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ABSTRACT 

 

Transitions in eukaryotic algae distributions and physiology from subtropical to 

tropical environments 

 

Charlotte A. Eckmann 

 

 The seasonal and geographical dynamics of phytoplankton have important 

implications for primary production, carbon sequestration, and predicting future 

ocean change. The distribution of phytoplankton is influenced by their environmental 

needs and preferences and can be examined at various levels, from strain or species to 

size class or broad taxonomic grouping. The first two chapters of this thesis focus on 

phytoplankton distribution by taxonomic group as determined by 16S and 18S rRNA 

gene amplicon sequencing. In chapter one, a time-series study of the seasonally 

oligotrophic northwestern Sargasso Sea underscores the importance of prasinophytes, 

a polyphyletic group of green algae. Prasinophytes (mostly Class II 

Mamiellophyceae) comprised approximately half the eukaryotic phytoplankton 

amplicons during the time of year where deep mixing brings nutrients to the surface. 

At the end of the deep mixing, the mixed layer shoaled quickly, which could lead to 

carbon export when the algae were trapped at depth. The focus of the second chapter 

is expanded to include other phytoplankton groups in addition to prasinophytes. This 

chapter explores the eukaryotic phytoplankton communities of various tropical 

habitats, from the green-algae-dominated salt ponds to the mangroves, reefs, and 

offshore habitats where stramenopiles become more relatively abundant. The 

Stramenopile group dictyochophytes were examined at high taxonomic resolution 
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previously not reported for this region, with much of that group found to be 

comprised of uncultured environmental clades. The third chapter moves from the 

field to the laboratory, measuring the cell quotas of cultured representatives of 

Mamiellophyceae under nutrient replete, limiting, and starved conditions. Together, 

these chapters seek to increase the knowledge of prasinophytes across geographic 

areas and environmental parameters. 
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Not 

fanned by the 

winds of a summer 

parterre, Whose gales 

are but sighs of an evening 

air, Our delicate, fragile and  

exquisite forms, Were nursed 

by the billows, and rocked 

by the storms.  

 

~ Mary Swift Lamson, from Ocean Mosses (1872), as cited by Evenson (2016) 
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INTRODUCTION 

 

 Despite making up less than 1% of the global photosynthetic biomass, 

phytoplankton produce roughly half of the global net primary production (Field, 

1998). While this often-quoted figure underlines their importance, there is still much 

to be learned about the distribution and environmental importance of the organisms 

responsible for every other breath we take. Phytoplankton have distinct 

biogeographical patterns shaped by their unique nutrient, light, and temperature 

tolerances. Broader groups of phytoplankton can share traits and therefore share 

ecological niches and geographic distribution, but traits can vary within the same 

phytoplankton group at the species or strain level (Demory et al., 2019; Johnson et al., 

2006). To reach a more accurate picture of the complexity and ecological impact of 

phytoplankton dynamics, it is important to consider both variations in individual 

strains and species as well as large-scale changes in broader phytoplankton groups.  

 What constitutes a phytoplankton grouping can vary; for instance, 

phytoplankton can be classified by cell size— which affects food web placement 

(Sherr & Sherr, 1988), nutrient uptake kinetics (Munk & Riley, 1952), and sinking 

rates (Eppley et al., 1967) — or by taxonomy, which can imply shared conserved 

traits within a monophyletic group. Cell size has long been measured through 

microscopy (Brock, 1978), coulter counter analysis (C. M. Boyd & Johnson, 1995; 

Sheldon & Parsons, 1967), and more recently it has been estimated through scatter 

signals from flow cytometry (Cunningham & Buonnacorsi, 1992). Phytoplankton are 

sorted into size classes with generally agreed-upon cut-offs, such as picoplankton 
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(0.2- 2 μm), nanoplankton (2- 20 μm), and microplankton (20- 200 μm) (Fogg, 1986; 

Sieburth et al., 1978); however, sometimes these groups are operationally more 

loosely described (e.g., picoplankton have been defined as measuring up to 3 μm due 

to size fractionation using a 3 μm pore size filter during field sampling (Vaulot et al., 

2008)). Modern sequencing approaches have allowed a more robust classification of 

phytoplankton groups based on molecular phylogeny. Eukaryotic phytoplankton are 

an incredibly diverse group of organisms (Rengefors et al., 2017; Vargas et al., 2015) 

with several independent lineages that descended from different heterotrophic 

ancestors. 

 There are several eukaryotic “supergroups” of undefined taxonomic rank 

which are frequently refined and modified as research into their phylogenetic origins 

and morphological characteristics progresses (Burki et al., 2020). The supergroup 

Archaeplastida comprises three groups (red algae, glaucophyte algae, and green algae 

and land plants) all arising from primary endosymbiosis in which a eukaryotic cell 

engulfed a cyanobacterium and harnessed its photosynthetic ability, relegating the 

captured bacterium to endosymbiotic existence as an organelle called a plastid (Adl et 

al., 2012; Burki et al., 2020). Phytoplankton found in other eukaryotic supergroups 

are formed by various secondary or tertiary endosymbiosis events, in which a 

photosynthetic alga is taken in by a heterotrophic eukaryote (Archibald, 2012). One 

such supergroup is known by the acronym TSAR for its four members— telonemids, 

stramenopiles, alveolates, and rhizarians—which contain photosynthetic 

representatives arising from secondary or tertiary endosymbiosis. Another supergroup 
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is the Discoba, which contains the euglenids, some of which are photosynthetic via 

secondary endosymbiosis of a green alga (Bachy, Hehenberger, et al., 2022; Zakryś et 

al., 2017). There is also Haptista, which includes haptophytes such as the 

coccolithophores, and Cryptista, which includes the cryptophytes of red algal 

endosymbiotic origin (Bachy, Hehenberger, et al., 2022). 

 Environmental sequencing studies often make use of ribosomal RNA (rRNA) 

genes, which are useful in determining phylogenetic relationships in both eukaryotes 

and prokaryotes due to their highly conserved regions flanking hypervariable regions 

(G. E. Fox et al., 1977). The 18S rRNA gene is found in the genomes of eukaryotes, 

while the 16S rRNA gene is found in prokaryotes and in organellar DNA, i.e., the 

DNA of fixed endosymbionts in eukaryotes such as plastids. Due to the diversity of 

eukaryotic phytoplankton, there are still many undescribed species (Choi et al., 2017; 

E. Kim et al., 2011), and there is much to learn even about the more well-known 

species (Burki et al., 2021; Worden et al., 2015).  

 Both size and phylogeny are important considerations when seeking to 

understand the distribution of phytoplankton groups in the world ocean (Acevedo-

Trejos et al., 2018). Subtropical ocean gyres make up over half of the world ocean 

surface area, and generally have low surface nutrient concentrations (Neuer et al., 

2002). There is evidence from modelling studies that oligotrophic areas of the ocean 

will expand with projected fossil fuel emission scenarios (Bopp et al., 2013; Polovina 

et al., 2008). Decreased nutrients in surface waters related to anthropogenic climate 

forcing could favor certain phytoplankton over others (Agawin et al., 2000; W. K. W. 
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Li et al., 2009), although a baseline analysis of current phytoplankton is lacking for 

much of these regions. A modelling study suggested changes in the diversity of a 

particular phytoplankton group (the genus Micromonas from the green algal group 

prasinophytes) could serve as a proxy for changes in overall phytoplankton diversity 

with climate change (Demory et al., 2019). There exists much genetic diversity within 

Micromonas that affords its sentinel status, and within the wider prasinophyte group. 

  Prasinophytes are a widely distributed, polyphyletic group of green algae 

comprising at least seven Classes (Bachy, Sudek, et al., 2022; Demory et al., 2019; 

Tragin et al., 2016; Worden et al., 2009). While traditionally considered members of 

the singular class Prasinophyceae (Moestrup & Throndsen, 1988), this designation 

was contested due to a lack of common ancestor and unifying morphological or 

biochemical characteristic (Guillou et al., 2004).  Therefore, the more conservative 

and generic term “prasinophytes” has been adopted for the overall group and will be 

used in the following chapters to refer to what are traditionally called prasinophytes 

but now form parts of the Chlorophyceae and Prasinodermophyceae at a phylum-

level (Bachy, Wittmers, et al., 2022; Guillou et al., 2004; Tragin et al., 2016), with the 

Streptophyceae (that comprises land plants) being a sister group. Due to the 

considerable overlap in cell pigments and morphology across the prasinophyte 

classes, phylogenetic approaches are often needed to distinguish between them 

(Clayton et al., 2017). Prasinophyte classes I-IV were designated based on nuclear-

encoded small subunit rRNA (Nakayama et al., 1998), and classes V-VII later added 

based on 18S rRNA gene sequences (Fawley et al., 2000; Guillou et al., 2004). 
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 Prasinophytes share characteristics with the putative common ancestor of 

green algae and streptophytes (Nakayama et al., 1998; Turmel et al., 2009). Due to 

their wide geographic distribution, the prasinophyte lineage is also ecologically 

important (Worden et al., 2004). While previous research has mainly focused on the 

prasinophytes in the picoplankton size class due to their wide geographic range and 

cell abundance, the geographical distribution both in and between the extant 

prasinophytes classes is highly variable, thus this dissertation focuses on both the 

picoplanktonic and the larger prasinophytes.  

