 3 months exhibited 

strong regionality (e.g., only fjords within northern Norway were interconnected). The primary 

trajectory pathways at > 6 months were (1) from southern Norway to northern Norway; (2) from 

northern Norway along the Barents Sea towards west of Svalbard, and from Svalbard (and Iceland) 

along the east Greenland Current towards west Greenland (Fig. C3.1c, Supplementary 3 Fig. S9). 

At the maximum simulation time of 5 years, drifters exhibited a widely dispersed distribution 

across the Arctic Ocean with Svalbard, east and west Greenland fjords receiving drifters from 

southern Norway/Sweden, northern Norway, and Iceland (Supplementary 3 Fig. S9, S10). 
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Figure C3.1. a. Map of fjords. Sample sites, color-coded to different regions. b. Dissolved inorganic 
nutrient concentrations of nitrate (NO3), phosphate (PO4), and silicate (Si) in µmol L−1. Sites are color-coded 
as in a., dark green boxes indicate regions without marine-terminating glaciers, orange boxes indicate 
regions with marine-terminating glaciers. c. Trajectories of modeled drifters mapping oceanographic 
connectivity of individual fjords after 1 month, 6 months, and one year (see Figure S2 - S7 for connectivity 
matrices). See Fig. S10 for full tracking (up to 5 years). Sites and drifters are color-coded according to 
geographic regions of release where darker colors indicate higher drifter concentrations. 
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Chapter 3 | 3.2 Impact of marine-terminating glaciers on picoplankton beta diversity structure and 

oceanographic connectivity 

 

We observed both regional and intrafjord microbial beta diversity signals in our redundancy 

analyses (RDA) (Fig. C3.2a, c), which were also significant in permutational ANOVA analyses 

(PERMANOVA of geographic regions: prokaryotes (permutations = 999, R2 = 0.5, p = 0.001); 

eukaryotes (permutations = 999, R2 = 0.6, p = 0.001); PERMANOVA of individual fjords: 

prokaryotes (permutations = 999, R2 = 0.8, p = 0.001); eukaryotes (permutations = 999, R2= 0.8 

p = 0.001)). Notably, within the eukaryotic RDA sites from east Greenland ordinated farther away 

than other samples along the second RDA axis (Fig. C3.2a). Within the eukaryotic RDA, we found 

one outlier in the regional groupings from Disko Bay (Station MSM21.F02.514) that ordinated 

closer to samples from northern Norway than other sites from west Greenland. Within prokaryotes, 

we found an outlier (MSM56.F02.553) that ordinated closer to samples from Iceland than to other 

samples from Kongsfjorden (Svalbard).  

 

We found that sites grouped into a cluster of sites with and without glacial influence in our RDA 

for both prokaryotes and eukaryotes (Fig. C3.2). Similarly, the PERMANOVA, which tested the 

glacial influence on beta diversity, produced significant results (eukaryotes: permutations = 999, 

R2 = 0.2, p = 0.001, n = 90; prokaryotes: permutations = 999, R2 = 0.2, p = 0.001, n = 95). Among 

eukaryotes, sites separated into regions with and without glacial influence along the first RDA axis, 

which captured 46.5% of variation. Among prokaryotes, sites with and without glacial influence 

separated along the first and second RDA axis. Ordination of prokaryotic beta diversity sites further 

separated along the first RDA axis into the different geographic regions (Sweden/southern Norway, 

northern Norway, Iceland), while regions with glacier influence primarily overlapped with each 

other (Fig. C3.2c).   
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Figure. C3.2 a. Redundancy analysis (RDA) of CLR-transformed eukaryotic ASV table; b. Aitchinson 
distance analysis of eukaryotic microbial communities (18S rRNA sequences) against hydrodynamic 
distance defined as the inverse of the log10 of the synthetic drifter concentration normalized to the range 
from 0 to 1. Correlations are color-coded and Pearson correlations calculated for each temporal bin. Sites 
without oceanographic connection are not included; c. RDA of CLR-transformed prokaryotic ASV table. 
Colors indicate regions with glaciers and shape corresponds with geographic regions; d. Aitchinson distance 
analysis of prokaryotic microbial communities (16S rRNA sequences) against hydrodynamic distance 
defined as the inverse of the log10 of the synthetic drifter concentration normalized to the range from 0 to 1. 
Correlations are color-coded and Pearson correlations calculated for each temporal bin. Sites without 
oceanographic connection are not included. 
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Almost all environmental variables, except salinity and presence of silicate in eukaryotic RDA, 

were positively associated with sites without glacial influence (Fig. C3.2a, c). Silicate was 

positively associated with the first RDA axis in the eukaryotic analysis, and thus predominately 

positively associated with glacial-influenced sites (Fig. C3.2a). In our prokaryotic RDA, silicate 

had no significant association (stepwise permutation model analysis). Sites belonging to 

Sweden/southern Norway, a relatively warm and nutrient-rich region in the dataset, were strongly 

associated with temperature, nitrate concentrations, and phosphate concentrations.  

 

Despite the different salinities of Atlantic and Arctic water masses and their different proportions 

in glacial and non-glacial sites (glacial sites more influenced by Arctic water; Supplementary 3 

Fig. S1), salinity was orthogonal to separation into glacial and non-glacial sites and was thus 

independent of their ordination in eukaryotic and prokaryotic RDA.  

 

For each fjord, picoplankton beta diversity distance (Aitchinson distance) of the sites closest to the 

fjord mouth was compared to the respective hydrodynamic distance (defined as the normalized 

inverse of the log10 of the synthetic particle concentrations) of connected site pairs. Hydrodynamic 

distance was positively correlated with pro- and eukaryotic Aitchinson distances across all 

temporal bins (Fig. C3.2b, c; Pearson correlation). Sites that were revisited over multiple years 

(Lofoten/Vesterålen (northern Norway) in 2014 and 2019; Kongsfjorden (Svalbard) in 2016 and 

2017) were clear outliers relative to other sites with similar hydrodynamic distance, particularly in 

the 1-, 3-, and 6-month bins (Supplementary 3 Fig. S11).  

 

Generally, we observed a slightly stronger correlation for prokaryotes with hydrodynamic distance 

than for eukaryotes (Fig. C3.2b, c). Eukaryotes exhibited high internal beta diversity variability 

(e.g., high Aitchison distance) at sites with a comparable degree of hydrodynamic distance 

(Fig. C3.2b). This variability also increased with increasing temporal bins. Among prokaryotes, 

the beta diversity distance between sites from Sweden/southern Norway to northern Norway were 

more pronounced than other sites with comparable hydrodynamic distances. Contrastingly, the beta 

diversity distance was comparably small between sites from Svalbard and east Greenland, as well 

as between sites from Svalbard and west Greenland. 
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Chapter 3 | 3.3 Microbial picoplankton diversity and co-occurrence networks in glacial and non-

glacial-influenced regions 

 

The interactions between prokaryotic and eukaryotic taxa were analyzed using a Sparse InversE 

Covariance estimation for Ecological Association and Statistical Inference (SPIEC-EASI) of 108 

intersecting taxa in the CLR-transformed ASV tables on the genus level at glacial- and non-glacial-

influenced sites (n = 34 and n = 50, respectively). We found that the microbial subnetworks of 

glacial- and non-glacial-influenced sites included 37 associations in 70 components in non-glacial-

influenced regions and 37 associations in 64 components in glacial-influenced regions 

(Fig. C3.3a, b; Supplementary 3 Table S2). 

 

The subnetworks of glacial- and non-glacial-influenced sites were markedly different in both 

structure and taxonomic composition. Modularity, an indication of dense connection within groups 

and sparse connection between groups, was higher in the glacial-influenced network (0.83) than in 

the non-glacial-influenced network (0.74) (Supplementary 3 Table S2). Similarly, the glacier-

influenced subnetwork consisted of multiple clusters with only two or three nodes, while the non-

glacial-influenced subnetwork was predominately one cluster with few small component clusters 

(Fig. C3.3a, b). Taxonomically, the non-glacial-influenced network was dominated by prokaryotes 

(33 bacterial and archaeal nodes vs. 15 eukaryotic nodes) while the glacial-influenced subnetwork 

was relatively even (30 prokaryotic nodes vs. 29 eukaryotic nodes) (Fig. C3.3a, b). 

 

Central nodes in the non-glacial-influenced network were exclusively prokaryotic, while central 

nodes in the glacial-influenced network were both prokaryotic and eukaryotic. Specifically, 

f__6(Arenicellaceae), Candidatus Actinomarina, Synechococcus CC9902, NS5 marine group, and 

f__11(SAR116 clade) appeared as central nodes in the non-glacial-influenced network; and 

f__1(Nitrincolaceae), f__92(Mamiellales), MAST-3_XX, Clade 1a (SAR11), and f__108(MAST-

8) were central nodes in the glacial-influenced network. Node size corresponded to CLR-

transformed relative abundance of ASV sequences. Notably, central nodes in the non-glacial-

influenced regions were proportionally larger than in the glacial-influenced regions, as these taxa 

were also the most abundant in non-glacial fjords (Supplementary 3 Table S3). 
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The sum of each CLR-transformed ASV occurring in glacial and non-glacial fjords revealed that 

only a few prokaryotic ASVs in non-glacial fjords were strongly enriched, while many ASVs were 

relatively depleted (CLR-transformed count < 0; Fig. C3.3c). Most prokaryotic ASVs in glacial-

influenced fjords were either enriched (CLR-transformed count > 0) and occurred in all fjords 

(Supplementary 3 Fig. S12) or were not detected (770 of 1433 total ASVs = 0). Eukaryotic ASV 

counts were relatively uniform between the glacial and non-glacial groupings (Fig. C3.3c), but 

individual glacial-infleuced fjords had more unique ASVs than overlapping ASVs in contrast to 

non-glacial-influenced fjords, where most ASVs occurred in all fjords (Supplementary 3 Fig. S12). 

Microbial richness was similar for prokaryotes and eukaryotes in the non-glacial-influenced 

regions (Fig. C3.3d). While eukaryotic richness in glacial-influenced sites was not significantly 

different from eukaryotic richness in non-glacial-influenced sites, prokaryotic richness was 

significantly lower in glacial-influenced sites than in non-glacial-influenced sites (Welch Two 

Sample t-test, p < 0.001, n1 = 43, n2 = 55). Sample evenness of both prokaryotes and eukaryotes 

was significantly higher in the non-glacial-influenced sites (t-test, prokaryotes: p < 0.001, n1 = 43, 

n2 = 55; eukaryotes: p < 0.001, n1 = 47, n2 = 58).  
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Figure. C3.3. co-occurrence network analysis of a. glacier and b. non-glacier microbial communities using 
spieceasi association on CLR-transformed ASV tables and melted on species level for melted ASV tables 
of pro- and eukaryotes. C. CLR-transformed ASV sequence count of prokaryotes between sites without (i) 
and with (ii) marine-terminating glaciers and of eukaryotes between sites without (iii) and with (iv) marine-
terminating glaciers. Values above 0 reflect relatively enriched ASV within samples and below 0 reflect 
relatively depleted within samples. ASVs that did not occur in the respective group (presence of marine 
terminating glaciers) were removed from the plots. d. Boxplots of picoplankton ASV richness and Pielou 
Evenness of Sites with and without marine-terminating glaciers. 
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Chapter 3 | 4 Discussion 
 

 

The present study revealed a positive relationship between hydrodynamic distance and diverging 

microbial beta diversity signals. However, this relationship weakened between 3 and 6 months, 

particularly among prokaryotes (Sweden/southern Norway and northern Norway; drifter time 3–6 

months) that were also distinct in their environmental conditions, such as nutrient profiles and sea 

surface temperature. Further, we demonstrated that the beta diversity of picoplankton communities 

separated statistically into fjords with and without marine-terminating glaciers. We documented a 

heterotrophic/parasitic-dominated co-occurrence network in glacier-influenced sites and a 

prokaryotic, decomposer-dominated network in glacier-free regions. Statistically, eukaryotes 

dominated the central nodes (i.e., cores of individual covariance clusters) in the glacial-influenced 

picoplankton co-occurrence network, while prokaryotes exclusively formed the central nodes in 

the glacier-free network. This suggests a potentially fundamental ecosystem baseline shift towards 

prokaryotes, particularly decomposers, under continuing glacial melt and Atlantification of the 

Arctic Ocean.  

 

Oceanographic connectivity shapes microbial beta diversity change 

Advection is a key determinant of microbial survival in the Arctic Ocean, but is yet inadequately 

quantified at scales relevant for biogeochemical cycles and species distribution (Wassmann et al. 

2015). Our drifter analysis revealed strong regionality among shorter timeframes (< 6 months) and 

a nearly pan-Arctic distribution across multiple years, (but no recirculation of northern sites into 

southern fjords in southern Norway or Iceland, which requires time scales > 10 years). Microbial 

beta diversity change (Aitchinson distance) positively correlated with hydrodynamic distance 

(Fig. C3.2b, d), supporting previous observations of structuring importance of hydrodynamics for 

microbial diversity assemblies (e.g., subsurface chlorophyll maxima communities; Monier et al. 

2015). Consistent with these findings, the Nordvestfjord Scoresby Sund (East Greenland), a region 

strongly affected by the cold East Greenland Current (low temperature/low salinity; 

Supplementary 3 Fig. S9), clearly ordinated from other sites along the second RDA axis in 

eukaryotic picoplankton.  
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Prokaryotes were more influenced by hydrodynamic distance than were eukaryotes (Fig. C3.2b, d), 

suggesting that prokaryotes were more restricted in their geographic dispersal, potentially through 

temperature selection (Logares et al. 2018). In support of strong temperature selection, we found 

lower prokaryotic enrichment in fjords with marine-terminating glaciers. Further, temperature 

selection could explain the strong microbial beta diversity distance between Sweden/southern 

Norway and northern Norway, despite their relatively strong oceanographic connectivity. 

However, prokaryotic dispersal could increase in the future due to increasing Atlantification of the 

Arctic Ocean, which occurs due to factors such as increased heatflux and climate change-induced 

glacial melt (Holmes et al. 2019)). These shifts could lead to an expansion of suitable habitat to 

thrive, as observed for the eukaryotic nanoflagellate Emiliania huxleyi over the past 24 years (Oziel 

et al. 2020) and the shift of diatom-dominated spring communities in the Fram Strait to the 

domination of Phaeocystis pouchetii (Nöthig et al. 2015) and their strong competition in the Arctic 

coastal region (Hegseth and Tverberg 2013). 

 

Temporal effects 

Although observations across temporal scales were not the primary objective of our analysis, we 

detected both inter-annual and seasonal effects in beta diversity signals, likely because the dataset 

spanned across multiple years (2012–2019) and ranged seasonally from the end of May to mid-

August. For example, the Lofoten/Vesterålen (northern Norway) and Kongsfjorden (Svalbard) 

sites that were repeatedly sampled in our dataset exhibited strong temporal changes in the 

picoplankton diversity signals despite their regionality, suggesting inter-annual and/or seasonal 

variabilities. To exclude the effect caused by different times of sampling,, campaigns such as the 

Ocean Sampling Day (Kopf et al. 2015) combined with temporal back-tracking of community 

transport with ocean hydrodynamics could help to establish a more unbiased view of oceanographic 

connectivity between sites than our microbial dataset offers. 