 Prasinophyte class II, the Mamiellophyceae, contains the most well-studied 

prasinophytes— Micromonas, Bathycoccus, and Ostreococcus—picoplankton which 

are found in both coastal and oligotrophic regions from the equator to the Arctic 

(Lovejoy et al., 2007; Moestrup et al., 2003; Monier et al., 2016; Not et al., 2005). 

Despite their similarity in size, morphology varies between these groups. Micromonas 

cells are motile, with a single flagellum, which Bathycoccus and Ostreococcus lack, 

while Bathycoccus are covered in body scales, which Micromonas and Ostreococcus 

lack (Chrétiennot-Dinet et al., 1995; Eikrem, 1990; Simon et al., 2017). The 

Mamiellophyceae also includes the larger, less well-studied groups Dolichomastix 

and Crustomastix, which range from 1.5-6 μm in length with flagella that are 10-30 

μm long, and cells that are round or bean shaped. Dolichomastix cells have scales on 

the cell body and flagella, while Crustomastix cells have no body or flagellar scales 

(Marin & Melkonian, 2010). A survey of green algal diversity in the Mediterranean 

found that while Micromonas and Ostreococcus were predominantly found in 
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mesotrophic areas, Crustomastix clades A and B and Dolichomastix clades A and B 

appeared to favour warm, oligotrophic surface waters (Viprey et al., 2008). 

 Prasinophyte class I, the Pyramimonadales, is made up of nanoplankton and 

microplankton (Guillou et al., 2004). These flagellates can have up to sixteen flagella 

(Moestrup et al., 1987) and are known for their metabolically active cyst stage 

(Moestrup et al., 2003). Representatives of class I have been found in the Baltic 

(Moestrup et al., 1987), Mediterranean (Viprey et al., 2008), Pacific (Griffin & Aken, 

1990), Atlantic (Griffin & Aken, 1990), and Arctic (Bell & Laybourn‐Parry, 2003). 

There is evidence that members of this group are mixotrophic (here defined as 

capable of phagocytosis) based on studies of grazing using fluorescently labelled 

bacteria (Bell & Laybourn‐Parry, 2003; Bock et al., 2021).  

 Prasinophyte class III, the Nephroselmidophyceae, fall within the 

nanoplankton size range, have two flagella of unequal lengths, and are covered in 

scales (Lubiana et al., 2017; Nakayama et al., 2007). Representatives of this class are 

found worldwide, particularly in temperate and tropical areas (Lubiana et al., 2017; 

Yamaguchi et al., 2011). Some species have been observed to form cysts (Suda et al., 

2004), reproduce sexually (Suda et al., 2004), and can be found in both the water 

column (Lubiana et al., 2017) and sediment (Yamaguchi et al., 2011).  

 Class IV, also known as the order Chlorodendrophyceae or Chlorodendrales, 

contains scaly quadri-flagellates in the nanoplankton size class (Massjuk & Lilitska, 

2006). It includes the genera Tetraselmis and Scherffelia (Guillou et al., 2004). 

Tetraselmis has been used widely in aquaculture due to ease of culturing and high 
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nutrient content (Lu et al., 2017; Pusceddu & Fabiano, 1996). While this group has 

long been considered part of the prasinophytes, recent studies have demonstrated it to 

be more closely related to “core” green algae than to other prasinophyte classes 

(Fučíková et al., 2014; Leliaert et al., 2012).  

 The Pycnococcaceae, class V, consists of scale-less, non-flagellated coccoid 

cells 1.5–4.0 μm in diameter based on the type Pycnococcus provasolii (Nakayama et 

al., 1998), as well as Pseudoscourfieldia marina, a scaly biflagellate (Fawley, 1992). 

The almost identical 18S rRNA genes of P. procasolii and P. marina have led to 

speculation they are different life stages of the same species (Fawley et al., 1999). 

 Class VI includes the genera Prasinococcus and Prasinoderma, scale-less 

coccoid cells in the pico- to nanoplankton size range recently raised to phylum level 

(Bachy, Wittmers, et al., 2022; Guillou et al., 2004; Leliaert et al., 2012).  

 Class VII, the Chloropicophyceae, consists of scale-less coccoid cells with 

diameters ranging from 2 to 5 μm (Lopes dos Santos, Pollina, et al., 2017; Potter et 

al., 1997). This class is paraphyletic, with some clades grouping together based on 

18S rRNA gene trees but separately based on other marker genes. Analysis of the V9 

hypervariable region of the 18S rRNA gene from samples collected on the Tara 

Oceans expedition demonstrated that in some open ocean locations, class VII 

prasinophytes made up the greatest portion of photosynthetic eukaryote sequences 

(Lopes dos Santos, Gourvil, et al., 2017). Representatives of class VII were found in 

oligotrophic regions in the Indian, Atlantic, and Pacific oceans and were most 

abundant at lower latitudes (Lopes dos Santos et al., 2017). 
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 In this thesis I seek to contribute to knowledge on prasinophytes and other 

green algae in warm oceans. To this end I hope to provide both deeper understanding 

of their seasonal and habitat transitions, as well as a baseline against which future 

change can be assessed. The first two chapters of this thesis focus on the distribution 

of phytoplankton by taxonomic group as determined by 16S and 18S rRNA gene 

sequencing. Chapter 1 is a time-series study of the northwestern Sargasso Sea, a 

seasonally oligotrophic subtropical region. Environmental conditions such as 

temperature, salinity, and nutrient availability vary seasonally in the surface waters, 

and these changes are associated with transitions in the phytoplankton community 

(Giovannoni & Vergin, 2012). This chapter is primarily concerned with the seasonal 

dynamics of prasinophytes. Systematic time resolved repeat sampling of the same 

environment has still rarely been performed for these taxa – and hence some of this 

seeming high variability may simply be just a reflection of results that would come 

from one-time survey sampling with relatively little contextualization. For these 

reasons, this chapter focuses on both the picoplanktonic and the larger prasinophytes 

from approximately monthly DNA sampling across three years, with accompanying 

oceanographic context in the form of temperature, salinity, and concentrations of 

chlorophyll a, nutrients, and particulate organic matter. 

 Chapter 2 is a yearly time-series study of the environments on and around the 

tropical island of Curaçao. These encompass high-salinity, high-nutrient salt ponds to 

the lower nutrient open Caribbean Sea. This chapter initially set out to advance our 

understanding of the environmental dynamics of prasinophytes in the tropics. In order 
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to accomplish this, I contextualized all green algal lineages within the broader 

information we generated on other eukaryotic algal groups, and, briefly, 

cyanobacteria. This was important because unlike BATS where there have been many 

studies on eukaryotic algae, I found very little in the literature for Curaçao or other 

similar tropical islands. In this process I also noted that there was considerable 

representation of dictyochophytes in my data. The dictyochophytes are members of 

the stramenopiles, but unlike diatoms, there is little information on their distribution 

in warm water settings. Dictyochophytes have been reported in diverse environments 

(Choi et al., 2020; Coelho et al., 2013; Shi et al., 2011; van de Poll et al., 2018), yet 

still little is known about their diversity and ecology (Choi et al., 2020). For this 

reason, these algae are also examined in high taxonomic resolution alongside 

prasinophytes, so that I could advance knowledge of both groups, which clearly were 

important – but about which little is known in tropical environments. Finally, while 

most prasinophyte/green algal classes have multiple cultured representatives, many 

phylogenetically resolved dictyochophyte clades remain uncultured (Choi et al., 

2020). This chapter provides novel insights into green algae and dictyochophyte 

diversity in tropical coastal habitats, which are understudied in relation to these 

groups. 

 The third chapter focuses on the picoplanktonic portion of prasinophytes with 

experiments on the cultured representatives of Class II Mamiellophyceae. This Class 

was an obvious candidate to focus on due to their ecological importance, underscored 

in both chapters 2 and 3, in which their abundance and importance in subtropical and 
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tropical environments was highlighted.  Ideally, field observations would be tested in 

a laboratory setting to control for the many environmental variables to determine the 

mechanistic underpinnings of niche specialization. This chapter uses both photo-

bioreactor and semi-continuous batch culture methods to manipulate light levels, 

nutrient concentrations, and partial pressure of CO2 and measure the associated 

changes in cellular elemental and macromolecular content. 