 

Seasonality is a primary structuring temporal factor in Arctic marine ecosystems (Marquardt et al. 

2016). We observed a significant seasonality effect (here approximated by sun altitude) on both 

prokaryotic and eukaryotic beta diversity (Fig. C3.2a, c). In summer, glacial-influenced regions 

can be shaped by strong stratification through differences in ice cover and freshwater influence 

from thawing glaciers and permafrost (Cottier et al. 2010). Similarly, seasonal shifts in microbial 
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relationships have been observed between a parasitic network during the winter and a detritus-

based food web in summer along the Alaskan Beaufort Sea coast (Kellogg et al. 2019) and 

alterations within the food web such as episodic events of rapidly sinking ice algae (Wiedmann et 

al. 2020). At present, we cannot exclude a seasonal effect induced through the different geographic 

(latitudinal) locations on the observed pattern in our data, which could be related to diverging 

seasonal signals, such as different timing of ice melt and river discharge (McGovern et al. 2020). 

To gain insights into the impact of seasonality on (re-)occurrence of microbial communities, other 

seasons and samples throughout the year would need to be considered, such as in the Isfjorden 

Adventfjorden Time Series (IsA) https://research.unis.no/isa/, combined with an analysis of 

geographic connectivity.  

 

Distinct picoplankton beta diversity signals of fjords with and without marine-terminating glaciers 

Fjord systems form unique and productive habitats for marine life, and their distinct microbial 

biodiversity pattern in relation to the presence of marine-terminating glaciers have been recently 

highlighted in the Southern Hemisphere across the Patagonian fjords (Maturana-Martínez et al. 

2021). Our observations confirmed that these distinct microbial beta diversity patterns are also 

present in the picoplankton size fraction across glacial- and non-glacial-influenced fjords in the 

Arctic (Fig. C3.2a, c). The beta diversity patterns between glacial- and non-glacial-influenced sites 

could be related to recently observed breakpoints in beta diversity patterns of temperate vs. polar 

algal microbiomes (Martin et al. 2021), potentially driven by distinct metabolic adaptations to 

changes in temperature and salinity (Elferink et al. 2020). To determine if similar mechanisms are 

affecting our sample sites, microbial activity measures, for example, metatranscriptomics, across 

all fjord microbiomes would be required. 

 

Eukaryotic glacial-influenced beta diversity was positively associated with Si concentration, a key 

element for diatoms, which can potentially change with glacial melt and increased acidification, 

resulting in cascading effects on the microbial community (Cantoni et al. 2020). Other than Si, we 

could not determine any environmental parameters, for example, increased organic matter and 

nutrient input from glacier runoffs into the fjords (Müller et al. 2018; Kim et al. 2020b), which we 

could relate to our observations. Furthermore, we did not detect a significant increase of 

prokaryotic taxa involved in iron and sulfur cycling (Sulfitobacter spp., Thiotrichales, 

https://research.unis.no/isa/
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Thiomicrospirales), which have previously been associated with glacial-influenced fjord systems 

(Van Keulenfjorden, Svalbard (Buongiorno et al. 2019); Kongsfjorden, Lilliehöökfjorden, 

Dicksonfjorden, Svalbard; (Laufer-Meiser et al. 2021)). This lack of iron and sulfer cycling taxa 

could  potentially be due to seasonal variations in the magnitude of iron and sulfur flux and location 

(Herbert et al. 2021) and/or comparable input through enriched sediments in non-glacial-influenced 

fjords, such as in the Norwegian shelf (Hamilton-Taylor and Price 1983; Wehrmann et al. 2009). 

We did observe an outlier in the eukaryotic RDA, in which the station closest to the coast ordinated 

closer to stations from northern Norway and had much higher N and P concentrations than other 

samples from Disko Bay, potentially arising from glacier melt and associated nutrient input 

(Hansen et al. 2012). This suggests a more complex interplay of microbial diversity and 

environmental conditions such as nutrient input, changes in light availability, and stratification, 

which compromises the ability to conclude a general shift in ecosystem structure, elemental (C, S, 

Fe) cycling, and food web processes on a pan-Arctic scale (Hopwood et al. 2020). This also 

highlights the need for further studies that look at microbial indicators of turnover of key elemental 

cycles, at a high spatial resolution and over multiple fjord systems, in relation to the presence of 

marine-terminating glaciers. 

 

Co-occurrence network analysis reveals different scales of spatial patchiness between glacial-

influenced and glacier-free regions 

Higher modularity, an indication for dense network clusters with loose interconnections of the 

glacial-influenced picoplankton network in comparison to the non-glacial-influenced network 

(Fig. C3.3a, b) allows us to infer higher environmental heterogeneity in the glacial-influenced 

network (sensu Röttjers and Faust 2018). This observation is further supported by a high number 

of relatively enriched ASVs in all glacial-influenced sites (Fig. C3.3c), despite significantly lower 

sample evenness (Fig. C3.3d), likely a result of multiple ASVs with different high abundance 

within individual fjords, as also indicated by the heterogeneity of the ten most abundant eukaryotic 

ASVs in glacial-influenced fjords (Supplementary 3 Table S3).  

 

Increased network modularity increases the susceptibility to disruption by invasive species (Frost 

et al. 2019), such as the increasing presence of harmful algae (Bruhn et al. 2021; McKenzie et al. 

2021) and ship-borne invasive microorganisms in the Arctic (Lawson 2019). However, depending 
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on where disruptions occur, modular communities can either return to equilibrium compositions 

(Hernandez et al. 2021), or can be affected by significant cascading effects in the food web (Kadoya 

et al. 2018). Therefore, to make conclusions from this general trend, this observation would need 

to be supported by an analysis of both temporal dynamics such as seasonal and inter-annual changes 

and geographic-independent signals. For example, a comparative study of co-occurrence patterns 

in Arctic and Patagonian fjords could provide more robust, geographic-independent insights into 

the structuring role of marine-terminating glaciers in the microbial community.  

 

Prokaryotes dominate glacier-free co-occurrence networks 

Glacial- and non-glacial-influenced co-occurrence networks were also taxonomically distinct, 

indicating potential implications for food web processes and fjord biogeochemistry. Prokaryotes 

(Arenicellaceae, NS5 marine group, Candidatus Actinomarina), previously associated with 

phytoplankton blooms and organic matter degradation (Krüger et al. 2019; Kopprio et al. 2021), 

formed the central nodes in the co-occurrence network of glacier-free fjords, and numerically 

dominated the taxonomic representation of connected nodes. If confirmed across temporal scales 

and supported by in situ rate measurements, this could suggest a baseline shift of the ecosystem 

towards higher prokaryotic activity and thus increased organic matter degradation within the 

microbial loop. By comparison, the central nodes in the glacial-influenced co-occurrence network 

were formed by a diverse assembly of prokaryotic degraders (Nitrincolaceae, SAR11 clade 1a), 

eukaryotic parasites (MAST), and eukaryotic phototrophs (Mamiellales). This is consistent with 

prior findings (Fadeev et al. 2018) that identified plankton associations in ice-covered versus ice-

free ecosystems that matched general pre- and post-bloom microbial communities in the Fram 

strait.  

 

Maranger et al. (2015) previously described a proportionally higher increase of bacterial production 

relative to viral lysis with higher temperatures, resulting in more efficient cycling of bacterial 

carbon within the microbial loop in the Arctic Ocean. Our observations support and extend these 

observations: We observed proportionally reduced centrality of eukaryotic parasitism towards a 

more detritus-dominated non-glacial-influenced and relatively warmer network. This could, 

however, as discussed above, potentially shift seasonally (Yang et al. 2020). Our analysis 

highlights the need for co-analysis of prokaryotic and eukaryotic microbial communities 
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considering a potential baseline shift of influencing processes within the microbial loop such as 

predation, parasitism, and organic matter degradation. This is particularly important in light of 

previously described shifts in phytoplankton from diatom- to dinoflagellate-dominated 

communities (Camarena-Gómez et al. 2018). Moreover, less predation could decrease carbon-

cycling, also considering the importance of glacier runoff for carbon-export (Wiedmann et al. 

2016), despite an observed climate-driven increase in productivity (Frey et al. 2018). These 

potential baseline shifts provide novel insights into previously described increasing resilience of a 

fjord food web (Griffith et al. 2019), which extends to factors such as sustaining important fish 

stocks (Meire et al. 2017). 

 

 

 

Chapter 3 | 5 Conclusion 
 

 

Arctic and sub-Arctic fjords are highly seasonally productive ecosystems, but it is unclear how 

they will be affected by ongoing glacial retreat and sea ice decline. Our co-occurrence network 

analysis, which included multiple fjord systems in the Atlantic sector of the Arctic, revealed that 

fjords with marine-terminating glaciers harbor prokaryotic degraders and autotrophic and 

heterotrophic-parasitic eukaryotes as central nodes of the network, while glacier-fee fjords are 

primarily centered around prokaryotic detritus. This observation has also been previously 

demonstrated on a temporal scale (Kellogg et al. 2019). Such baseline changes within the food web 

can imply changes in carbon-cycling efficiency and resilience of existing ecosystem structures and 

across the entire food web. Specifically, oceanographic dispersal of marine microorganisms, a 

major structuring variable in our analysis, can contribute to accelerated change, which could also 

be affected by the expansion of cross-Arctic ship routes and subsequent introduction of alien 

species (Seebens et al. 2018; Frost et al. 2019). Our multivariate analysis further highlights that 

fjord ecosystems are unique in both their environmental and microbial profiles. Therefore, 

modeling approaches to differentiate between spatial and temporal (seasonal and long-term) 

components are urgently needed to make appropriate predictions regarding ecosystem state and 

change. These can be used to inform fisheries and identify the risk of biome collapse with ongoing 
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changes in active and passive transport of species and/or environmental changes such as sea ice 

decline, ocean warming, and extreme weather events. We demonstrate that a network-based 

approach of simultaneously evaluating prokaryotes and eukaryotes provides insight into the 

susceptibility of the base of fjord food webs. However, temporal observations in addition to spatial 

coverage are needed for effective monitoring and establishing sustainable solutions for these highly 

vulnerable ecosystems that are undergoing significant environmental changes.  

 

 

 

 

Code Availability. 

All code is archived and publicly available in github AGJohnAWI/ArcticPicos under the relese 

v1.0 (https://doi.org/10.5281/zenodo.5781579) 

 

 

Data availability. 

Physical oceanographic data is publicily available for all expeditions: HE533, 

https://doi.org/10.1594/PANGAEA.903511 (John and Wisotzki 2019) HE431, 

https://doi.org/10.1594/PANGAEA.863438 (John and Rohardt 2016); HE492, 

https://doi.org/10.1594/PANGAEA.881306 (John and Wisotzki 2017); MSM56, 

https://doi.org/10.1594/PANGAEA.871015 (Friedrichs et al. 2017); MSM21-3, 

https://doi.org/10.1594/PANGAEA.819731 (Zielinski et al. 2013). 

 

Genomic sequences are publicly archived in the European Nucleotide Archive (ENA) at EMBL-

EBI under accession number PRJEB49358 for of the HE492, PRJEB50059 for HE533, 

PRJEB50592 for HE431,  PRJEB50596 for MSM56, and  PRJEB50593 for MSM21-3 using the 

data brokerage service of the German Federation for Biological Data (GFBio, Diepenbroek et al. 

2014), in compliance with the Minimal Information about any (X) Sequence (MIxS) standard 

(Yilmaz et al., 2011). Sequences data from the HE513, HE533, MSM26, MSM21-3 are submitted 

to GFBIO. 

https://doi.org/10.5281/zenodo.5781579
https://doi.org/10.1594/PANGAEA.903511
https://doi.org/10.1594/PANGAEA.863438
https://doi.org/10.1594/PANGAEA.881306
https://doi.org/10.1594/PANGAEA.871015
https://doi.org/10.1594/PANGAEA.819731
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CHAPTER 4: Perspectives on Documenting Methods to Create 

Ocean Best Practices 
 

 

 

Authors:  Cora Hörstmann, Pier Luigi Buttigieg, Pauline Simpson, Jay Pearlman,  

Anya M Waite 

 
 

Abstract 
 

This perspective outlines how authors of ocean methods, guides, and standards can harmonize their 

work across the scientific community. We reflect on how documentation practices can be linked to 

modern information technologies to improve discoverability, interlinkages, and thus the evolution 

of distributed methods into common best practices within the ocean community. To show how our 

perspectives can be turned into action, we link them to guidance on using the IOC-UNESCO Ocean 

Best Practice System to support increased collaboration and reproducibility during and beyond the 

UN Decade of Ocean Sciences for Sustainable Development. 
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Chapter 4 | 1 Introduction 
 

 

The ocean community is facing ever-increasing methodological complexity in its efforts to meet 

global challenges and to further discovery. Fragmentation of methods and data across regions, 

nations, and disciplines inhibits effective collaboration and ocean observation (Brett et al. 2020). 

Fortunately, a new culture of open sharing of knowledge on the web is merging along with the 

FAIR principles (Wilkinson et al. 2016), leading to new forms of dialog in the science community. 

While their scope of application is broad, the FAIR principles are strongly focused on data, but can 

equally apply to methods, standards, and protocols. Indeed, if data is to be reproducible, reusable, 

and interoperable, then methods themselves have to be FAIR. Simultaneously, the community is 

recognizing that there is a reproducibility crisis in science (Lithgow et al. 2017) and marine science 

is no exception to this rule (Lowndes et al. 2017). However, multiple initiatives are promoting new, 

structured, and persistent ways to share methods online (Teytelman 2018).  

 

The path to digitizing methods and making them FAIR is not trivial, but concrete steps towards 

more structured and machine-readable documentation are already being taken. Developing the skill 

to write high-quality methods can be especially helpful for those early in their career or new to a 

field (Bell 2014). Further, method documentation itself should be harmonized to make it 

transparent and easily understandable across multiple practitioners; and lastly, methods should be 

made available in online, accessible, and machine- readable ways. Guidelines, templates, 

and (e)protocols exist in other fields such as medical research (Weissgerber et al. 2016; Aerts 

2018), accompanied with emerging possibilities in knowledge sharing and training (Nurhas et al. 

2018; Nti et al. 2020).  

 

To help address this for the ocean community, Hörstmann et al. (2020) recently published an 

Intergovernmental Oceanographic Commission (IOC) Manual and Guide on enhancing method 

documentation for increased FAIRness. The guidance in Hörstmann et al. (2020) is acted upon by 

the deployment of technologies underpinning the IOC Ocean Best Practices System (OBPS). The 

OBPS was developed to host and interlink methodological documents of any kind (protocols, 

guidelines, standard specifications, etc.); and seeks to support continuous convergence of methods 
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as they undergo community refinement to become “best practices.” In this way, the OBPS has laid 

a foundation for global, cross-community federation of method archiving and system development.  