 Within these three chapters, I will use both field and laboratory methods to 

study the transitions in eukaryotic algae distribution and physiology. The main 

objectives of my research are: 

1. Determine seasonal and geographic patterns in phytoplankton distributions, 

 with attention to phylogenetic relationships 

2. Identify environmental parameters such as temperature, nutrient 

 concentrations, or biotic communities that influence the distribution of 

 phytoplankton in distinct environments 

3. Determine the effects of variations in light, nutrient concentration, and pCO2 

 on the  cell quotas of cultured picoprasinophytes from the class 

 Mamiellophyceae 
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CHAPTER 1: 

Seasonal transitions in green algae in the Sargasso Sea near Bermuda expose niche 

and strategy differentiation 
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ABSTRACT 

 

 Seasonal dynamics of phytoplankton have important implications for primary 

productivity, export, and understanding future transitions in phytoplankton 

communities. Here, we studied algal dynamics at the Bermuda Atlantic Time-series 

Study (BATS), located in the North Atlantic Subtropical Gyre. We used plastid-

derived 16S rRNA V1-V2 amplicons from ~monthly photic zone profiles and 

phylogenetic methods to evaluate prasinophyte green algae, for which prior limited 

data indicated bloom-time importance at BATS. Prasinophytes comprised ~half 

(46±24%) the eukaryotic phytoplankton amplicons during deep convective mixing. 

They were dominated by picoplanktonic Class II members, specifically Micromonas 

commoda, uncultivated Micromonas candidate species 1, Ostreococcus Clade OII, 

and Bathycoccus calidus. As seasonal stratification set in populations of the dominant 

sub-species variants tracked the nutricline, forming a deep chlorophyll maximum. 

Other sub-species variants were also detected. Persistence of the relocated dominants 

indicated they were poised to increase population numbers upon winter convective 

mixing, likely underpinning their importance during the spring bloom. In contrast to 

Class II’s omnipresence, Class VII was rarely observed. Additionally, Class I, III, and 

VI had moderate amplicon percentages when detected, peaking in summer surface 

waters when eukaryotic phytoplankton were at a minimum, alongside a more 

prominent, divergent uncultivated prasinophyte. Our studies point to Class II 

prasinophyte relocation as a mechanism for jump starting high winter and spring 

abundances, the major period of primary production at BATS. Moreover, we reveal 
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aspects of niche partitioning, presence of a potentially critical reservoir of warm-

period sub-species variants, and provide an unprecedented window into the vertical 

structure of picoeukaryotes communities in the subtropics.   
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INTRODUCTION 

 

 Despite generally low nutrient concentrations, the ocean’s subtropical gyres 

are important contributors to primary production (PP) and carbon export due to their 

areal expansiveness (Behrenfeld et al., 2006; Chavez et al., 2011). At the Bermuda 

Atlantic Time-series Study (BATS) in the North Atlantic Subtropical Gyre, 

phytoplankton distributional patterns have been characterized at the level of major 

phytoplankton groupings (Campbell et al., 1997; DuRand et al., 2001; Lomas et al., 

2010; Steinberg et al., 2001). A prominent feature at BATS is strong seasonality that 

shapes water column structure, extent of oligotrophy, phytoplankton successional 

patterns, productivity, and export (Carlson et al., 2009; Karl et al., 2001; Lomas et al., 

2009, 2013). Phytoplankton dynamics at BATS have been explored in the context of 

biogeochemistry, chlorophyll concentrations, and PP over multiple decades (Lomas et 

al., 2013; Steinberg et al., 2001). It is well known that the annual deep convective 

mixing event (DM) between January and April results in entrainment of nutrients 

from the mesopelagic zone into the photic zone. Subsequent warming and 

stratification cause low macro-nutrient concentrations in the surface waters during 

summer (Steinberg et al., 2001). This seasonal stratification is considered analogous 

to current concepts of future “desertification” and expansion of oligotrophic regions 

of the ocean (Behrenfeld et al., 2006; Giovannoni & Vergin, 2012; Vergin, Done, et 

al., 2013).  

 With respect to uptake of atmospheric CO2 by phytoplankton, the North 

Atlantic Subtropic Gyre is currently considered a net CO2 sink, with an observed 
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summertime efflux of CO2 from the ocean to the atmosphere that is more than offset 

by CO2 uptake during the DM-associated winter/spring bloom (Bates, 2007). 

Historically, the highest PP at BATS took place during the winter/spring bloom 

period, with the greatest fluxes of particulate carbon generally observed around this 

time (Cruz et al., 2021; Helmke et al., 2010; Lomas & Bates, 2004; Steinberg et al., 

2001). In general, the phytoplankton responsible for the bulk of PP in subtropical 

regions are picoplanktonic (plankton with ≤2 µm cell diameter); their small size 

results in greater surface area to volume ratio than for larger cells and is advantageous 

when competing for scarce nutrients (Ohtsuka et al., 2015). However, given nutrient 

entrainment occurs during the winter/spring periods, periods that are difficult to 

sample due to weather conditions, it has remained unclear which phytoplankton are 

key during these periods of high productivity. At the broadest level, the 

phytoplankton community during the DM and bloom period is dominated by 

eukaryotic phytoplankton, while the summer stratified and early autumn periods are 

dominated by cyanobacteria, particularly at the surface (Berube et al., 2016; Choi et 

al., 2020; DuRand et al., 2001; Giovannoni & Vergin, 2012; Malmstrom et al., 2010). 

Cyanobacterial abundances increase relative to eukaryotic cell abundances as the 

water column becomes thermally stratified, such that the latter are low in abundance 

at the surface during summer and are primarily seen at the more nutrient-rich deep 

chlorophyll maximum (DCM) (DuRand et al., 2001; Giovannoni & Vergin, 2012). 

Some of the general eukaryotic groups persisting in the summer DCM have been 

hypothesized to be the same taxa that form the winter/spring bloom at BATS, but 
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unfortunately data at the population structure level has so far been lacking (Treusch et 

al., 2012). 

 Among eukaryotic phytoplankton reported at BATS are the prasinophytes, 

unicellular green algae that are ubiquitous in amplicon survey studies (Bachy, Sudek, 

et al., 2022; Bachy, Wittmers, et al., 2022; Choi et al., 2020; Lopes dos Santos, 

Gourvil, et al., 2017; Tragin et al., 2016). They have been demonstrated to form a 

major fraction of the western North Atlantic bloom (north of 40°N), which had 

classically been attributed to diatoms (Bolaños et al., 2020; Omand et al., 2015). At 

BATS, the Class II prasinophytes (i.e., Mamiellophyceae) Micromonas and 

Ostreococcus were first reported via clone libraries constructed from DCM samples 

(Cuvelier et al., 2010) QPCR from three profiles indicated that these two 

picoplanktonic genera, and a third Bathycoccus, had higher abundance during deep 

convective mixing compared to thermally stratified periods (Treusch et al., 2012). At 

Station ALOHA where convective mixing is weaker these three species are 

predominantly seen at the DCM (Limardo et al., 2017). However, classifications even 

at the level of genera and species likely connect only loosely to ecological 

differences, as they do not encapsulate population biology or some aspects of cellular 

structure (Simon et al., 2017) and genomic variation (Simmons et al., 2015). For 

example, genome sequencing shows that ~20% of protein-encoding genes are not 

shared between two Micromonas species, connecting to differences in nutrient 

transport, storage, regulation, and other features (van Baren et al., 2016). This 
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diversity likely underlies population structure and niche differentiation (Foulon et al., 

2008; van Baren et al., 2016). 

 To date there is little data that resolves surface communities separately from 

the vertical strata that exist in open ocean water columns, or that resolves the overall 

or individual contributions of prasinophytes in a seasonal context. Indeed, the 

prasinophyte collective has not been studied in a temporal context in the open ocean. 

Here, we investigate prasinophytes over the seasons at BATS to characterize niche 

and seasonal transitions of different taxa and their overall importance among 

phytoplankton communities of the open ocean. More precisely, rather than seasons, 

we work with different water column stability periods (hereafter stability periods), 

which are the annual deep convective mixing event (DM), Spring Transition (ST), 

Stratified Summer (SS), and Autumn Transition (AT). We investigated whether there 

is a consistent prasinophyte signal associated with the DM and, if so, which taxa 

contribute to the bloom period, and which prasinophytes are represented across the 

rest of seasonal cycle – i.e., stability periods – and how they are structured vertically. 

The specific hypotheses tested were 1) that prasinophytes form an important portion 

of the annual spring phytoplankton community, 2) that the taxa found during the 

spring bloom relocate to the DCM during stratified periods (due to closer proximity 

to available macronutrients at those depths), and 3) that Class VII prasinophytes (i.e., 

Chloropicophyceae) are abundant open ocean prasinophytes, as implicated in 18S 

rRNA amplicon based studies using normalization to overall prasinophyte amplicons 

(Lopes dos Santos, Gourvil, et al., 2017; Tragin et al., 2016). Finally, we sought to 
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qualitatively consider the extent to which small eukaryotic phytoplankton may 

contribute to export (Nguyen et al., 2022; Richardson, 2019). 

 To address these hypotheses and patterns in diversity, we use approximately 

monthly 16S rRNA gene V1-V2 region amplicon sequencing of vertical profiles 

extending through the photic zone and synoptic sampling of environmental 

parameters over three years. Amplicon sequence variants (ASVs) from phytoplankton 

were assigned to taxonomic groups using phylogenetic methods and analyzed within 

the framework of stability periods. Prasinophytes were resolved on a newly 

developed plastid-derived 16S rRNA gene phylogenetic reconstruction, and examined 

using 18S rRNA from a subset of samples to improve connection between studies 

utilizing 18S rRNA gene analysis, and available information from 16S rRNA gene 

environmental sequences. We find that prasinophytes, particularly representatives of 

the genera Micromonas, Ostreococcus, and Bathycoccus, form about half the 

eukaryote phytoplankton amplicons during DM. These groups were also detected in 

high relative abundance at the DCM, with differences detected at the ASV level. 

Some taxa rank as persistent (present in all stability periods), others are ephemeral, 

detected during one stability period only, and yet others range between these, 

suggesting distinctive evolutionary strategies or mortality factors. Several sub-species 

variants were present either across multiple or all stability periods, particularly within 

Ostreococcus OII, Micromonas commoda, and Bathycoccus calidus. However, the 

most expansive sub-species diversity occurred during the SS stability period – which 

is considered representative of potential future desertification scenarios. Importantly, 



 19 

we also observed that DM/ST primary producer communities could be exported to the 

mesopelagic, adding to the evidence for export of picoprasinophytes – mechanisms 

that presumably are relevant for export of all picoplanktonic cells during transitions 

between stability periods.   

 

MATERIALS AND METHODS 

 

Oceanographic sampling 

Seawater samples were collected from 12 L Niskin bottles affixed to a conductivity-

temperature-depth (CTD) profiling rosette at 8 depths from 1 m to 300 m in the 

vicinity of the BATS site (31°40’ N, 64°10’ W) from July 2016 to December 2019 

for a total of 75 vertical profiles using the R/V Atlantic Explorer and R/V Endeavor. 

Most profiles were within 5 km of the BATS station (56 profiles) and the remaining 

23 where within 6 to 109 km. DNA samples were collected by filtering 4 L of 

seawater through a 0.22 μm SterivexTM (Millipore) filters. Sampling was conducted 

approximately monthly, although dedicated BIOS-SCOPE process cruises in 

September 2016, April 2017, July 2018, and July 2019 provided higher sampling 

effort, e.g. daily profiles, for a concentrated period; additionally, not all sample types 

were taken for all casts, and March of 2017 was not sampled (Table S1). 

Concentrations of Chlorophyll a (Chl a), nitrate+nitrite, phosphate, and particulate 

organic carbon (POC) were determined at 12-13 depths per profile and measured 

according to previously reported methods (Lomas et al., 2013). The limit of detection 
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for nitrate+nitrite and phosphate was 0.05 µmol and 0.03 µmol, respectively, and 

below this they are reported as zero.  

 

DNA extraction and amplicon sequencing 

DNA was extracted from the Sterivex™ filters using the phenol chloroform protocol 

described in (Giovannoni et al., 1990). The V1-V2 region of the 16S ribosomal RNA 

(rRNA) gene was amplified via PCR using the primers 27F and 338R with ‘general’ 

Illumina overhang adapters (Daims et al., 1999; Vergin, Beszteri, et al., 2013). 

Amplicon libraries were pooled in equimolar concentrations prior to sequencing. 

Samples were sequenced using one 2 × 250 paired-end lane with a MiSeq Reagent 

Kit v2 at the Center for Genome Research and Biocomputing (Oregon State 

University), Corvallis, Oregon. On average 60,130 ± 26,784 V1-V2 amplicons were 

sequenced per sample. Sequence data were trimmed [--p-trunc-len-f 180 --p-trunc-

len-r 150], dereplicated, checked for chimeras, and assigned to amplicon sequence 

variants (ASVs) using the DADA2 R package v1.14.0 (Callahan et al., 2016). 

 

Phylogenetic analyses 

Quality controlled V1-V2 16S rRNA gene ASVs were classified using best node 

placement in a rewritten Python3 version of the phylogenetic amplicon placement 

method PhyloAssigner (Vergin, Beszteri, et al., 2013), which relies on maximum 

likelihood approaches and a series of consecutive 16S rRNA gene reference trees. All 
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reference trees/alignments used below as well as the source code of the tool is 

available as open source on github https://github.com/BIOS-

SCOPE/PhyloAssigner_python_UCSB. 

  ASVs were first placed on a global 16S rRNA gene reference tree as 

originally published in (Vergin, Beszteri, et al., 2013). Those assigned to plastid or 

cyanobacterial nodes with best-node placements were subsequently placed on a more 

resolved plastid and cyanobacteria reference tree (Choi et al., 2017). Amplicons 

assigned to the Viridiplantae in this second classification step were subset and placed 

again on a Viridiplantae reference tree (described below) to assign the final taxonomy 

of these amplicons. 

  For 16S rRNA phylogeny reconstructions, we collected prasinophyte 

sequences (>1,200 bp) from GenBank nr representing all classes (including 

prasinodermophytes to allow comparison with studies using the prior classification) 

and other prasinophyte and chlorophyte 16S rRNA gene sequences generated from 

the Marine Microbial Eukaryote Transcriptome Sequencing Project (Keeling et al., 

2014). Notably, the plastids from Chlorarachniophytes, Euglenids, and Dinophytes 

originate from secondary endosymbiosis events wherein a green algal plastid was 

ultimately acquired (Sibbald & Archibald, 2020). As the plastid evolutionary histories 

from these eukaryotic lineages and the green lineage are closely related, 

representative sequences from these groups were also incorporated in our reference 

dataset. Nine streptophyte sequences were used as outgroups. 

  Sequences were aligned using MAFFT (Katoh & Standley, 2013). The 

https://github.com/BIOS-SCOPE/PhyloAssigner_python_UCSB
https://github.com/BIOS-SCOPE/PhyloAssigner_python_UCSB
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Viridiplantae alignment contained 149 sequences. Regions of unambiguous alignment 

were identified using MUST (Katoh & Standley, 2013; Philippe, 1993), and all gap-

containing positions were removed, consisting of a final alignment of 1080 

characters. A best-fit model of nucleotide evolution for the alignment was determined 

using the likelihood ratio test implemented with jModeltest (Posada, 2008) and 

resulted to GTR+Γ+I. The Maximum Likelihood phylogenetic analysis was 

calculated using PhyML (Guindon et al., 2010). Bootstrap values were calculated 

using 1,000 replicates. Prasinophyte and Mamiellophyceae clades were labelled 

following (Tragin et al., 2016) and (Tragin & Vaulot, 2019), respectively. Within the 

cluster grouping the genera Micromonas, Mamiella, and Mantoniella, the near full-

length 16S is not able to discriminate among Micromonas clades A, B, and C but 

could discriminate between A-C versus D and E sensu (Šlapeta et al., 2006). It is a 

similar case when considering the genus Bathycoccus and the distinction between the 

species B. prasinos and B. calidus (Bachy et al., 2021). Therefore, sequences assigned 

to these groups were manually interrogated to provide greater resolution.  

 Placement accuracy for V1-V2 16S amplicons was tested by building a 

Maximum Likelihood reconstruction using the same Viridiplantae reference 

alignment but trimmed to the size of our amplicons. Without masking positions, the 

tree was then inferred using the same method as described above, which 

discriminated the same clades as in the near-full-length 16S phylogenetic analysis. 

Some Micromonas ASVs could not be placed at the clade level using the 16S rRNA 

tree (see above). For these we performed additional comparisons of the 16S rRNA 
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ASVs to 18S rRNA ASVs assigned taxonomy using the PR2 database from a prior 

study that had a subset of the same samples (Blanco-Bercial et al., 2022), and 

constructed trees using V1-V2 16S amplicons of Micromonas (and 3 Mantoniella as 

outgroup) and V4 18S amplicons to connect Micromonas clade information between 

16S and 18S rRNA gene data (see also Statistical analyses). Other prasinophyte V1-

V2 16S ASVs with an LCA best node mismatch, and low nucleotide % identity to the 

group they were assigned to, were used as queries against NCBI nr, and iterative 

searches were performed with returned NCBI sequences and PR2 (Guillou et al., 

2013). These ASVs were also compared with 18S rRNA ASVs with assigned PR2 

taxonomy from a prior study (Blanco-Bercial et al., 2022) to check assignment 

accuracy. 

 

Water column analyses 

The surface mixed layer depth (MLD) was defined as the depth where density was ≥ 

surface sigma-t plus 0.125 kg m-3. DCM determinations were made using CTD 

fluorometer measurements, and to provide a consistent means of definition, a two-

step categorization was used. Specifically, we first determined the region where 

measured fluorescence spanned ±35% of the maximum fluorescence (so inclusive on 

the maximum and spanning depths on either side). This region was termed the DCM 

for the periods where the MLD was shallower than the DCM region. The water 

column stability periods at BATS were then defined relative to the DCM and MLD 

(Blanco-Bercial et al., 2022), with the DM defined as when the MLD is greater than 
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the photic zone depth (the base of the latter defined as 0.1% of surface light), the 

spring transition (ST) period beginning when the MLD shoals to ~100 m, the summer 

stratified (SS) period beginning when the MLD shoals above the DCM and remaining 

that way until the first entrainment of the DCM into the mixed layer (ML) marks the 

beginning of the autumn transition (AT) period.  