 

However, the effective use of any system of this kind strongly depends on how it is used. That is, 

the way in which we – as an interdisciplinary ocean community – write and structure our 

methodological documents will have a direct effect on the effectiveness of the design, and technical 

capacities, of archiving and dissemination systems. It is our responsibility to document our methods 

in a reproducible and transparent way, to efficiently use available technologies. From this 

perspective, we discuss the value and meaning of a “quality” method document, and how we use 

better documentation to share our methods within the community. Further, we reflect on the current 

state and future directions of handling diverse methodological content for a global community, 

increasingly making use of advanced digital resources in an inclusive and ethical way. 

 

 

 

Chapter 4 | 2 What does it mean for a method to become a best practice (and why 

should we care)? 
 

 

A method can be considered a best practice when it consistently produces superior results over 

other methods with the same objective (Simpson et al. 2018; Pearlman et al. 2019). Of course, 

context is key; what is best given a particular level of resourcing or environment of application 

(among many other factors), may not be so when circumstances change. Further, having a potential 

best practice in itself does not guarantee utility to the wider ocean community – only when shared, 

cross-validated, and used in the creation of better practices beyond its original scope, can we truly 

become excited about high-quality methods. On the aspect of context-dependence, the perspective 

on what makes a method “best” can rapidly change across communities, disciplines, and resource 

levels. This is especially true, as most communities see their methods as the “best” for their own 

needs. Creating “best practices” across these scales therefore needs an inclusive, transparent, and 

sustained set of processes to communicate why, when, and for whom a method is a best practice.  
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What practical steps can we take to systematically identify localized best practices and explore 

their value in the broader global community? At the very least, methods must be sustainably 

archived, discoverable and accessible online to play a role in contemporary systems. In addition, 

technologies that interlink methods, and the communities that champion them, are needed to cope 

with the scale of the challenge (Buttigieg et al. 2019). Once the link is made, communities have 

the opportunity to test and advance methods in order to determine under what circumstances they 

are “best”. The persistence, visibility, and version control described above support widespread 

testing and cross-validation, thus allowing multiple practitioners to determine where, when, and 

how a method can be a best practice. To accomplish this, those that are developing methods and 

those that are archiving and interlinking them with new technologies must enter a more intense 

dialog. Through this, systems serving methods to the ocean community can draw closer to their 

end-users. This exchange encourages method evolution including adaptation for new technologies.  

 

 

 

Chapter 4 | 3 How can we support the ocean community in creating best practices? 
 

To bridge key communities, the first, feasible, and particularly impactful step in this process is 

simply the use of more structured methodological documentation to synchronize novel 

technologies with users’ needs, allowing more rapid and transparent improvements of ocean 

practices. We contend that structured templates, clear and complete metadata, version control, as 

well as mechanisms to support convergence and interdisciplinary exchange are foremost among 

the community’s needs. Templated documentation promotes well-structured, reproducible, and, in 

some cases, machine readable best practices. However, to effectively support the user experience, 

templates – and the sometimes required additional workload which comes with populating the 

templates – need to be introduced in a systematic way (Alwazae et al. 2014). Developers can be 

supported through additional guidance and explanations of the rationale behind the conventions 

suggested. In accordance with this principle, the ocean community called for guidance on how to 

effectively use the OBPS templates and what would be a “best practice for best practices” (BP4BP; 

Hörstmann et al., 2020) in method documentation (Simpson et al. 2020). With this, we hope that 
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submitters are supported in archiving and sharing their methods to enable community refinement 

and global harmonization more successfully. 

 

A key component of method documentation is the provision of relevant metadata. Pearlman et al. 

(2019) to access information about method maturity, relevant societal values/goals, and  

accompanying datasets, while the BP4BP document provides guidance on how users and 

developers can leverage them. This guidance reinforces the completeness of a document’s 

metadata, which promotes machine access and further interaction with the system’s technologies, 

and, consequently, document discovery and reuse by the community. With organized and trusted 

online method documentation in place, systems are able to couple secure archiving and traceable 

versioning. This ensures that community refinement, extensions, and hard- or software changes are 

traced through the evolution of a method. In addition to being self-contained and complete, 

methodological documents created using the same templates can be more rapidly – and in some 

cases automatically – compared. Rapid intercomparison can greatly enhance our community’s 

capacity to rigorously assess a large body of methods and choose those that are most appropriate 

to their mission and capacities. As improved guidance on methodological development emerges, 

we are increasingly able to globally coordinate ocean observation and action, which have not yet 

converged. However, the technologies in methodology management systems (like the OBPS) rely 

on detailed, well-structured documentation to provide researchers with useful interfaces and 

functions. We note that developing such documentation is a continuous process and thus welcome 

the communities’ critique of the BP4BP. Harmonized documentation supports interdisciplinary 

understanding of methods and data, and offers the possibility for better coordination in ocean 

observation. Methods then progress from stand-alone elements into more globally standardized 

pieces of the puzzle for improving global understanding of ocean systems.  
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Chapter 4 | 4 Why are ethics and inclusiveness central to the documentation of 

methods and best practices? 
 

 

The ocean is in crisis yet offers humanity immense resources for sustainable development; in this 

complex reality, the publicly funded scientific community has an ethical obligation to rapidly share 

and collaboratively evolve the best of its methods to secure a truly sustainable and healthy 

relationship with the planet’s oceans. This is especially true in the face of a scientific 

reproducibility crisis (Lithgow et al. 2017), data leaks (Gibney and Van Noorden 2013), and a 

publication bias towards positive results, resulting in wasted time and resources (Rothstein et al. 

2005). Further, consideration of how new methods directly or indirectly impact communities – and 

including those communities in the development of such methods in a co-design process, – is often 

overlooked, despite being essential to build and maintain trust at the science-society interface 

(Achterberg et al. 2015). A prerequisite for this trust is the (re)use, recognition, and 

official/institutional crediting of open methods as valued scientific outputs to support those making 

necessary changes in our culture of marine science. However, the ethics of sharing know-how grow 

in complexity as more stakeholders – outside of science are engaged to investigate ever broader 

and more multifaceted ocean and societal phenomena.  

 

Across marine science, there is growing multilateral motivation to contribute scientific insight and 

methodology to societal missions through local, national, regional, and global programs. 

Simultaneously, science is integrating more methods from other sectors to interface with policy, 

the private sector, local communities, and other stakeholder groups. Consequently, inter-sectoral 

methodological harmonization and exchange has become a priority. To this end, scientific missions 

will need to include multi-sectoral perspectives and interests in solution- oriented research, and not 

only on the level of post-mission data transfer (Weichselgartner and Kasperson 2010). Including 

such partners early, during method development itself, and working with them to balance the 

interests in and impacts of marine science will be a key strategy to promote regional sensitivity and 

trusted engagement across societal groups. Even if such groups cannot be immediately engaged, 

Hörstmann et al. (2020) describe how a document’s content and prose may be selected, structured, 

and written to allow authors to engage with global stakeholders, which will be especially important 
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to furthering the goals of the UN Decade of Ocean Science for Sustainable Development 

(henceforth, the “Ocean Decade”; Ryabinin et al. 2019).  

 

An inclusive confluence of stakeholders and interests is a complex space; while it brings much-

needed diversity to science, it also brings together different ethical norms that may not always 

align. In methodological development, this is often expressed through debates on what can be 

considered a “best practice” or even an appropriate way to conduct research, where, when, and by 

whom (Barbier et al. 2018). Discussion of these ethical challenges is broader than this article’s 

scope, but we can take a concrete step towards improvement by proactively accounting for the 

ethical dimensions of any scientific method in its documentation. This is particularly important 

when a method impacts those who typically lack a voice in the scientific enterprise, to prevent the 

scientific discourse on standards, methods, and best practices being dominated by the larger or 

well-resourced global campaigns and actors, and high-level decision-makers.  

 

In practical terms, we must co-develop a more consistent and transparent way to document the 

ethical dimensions of our methodologies. First, this will necessitate that ethical codes and guides 

(e.g., EU ethic appraisal procedure) relevant to the marine sciences are digitized and made available 

online, following the same FAIR-aligned practices that systems like the OBPS use for other 

documents (e.g., DOIs, semantic indexing, searchability). Second, the sections of those methods 

where ethical concerns arise should consistently reference and/or link to such digitized ethical 

guidance enabling both humans and machines to readily understand when and where it is 

applicable. While the above will provide a path to build new networks of trust, ethical inclusion 

extends well beyond the inclusion of ethics in scientific practices. Rather, it sets a precedent 

whereby the co-development of methodology in marine science includes dedicated sections of 

methodological documents co-authored by other stakeholders (e.g., policy makers, citizen 

scientists, private sector interests, and conservation groups). This is a natural act of reciprocity to 

the same stakeholders who include scientific content and insights in their working documents, and 

will help address the persistent distrust in science across multiple sectors (Pechar et al. 2018). 

Further, such co-authored sections will be more broadly understandable to all groups involved, and 

connect them to resources and initiatives, which are of immediate relevance to their collective 

decision-making processes. The links and conventions which emerge from such inclusive 
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interaction are a precursor to the application of technologies (referenced above) that will accelerate 

innovation, responsiveness, and cross-boundary collaboration in best practice development for the 

marine sciences.  

 

 

 

Chapter 4 | 5 Concluding remarks and the path ahead 
 

 

The core of this perspective is that improved communication of methods, within and beyond marine 

science, is essential to interdisciplinary, community-led efforts to create a global collection of best 

practices. This evolves our responsibility to document our methodologies to support reproducibility 

into an opportunity to create an inclusive, global community of practitioners testing, adopting, and 

refining scientific methods in more diverse contexts. 

 

Of course, the scale of this challenge needs a range of technologies to help our community 

coherently develop their methodologies. This perspective explored key aspects of increasing 

human-human and human-machine interaction, cross-linking documents, guidance, and 

information to support sustainable ways for truly inclusive and ethical method documentation. To 

move forward, our community will be guided by a number of open questions that we 

collaboratively need to address:  

 

• What are the major steps we need to take to document our methods for more universal 

understanding? We believe that structured templates and guidance documents, such as the 

BP4BP, are important steps in this direction, but the marine science community will need 

broader and continuous discussion of this theme to scope our needs and track 

advancements. 

• Is our marine science community ready to accept more prescribed ways of documenting 

their methods? The diversity of needs within the community is high, with many overlaps 

and redundancies. Addressing this diversity should not compete with more standardized 

ways of documenting methods. Rather, the freedom of scientific exploration should be 
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expanded through the improved communication structured documentation can bring, 

especially when combined with technologies able to enhance transparency and inclusivity. 

Balancing standards and innovation will be a persistent challenge in this space. 

• How can we connect communities with similar methods and promote? Interoperable 

documentation is, again, a first step, but harmonization is a much more faceted, community-

led process. We need a more systematic understanding of what motivates and incentivizes 

marine scientists to harmonize their methods, so that systems like the OBPS can more 

effectively accelerate it. 

• How can we federate best practice development in marine science? We believe that systems 

that allow projects, programs, and other short-term initiatives to preserve, organize, and 

track the re-use of their methodological know-how can be federated to create a sustainable, 

global pillar of marine science. Interoperably cross-linking the holdings of regional and 

global platforms will unite distributed and independent systems already moving towards 

open, version-controlled, and transparent method sharing (e.g., Marine Sampling Field 

Manuals and the OBPS). Once again, how these systems – and the community of 

practitioners contributing to them – can be incentivized to build a common vision for a truly 

global solution is still to be discovered. 

 

We invite the ocean community to join us in addressing these questions to continuously and 

collaboratively improve our collective methodological capacity. Through this, we will be able to 

unite and observe the ocean on larger scales than ever before. Together, we can evolve marine 

science into a planetary-scale and multi-stakeholder enterprise contributing to societal goals – 

particularly the pursuit of a healthy marine ecosystem – with unparalleled coordination. 
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4. Synthesis 
 

 

 

 

The extent, connectedness, and presence of hydrographic barriers is crucial to map marine 

ecosystems. The patterns of microbial beta diversity can reflect such delineations of marine 

ecosystems. Furthermore, measurements of microbial functional traits and activity can give rise to 

the mechanisms of ecosystem function within and across these defined regions as marine microbes 

mediate key biological processes of global carbon (C) and nitrogen (N) cycling, such as C and N2 

fixation, that can be differentially altered by the traits and trade-offs within a microbial community 

at one site. In this thesis, I explored microbial alpha and beta diversity patterns in conjunction with 

microbially-mediated processes (primary productivity and N2 fixation) through an oceanographic 

lens. My results revealed that phylogenetic and functional diversity is statistically different in 

regard to (a) external physical and chemical processes, and (b) internal community structure of 

trophic functional groups. A key structuring feature for microbial beta diversity was the horizontal 

transport of microbial communities leading to both oceanographic connectivity between sites, but 

also to a displacement and mixing of microbial communities from different sites of origin. In the 

following I synthesize the key outcomes of my thesis, providing new insights into spatial scales of 

microbial diversity and their activity in the context of physical and chemical processes. 
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4.1 Alpha diversity, temperature and Primary Productivity 
 

 

4.1.1 Multiple facets of temperature correlating with microbial alpha diversity  

 

Temperature has been shown to be a main predictor for biodiversity on land (e.g., Zhou et al. 2016) 

and in the ocean (Faure et al. 2021). However, temperature can take on different roles such as 

thermoregulation (ambient energy hypothesis; Turner 2004) as well as a water mass indicator in 

the ocean. Temperature can also correlate with sunlight radiation across latitudinal scales and other 

water-mass characteristics such as oxygen concentration and salinity (that also appear as a 

significant correlate with microbial alpha diversity; Zorz et al. 2019). In Chapter 1, the correlation 

was positive between both prokaryotic and eukaryotic diversity measures and temperature 

(Supplementary 1 Fig. S4) but the correlation structures were different in their variation and 

intensity, suggesting different relative importance of temperature (and/or associated other 

variables). This also suggests that the observed correlation of temperature with microbial diversity 

can sometimes result from hydrodynamics, an indicator for a water mass, and sometimes due to 

other environmental characteristics, and/or a combination of both.  

 

The study region in Chapter 1 was marked by strong temperature gradients (3–25°C), and 

associated steep nutrient gradients between the oligotrophic South Indian Ocean Gyre and the high-

nutrient Southern Ocean. Our data also exhibited strong variability of temperature–biodiversity 

correlations between pro- and eukaryotes in these regions. This could be due to the destabilizing 

effect of nutrient enrichment on temperature-biodiversity relationships as previously shown in 

mesocosm experiments (Wang et al. 2016). Moreover, the environmental variables likely act to 

different degrees on microbial traits (e.g. potential trade-offs among traits and direct vs. indirect 

trait selection; reviewed in Litchman et al. 2021) of functional groups that blur existing correlations 

of individual groups with temperature and/or nutrients.  

 

Indeed, Shannon diversity of functional groups (auto-, mixo-, and heterotroph) and temperature 

were markedly different. For example, analyses showed that the relationship with temperature 

varied between trophic groups; encompassing negative, positive, or no relationships with Shannon 
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diversity. Moreover, the correlation structure of temperature with microbial diversity varied 

between different provinces and across the entire transect in the Atlantic Ocean (~50°S–50°N). 