 

Statistical analyses 

Temperature, CTD-derived fluorescence, and salinity data from continuous CTD 

measurements and Chl a, nitrate+nitrite, and phosphate concentrations were plotted 

using the mba package for Multilevel B-Spline Approximation in R, and averages by 

stability period and depth were calculated (Finley et al., 2017). The normality of the 

metadata distributions by depth and water column stability period was tested using 

the Shapiro test using the R stats package, and, because not all data were normally 

distributed, the means between groups were compared using the Kruskal-Wallis and 

Dunn tests using the R stats and rstatix packages (Kassambara, 2019). 

 Rarefaction curves generated for all samples down to 300 m using vegan and 

the rareslope function characterized the level of sequence saturation (Dixon, 2003; 

Oksanen et al., 2015). The final slope of the rarefaction curves was plotted against 

depth and number of plastid amplicons. Final slopes of above 0.1 are not considered 

to have reached saturation. Ultimately 435 samples with ≥50 plastid amplicons and 

with final rarefaction curve slopes indicating saturation were used for further 

analysis: 75 samples came from the surface (~1-5 m), 98 samples from the DCM, and 
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the 262 remaining samples were collected from range of depths of 20 m to 300 m 

(Table S1). Samples were normalized in several ways: relative to total amplicon 

abundance per sample, relative to plastid amplicons per sample, and relative to 

prasinophyte (again with Class VI included) amplicons per sample. Averages and 

standard deviations of prasinophyte groups were computed by depth and by stability 

period. The means of the percent contributions by depth and stability period was 

tested for normality and compared as described previously for the metadata 

comparisons. 

 The Spearman correlation was used to compare POC to the CTD-derived Chl 

fluorescence signal (n=556 for all depths, as data was questionable for the CTD 

profile taken in February 2017) and Chl a (n=499) since the data was not normally 

distributed. Spearman correlations were also used to compare prasinophyte 

contribution to plastid-derived amplicons to the CTD-derived Chl fluorescence signal 

(n=435 for all depths), Chl a (n=416 for depths 250 m and above, as some samples 

did not have closely corresponding Chl a measurements). Chl a versus percent 

prasinophytes out of plastid amplicons was plotted to demonstrate the relationship 

between Chl a and prasinophyte contributions to the eukaryotic phytoplankton 

community, with the plot divided into quadrants by Chl a values (above and below 

0.182 μg kg-1, the 75th percentile Chl a value at BATS in the surface 140 m from June 

2016 to December 2019) and by the 75th percentile of prasinophyte amplicons out of 

plastid amplicons.  
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 To visualize changes in the prasinophyte community over time, heatmaps of 

prasinophyte group abundances relative to prasinophyte sequences at the surface and 

DCM were generated using the heatmap.2 function in the gplots package in R for 

those with >0.1% total relative abundance (Warnes, Gregory et al., 2013). Relative 

abundance of major ASVs out of total 16S rRNA amplicons was plotted across 

depths from 1 m to 300 m using the mba package for Multilevel B-Spline 

Approximation in R (Finley et al., 2017). 

 To determine assignments not resolved using 16S rRNA ASV phylogenetic 

placement, the V1-V2 16S rRNA and V4 18S rRNA ASVs from a subset of samples 

also sequenced in a prior 18S study that used PR2 to classify sequences (Blanco-

Bercial et al., 2022) were compared using the Spearman correlation with the cor.test 

function in R. The first analysis was on 16S rRNA ASV81 and ASV1156 and/or 18S 

rRNA ASVs assigned to Micromonas candidate species 1, first reported in the North 

Pacific (Worden, 2006) and Micromonas candidate species 2 (Simon et al., 2017), 

which were compared at the level of percent contributions and with consideration of 

other Micromonas present. Only samples where these ASVs were detected in at least 

one of the two marker gene databases were compared (43 in total for the Micromonas 

comparisons), and the comparison input was relative abundances out of all 

Archaeplastida in each sample. Additionally, V1-V2 16S rRNA grouped as a putative 

Class IX were compared using the above correlation approach to V4 18S rRNA 

ASVs for sequences in the prior study identified in PR2 as prasinophyte Clade 9 

(Blanco-Bercial et al., 2022) (140 samples from each marker gene). 
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 Multivariate analysis was conducted on a subset of samples with sufficient 

associated metadata (n=437). To investigate potential differences in the overall 

prasinophyte community with respect to stability period and environmental 

conditions, a partial canonical correspondence analysis (pCCA) was performed on 

Hellinger-transformed abundance data of prasinophytes at the ASV level using the 

vegan package in R with stability period as the constraining variable to control for 

effects of water column stability on the environmental variables temperature, salinity, 

nitrate + nitrite, and phosphate (Dixon, 2003; Oksanen et al., 2015). The pCCA was 

plotted using the ggplot2 package in R (Wickham, 2011). The significance of the 

association of environmental factors with prasinophyte ASV distribution was 

determined using the vegan ANOVA-like permutation test for pCCA, anova.cca. 

Additionally, analysis of similarity (ANOSIM) tests were performed to compare the 

prasinophyte communities in different years, depths, and stability periods. The 

prasinophyte community in the mixed layer during the DM across all study years 

(n=70) was compared across depths to determine if there was a uniform prasinophyte 

community throughout the mixed layer. This mixed layer DM prasinophyte 

community was also compared to that of the stratified surface (n=48) and DCM 

samples (n=80) across years. 

 Distribution of ASVs was also visualized using the ggplot2, tidyverse, readxl, 

lubridate, and patchwork packages in R (Grolemund & Wickham, 2011; Wickham, 

2011; Wickham et al., 2019). UpSet plots were plotted using UpsetR package 

(Conway et al., 2017). 
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RESULTS 

 The BATS photic zone showed differences in water column stability affiliated 

with strong seasonality. The highest surface Chl a concentrations over the study 

(2016-2019) were recorded during the DM/ST and the signal extended throughout the 

photic zone (Figure 1). The deepest mixing was observed in early April 2017 with the 

maximal mixed layer extending to 300 m, a depth that may be commonly reached and 

observed herein due to cruise timing that intersected the event (Figure 1b-d). While 

salinity in the photic zone did not manifest strong seasonal patterns (Figure S1a, 

Table S2), thermal stratification was observed and exhibited low nutrient 

concentrations at the surface, often below high sensitivity detection limits (Figure 1b 

and S1c-d). Over the course of our study, surface temperatures ranged from 

20.920.71C (DM) to 21.300.70C (ST) and reached a high of 26.372.25C (SS) 

then decreased to 23.961.21C (AT) (Figure 1b).  
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Figure 1. Sampling and oceanographic conditions at the BATS site from 2016 to 

2020. (a) Locations of sampling in the proximity of the BATS site superimposed over 

blended 5 km resolution night sea surface temperature data (shown for December 
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2019; National Oceanic and Atmospheric Administration CoastWatch). The number 

of CTD profiles for DNA samples taken at a location is indicated (bubble size), with 

the inset showing a zoom of the BATS region. (b) Temperature (oC), (c) Chl a 

concentration (μg kg-1) from 12 depths from the surface to 250 m and (d) percentage 

of amplicons assigned to the prasinophytes out of all plastid-derived amplicons (16S 

V1-V2) over the course of the study, based on interpolation from discrete data points 

(black dots corresponding to 8 depths per profile for (c) and (d), and interpolation on 

the horizontal between continuous measurements over depth for (b)). Superimposed 

over (b-d) are lines indicating the deep chlorophyll maximum (DCM) in black and 

mixed layer depth (MLD) in white. Water column stability (SS= stratified summer, 

AT= autumn transition, DM= deep mixing, and ST= spring transition) are indicated 

by the green bar. 

A systematic method was used to identify the DCM to facilitate interannual 

comparisons and distinguish analogous regions of the water column in the vertical 

during the DM period (when no DCM was present). During stratified conditions, a 

DCM was present, ranging from ~80 m to 120 m, with an average temperature of 

20.380.78 C (Figure 1b-c). We compared communities at the ~1% light level 

(during DM) to those in the identified DCM and to surface communities. The average 

temperature of the DM mixed layer was 21.051.12 C (Figure 1b). The standing 

stocks of nitrate+nitrite as well as phosphate were often below detection limits in 

surface waters, with an average of 0.0040.015 µmol kg-1 and 0.0020.010 µmol kg-

1, respectively, across the years and water column stability periods (Figure S1c-d, 

Table S1). At the DCM and 1% light level depths, the average was 0.2760.290 µmol 

kg-1 for nitrate+nitrite and 0.0040.014 µmol kg-1 for phosphate (Figure S1c-d).  