This potentially implies that the correlation of microbial diversity with temperature is a matter of 

scale: regionally, the temperature component of water masses could reflect environmental profiles. 

Globally, thermal kinetics could be linked to latitudinal gradients in microbial diversity due to the 

microbes’ thermal tolerance spectra (Ibarbalz et al. 2019). Disentangling these different 

mechanisms and scales of temperature-related biodiversity change can also ultimately help to 

understand the potential impact of climate change-induced ocean warming on the adaptation, 

interaction, and resilience of microorganisms (Cavicchioli et al. 2019). 

 

Key outcomes 

• I observed a positive relationship between temperature and microbial diversity across 

large-scale latitudinal transect in the Atlantic Ocean, confirming H1.1 of this thesis.  

• Correlation structure varied regionally between ocean provinces and across different 

trophic groups. 

The variability at regional scales and across functional groups highlights that the different 

roles of temperature on microbial community structure need to be taken into account when 

investigating microbial alpha diversity patterns across temperature gradients (O1).  

 

 

4.1.2 Trait-based approaches are needed to understand the link between microbial alpha diversity 

and primary productivity  

 

Primary production is the fundamental food source for all life in the ocean and depends on both the 

quantity and quality of the primary production. Theoretically, the more diverse primary producers 

can co-exist and produce, the more diverse a consumer community can be (Fuhrman et al. 2008). 

In the ocean, the relationship between phytoplankton and photoautotrophic primary productivity is 

hump-shaped with a positive correlation when grazers control phytoplankton populations through 

selective grazing and negative when blooming of individual species occurs (Vallina et al. 2014). I 

found a negative PP correlation with cyanobacteria in the CNRY province (Fig. C2.2), likely due 

to the blooming of opportunistic species and thus reflecting the negative correlations as described 
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in Vallina et al. (2014). The large spread and sometimes even negative correlation between, e.g., 

autotrophic eukaryotes and primary productivity, and cyanobacteria and primary productivity 

(Supplementary 2 Fig. S6) suggests different strategies of adaptation and niche occupation. 

Diversity measures will probably be more precise with refined trait-based approaches (as applied 

in Chapter 2), and functional gene analyses (e.g., RubisCO gene involved in primary productivity), 

as different kinds of microbial functional groups have distinct effects on biogeochemical cycles 

such as carbon fixation and export (reviewed in Litchman et al. 2015).  

 

Most correlation analyses between primary productivity and microbial diversity were not 

significant (Chapter 1, 2) likely due to strong regional habitat filtering and the effect of co-

correlations with other variables such as nutrients (Cardinale et al. 2009). Additionally, as reviewed 

in Gamfeldt and Hillebrand (2008), dispersal is a key determinant for the primary productivity-

biodiversity relationship through resource efficiency at different dispersal rates. The effect of 

horizontal dispersal on the spatial scales of ecosystem patchiness, as shown in Chapter 2 of this 

thesis, could potentially lead to different spatial scales of primary productivity-biodiversity 

relationships than the province-scale as observed in the Pacific Ocean (Raes et al. 2018). To 

conclude confidently on environmental mechanisms, higher spatial resolution sampling at scales 

that correspond to horizontal dispersal of phytoplankton communities in relation to their internal 

biomass turnover rates (0–10km; as calculated in Chapter 2) is needed to identify mechanisms of 

these alpha diversity patterns.  

 

Key outcomes 

• Microbial alpha diversity was mostly independent of primary productivity except in 

a few cases: a decrease in alpha diversity at high primary productivity measures, 

partially confirming H1.2.  

• Trophic functional groups exhibited distinct correlation structures (magnitude and 

significance) with primary productivity, highlighting the need for trait-based 

categorization when studying primary productivity-biodiversity relationships (O1).  

 

 



Synthesis 

117 

 

 

4.2 Mapping Microbes  

 

 

4.2.1 Microbial beta diversity reflect Longhurst provinces 

 

Longhurst provinces (Longhurst 2007) reflect well microbial beta diversity patterns in the Indian 

Ocean (Chapter 1), Atlantic Ocean (Chapter 2), and Pacific Ocean (Raes et al. 2018). The 

physical oceanographic profiles likely contribute to microbial diversity patterns as ocean currents 

passively disperse microorganisms. For example, microbial diversity signals can reflect the 

microbial community from their water masses of origin (e.g., Bolaños et al. 2020), which result in 

ecosystem patches, as also observed through remote plankton observations (Mackas et al. 1985; 

D’Ovidio et al. 2010). Similarly, in Chapter 2, samples in those provinces that had a relatively 

high variation in their temperature-salinity profile (e.g., Brazil Current Coastal province) in 

comparison to other provinces also had a higher scatter of the alpha diversity signals. This suggests 

a physically-driven disruption of the biological habitat.  

 

However, this does not mean that fronts and currents that form the boundaries between two 

provinces show an additive and mixed signal of the two source water masses (as suggested by 

Longhurst (2007)): the South Atlantic Front and Polar Front had a biodiversity signal distinct from 

the South Indian Ocean and Southern Ocean (Chapter 1; Baltar and Arístegui, 2017). This can 

also be due to the fact of different water mass origin (i.e., the strong and fast east-ward flow of the 

South Atlantic Front and Polar Front in comparison to the much slower current speed in the South 

Indian Ocean and the Southern Ocean; Supplementary 1 Fig. S2), but also due to the combination 

of high temperature from the South Indian Ocean with high nutrients from the Southern Ocean 

creating a unique physico-chemical environment. For example, this could allow flourishing of 

microbial recycling (reflected by increased ammonium concentrations in Chapter 1) and 

potentially increased rates of nitrification (Sambrotto and Mace 2000). The relationship between 

increased nutrient recycling and high temperature- high nutrient conditions was also recently 

shown in a freshwater mesocosm experiment by Ren et al. (2021). 
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Key outcomes 

• Microbial beta diversity patterns broadly followed Longhurst provinces, confirming 

H2.1, but were more scattered in physically energetic provinces, suggesting that 

depending on physical structure (and sampling scale), the patterns of ocean provinces 

can collapse in regional patchiness.  

Including the mechanisms of environmental sorting and ecosystem patchiness in relation to 

different water masses of origin can help better grasp the structure and function of 

microbiomes (O2). 

 

 

4.2.2 Microbial phylogenetic diversity and activity 

 

Microbial phylogenetic diversity and activity can decouple across strong physical gradients  

I found that primary productivity and N2 fixation changed more gradually along the transect 

between the South Indian Ocean and the Southern Ocean, largely following gradients of N, P, and 

Si concentrations, while microbial diversity grouped according to different water masses 

(Chapter 1). This suggests that microbial phylogenetic diversity is more physically driven, but 

their activity (and potentially to an unknown degree also their final phylogenetic community 

composition) results from internal effects through strong habitat filtering (Fig. 4.1). Furthermore, 

this also suggests – but would be premature to conclude without further functional gene analysis – 

the presence of functional redundancy. 

 

Through a trait-based lens (Chapter 2), I observed clear signals that support the idea of partial 

redundancy within the microbial community that overlap in some functions but differ in other 

ecological traits (sensu Galand et al. 2018). Specifically, prokaryotic beta diversity was strongly 

impacted by biological N2 fixation, which is itself a prokaryotic process (Karl et al. 2002). Such 

trait-based approaches are critical to understanding the microbial functional potential, as N2 

fixation could become more relevant especially in high latitudes, and with increasing global 

stratification of the water column (Hood et al. 2004; Breitbarth et al. 2007) and associated nutrient 



Synthesis 

119 

 

limitations (Boyd et al. 2010; Garcia et al. 2011). The extent and impact of partial functional 

redundancy through functional gene analyses (e.g. nifH gene for N2 fixation; RubisCO gene for 

primary productivity) and different functional traits and trade-offs need to be further resolved 

concerning C and N2 fixation and recycling efficiency (e.g. cell size as a master trait for light 

absorption, nutrient uptake, sinking rate; Litchman et al. 2015). Additionally, traits and trade-offs 

regarding species survival in relation to environmental changes such as increasing sea surface 

temperatures are needed to understand the physical and biological (physiological) boundaries that 

may induce whole-ecosystem functional changes in the future. 

 

Activity strategies can overcome dispersal barriers 

Environmental selection acts differently on prokaryotes and single-cell eukaryotes due to their life 

strategies, such as the ability of some eukaryotic cells to form cysts (reviewed in Falkowski et al. 

2004). In Chapter 3, I found that prokaryotes were more restricted by oceanographic connectivity, 

suggesting that prokaryotes are more impacted by environmental filtering such as temperature 

selection (Logares et al. 2018). However, prokaryotes dominated the co-occurrence networks in 

fjords without marine-terminating glaciers. Supposedly, low temperature is currently the limiting 

factor for prokaryotic dispersal, then prokaryotes and prokaryotic production might more and more 

dominate the future Arctic Ocean, as also modeled by Kim et al. (2020a) and suggested by 

Maranger et al. (2015). Further investigations of traits and trade-offs, as well as functional genes 

linked to physiological adaptation to abiotic conditions such as temperature resistance (e.g., 

presence of glycosyltransferases and glycosylsynthetases; Verde et al., 2016) would help to 

understand the mechanisms driving the establishment and dispersal limitations of individual 

taxonomic and functional groups. 

 

Different trophic groups 

Categorizing prokaryotes and eukaryotes in trophic functional groups revealed that trophic groups 

were more distinct in their beta diversity signal in relation to high and low chl a conditions 

(Chapter 2). This relationship reflects which trophic group can potentially better diversify under 

certain environmental conditions. For example, beta diversity of mixotrophs was markedly higher 

in low chl a provinces, supporting the argument by Hartmann et al. (2012) that a mixotrophic 

lifestyle is favorable under low nutrient conditions (“you take what you get”).  
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Figure 4.1 Observed microbial beta diversity patterns nested in theoretical concepts of structuring microbial 
community assembly mechanisms, including external and internal effects. External effects are more 
physically driven, with domain-level differences of beta diversity signals. Internal effects appeared to be 
more chemically driven with trait-dependent differences of beta diversity patterns. 

 

Key outcome 

• Domain-level physiological differences between prokaryotes and eukaryotes, and 

functional traits (here, differentiation between trophic groups) can bridge the link 

between microbial phylogeny and their activity (O2.1), but the structuring 

mechanisms of phylogenetic diversity can be distinct from functional patterns and rate 

measurements. 

• Generally, across my data, microbial phylogeny mapped according to physical, 

oceanographic features, while microbial activity appeared to be more chemically 

driven (O2). 

 

4.2.3 Beta diversity patterns allow refined mapping of microbial ocean provinces 

 

Although microbial beta diversity largely mapped to Longhurst province, I observed regional 

divergence of microbial biodiversity patterns (Chapter 2). This divergence was also shown in the 

physical and chemical profile but not in phytoplankton pigment-based observations (Bracher et al. 

2020). This shows how microbial observations can provide a more nuanced (biological) picture of 
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Longhurst provinces and – if confirmed across temporal scales – can help to refine boundaries for 

better ocean ecosystem management and observation.  

 

Refining microbial sampling is also becoming more important as physical oceanographic 

observations will become more spatially resolved (e.g., through gliders; Testor et al. 2019; Whitt 

et al. 2020). In a recent publication, we showed that small-scale processes at the kilometer scale, 

specifically in dynamically active regions, can considerably change productivity, and thus global 

C cycling considering the ubiquity of these smaller-scale processes (von Appen et al. 2020). 

Additionally, variations of ecosystem dynamics across temporal scales are needed to monitor 

ecosystem states with anthropogenic pressures. For instance, Sarmiento et al. (2004) defined 

biomes focussing on up-and downwelling processes impacting primary productivity increase under 

climate change and noted large regional variations that contribute to high uncertainty of the 

predictions (between 0.7 and 8.1%). Understanding microbial responses and associated changes in 

their activity (i.e., primary productivity) can help elucidate and refine regional scales of ecosystem 

variability and ultimately integrate these in global understanding.  

 

Key outcomes 

• Microbial beta diversity patterns were more refined than previous province 

delineations based on phytoplankton pigment observations. 

The results of this thesis highlight that microbial beta diversity patterns can be used as 

indicators for spatial ecosystem boundaries (O2.2). However, samples along temporal scales 

are needed to confirm the persistence of these features. 
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4.3 Different levels of spatial scales: from a microbial community’s perspective to 

regional and global scales 

 

 

4.3.1 Scaling the impact of ocean dynamics on microbial biodiversity through bio-physical 

coupling  

 

In my work, I identified multiple spatial scales of microbial beta diversity patterns within open 

ocean systems (Chapter 1 and 2) and coastal fjords (Chapter 3) (Fig. 4.2). These systems could 

be subdivided into smaller spatial levels, namely ocean provinces, geographic regions, individual 

currents, and Arctic and sub-Arctic fjords. Additionally, I identified structuring mechanisms: 

microbial beta diversity separated into groups of ocean provinces with high and low chl a 

concentrations in the Atlantic Ocean (Chapter 2), and microbial beta diversity sites formed clusters 

in relation to the presence or absence of marine-terminating glaciers (Chapter 3) (colored circles 

Fig. 4.2). Furthermore, oceanographic connectivity between sites was a major structuring variable 

in my analysis and connected all spatial dimensions through the horizontal transport of microbial 

communities. Of course, microbial beta diversity can be further influenced by many dimensions 

not included in my analysis, such as temporal scales of dynamic community succession processes 

(Zhou et al. 2014) or vertical processes such as up- and downwelling (Gregoracci et al. 2015). In 

that context, I am currently investigating the effect of microbial beta diversity on carbon export 

through vertical profiles compared to underwater vision profiles (UVP; Rogge et al. in prep). The 

scales identified in this thesis help to map microbial biodiversity and support a more dynamic 

understanding of microbial biodiversity patterns by including physical oceanography and 

hydrodynamic horizontal scales.  
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Figure 4.2 Nested spatial microbial beta diversity patterns that correspond to oceanographic/geographic 
features investigated in this thesis. Spatial level can be considered as individual tiles of microbial beta 
diversity pattern that form small unique patterns that can be nested within larger-scale patterns. For example, 
one ocean province can consist of multiple unique microbial diversity patterns within different ocean 
currents but that are distinct from other ocean provinces. Yet, notably, all these oceanographic features are 
to a certain degree interconnected via oceanographic connectivity, i.e. transport of microbial communities 
through surface ocean currents. The individual scales and spatial patterns are set in comparison to total 
dataset scales (open ocean/Arctic fjords).  

 

 

4.3.2 A microbial community’s perspective reveals environmental patchiness 

 

Particularly, small-scale (0.1 m–100 km; see box 3 for different oceanographic features) 

oceanographic heterogeneity can lead to patchiness that significantly relates to regional 

productivity and elemental cycles (von Appen et al. 2020). As highlighted by Powell et al. (1975), 

a crucial unknown is the smallest scale of microbial beta diversity change. In their study, Powell 

and colleagues linked spectral analysis of chl a to current speed and found that around 100 m length 

scale biological variance significantly contributes to observed patterns in chl a concentrations 
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rather than physically-driven distribution patterns alone. In Chapter 2, I presented the calculations 

of a productivity-specific length scale that includes a temporal component of the microbial 

diversity change in addition to the spatial scale presented by Powell et al. (1975). This scale is a 

first-order estimate of biodiversity change considering external and internal processes of microbial 

beta diversity patterns. To refine this concept,  one would need to consider the different traits of 

cell growth, division and the ability to form dormant stages until suitable environmental conditions, 

which is a key survival strategy linked to global distribution of microorganisms with the “microbial 

conveyor belt” (Mestre and Höfer 2021). Further, the calculation of a productivity-specific length 

scale complements the concept of microbial residence time, which represents evolutionary 

processes of microbial speciation (Mansfeldt et al. 2019). 

 

In Chapter 3, the timescales of advection (1month–5 years) considerably decreased in their 

correlation with microbial beta diversity distance over time, suggesting that other internal and 

external processes contributing to microbial community composition increased over time. These 

align with the observations by Louca (2021), who noted that dispersal and dispersal limitations 

might be primarily relevant at short (ecological) time scales, while most observed differences in 

microbial beta diversity are likely due to local abiotic and biotic conditions. For example, 

temperature selection, known to be a driving mechanism for prokaryotic abundance (Logares et al. 

2018), could explain the distinct prokaryotic beta diversity signals between Sweden/southern 

Norway and northern Norway, despite their relatively strong oceanographic connectivity (Chapter 

3). Further, this could also explain the different relationships between productivity-specific length 

scales and beta diversity within different oceanographic features such as coastal upwelling in the 

Canary Coastal province (Chapter 2). Observations taken at spatial intervals equivalent to 

productivity-specific length scales are needed to reveal at which scale advection via surface 

currents is the primary structuring variable for microbial beta diversity. Additionally, to understand 

the spatial dynamics and temporal persistence of these biodiversity signals, a set of samples may 

be taken at the same time point, scattered along a spatial resolution of interest, and their data 

analysed in numerical particle trajectory models to identify water masses of origin and time-

sensitive oceanographic connectivity between sites (e.g. as applied for fish larvae and origin of 

spawning area; Falcini et al., 2020). 
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Key outcomes 

• The productivity-specific length scale is a first-order quantification of the effect of 

regional advection via surface ocean currents (O3) and provides a new perspective on 

spatial patchiness of pelagic microbial ecology. 

• Hydrodynamic distance significantly correlated with microbial beta diversity change, 

confirming H3.1, however the magnitude of correlation decreased over time suggesting 

other structuring mechanisms increase in their relative importance of microbial beta 

diversity.  

 

 

4.3.3 Coastal scales: regional signals of microbial beta diversity, with the presence of marine-

terminating glaciers as an overarching structuring mechanism  

 

Coastal areas are particularly challenging to map as beta diversity patterns are less recurrent 

(Chafee et al. 2018; Lemonnier et al. 2020), and as hydrodynamic features are more heterogeneous 

through, e.g. tidal events or land-sea exchange (Hardman-Mountford et al. 2008). I found 

geographic and within-fjord beta diversity signals despite the hydrodynamic heterogeneity in the 

Arctic (Chapter 3), supporting previous studies that identified horizontal transport being critical 

to community assemblies of planktonic species (Wassmann et al. 2015). Yet, notably, the spatial 

scales of these regional clusters are smaller than the ones observed in the open ocean (Chapter 1, 

2) (Fig. 4.2), conceptually supporting the approach by Hardman-Mountford et al. (2008) that a 

more spatially fine-grained classification of ocean [micro]biomes is needed in coastal areas.  

 

While fine-grained classifications provide insights into regional patches of beta diversity, large-

scale comparative analyses are needed to identify structuring mechanisms and persistence of 

signals in relation to local environmental filtering. In the comparative study in Chapter 3, I found 

that the presence of marine-terminating glaciers was a main structuring mechanism of microbial 

community assembly. However, it is also an indication of regional persistence of this feature and 

allows insights into community structure and co-occurrence patterns, such as the observed 

domination of prokaryotes as central nodes in the co-occurrence network without glacial-influence, 
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confirming similar observations across seasonal cycles (Kellogg et al. 2019). Of course, the 

limitation of my analysis was a geographic bias, which requires a geographic-independent analysis 

through, e.g., a cross-hemisphere comparative study to confirm the persistence of structuring 

mechanisms.  

 

Key outcomes 

• Microbial beta diversity patterns showed multiple levels of spatial scales (geographic 

regional and within-fjord specific clusters) in coastal fjords (O4). 

• Microbial beta diversity patterns statistically grouped according to the presence of 

marine-terminating glaciers, confirming H4.1. 

 

 

4.3.4 Collaboration and method sharing is a key to global-scale microbial diversity observations 

 

The field of marine microbial biogeography combines fields of evolutionary biology, ecology, 

geology, oceanography and geography, which requires interdisciplinary work that is also often 

outside one’s discipline comfort zone (Gillespie 2013). In order to improve understanding and 

communication in interdisciplinary collaboration and research we need precise, complete and 

understandable method documentation. The perspectives provided in Chapter 4 are meant to 

contribute to this process within the ocean observing community, to help scaling the science 

through more robust method intercompatibility. An important contribution in marine microbial 

observation efforts is the development of Minimum Information for an Omic Protocol (MIOP) 

(Samuel et al. 2021). The perspectives provided are directed towards inspiring and guiding 

communities to co-develop and standardize documentations and workflows.  

 

Key outcomes 

The perspectives provided in this thesis highlight that a cultural change of method 

documentation and method sharing can advance science and scale intercomparisons and 

multidisciplinary at global scale (O5).   
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4.4 Future directions 
 

 

 

Forming the base of the marine food web, microbial (functional) diversity is crucial for 

understanding, monitoring and managing whole ocean ecosystems. Yet, many studies focus on 

abiotic ecosystem attributes, such as net primary productivity, without considering the biotic 

components of the system (reviewed in Kollmann et al. 2016), and therefore lack a mechanistic 

understanding through biological traits and trade-offs of ecosystem function. For example, 

different phytoplankton species have distinct effects on carbon fixation, recycling and export 

(reviewed in Litchman et al. 2015). Considering all biological, chemical and physical components 

in a system is also fundamental to the concept of resilience in conservation efforts (Curtin and 

Parker 2014), which is particularly crucial under the current global biodiversity crisis (O’Connor 

et al. 2020). To better manage and protect marine life, we need defined categorization of marine 

ecosystems. The impact the loss of diversity can have on ecosystem productivity strongly depends 

on functional redundancy within the community, such as presented in Chapter 1 where stable 

specific primary productivity remained the same across different Longhurst provinces. In contrast, 

shifts at the base of the food web, as observed in Chapter 3, can have cascading impacts on whole 

ecosystem productivity and need to be further monitored at temporal and spatial scales. The 

integrative analyses presented in this thesis offer a framework of spatial scales of microbial 

biodiversity that can indicate boundaries of marine ecosystems. However, further understanding 

the mechanisms of microbial diversity dynamics requires both sampling and methodological 

advancements.  

 

 

Adapting spatial resolution of measurements to productivity-specific length scales 

 

Linking microorganisms’ beta diversity to their activity (i.e., specific primary productivity) was a 

key approach of this thesis, which was used to identify spatial patterns of microbial biodiversity in 

relation to their internal turnover rate (Chapter 2). While this concept offers a perspective of the 

productivity-turnover, it does not allow a mechanistic understanding regarding population/species-
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specific differential turnover rates and response to ecological niche space. Therefore, I propose 

using species-specific turnover rates instead of bulk-specific primary productivity measurements 

as they could provide more refined insights into intrinsic biological processes and spatial scales of 

differential microbial biodiversity change and community assembly processes. This could also help 

to track the distribution of indicator and/or invasive species such as harmful algae bloom 

development and advection. For example, observations along species-specific length scales could 

further resolve the mechanisms and role of advection on toxic Alexandrium catenella bloom 

initiation and development, which pose serious threats to marine life and local communities in the 

Arctic (Anderson et al. 2021). 

 

Moreover, the spatial scales of microbial beta diversity change appear to be much smaller (< 10 km; 

Chapter 2, Fig. C2.2) than tested in this thesis (> 50 km; Chapter 2, section 4.1). Therefore, I 

could not directly link microbial beta diversity change to the spatial extents of the calculated 

productivity-specific length scales. Thus, observations at finer spatial scales are needed to validate 

the obtained beta diversity length scales. Moreover, the ship-based sampling of the respective 

campaign did not follow water mass direction. Following a Lagrangian Ansatz for observations 

could provide a means to separate between current and (a)biotically induced beta diversity 

patchiness. In addition to ship-based observations, this could, for example, also be achieved 

through the implementation of technological tools (e.g. ecogenomic sensors; Scholin 2013) of 

marine observatories (Crise et al. 2018). This could allow us to test and refine productivity-specific 

length scales and, by that, to observe microbial biodiversity and processes at scales that are relevant 

to internal dynamics and ecosystem function. 

 

 

Refining measurement methodologies 

 

New advancements in molecular microbial diversity observations offer more refined investigations 

of microbial diversity and function at the molecular level. For example, the amplicon sequencing 

technique used in this thesis is biased by the use of primers that do not cover the whole variety of 

taxonomic groups within one sample. I am currently working on a project where I use shotgun 

metagenomic samples and map the sequences of the ribosomal subunit protein L16 as a primer-
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independent approach to identify microbial phylogenetic diversity of bacteria and archaea, which 

was previously not possible through amplicon sequence analysis due to primer bias of a few 

archaeal lineages (reviewed in Tahon et al. 2021). Preliminary results revealed that archaea showed 

more pronounced hydrographic-dependent beta diversity patterns than beta diversity patterns of 

bacteria, an observation that Louca (2021) also made. Identifying the diversity of key phylogenetic 

groups, such as archaea, in relation to ocean dispersal and hydrographic boundaries can help to 

refine the beta diversity patterns described in this thesis and to find indicator species to delineate 

ocean ecosystems.  

 

A key missing link between phylogeny and biogeochemical rates is the inclusion of functional 

genes using metagenomic and metatranscriptomic approaches. Closing this gap could also provide 

insights into functional redundancy across phylogenetically diverse microbial communities. 

Metagenomic-based analyses can provide insights into ecosystem function and its relation to 

microbial mediated processes through culture-independent, whole-genome analyses that - for 

example - recently revealed the existence of non-diazotrophic Trichodesmium species (Delmont 

2021). Metatranscriptomics could further provide insights into the organism-level responses to 

current environmental conditions than functional potential per se. Therefore, metatranscriptomic 

approaches could be used to elucidate key functional processes that are relevant to the survival of 

horizontal dispersal (e.g., a required “critical mass” of individual cells that is relevant to a species’ 

fitness; Angeles-Martinez and Hatzimanikatis 2021) and local environmental filtering (e.g., 

temperature selection; Logares et al. 2018). 

 

 

Towards the whole picture of functional microbial biogeography 

 

Functional microbial biogeography includes both spatial and temporal scales of patterns in 

microbial diversity and activity. At a global scale, this can only be achieved through integrated 

analyses of multiple datasets that are interlinked. Interlinking multiple datasets requires the 

provision of relevant metadata, and consistent and complete method documentation. However, 

these information are often limited in their access and shared only institute-wide or within a 

particular research community. Additionally, the multitude of methodological approaches to assess 
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marine microbiomes (e.g. HPLC, meta-omics) is currently only weakly interlinked and cross-

compared. Such cross-comparisons can provide, for example, quantitative information (through 

pigment concentrations via HPLC) to the more qualitative data of genomic sequences, as shown in 

Chapter 1 of this thesis. Ideally, any individual datasets should be nested in a global microbial 

diversity database, including the currently missing information on functional traits (also reviewed 

in (Martini et al. 2021), and rate measurements of C and N (sketched in Supplementary 4 Fig. S1). 

If approaches and collected data on microbial functional traits are harmonized and shared globally, 

then this could aid capacity exchange and co-development of innovative approaches within the 

entire research community. I believe that such collaborative efforts are urgently needed facing the 

current global biodiversity crisis, and I am looking forward to further contribute to and address 

some of these issues and outstanding questions in my future research. 
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5. Conclusions 
 

 

 

 

In this thesis, I show the mosaic-like structure of pelagic prokaryotic and eukaryotic beta 

diversity patterns with heterogeneous alpha diversity patterns, and identified spatial scales of 

functional microbial biogeography in the Atlantic and the Indian Ocean as well as Arctic and sub-

Arctic fjords. Generally, I did not observe consistent alpha diversity patterns with environmental 

variables (Chapter 1, 2), likely due to different responses of functional groups and/or co-

correlations between environmental parameters that can amplify or suppress correlation structures 

with an environmental variable of interest. Specifically, primary productivity correlated distinctly 

with  individual trophic functional groups, supporting refined trait-based observations when 

researching microbial alpha diversity in relation to primary productivity. Trophic functional groups 

also exhibited distinct basin-wide beta diversity patterns in the Atlantic Ocean (Chapter 2). This 

shows that specific lifestyles (e.g. autotrophy vs. mixotrophy) could be more beneficial for species 

diversification under high or low chlorophyll a conditions. On a broader scale, I could confirm that 

beta diversity patterns of all trophic functional groups follow Longhurst provinces. I could also 

show that microbial diversity patterns could be used to refine Longhurst’ province delineations, if 

the persistence of these patterns are confirmed across temporal scales.  