At the surface, Chl a averaged 0.1590.092 µg kg-1 (DM), 0.1290.130 µg kg-

1 (ST), 0.0380.015 µg kg-1 (SS), and 0.0660.021 µg kg-1 (AT). Surface Chl a was 

significantly higher at the DM than SS (Kruskal-Wallis and Dunn test statistic= -
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4.506, p<0.001) (Figure S1c). Significant differences in Chl a were not detected 

between the DCM (0.3230.133 µg kg-1) and outside the stratified period at ~1% 

light level depths (0.3060.115 µg kg-1; Kruskal-Wallis and Dunn test statistic= 

0.694, p=0.487; Figure S1c). The DM in vivo Chl a signal extended to ~250 to 300 m 

when we were on station during a DM event in 2017, while in the other years its 

detection was extinguished around ~160 m. Chl a concentrations were positively 

correlated with POC concentrations (Spearman ρ= 0.296, p<0.001).  

 Analysis of the molecular diversity of algal communities using plastid-derived 

V1-V2 16S rRNA amplicons from 75 profiles (8 depths from the surface to 300 m) 

revealed trends of prasinophytes at BATS over the annual cycle. First, rarefaction 

analysis was used to characterize saturation, which occurred for all samples except 

some samples from 250 m and below that did not meet the plastid count or saturation 

criteria (Figure S3). Amplicon analyses indicated that periods of prasinophyte highest 

relative abundances (among eukaryotic phytoplankton) corresponded with overall 

patterns in Chl a (Figure 1c,d). During DM prasinophytes averaged 46.3±24.2% of 

plastid amplicons in the mixed layer (Figure S2), while prymnesiophytes averaged 

18.3±8.2% of plastid amplicons, stramenopiles made up 31.5±21.2%, and the 

remaining 3.0±2.7% was from other phytoplankton groups. At the surface (~1-5 m), 

prasinophyte contributions to plastid amplicons ranged from 33.1±24.6% (DM), to 

8.8±14.4% (ST), to 4.1±3.4% (SS), and 5.5±6.8% (AT), with significant differences 

between the DM and the SS (Kruskal-Wallis and Dunn test statistic= -3.708, p= 

0.001) (Table S2). Prasinophytes at the DCM averaged 24.520.3% out of plastid 
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amplicons, with prymnesiophytes making up 20.3±8.2%, stramenopiles 52.9±16.1%, 

and the remaining 1.1±2.3% from other groups. The percentage of prasinophytes out 

of plastid amplicons was positively correlated (p<0.001) to Chl fluorescence 

(Spearman ρ= 0.454) and Chl a (Spearman ρ= 0.244) (Supplementary Table 4). Thus, 

overall, the entire DM mixed layer and the DCM had the highest relative 

prasinophyte contributions out of the identified stability periods and water column 

zones. 

 

Seasonal delineation of prasinophyte groups within varying depth zones  

We compared prasinophyte communities in the surface (~1-5 m) to those of the DCM 

and of the ~1% light level (during mixing periods). First, we developed a 

phylogenetic reconstruction of prasinophyte taxa that could be used for placement of 

amplicons. The reconstruction comprised full-length 16S rRNA gene sequences and 

resolved most classes as well as delineating several genera to the species-level 

contingent on the availability of appropriate reference sequences (Figure S4). Several 

Micromonas ASVs required comparison with 18S rRNA ASVs from previous work 

(Blanco-Bercial et al., 2022) to refine taxonomy as species designation has largely 

used 18S rRNA gene phylogenies (Simmons et al., 2015; Simon et al., 2017; Tragin 

et al., 2016). We also compared patterns of unassigned Micromonas 16S rRNA 

ASV81 to 18S rRNA ASVs from a prior study (Blanco-Bercial et al., 2022) of a 

subset of the same samples, in which we identified uncultivated Clade B._.4 (now 

Micromonas candidate species 1) among other Micromonas, and found these ASVs to 
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be correlated (Spearman test, ρ=0.61, p<0.001) (Figure S5c). From this analysis 

ASV81 was identified as being the Micromonas candidate species 1 (Simon et al., 

2017; Worden, 2006). Likewise, Micromonas 16S rRNA ASV1156 correlated with 

candidate species 2 18S rRNA ASVs in samples with >10 Micromonas amplicons 

(Spearman test, ρ=0.80, p<0.001) (Figure S5c), and therefore designated Micromonas 

candidate species 2.  

 Ninety-two ASVs with mismatched LCA and best node assignments in the 

prasinophyte phylogeny were also investigated. Through blast, 14 were found that 

had 90-99% identity to environmental clones KX938212 and KX938210 from the 

North Pacific (Choi, Bachy et al. 2017), 6 with >98% nt to these clones. The 

complete 16S rRNA gene clone sequences were then used as queries themselves, 

recovering DQ438491 (98% nt identity) to from the East China Sea. This latter 16S 

rRNA gene sequence (DQ438491) is linked in PR2 to uncultivated prasinophyte 

Class IX 18S rRNA sequences. Here, a significant statistical relationship was not 

recovered between these putative Class IX ASVs in 16S ASVs and Class IX 18S 

rRNA ASVs (as per PR2) from the 140 samples for which both were compared. After 

these refinements, our phylogenetic approach indicated all prasinophyte classes 

(including the Prasinodermophyta) are present at BATS. 

 The analyses revealed annual cycles in the relative abundance of different 

prasinophyte genera and classes in the surface waters (~1-5 m) (Figure 2a). During 

the DM and ST, when Chl a concentrations were highest at the surface, Class II, 

specifically Bathycoccus, Micromonas, and Ostreococcus, had the greatest 
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prasinophyte contributions, with the latter two having highest relative abundances. 

Apart from Micromonas during 2019, these genera were low or undetected in 

amplicon data from the surface during SS (Figure 2b). Chl a concentrations during SS 

were extremely low in surface waters and the green algae with highest relative 

abundances belonged to the Class I Pyramimonadales and unclassified prasinophytes, 

putatively identified as Class IX (Figure 2a).  
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Figure 2. Prasinophyte distributions in the surface 5m and between 80 – 120 m 

across time and varying states of thermal stability. Data is shown from July 2016 

to December 2019. Above each major panel the top bar plot shows in vivo Chl a 

fluorescence (RFU). The plot below shows percentage of prasinophyte amplicons out 
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of plastid amplicons with a line indicating the 50% contribution level. These 

parameters are plotted for (a) the surface 5 m and (c) between 80-120 m, the 

proximity of the DCM during stratified periods. The heatmaps show relative 

abundance of different prasinophyte taxa in relation to the number of prasinophyte 

sequences in the sample for (b) the surface and (d) the DCM and ~1% light level 

during mixing periods. Note the X-axis represents sampling dates and is not scaled 

linearly according to time, due to heavier sampling during highly dynamic periods. 

Months with an asteria indicate where sampling did not take place at those depths. 

Water column stability l (SS= stratified summer, AT= autumn transition, DM= deep 

mixing, and ST= spring transition) are indicated by the green bar. 

The distributions of green algal genera in the DCM, or at the ~1% light level 

during mixing periods, contrasted with those seen in the top 5 m, particular the SS 

surface. Class II Bathycoccus and Ostreococcus were detected throughout the year at 

these lower depths, with Ostreococcus generally having the highest relative 

abundances (Figure 2b). The Class II genus Micromonas had elevated relative 

contributions during DM periods at the 1% light level and were frequently detected at 

the DCM. Class VI (Prasinodermophyta), Class I Pyramimonadales, Class VII 

Chloropicon and Chloroparvula, and prasinophytes putatively belonging to Class IX 

were detected sporadically at the DCM (Figure 2b).  

Class II prasinophytes exhibit highest contributions in association with highest 

Chlorophyll a concentrations  

Qualitatively, higher Chl a and prasinophyte relative contributions were observed in 

the mixed layer during DM and in the DCM during stratified periods (Figs. 1, 2). We 

next expanded our phylogenetic analyses of samples from the surface and DCM, or 

1% light level, to all samples from the upper 140 m (the base of the photic zone) and 

contextualized findings with Chl a patterns (as quantified by extraction and Turner 
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fluorometry). This was examined in quadrants defined by 75th percentile quartiles for 

each of these measurements (Figure 3). Chl a was significantly different between 

quadrants except Q2 (>75th percentile Chl a, <75th percentile prasinophyte) and Q4 

(>75th percentile Chl a, >75th percentile prasinophyte). The percent prasinophytes 

between each quadrant was significantly different except between Q3 (<75th 

percentile Chl a, >75th percentile prasinophyte) and Q4 (>75th percentile Chl a, >75th 

percentile prasinophyte). The quadrant that differed most compositionally was Q1 

(<75th percentile Chl a, <75th percentile prasinophyte) wherein the high relative 

abundances of Class II members were displaced by entry of Classes I, III, and putitive 

Class IX prasinophytes. In contrast, Q2, Q3, and Q4 mostly comprised Bathycoccus 

calidus, Ostreococcus Clade OII, Micromonas Clade A (M. commoda sensu stricto), 

and Micromonas candidate species 1 (Figure 3b).  

Figure 3. Relationship between Chl a and green algal contributions to the 

eukaryotic phytoplankton community. (a) Chlorophyll a (μg kg-1) versus percent 

prasinophytes out of plastid amplicons. Symbol shape corresponds to stability period 

and color corresponds to depth. The plot is divided into quadrants by Chl a values 

(above and below 0.182 μg kg-1, the 75th percentile Chl a value at BATS in the 
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surface 140 m from June 2016 to December 2019) and by the 75th percentile of 

prasinophyte amplicons out of plastid amplicons. (b) Prasinophyte community 

composition for each quadrant. The number of ASVs per quadrant is indicated, and 

the black semi-circle around the pie charts indicate the contribution of Class II to 

prasinophyte ASVs. 

 

Niche partitioning of Class II prasinophyte sub-species variants  

Bathycoccus, Micromonas, and Ostreococcus accounted for up to 85.5% of plastid-

derived amplicons and 46.124.4% on average in the mixed layer during DM (Figure 

1, 2, Supplementary table 1). To examine patterns across the vertical dimension, we 

undertook normalization to the total number of amplicons (including all bacteria) to 

diminish the signal from samples with very few phytoplankton, which otherwise 

(when normalized to e.g. prasinophyte amplicons) appear equally important as at 

other depths where phytoplankton were more numerous. During DM Bathycoccus, 

Micromonas, and Ostreococcus formed up to 17.4% of all 16S amplicons (i.e., 

amplicons from all heterotrophic bacteria and cyanobacteria as well as plastids), and 

on average 2.83.1% of total 16S amplicons. Fleeting contributions were seen from 

Clade OI Ostreococcus lucimarinus, with two ASVs averaging <0.91% of plastid 

amplicons in the 9 (out of 435) samples in which it was detected (Supplementary 

table S1). Likewise, Bathycoccus prasinos was observed at <0.77% of plastid 

amplicons in the 4 (out of 435) samples where it was detected (Supplementary table 

S1). The majority of Bathycoccus, Micromonas, and Ostreococcus relative 

abundances were formed by a few sub-species variants. For example, together the 

relative abundances of Ostreococcus OII ASV6 and ASV77 accounted for 96.5% of 

all Ostreococcus amplicons across all samples. Likewise, B. calidus ASV177 
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accounted for nearly 100% of B. calidus amplicons and 98% of all Bathycoccus 

amplicons.  

The dominant sub-species variants exhibited patterns associated with water 

column stability periods and vertical stratification zones. Ostreococcus Clade OII 

ASV6 was well-represented in the DM and DCM (Figure 4a), and ASV77 had lower 

relative abundances than ASV6, but had higher relative abundances at the DCM 

particularly in the AT period (Figure 4b). B. calidus ASV177 had broadly similar 

patterns to Ostreococcus Clade OII dominants transitioning from the DM ML into the 

DCM once the system stratified (Figure 4c). However, while well-represented in the 

photic zone during the DM period of 2017, it had low relative abundances in 2019.  

Figure 4. Distribution of highly abundant prasinophyte Class II ASVs. Relative 

abundance of (a-b) Ostreococcus OII (ASV6 and 77), (c) Bathycoccus (ASV177), (d-

e) Micromonas Clade A (ASV61 and ASV273), and (f) Micromonas candidate 

species 1 ASV81 is shown out of total amplicons (including all bacteria and plastids) 

in the upper 300 m of the water column from July 2016 to December 2019.  Data 
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presentation is interpolated from discrete data points (black dots corresponding to 8 

depths per profile). Water column stability periods are as in prior figures. 

Superimposed are lines indicating the DCM (black) and MLD (white). 

 

 The dominant Micromonas species at BATS was Micromonas commoda sensu 

stricto, i.e., Micromonas Clade A sensu that includes the type species strain RCC299, 

but not Micromonas Clades B and C sensu [51] (M. commoda s.s. hereafter). M. 

candidate species 1 also exhibited high relative abundances (Figure 3). One ASV 

belonging to Micromonas clade E1 was detected, found from 10- 80 m across all 

years in either summer or autumn (Table S1). Two Micromonas clade D 

(Micromonas pusilla) ASVs were detected, at 250 m during the 2017 DM and 120 m 

during the 2019 SS (Table S1). ASV61, a sub-species variant of M. commoda s.s., 

and M. candidate species 1 ASV81 together contributed up to 81% of all Micromonas 

amplicons. While similar in reaching highest relative abundances during DM, ASV81 

exhibited diminished importance during the 2018 DM (Figure 4f). We also compared 

contributions of another sub-variant of M. commoda s.s., ASV273, to that of ASV61 

which highlighted the interannual differences in sub-variant patterns, with ASV273 

having a strong presence in the 2017 DM, but not the DM periods of 2018 and 2019 

(Figure 4d-e). Moreover, patterns for Micromonas candidate species 2 ASV1156 

displayed a different seasonal pattern from the more abundant Class II ASVs, 

reaching its maximum abundance within the upper 120 m ML during the 2017 AT. It 

was also detected at various depths during the DM periods of 2017, 2018, and 2019 

and in the SS surface in 2019 (Figure S6b and 6a).  
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ASV distributions reveal persistent and ephemeral sub-species variants 

The overall ASV-level composition of the prasinophyte community across years, 

stability periods, and depths was significantly influenced by temperature and salinity 

(permutation test for CCA, p<0.001; Figure 5). Some prasinophyte ASVs were 

associated with higher temperatures, such as Class II Micromonas candidate species 2 

ASV1156, and putative Class IX ASV2562 and ASV3858 (Figure 5). ASV-level 

prasinophyte community composition did not vary significantly with depth within the 

ML during DM (ANOSIM test statistic r= -0.08, p= 1); however, the DM ML 

prasinophyte community was statistically different from that of the SS surface mixed 

layer (ANOSIM test statistic r= 0.78, p<0.001) and SS DCM (ANOSIM test statistic 

r= 0.14, p<0.001; Supplementary table 4).  

Figure 5. Relationship of prasinophyte ASVs to environmental variables. Partial 

canonical correspondence analysis plot of prasinophyte ASVs with water column 
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stability period as the conditioning variable, with vectors representing temperature 

(oC), salinity, nitrate + nitrite (μmol kg-1), and phosphate (μmol kg-1). Vectors with an 

asterix indicate that variable was significantly correlated with the variation in the 

prasinophyte ASVs. Prasinophyte groups are indicated by color, with several 

important ASVs labelled by number. 

Some prasinophytes demonstrated strong partitioning connected to stability 

periods and vertical positioning and others were persistently present (Figure 6a). Taxa 

considered ‘persistent’ included those represented at both low and high relative 

abundances. For example, in 2017 putative Class IX ASV3858 (on average 0.2% of 

plastid amplicons across all samples) was detected in all stability periods in 2017, but 

its largest relative contributions were in the AT, generally between 40 and 80 m 

(Figure 6b; Supplementary table 1). Other persistent ASVs were Class II sub-species 

variants that also had highest relative abundances among prasinophytes—specifically, 

Ostreococcus Clade OII ASV77 and B. calidus ASV177 (Figure 6a-d, see also Figure 

4). Ostreococcus Clade OII ASV6 exhibited persistence in 2017 and was detected in 

three of the four stability periods in 2018 and 2019 (all but the AT). These ASVs 

were abundant throughout the photic zone during DM and ST and then present at the 

DCM during SS and AT. M. commoda s.s. ASV61 was detected in three stability 

periods at multiple depths (all but the AT) in 2017 and 2018 and persistent in 2019, 

similar to Micromonas candidate species 1 ASV81 which was generally detected in 

all stability periods except AT (Figure 6a-d). Some of the persistent ASVs—such as 

putative class IX ASV3858 and ASV1638—could be found at the surface and DCM 

in the SS, while others—such as ASV77, ASV81, and ASV177—are found only 

below the SS mixed layer, mostly at the DCM. 
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Figure 6. Ephemeral and persistent green algal sub-species variants or ecotypes. 

(a) Box and whisker plot of relative abundance of prasinophyte ASVs out of plastid

amplicons by the number of water column stability periods these ASVs are found in,

further broken out by depth (from 1 to 140 m) and year (2017-2019, as 2016 did not

have samples from all four seasons). Some ASVs that make up at least 10% of plastid

amplicons were labelled with the ASV number and singletons were excluded. (b)

UpSet plots by year indicating prasinophyte ASV distribution by stability period (a

black dot on the row indicating season means ASVs in the bar graph above detected

in that period), with prasinophyte groups indicated by color. (c) Venn diagram of

ASVs both unique and shared among years for all mixing periods and (d) Venn

diagram of the same but only considering the summer.

The stability period with the highest number of ASVs in the photic zone (94 in 

total) was the SS (Figure 6). Additionally, the largest proportion of ephemeral ASVs 

were unique to SS periods, 78 out of 105 ephemerals in total. Three of the 78 ASVs 
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found only in the SS were detected across all three years: specifically, Class I 

ASV5929, Ostreococcus OII ASV33032, and Class VI Prasinococcus ASV17508. 