 

The integrated analysis of trophic-level diversity analyses bio-physically coupled to primary 

productivity measurement, and horizontal advection via surface currents (productivity-specific 

length scales; Chapter 2) supports a new framing of pelagic microbial ecosystems. Using this 

strategy, I was able to identify first-order estimated scales of oceanographic patchiness relevant to 

primary production that is nested within wider ecosystem boundaries. In Chapter 3, I found that 

prokaryotic and eukaryotic picoplankton beta diversity was significantly correlated with 

hydrodynamic distance across Arctic and sub-Arctic fjords, supporting the hypothesis that 

advection is a key determinant for microbial beta diversity structure. My thesis encompasses 
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multiple scales from a microbe’s perspective to basin-wide observation. This breadth of spatial 

observation, as anticipated in Chapter 4, can be further improved and extrapolated through 

consistent documentation and observational cross-comparisons. Furthermore, my thesis 

contributes to an advanced understanding of ecosystem function and environmental heterogeneity 

by identifying spatial boundaries of microbial biodiversity and microbial activity (i.e., carbon and 

nitrogen uptake) through an oceanographic lens. 
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Supplementary 1  
Supplementary to Chapter 1 
 

Supplementary 1 A Diagnostic pigments 
For pigment analysis we used a high performance liquid chromatography (HPLC) analyser and 

calculated pigment concentration according to Kilias et al. (2013). The relative proportion of 

phytoplankton functional types (PFTs) to the sum of diagnostic pigments was calculated after 

Hirata et al. (2011) (Table S1, Fig. S6). We checked for ultraoligotrophic conditions 

(chl a < 0.08 mg m−3; Brewin et al. 2010), however, none of our stations was ultraoligotrophic 

according to these terms. Relative proportion of each phytoplankton size class (PSC) was 

calculated using a linear regression model proposed by Uitz et al. (2006). ∑DP is the sum of all 

diagnostic pigment concentrations and is expressed as the sum of 1.41 [Fuco] (Fucoxanthin) + 

1.41 [Perid] (Perdinin) + 1.27 [Hex-fuco] (19'-hexanoyloxyfucoxanthin) + 0.6 [Allo] 

(Alloxanthin) + 0.35 [But-fuco] (19′-but-fucoxanthin) + 1.01 [TChl-b] (Chlorophyll b) + 0.86 

[Zea] (Zeaxanthin). The calculated size classes were microplankton (20–200 µm), 

nanoplankton (2–20 µm) and picoplankton (0.2–2 µm) (Sieburth et al. 1978). For our data, the 

difference between total chl a and accessory pigments varied in the given range between 7% 

and 27%, with one outlier in station 37 (51%) because of the high quantification of diatoxanthin 

(and beta carotenoids). The regression between total chl.a and accessory pigments had a slope 

of 0.96 and R2 > 0.9. We note that diagnostic pigment analysis has its inaccuracies and may fail 

on a case-by-case basis (e.g. the size of diatoms can range between the micro and nanoplankton 

size fraction); for more detail, see Aiken et al. (2009) and Uitz et al. (2006). Nevertheless, this 

method allows a comprehensive description of the distribution of PFTs and PSCs on global 

scales. 
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Figure S2. Sea surface temperature (a) and Surface chlorophyll a concentration (b) from MODIS 
satellite data (https://neo.sci.gsfc.nasa.gov/) of the study region in January 2017. Red stations indicate 
sampling for C- and N- rate measurements and samples for microbial community composition. Blue 
stations indicate stations with CTD sensor data. Colored lines are drawn according to separation of water 
masses in this study. The yellow line highlights the southern boundary of the Indian Ocean gyre (ISSG), 
light blue circle the Subtropical Front (STF), blue line the Subantarctic Front (SAF), green line the Polar 
Front Zone (PFZ) and the light green line indicates the boundary of the northern Antarctic Zone (AZ). 

 

Figure S1. Temperature- Salinity- density 
plot of all CTD depth profiles. Potential 
temperature was calculated in Ocean Data 
View based on measured Temperature and 
Salinity and reference density of 0.  

https://neo.sci.gsfc.nasa.gov/
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Figure S3. microbial alpha diversity of prokaryotes (a-c) and eukaryotes (d-f). (a) Richness (q=0) and 
extrapolates richness estimate for prokaryotes. (b) Shannon entropy (q=1) and extrapolates Shannon 
estimate for prokaryotes. (c) Inverse Simpson Diversity (q=2) and extrapolates Inverse Simpson 
Diversity estimate for prokaryotes. (d) Richness (q=0) and extrapolates richness estimate for eukaryotes. 
(e) Shannon entropy (q=1) and extrapolates Shannon estimate for eukaryotes. (f) Inverse Simpson 
Diversity (q=2) and extrapolates Inverse Simpson Diversity estimate for eukaryotes. 
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Figure S4. Microbial alpha diversity (a) Eukaryotic ASV richness of 18S amplicon sequences changing 
over sea surface temperature (SST). (b) Prokaryotic ASV richness of 16S amplicon sequences changing 
over SST.  (c) alpha diversity of eukaryotic ASVs calculated as Inverse Simpson Index against SST. (d) 
alpha diversity of prokaryotic ASVs calculated as Inverse Simpson Index against SST. (e) Eukaryotic 
Inverse Simpson Index against primary productivity. (f) Prokaryotic Inverse Simpson Index against 
primary productivity. (g) Eukaryotic Inverse Simpson Index against nitrogen fixation. (h) Prokaryotic 
Inverse Simpson Index against nitrogen fixation; Pearson correlation (r) and p-values are indicated in 
the figures; dark green color indicates the Antarctic Zone (AZ), light green the Polar Front Zone (PFZ), 
dark blue color Subantarctic Front (SAF), light blue indicates the Subtropical Front (STF) and yellow 
the Indian South Subtropical Gyre (ISSG). 
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Figure S5. Residual Histograms of Pearson correlation plots from Fig. S4 of prokaryotes (a – d) and 
eukaryotes (e – h). 

 

 

Figure S6. (a) relative abundance of different phytoplankton functional types (PFTs) calculated after 
Hirata et al. (2011), stations are sorted after increasing temperature. (b) relative abundance of 
phytoplankton size classes calculated after Uitz et al. 2006 against sea surface temperature. Colored bars 
indicate water masses according to their sea surface temperature; dark green color indicates the Antarctic 
Zone (AZ), light green the Polar Front Zone (PFZ), dark blue color Subantarctic Front (SAF), light blue 
indicates the Subtropical Front (STF) and yellow the Indian South Subtropical Gyre (ISSG). 
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Figure S7. Ratio of particulate organic 
nitrogen (PN) concentration and chlorophyll 
a (chl a) concentration against sea surface 
temperature. Colored bars indicate water 
masses according to their sea surface 
temperature; dark green color indicates the 
Antarctic Zone (AZ), light green the Polar 
Front Zone (PFZ), dark blue color 
Subantarctic Front (SAF), light blue indicates 
the Subtropical Front (STF) and yellow the 
Indian South Subtropical Gyre (ISSG). 
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Figure S8. General dissimilarity model (GDM) of (a) eukaryotes and (b) prokaryotes. GDM is used to 
assess non-linar relationship of microbial community dissimilarity with z-scored environmental 
parameters (i.e. geographical distance, salinity, mixed layer depth (MLD), temperature, oxygen, nitrate 
(NO3), ammonium (NH4), phosphate (PO4), silicate (Si), chlorophyll a, POC : PN ratio, primary 
productivity (PP), specific primary productivity (PB), and N2 fixation). Displayed is only those plots 
where environmental parameters contributed to detectable community change. Contribution of each 
environmental parameter is shown by the magnitude of each spline along the concentration of each 
environmental variable. 

 

 

 

 

 

 

 

 

 

 

Figure S9. N2 fixation in nmol N L−1 
d−1 against nitrate concentration (µM 
NO3). Despite highest N2 fixation at 
low- NO3

 sites, no clear association 
between N2 fixation and NO3 
concentration was found. 
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Table S1. OISO Formulas used for calculation of phytoplankton functional types and size class fractions 
based on diagnostic pigments after Hirata et al. (2011) and Uitz et al. (2006). 

 

Reference 

Phytoplankton Size Class / 
Functional Type Diagnostic Pigments Estimation Formula 

Hirata et al 
2011 

Diatoms  Fuco 1.41[Fuco] / ∑DPw 

Dinoflagellates Perid 1.41[Perid] / ∑DPw 

Green algae  TChl-b 1.01[Chl-b] / ∑DPw 

Prokaryotes Zea 0.86[Zea] / ∑DPw 

Prochlorococcus Divinyl Chlorophyll-a (DV 
Chl-a) 

0.74[DV Chl-a] / ∑DPw 

Prymnesiophytes (Haptophytes) Hex-fuco, But-fuco Approximated with Nanoplankton – 
Green algae 

Pico-Eukaryotes Hex-fuco, Chl-b Approximated with Picoplankton – 
Prokaryotes 

Uitz et al 2006 Microplankton Fuco, Perid 1.41[Fuco + Perid] / ∑DPW 

Nanoplankton Hex-fuco, But-fuco, Allo (1.27[Hex-fuco] + 0.35[But-fuco] + 
0.6[Allo]) / ∑DPW 

Picoplankton Zea, Hex-fuco, Chl-b (0.86[Zea] + 1.01[TChl-b]) / ∑DPW 

 

Table S2. DADA2 pipeline sequencing statistics for 16S and 18S rRNA gene sequences. Numbers show 
number of reads left in each sample after different steps in the pipeline. Input data is raw input data from 
Illumina sequencer. Input reads are filtered with filterandtrim() function with minimum quality score of 
2 and minimum sequence length of 50bp; denoised (denoisedF are forward reads and denoisedR for 
reverse reads) with DADA2 default parameters, merged sequences with minimum overlap of 20bp and 
final step of denovo chimeras removal (method= consensus). 

 Station Input  filtered denoisedF denoisedR merged nonchim 
16S rRNA 
gene 

OISO11_T0 66108 63846 62838 63254 48086 47037 
OISO3_T0 73642 69113 67515 68144 47726 46581 
OISOE_T0 50057 47584 46944 47108 35810 35511 
OISO7_T0 40330 38681 38120 38407 28130 27644 
OISO4_T0 36868 34934 34059 34409 27378 27115 
OISO37_T0 35416 33686 33222 33348 10635 10587 
OISO15_T0 47689 45126 43907 44502 34182 33642 
OISO2_T0 33694 32425 31429 31974 23589 23025 
OISO14_T0 45556 43802 43000 43351 34250 32550 
OISO9_T0 40535 38706 38023 38281 28173 27912 
OISO10_T0 46965 45299 44522 44889 30995 30468 
OISO18_T0 47929 45807 44381 44870 35860 35147 

18S rRNA 
gene 

OISO11_T0 36696 25637 25445 25363 24923 24916 
OISO3_T0 180744 127416 125888 125477 117793 116330 
OISOE_T0 179771 128995 128454 128150 107141 107036 
OISO7_T0 103111 69257 68795 68678 60290 60093 
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OISO6_T0 65038 44344 44031 43900 39237 39116 
OISO37_T0 60683 39490 39330 39281 38744 38532 
OISO15_T0 78683 56333 55512 55279 52216 50846 
OISO2_T0 116014 81494 79958 79546 72577 71621 
OISO4_T0 65095 47768 47333 47176 45761 45608 

 

Table S3. SIMPER analysis of the eukaryotic (18S) and prokaryotic (16S) sequence count as relative 
contribution to the dissimilarity observed between provinces. 
18S 
Provinces Rank #ASV Contribution 

(%) 
Taxonomy 

SO-ISSG 1 ASV_2 
 

2.10 Eukaryota;Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp. 

2 ASV_10 
 

2.08 Eukaryota; Hacrobia; Haptophyta; Prymnesiophyceae; Phaeocystales; 
Phaeocystaceae; Phaeocystis; Phaeocystis_rex 

3 ASV_25 
 

2.04 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Radial-centric-basal-Coscinodiscophyceae; Actinocyclus; 
Actinocyclus_curvatulus 

4 ASV_31 
 

1.93 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Raphid-pennate; Fragilariopsis 

5 ASV_33 
 

1.86 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Polar-centric-Mediophyceae; Chaetoceros 

6 ASV_134 
 

1.85 Eukaryota; Alveolata; Dinoflagellata; Syndiniales ; Dino-Group-I; 
Dino-Group-I-Clade-1; Dino-Group-I-Clade-1_X; Dino-Group-I-Clade-
1_X_sp. 

7 ASV_18 
 

1.85 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Raphid-pennate. 

8 ASV_67 
 

1.83 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Raphid-pennate; Pseudo-nitzschia; Pseudo-nitzschia_cf_cuspidata 

9 ASV_78 
 

1.81 Unknown Eukaryotes 

10 ASV_26 
 

1.78 Eukaryota; Hacrobia; Haptophyta; Prymnesiophyceae; Phaeocystales; 
Phaeocystaceae; Phaeocystis; Phaeocystis_rex 

SO-SSTC 1 ASV_53 
 

2.56 Eukaryota; Alveolata; Dinoflagellata; Syndiniales; Dino-Group-I; Dino-
Group-I-Clade-1; Dino-Group-I-Clade-1_X; Dino-Group-I-Clade-1_X_sp. 

2 ASV_48 
 

2.52 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Gonyaulacales; 
Gonyaulacaceae; Gonyaulax  

3 ASV_31 
 

2.49 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Raphid-pennate; Fragilariopsis  

4 ASV_11 
 

2.47 Eukaryota; Alveolata; Dinoflagellata; Syndiniales; Dino-Group-I; Dino-
Group-I-Clade-1; Dino-Group-I-Clade-1_X; Dino-Group-I-Clade-1_X_sp  

5 ASV_22 
 

2.38 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp.  

6 ASV_50 
 

2.35 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp.  

7 ASV_51 
 

2.31 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp.  

8 ASV_56 
 

2.31 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp.  

9 ASV_25 
 

2.30 Eukaryota; Stramenopiles; Ochrophyta; Bacillariophyta; Bacillariophyta_X; 
Radial-centric-basal-Coscinodiscophyceae; Actinocyclus; 
Actinocyclus_curvatulus 

10 ASV_94 
 

2.22 Eukaryota; Archaeplastida; Chlorophyta; Chloropicophyceae; 
Chloropicales; Chloropicaceae; Chloroparvula; Chloroparvula_pacifica 

SSTC-ISSG 1 ASV_94 
 

1.63 Eukaryota; Archaeplastida; Chlorophyta; Chloropicophyceae; 
Chloropicales; Chloropicaceae; Chloroparvula; Chloroparvula_pacifica 

2 ASV_170 
 

1.62  Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp. 
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3 ASV_176 
 

1.48 Unknown Eukaryotes 

4 ASV_375 
 

1.48 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Gonyaulacales; 
Pyrophacaceae; Fragilidium 

5 ASV_162 
 

1.47 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp. 

6 ASV_23 
 

1.44 Eukaryota; Archaeplastida; Chlorophyta; Chloropicophyceae; 
Chloropicales; Chloropicaceae; Chloroparvula; Chloroparvula_pacifica 

7 ASV_505 
 

1.39 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae; Dinophyceae_X; 
Dinophyceae_XX; Dinophyceae_XXX; Dinophyceae_XXX_sp. 

8 ASV_5 
 

1.33 Eukaryota; Archaeplastida; Chlorophyta; Palmophyllophyceae; 
Prasinococcales; Prasinococcales-Clade-B; Prasinoderma; 
Prasinoderma_singularis 

9 ASV_258 
 

1.33 Eukaryota; Alveolata; Dinoflagellata; Syndiniales; Dino-Group-II; Dino-
Group-II-Clade-10-and-11; Dino-Group-II-Clade-10-and-11_X Dino-
Group-II-Clade-10-and-11_X_sp. 

10 ASV_228 
 

1.30 Eukaryota; Alveolata; Dinoflagellata; Dinophyceae 

16S 
ISSG-SO 1 ASV_9 

 
2.06 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

Aquibacter 
2 ASV_15 

 
2.02 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

NS5 marine group 
3 ASV_11 

 
1.97  Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae; Planktomarina 
4 ASV_26 

 
1.89 Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae; Planktomarina 
5 ASV_1 

 
1.87 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

Ulvibacter 
6 ASV_23 

 
1.87 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

NS4 marine group 
7 ASV_35 

 
1.85 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

NS4 marine group  
8 ASV_7 

 
1.85 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 

NS2b marine group  
9 ASV_18 

 
1.83 Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae; Planktomarina 
10 ASV_16 1.73 Bacteria; Proteobacteria; Gammaproteobacteria; Cellvibrionales; 

Porticoccaceae; SAR92 clade 
SSTC-SO 1 ASV_12 

 
2.56 
 

Bacteria; Proteobacteria; Gammaproteobacteria; Thiomicrospirales; 
Thioglobaceae; SUP05 cluster 

2 ASV_26 
 

2.55 Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 
Rhodobacteraceae; Planktomarina 

3 ASV_35 
 

2.51 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriale; Flavobacteriaceae; 
NS4 marine group 

4 ASV_6 
 

2.32 Bacteria; Cyanobacteria; Oxyphotobacteria; Synechococcales; 
Cyanobiaceae; Synechococcus CC9902 

5 ASV_31 
 

2.23 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriale; NS9 marine group 

6 ASV_16 
 

2.21 Bacteria; Proteobacteria; Gammaproteobacteria; Cellvibrionales; 
Porticoccaceae; SAR92 clade 

7 ASV_65 
 

2.21 Bacteria; Proteobacteria; Gammaproteobacteria; Oceanospirillales; 
Nitrincolaceae 

8 ASV_39 
 

2.17 Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 
Rhodobacteraceae; Planktomarina 

9 ASV_15 
 

2.16 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 
NS5 marine group 

10 ASV_91 
 

2.09 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Cryomorphaceae; 
NS10 marine group 

ISSG-SSTC 1 ASV_24 
 

1.40 Bacteria; Cyanobacteria; Oxyphotobacteria; Synechococcales; 
Cyanobiaceae; Prochlorococcus MIT9313 
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2 ASV_6 
 

1.32 Bacteria; Cyanobacteria; Oxyphotobacteria; Synechococcales; 
Cyanobiaceae; Synechococcus CC9902 

3 ASV_105 
 

1.31 Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; 
Rhodobacteraceae 

4 ASV_122 
 

1.30 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 
NS5 marine group 

5 ASV_25 
 

1.27 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 
NS4 marine group 

6 ASV_2 
 

1.27 Bacteria; Cyanobacteria; Oxyphotobacteria; Synechococcales; 
Cyanobiaceae; Prochlorococcus MIT9313 

7 ASV_146 
 

1.25 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 
NS5 marine group 

8 ASV_94 
 

1.25 Bacteria; Proteobacteria; Alphaproteobacteria; Puniceispirillales; SAR116 
clade 

9 ASV_139 
 

1.21 Bacteria; Proteobacteria; Gammaproteobacteria; SAR86 clade 

10 ASV_7 
 

1.20 Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; 
NS2b marine group 

 

Table S4. Upset plots visualize the intersections of multiple sets in a comprehensive and approachable 
way such that one can see intersection set size of individual sets and intersection size of common samples 
between sets. The calculations and plots are done based on binary tables (presence/ absence) of samples 
merged within their provinces. Thus, the analysis is biased by inequal sample number and sequencing 
depth between samples. For instance, species A is found in sample 1 of the Southern Ocean but not in 
sample 2 and 3. In the merged sample it would be accounted as “present” for the Southern Ocean, i.e. 
simplifying the provinces to one homogenous sample. To provide an estimate how well each sample is 
represented by the merged sample per province we provide in the following table for each sample and 
its representative with the following categories: 0 = shared absence (not accounted in further analysis), 
1 = present in other samples of the same province but absent in sample of interest, 2 = shared between 
sample of interest and representative sample.  

 
Sample 0 1 2 Percent shared (%) 
Eukaryotes (18S) 
OISO37 (and SO) 1923 439 139 24% 
OISO11 (and SO) 1923 342 236 41% 
OISOE (and SO) 1923 216 362 63% 
OISO7 (and SO) 1923 275 303 52% 
OSIO9 (and SO) 1923 229 349 60% 
OISO4 (and SSTC) 1917 263 321 55% 
OISO15 (and SSTC) 1917 145 439 75% 
OISO3 (and ISSG) 586 852 1063 56% 
OISO2 (and ISSG) 586 1031 884 46% 
OISO16 (and ISSG) 586 1325 590 31% 
OISO18 (and ISSG) 586 1002 913 48% 
Prokaryotes (16S) 
OISO37 (and SO) 551 258 232 47% 
OISO11 (and SO) 551 251 239 49% 
OISOE (and SO) 551 218 272 56% 
OISO7 (and SO) 551 230 260 53% 
OISO9 (and SO) 551 246 244 50% 
OISO10 (and SO) 551 224 266 54% 
OISO4 (and SSTC) 508 225 308 58% 
OISO14 (and SSTC) 508 210 323 61% 
OISO15 (and SSTC) 508 193 340 64% 
OISO3 (and ISSG) 455 199 387 66% 
OISO2 (and ISSG) 455 313 273 47% 
OISO18 (and ISSG) 455 270 316 54% 
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Supplementary 2  
Supplementary to Chapter 2 
 
S1. Definition of oceanic provinces 
Physico-chemical characteristics of ocean provinces were different across a latitudinal gradient 

and influenced by local ocean dynamics. In the following we briefly describe these differences 

for each province. The Southwest Atlantic Shelves province (FKLD) is the only province that 

extends across both  continental shelf, and regions of high eddy dynamics at the shelf break 

(Fig. S3a). The Brazilian Current Coastal (BRAZ) province largely encompasses the Brazilian 

Current (see Fig. S2). The BRAZ province was associated with active eddy formation, resulting 

in a large range of temperature and salinity profiles (Fig. S1; Table C2.1), elevated chl a 

concentrations, and primary productivity (Fig. C2.1, Table C2.1). The North Atlantic 

Subtropical Gyral (NAST-E) province includes the Azores current, which joins the Canary 

Current south of the province and the flow towards the strait of Gibraltar (Fig. S2a) but was 

significantly less productive than the adjacent CNRY province (Two sample t-test t = −3.4, 

p < 0.01). In comparison to the NAST-E province with temperatures around 19.19±1.9 °C 

(mean ± stdev, n = 12), we measured colder temperatures ranging from 15.32 °C to 17.07 °C in 

the North Atlantic Drift (NADR) province. The Western Tropical Atlantic (WTRA) province 

encompasses the boundaries to the southern and northern subtropical gyres and the equatorial 

current with sea surface temperatures 27.3−28.7 °C. The North Atlantic Tropical Gyral (NATR) 

province had relatively high primary productivity rates (27.1−86.3 µmol C L−1 h−1; Table C2.1), 

despite low biomass concentrations (0.12−0.32 mg C m−3) in previous studies (Longhurst 

2007). We consider FKLD, BRAZ, CNRY, NAST-E, and NADR “high chl a provinces”; H-

CHL (Table C2.1). We note that the higher surface chl. a concentrations can vary seasonally 

and regionally due to current flows and eddy kinetics (1). Thus, we consider the NAST-E 

province a H-CHL province despite relatively low NO3, POC, PN, and chl a concentrations 

measured. 

 

On the other hand, the SATL-COLD, SATL-HOT, WTRA and NATR are considered “low chl 

a provinces” with significantly lower PP (t = −3.85, p < 0.001, n1 = 39, n2 = 38), chl a (t = −3.86, 

p < 0.001, n1 = 39, n2 =38), and NO3
 (t = −3.89, p < 0.001, n1 = 39, n2 = 38; Table C2.1). An 

exception was found in the North equatorial counter current ~10−12°N, which falls in the 

NATR province in our dataset. Thus, the samples in the NATR province had NO3, PN and POC 

concentrations above the expected oligotrophic conditions (0.08 µmol L−1 NO3). 
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S2. Dissolved inorganic nutrients and particulate organic matter 
Dissolved inorganic nutrients  

At each station, we sampled 12 ml of filtered seawater through a 0.22 µm syringe filter (28mm, 

Sartorius, Germany) for dissolved inorganic nutrient analyses and stored at −80°C until further 

analysis. Dissolved inorganic nutrients were assayed on an autoanalyzer (Alliance; Evolution 

III). Detection limits for silicate (H4SiO4), phosphate (PO4), nitrate (NO3), and nitrite (NO2) 

were 0.2 µM, 0.01 µM, 0.01 µM, and 0.015 µM, respectively.  

Particulate organic matter  

Duplicate samples (4 L) for particulate organic matter (POM) were immediately (T0) filtered 

after sampling and stored at −80°C until further analysis. Total carbon and nitrogen elemental 

analyses were performed on an elemental analyzer (EUROEA3000; EuroVector, Italy).  

 

S3. Experimental design of primary productivity measurements 
We took seawater from the ship’s underway system in a 20 L canister for primary productivity 

(PP) experiments. Water in the canister was homogenized by manual shaking (~2 min) and 

divided between three 1 L polycarbonate bottles. We initiated experiments by spiking each 

bottle with 200 µmol NaH13CO3 prior to incubation for 24 h. In addition, we incubated seawater 

in two 1 L bottles at each station without any addition of stable isotopes for 24 h to provide 

readings of the natural abundance of stable isotopes in samples for PP calculations. Neutral 

density screens (present on the ship) were used to simulate the light attenuation. Temperature 

and light attenuation in incubation bins was continuously tracked during the expedition. 

 
S4. Flow Cytometry measurements 
Measurements were taken for autofluorescence (FL2-A) and total cell count using SYBR (FL1). 

Simultaneously, measurements were collected for forward scatter (FSC; roughly equivalent to 

size), and side scatter (SSC; indicator of granularity). Cell size and detection were calibrated 

prior to analysis using 2µm ⌀ beads (RCP-20-5 Rainbow Calibration Particles Lot# GKAJ01, 

Spherotech). 
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Figure S1. map of PS113 expedition and defined provinces overlayed by Longhurst provinces (Flanders 
Marine Institute (2009). Longhurst Provinces version 4. Available online at 
https://www.marineregions.org/). 

  

https://www.marineregions.org/
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Figure S3. Satellite-derived analysis of ocean provinces taking (a) geostrophic currents, (b) temperature 
regimes and (c) chl a concentration into account. Satellite observations of (a) and (b) were generated 
using E.U. Copernicus Marine Service Information; monthly averaged from 20180511T00:00Z - 
20180608T00:00Z for  and NASA MODIS data MY1DMM_CHLORA from May 2018 for chl.a. The 
major currents are indicated by arrows and labelled. east and northward component direction calculated 
with (180/3.14) * Atn2([u],[v]) and velocity with Sqr([u]**2 + [v]**2) (Butler 2013; 
https://www.esri.com/arcgis-blog/products/product/analytics/displaying-speed-and-direction-
symbology-from-u-and-v-vectors/) 

 

  

Figure S2. Potential temperature vs salinity 
from all surface samples.  Samples are 
clustered into oceanic provinces and named 
according to provinces defined by Longhurst 
(2007): dark blue circle Falkland province 
(FKLD); yellow Brazilian province (BRAZ), 
green South Atlantic tropical province- 
subdivided into a cold and dynamic part (light 
green; SATL-COLD) and a homogenous, 
warm region (dark green; SATL-HOT), 
orange marks the West Tropical region 
(WTRA), dark red the North Atlantic tropical 
region (NATR), yellow-green the Canary 
region (CNRY), purple the North Atlantic 
Subtropical eastern province (NAST-E) and 
blue the North Atlantic drift region (NADR). 
Potential temperature was calculated in 
Ocean data view: Potential temperature 
referenced to reference pressure (0) at 11m m 
depth with sea surface temperature and 
salinity measured by the ship-board 
temperature-salinograph.  
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Figure S4. Principal Coordinate Analysis (PCA) of environmental data of (a) the entire transect and (b) 
the subset of samples where primary productivity (PP) was measured. Sites are colored according to 
ocean provinces and metadata as explanatory variables.  

 

Figure S5. Rarefaction curves of samples of (a) 16S rRNA gene (i.e. prokaryotes) richness (q = 0), (b) 
18S rRNA gene (i.e. eukaryotes) richness (q = 0), (c) 16S rRNA gene sample Shannon entropy (q = 1), 
(d) 18S rRNA gene sample Shannon entropy (q = 1) with endpoint set to 11256 (number of ASVs, due 
to computational power), (e)  16S rRNA gene inverse Simpson index (q = 2) (f) 18S rRNA gene sample 
inverse Simpson index (q = 2).  All samples were levelling off.  
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Figure S6. Alpha diversity across ocean provinces. Correlations (Pearson) of Shannon diversity with 
each other and environmental parameters within ocean provinces. Distance to coast (dCoast) calculated 
as distance of sample to next shore (in km), dBoundary is the distance to the province boundary of the 
sample identified to belong to, temperature is sea surface temperature (°C), salinity is sea surface 
salinity, oxygen (µM), nitrate (NO3) in µM, phosphate (PO4) in µM, Silicate (Si) in µM, Particulate 
organic Carbon concentration (POC) in nM, particulate nitrogen (PN) concentration in nM, chlorophyll 
a (chl a) in mg m-3, specific primary productivity (PB) in nmol C L-1 chl.a-1, primary productivity (PP) 
in nmol L-1 h-1 correlation plots with colors indicating gradient from negative (red) to positive (blue) 
correlation; empty fields indicate “not significant”, i.e. p-value > 0.05, red crosses indicate non-normal 
distribution of residuals in linear regression model. Within provinces, correlations have been calculated 
for eukaryotes and prokaryotes, respectively, and each trophic group (autotroph, mixotroph and 
heterotroph) against different environmental parameters and against each other. Colored boxes indicate 
correlations within provinces: FKLD, Falkland; BRAZ, Brazilian; SATL, South Atlantic Subtropical 
Gyre; WTRA, Equator; NATR, North Atlantic Tropical; CNRY, Canary, NAST, North Atlantic 
Subtropical; NADR, North Atlantic Drift region. 

 

 

Figure S7. Shannon diversity of cyanobacteria (a) and heterotrophic prokaryotes (b) in the NAST-E 
province. Correlation between cyanobacteria diversity and and phosphate concentration was 
significantly correlated (Pearson correlation, r = 0.83, p = 0.01, n = 10) while heterotrophic prokaryotic 
diversity had a positive trend with increasing phosphate concentration, but was not significant (Pearson 
correlation, r = 0.39, p = 0.27, n = 10). 
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Figure S8. Residual Histograms Brazilian province (n = 8). 

 

Figure S9. Residual Histograms SATL-COLD province (n = 15). 

 

Figure S10. Residual Histograms SATL-HOT province (n = 20). 
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Figure S11. Residual Histogram WTRA province (n = 17). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S12. Residual Histogram CNRY province (n = 26). 
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Figure S13. Residual Histograms NAST-E province (n = 10). 

 

 

Figure S14. Residual Histograms NADR province (n = 13). 
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Figure S15. Residual Histograms across all provinces (ALL; n = 121) 
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Figure S16. Shannon diversity between functional groups. (a) positive correlation (Pearson, r = 0.9, 
p < 0.01, n = 8) between Cyanobacteria diversity and autotrophic eukaryotes in the BRAZ province (b) 
positive correlation (Pearson, r = 0.6, p = 0.01, n = 15) between mixotrophic diversity and autotrophic 
eukaryotes in the SATL-COLD province, (c) positive correlation (Pearson, r = 0.7, p < 0.001, n = 26) 
between mixotrophic diversity and autotrophic eukaryotic diversity in the CNRY province, (d) positive 
correlation (Pearson, r = 0.7, p = 0.01, n = 13) between mixotrophic diversity and autotrophic eukaryotic 
diversity in the NADR province. 

 

Figure S17. Shannon diversity of autotrophic eukaryotes in the BRAZ (a) and SATL-HOT (b) 
provinces. The BRAZ province has a large temperature gradient (11.3–18.6°C) and strong correlation 
with varying alpha diversity (Pearson correlation, r = 0.85, p = 0.007, n = 8). The SATL-HOT province 
has a small temperature range (25.1– 27.6°C; outlier at Station 83 with 19.9°C) and shows no significant 
correlation with sea surface temperature (Pearson correlation, r = 0.04, p = 0.88, n = 20). 
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Figure S18. Sequencing statistics density plots of each filtering step for a. 16S rRNA gene sequencing 
reads and b. 18S rRNA gene sequencing reads.  

 

 
Figure S19. Histograms of metadata across the entire transect (n = 121).  

Table S1. Pearson correlation of alpha diversity of trophic functional groups and quantitative cell count 
against environmental variables across the entire transect. Cells are yellow marked where residuals were 
normally distributed. 

Environmental 
parameter 

auto.euk 
(n = 124) 

auto.cyano  
(n = 124) 

mixo  
(n = 124) 

het.euk  
(n = 124) 

het.prok  
(n = 124) 

Total cell 
number (n = 115) 

temperature r = 0.62,  
p < 0.001 

r = 0.06,  
p = 1 

r = 0.75,  
p < 0.001 

r = 0.68  
p < 0.001 

r = 0.43,  
p < 0.001 

r = −0.08  
p = 1 

salinity r = 0.57,  
p < 0.001 

r = 0.05,  
p = 1 

r = 0.46,  
p <0.001 

r = 0.44  
p = 0.03 

r = 0.24  
p = 0.03 

r = −0.1  
p =1 

O2 r = −0.66,  
p < 0.001 

r = −0.23,  
p = 0.08 

r = −0.75,  
p < 0.001 

r = −0.76  
p < 0.001 

r = −0.59  
p < 0.001 

r = 0.05  
p =1 

NO3 r = −0.34,  
p < 0.001 

r = −23,  
p = 0.08 

r = −0.37,  
p < 0.001 

r = −0.33  
p < 0.001 

r = −0.29,  
p <0.001 

r = −0.02  
p = 1 

PO4 r = −0.46,  
p < 0.001 

r = −0.20,  
p = 0.17 

r = −0.43,  
p < 0.001 

r = −0.38  
p < 0.001 

r = −0.29,  
p < 0.001 

r = 0.01  
p =1 

Si r = 0.05,  
p = 0.54 

r = −0.10,  
p = 1 

r = 0.12,  
p = 0.16 

r = −0.03  
p = 0.75 

r = −0.02  
p = 0.8 

r = 0  
p =1 

POC r = −0.73,  
p < 0.001 

r = −0.19,  
p = 0.21 

r = −0.52,  
p < 0.001 

r = −0.55  
p < 0.001 

r = −0.36,  
p < 0.001 

r = 0.2  
p = 0.29 

PN r = −0.72,  
p < 0.001 

r = −0.17,  
p = 0.33 

r = −0.5,  
p < 0.001 

r = −0.50  
p < 0.001 

r = −0.31,  
p < 0.001 

r = 0.2  
p = 0.29 

chl a r = −0.62,  
p < 0.001 

r = −0.03,  
p = 1 

r = −0.44,  
p < 0.001 

r = −0.35  
p = 0.07 

r = −0.18  
p = 0.1 

r = 0.14  
p = 0.89 

PB r = −0.18  
p = 0.15 

r = −0.06,  
p = 0.65 

r = 0.14,  
p = 0.28 

r = 0.08  
p = 0.51 

r = 0.02  
p = 0.87 

r = 0  
p = 1 

PP r = −0.63,  
p <0.001 

r = −0.16,  
p = 0.22 

r = −0.27,  
p = 0.04 

r = −0.27  
p = 0.03 

r = −0.14  
p = 0.29 

r = 0.17  
p = 0.21 
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Table S2. RDA ordination distances between high and low chl a provinces and relative ordination 
distances normalized by distances of all sites to each other within one RDA analyses. 

Functional 
group 

provinces Centroid distances 
in RDA axes 1+2  

high/  
low chl a  

average 
distance 

relative distance (mean distance of chl a 
provinces/mean distances all provinces) 

auto_euk BRAZ_CNRY 0.09588 high 0.138 0.855 
auto_euk CNRY_FKLD 0.1143694 high 
auto_euk CNRY_NADR 0.1727393 high 
auto_euk CNRY_NAST-E 0.1467146 high 
auto_euk FKLD_NADR 0.1013843 high 
auto_euk FKLD_NAST-E 0.1543737 high 
auto_euk NADR_NAST-E 0.1042545 high 
auto_euk BRAZ_FKLD 0.08769748 high 
auto_euk BRAZ_NADR 0.1864948 high 
auto_euk BRAZ_NAST-E 0.2112198 high 
auto_euk NATR_SATL-COLD 0.1583228 low 0.104 0.649 
auto_euk NATR_SATL-HOT 0.1180996 low 
auto_euk SATL-COLD_SATL-

HOT 
0.07251829 low 

auto_euk WTRA_NATR 0.08980855 low 
auto_euk WTRA_SATL-COLD 0.1288887 low 
auto_euk WTRA_SATL-HOT 0.05881104 low 
auto_cyano BRAZ_CNRY 0.06776943 high 0.101 0.647 
auto_cyano BRAZ_FKLD 0.04163754 high 
auto_cyano BRAZ_NADR 0.07029267 high 
auto_cyano BRAZ_NAST-E 0.179421 high 
auto_cyano CNRY_FKLD 0.04634837 high 
auto_cyano CNRY_NADR 0.1085454 high 
auto_cyano CNRY_NAST-E 0.1538886 high 
auto_cyano FKLD_NADR 0.06223915 high 
auto_cyano FKLD_NAST-E 0.1396576 high 
auto_cyano NADR_NAST-E 0.1403244 high 
auto_cyano NATR_SATL-COLD 0.177128 low 0.13 0.822 
auto_cyano NATR_SATL-HOT 0.1285023 low 
auto_cyano NATR_WTRA 0.08111078 low 
auto_cyano SATL-COLD_SATL-

HOT 
0.05535135 low 

auto_cyano SATL-COLD_WTRA 0.1977615 low 
auto_cyano SATL-HOT_WTRA 0.1310024 low 
mixo BRAZ_CNRY 0.08467257 high 0.116 0.773 
mixo BRAZ_FKLD 0.05857413 high 
mixo BRAZ_NADR 0.03279495 high 
mixo BRAZ_NAST-E 0.1983371 high 
mixo CNRY_FKLD 0.05255136 high 
mixo CNRY_NADR 0.1427212 high 
mixo CNRY_NAST-E 0.124576 high 
mixo FKLD_NADR 0.1129591 high 
mixo FKLD_NAST-E 0.1666339 high 
mixo NADR_NAST-E 0.1897172 high 
mixo NATR_SATL-COLD 0.1224816 low 0.13 0.861 
mixo NATR_SATL-HOT 0.1061296 low 
mixo NATR_WTRA 0.09472547 low 
mixo SATL-COLD_SATL-

HOT 
0.06873986 low 

mixo SATL-COLD_WTRA 0.2116922 low 
mixo SATL-HOT_WTRA 0.1739107 low 
het_euk BRAZ_CNRY 0.09177388 high 0.113 0.711 
het_euk BRAZ_FKLD 0.05746816 high 
het_euk BRAZ_NADR 0.1071548 high 
het_euk BRAZ_NAST-E 0.2082722 high 
het_euk CNRY_FKLD 0.06619234 high 
het_euk CNRY_NADR 0.1124882 high 
het_euk CNRY_NAST-E 0.1469013 high 
het_euk FKLD_NADR 0.05835558 high 
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het_euk FKLD_NAST-E 0.1515959 high 
het_euk NADR_NAST-E 0.1282205 high 
het_euk NATR_SATL-COLD 0.1755226 low 0.138 0.873 
het_euk NATR_SATL-HOT 0.155487 low 
het_euk NATR_WTRA 0.08559509 low 

het_euk SATL-COLD_SATL-
HOT 

0.07155067 low 

het_euk SATL-COLD_WTRA 0.1970334 low 
het_euk SATL-HOT_WTRA 0.1457272 low 
het_prok BRAZ_CNRY 0.1352539 high 0.126 0.767 
het_prok BRAZ_FKLD 0.1290217 high 
het_prok BRAZ_NADR 0.04349993 high 
het_prok BRAZ_NAST-E 0.08419363 high 
het_prok CNRY_FKLD 0.2451325 high 
het_prok CNRY_NADR 0.1786196 high 
het_prok CNRY_NAST-E 0.1593004 high 
het_prok FKLD_NADR 0.09890021 high 
het_prok FKLD_NAST-E 0.09314179 high 
het_prok NADR_NAST-E 0.09122453 high 
het_prok NATR_SATL-COLD 0.1900992 low 0.12 0.734 
het_prok NATR_SATL-HOT 0.1067188 low 
het_prok NATR_WTRA 0.1652539 low 
het_prok SATL-COLD_SATL-

HOT 
0.09663984 low 

het_prok SATL-COLD_WTRA 0.09943583 low 
het_prok SATL-HOT_WTRA 0.0645592 low 

 

Table S3. Procrustes analysis of RDA ordinations between different trophic functional groups 
of pro- and eukaryotes.   

auto.euk auto.cyano mixo het.euk 
     

auto.cyano 284.1 
   

mixo 498.2 99.9 
  

het.euk 281.9 291.6 89.9 
 

het.prok 182.2 209 259.7 559.4 

 
 
 

Table S4. Estimated phytoplankton biomass derived from chl a concentration and estimated factor (23) 
based on a quantitative literature value (2). Notably, this is an approximation that varies on regional 
scales and on the species level. Our estimated phytoplankton biomass falls in the expected range of 1–
10% of POC concentration with varying proportions between provinces, and likely underestimation in 
low, oligotrophic latitudes (https://doi.org/10.1002/2016GB005458 Artega et al. 2016). 

province Chl a (mg m-3) total C (mg m-3) 
estimated phytoplankton biomass* 
(mg m-3)    
* = chl a * 23 

BRAZ 0.81–3.1 48.85–203.44 18.63–71.3 

Station 24 0.72 36.84 16.56 
CNRY 0.13–1.22 38.41–299.06 2.99–28.6 
FKLD 0.65 53.51–98.95 14.95 
NADR 0.14–0.44 58.85–152.54 3.22–10.12 
NAST-E 0.07–0.18 35.38–68.77 1.61–4.14 
NATR 0.14–0.43 64.27–109.66 3.22–9.89 
SATL-COLD 0.08–0.32 26.26–52.28 1.84–7.36 
SATL-HOT 0.04–0.13 18.3–36.5 0.92–2.99 
WTRA 0.13–0.35 31.31–53.46 2.99–8.05 
Station 
90+92 0.09–0.1 32.44 2.07–2.3 

https://doi.org/10.1002/2016GB005458%20Artega%20et%20al.%202016
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Supplementary 3  
Supplementary to Chapter 3 
 
Supplementary A: Additional information Materials and Methods 
 

HE492 and HE533: 

Seawater samples were collected during the on the HE492 expedition between 03.08.2017 and 

16.08.2017, and the HE533 expedition between 20.05.2019 and 06.06.2019. Water samples 

were collected in triplicates (A–C) with Niskin bottles mounted on a Seabird' SBE911+' CTD 

probe with additional turbidity, oxygen, and fluorescence sensors.  

A total of 20 L of seawater at three different depths (3m, DCM which varied between 8–28m, 

and 40m depth) was pooled and gravity-filtered through 200 µm and 20 µm mesh size sieves, 

and subsequently filtered through 3 µm and 0.2 µm polycarbonate filters (147 mm diameter, 

Millipore) using a Millipore Tripod filterholder and a peristaltic pump within a time window of 

max. 30 min. Warm lysis buffer was added to filters, followed by snap freezing and storage at 

−80°C until further processing. Picoplankton DNA was extracted using the NucleoSpin® Soil 

kit (Macherey-Nagel, Germany) following the manufacturer’s protocol. For the sample lysis 

step, a bead beater was used to break up the cells (MagNA Lyser, Roche). As other datasets in 

this manuscript did not have replicates, we subsampled only the first replicate (A) of the dataset 

for further analysis. 
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Figure S1. Total number of numerical synthetic drifters per site and for individual temporal bins.  

 
Figure S2. Connectivity matrix of synthetic numerical drifters that are 1 day old.  
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Figure S3. Connectivity matrix of synthetic numerical drifter concentration after 1 month (31 days) 

 
Figure S4. Connectivity matrix of synthetic numerical drifter concentration after 3 months (91 days) 
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Figure S5. Connectivity matrix of synthetic numerical drifter concentration after 6 months (181 days) 

 

Figure S6. Connectivity matrix of synthetic numerical drifter concentration after 1 year (361 days).  
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Figure S7. Connectivity matrix of synthetic numerical drifter concentration after 5 years (1821 days). 

 

 

Figure S8. residuals of both eukaryotes and prokaryotic RDA are normally distributed.   
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Figure S9. Temperature–salinity plot of all sites from surface water samples. Sites are color-coded 
according to geographic region. 
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Figure S10. Synthetic particle dispersal of individual regions after 1 day, 1 month, 3 months, six months, 
1 year, and 5 years.    
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Figure S11. Microbial beta diversity distance (Aitchinson distance) based on 16S rRNA (prokaryotes) 
and 18S rRNA (eukaryotes) sequences analyses against hydrodynamic distance based on the inverse of 
the normalized log10 synthetic particle concentration.  
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Figure S12. upsetR plots representing unique prokaryotic and eukaryotic ASV only occurring within 
one geographic region and the overlaps of of ASVs between geographic regions. a. prokaryotic ASVs 
between regions without marine-terminating glaciers, b. prokaryotic ASVs between regions with marine 
terminating glaciers, c. eukaryotic ASVs between regions without marine-terminating glaciers, d. 
eukaryotic ASVs between regions with marine terminating glaciers. 
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Table S2. Global network properties of the whole network components.   
Non-glacial influence glacial influence 

Number of components 70 64 

Clustering coefficient 0.27 0 

Modularity 0.74 0.83 

Positive edge percentage 74.42 75.55 

Edge density 0.007 0.008 

Natural connectivity 0.01 0.01 
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Supplementary 4  
 

 

Figure S1. Illustration of microbial rate measurements, phylogenetic and functional microbial data that 
are interlinked and cross-compared that any single observation can be nested taxonomically and 
functionally in a global-scale analysis. 
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