Among ephemeral ASVs unique to SS, the top 10 with respect to relative abundance 

(2-6 % of plastid amplicons) were from Class II (one undetermined Micromonas 

related to the A/B/C lineage and four Ostreococcus Clade OII, including ASV33032), 

two Class IV, and one each from Class VI Prasinococcus and putative Class IX. The 

most abundant ephemerals in spring, autumn, and winter belonged to Class II. Thus, 

exclusively SS ephemerals exhibited considerable interannual variation (Figure 6d). 

Of the 94 prasinophyte ASVs detected during the SS (but not necessarily 

exclusive to the SS), 19 were detected in all three years, 10 others only in 2018 and 

2019, two in 2017 and 2019, and one only in 2017 and 2018 (Figure 6a, Figure S7). 

Most of the 19 SS ‘all years’ ASVs were at the DCM (80-120 m), not the upper 

photic zone. Collectively, these ranged to 71% of plastid relative amplicon 

abundance, with Ostreococcus Clade OII being dominant, while Bathycoccus calidus, 

Micromonas Clade A, Clade E1, and candidate species 1 had lesser contributions. In 

the upper 5 m SS, the average plastid relative amplicon contributions of the 19 ‘all 

years’ ASVs detected there was ~13%, and the dominants were Micromonas Clade A 

and putative Class IX (Figure S2b). For ephemeral summer ASVs at the surface 

Micromonas candidate species 2 ASV1156 was the dominant in 2019. At 40 m the 

community had shifted such that for the ‘all years’ set putative Class IX and Class I 

Pyramimonas dominated among prasinophytes and formed on average ~13% of 

plastid amplicons. Contributions from Class VI Prasinococcus, Ostreococcus Clade 
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OII, M. commoda, and Micromonas Clade E1 were lesser but still notable, while 

ephemeral ASVs from Class I, Class IV, and the Micromonas candidate species 2 

ASV mentioned previously were detected only sporadically.  

Among non-dominant sub-species variants, most did not follow the vertical 

distribution patterns of the more dominant ASVs of that species (Table S1). 

Moreover, many of the ephemeral variants appeared in depths where the dominant 

sub-species variant was not detected, or they reached markedly higher relative 

abundances whereas the ‘main’ one was rare. Those cases include both rare and 

ephemeral lineages with preference for deeper (below the DCM) and shallower 

(upper 40 m) layers.  

DISCUSSION 

There is still much to be learned about successional patterns of the subtropical 

phytoplankton communities that are so important to global primary production 

(Chavez et al., 2011). Ocean time-series studies provide the opportunity to elucidate 

phytoplankton dynamics and are essential for gaining environmentally contextualized 

baselines as well as a catalog of microbial diversity that spans annual cycles 

(Fuhrman et al., 2015; Giovannoni & Vergin, 2012). Importantly, there is growing 

recognition that understanding of ecological dynamics and evolutionary trajectories 

requires resolution of microbial communities at the level of species and sub-species 

variants (Carlson et al., 2009; VanInsberghe et al., 2020). Such studies promise 

connection of patterns in microbial diversity and distributions to niche differentiation 
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and the forces that underpin the trajectories of individual taxa. Amplicon-based 

studies in ongoing time-series regions such as BATS (Blanco-Bercial et al., 2022), 

the Hawaiʻi Ocean Time-Series (HOT) (Ollison et al., 2021), and the San Pedro 

Ocean Time-Series (SPOT) (Yeh & Fuhrman, 2022) have addressed specific 

prasinophytes, particularly Mamiellophyceae (Countway & Caron, 2006; D. Y. Kim 

et al., 2012, 2014), although, to our knowledge, a time-series with an analytical focus 

on prasinophyte diversity and subspecies variants in the open ocean has not been 

attempted. Here we utilized 16S rRNA amplicon and ASV analyses to examine 

picoeukaryotes. The approach is valuable in part because plastid-derived 16S rRNA 

gene copy numbers are considered more constrained than 18S rRNA genes, 

potentially enhancing the extent to which relative amplicon abundance reflects natural 

abundances (Choi et al., 2020; Needham & Fuhrman, 2016). Moreover, information 

on eukaryotic phytoplankton can be recovered from prior bacterially focused 16S 

rRNA-based studies, in addition more generally having contextual information on the 

broader microbial community. The fact that seasonal transitions in open ocean 

environments result in changes in the depth of the photic zone ML, nutrient injection, 

and overall water column stability is well known, but how species and populations 

respond to these changes is unknown for picoeukaryotes. Here, we performed 

systematic time-resolved sampling at BATS to determine the successional patterns of 

prasinophyte green algae – which harbor many picoeukaryotic species – over defined 

stability periods. 
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Resolving species and rectifying misidentification of prasinophytes 

The potential importance of prasinophytes in oligotrophic environments has only 

been recognized in the last two decades, even though the first picoeukaryotic 

phytoplankton species discovered more than half a century ago was what we now 

know to be the Class II prasinophyte Micromonas (Knight-Jones & Walne, 1951). 

The lack of recognition in open ocean seems to come from three primary issues: i.) 

the small size of picoeukaryotes in general makes morphological identification of 

individual species virtually impossible. Thus, it is with the advent of molecular 

approaches that regular identification has been achieved. ii.) Many open ocean 

surveys have only sampled the surface skin of the water column, missing regions 

where these cells might thrive. iii.) Issues with weather and challenges to sampling at 

certain times of the year have led to sampling biases for more quiescent times of the 

year. An additional hindrance to understanding of dynamics lies in the fact that 

prasinophytes are polyphyletic, comprising 9 divergent lineages, one of which (Class 

VI) has recently been reclassified as its own phylum, the Prasinodermophyta (L. Li et 

al., 2020). Another (VIII) has recently been collapsed as being a being a subgroup 

within Clade VII, specifically, into VII.B (Chloroparvula) (Lopes dos Santos, Pollina, 

et al., 2017), however in the long term it is likely these will be split again due to 

phylogenetic distances. Furthermore, several species cannot be delineated using 

commonly analysed 18S rRNA gene marker regions (Bachy, Wittmers, et al., 2022; 

Monier et al., 2016).  For example, the 18S rRNA gene does not discriminate between 

B. prasinos and B. calidus, the latter having first been discriminated using 
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metagenomics (Vannier et al., 2016). B. calidus can be resolved from B. prasinos 

using 5 nt mismatches present in the 16S rRNA V1-V2 region (Simmons et al., 

2016). Thus, information from genomic and metagenomic analyses alongside full-

length gene phylogenetic analyses, as well as use of appropriate marker regions, are 

provisioning a more nuanced view of prasinophyte speciation and distributions in the 

oceans.  

 Here, our Viridiplantae 16S rRNA gene tree covered the diversity of 

chlorophyte and prasinophyte algae, as well as prasinodermophyte algae (Figure S4). 

Streptophyte algae were used as outgroup sequences. The reconstruction also 

included sequences from eukaryotic lineages that harbor plastids of green algal origin 

(Sibbald & Archibald, 2020). Sequences used for this reconstruction included the V1-

V2 hypervariable region, which is absent from some GenBank sequences. 

Unfortunately, 16S rRNA gene sequences are not available for all cultured 

prasinophytes and for uncultured taxa it is difficult to connect 18S and 16S rRNA 

genes that come from the same organism, hindering connection between 18S rRNA-

based observations, such as the more complex diversity of Dolichomastigales in 

nature than identified using described cultures (Monier et al., 2016) and 16S rRNA-

based findings and vice versa.  

 A challenge in connecting uncultivated lineages herein was the 14 related 

sequences were discovered that we ultimately termed ‘putative Clade IX’. These 

ASVs all had conflicting LCA / best node placements. Six were highly identical to 

each other while the other 8 formed a second group with greater divergence from 
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each other, but still related. Further examination showed they were of low relative 

abundance and mostly visible in surface waters of the SS, particularly ASV2562 and 

ASV3019 (99% identity to each other). These were highly similar to a previously 

recovered uncultivated group from the edge of the North Pacific subtropical gyre 

(Choi et al., 2017). Using those full-length sequences identified DQ438491 (this 

sequence lacks the V1-V2 region as do many PR2/Phytoref sequences) which is 

linked in PR2 to prasinophyte Class IX 18S rRNA sequences, the basis for this 

linkage is unclear. We could not find a statistical link between ‘putative Class IX’ and 

18S rRNA Class IX as assigned by PR2. This is not conclusive as relative amplicons 

abundances from different markers are subject to different biases. Thus, further 

analyses will be needed to establish the evolutionary relationships between these 

uncultivated algae and green algae or the broader Archaeplastida.  

 In the case of Micromonas, the species or Clades are diverse and two remain 

uncultured, thus few studies have clearly partitioned the 7 evolutionarily distinct 

lineages in environmental data. Our comparisons of 16S and 18S ASVs from the 

same samples allowed us to identify 16S ASVs potentially belonging to Micromonas 

candidate species 1 and 2 (Figure S5), and a similar correspondence has also recently 

been reported in Caribbean Sea samples (Eckmann et al., 2023). These findings 

propel use of the Micromonas genus as indicators of ocean conditions and climate 

change by increasing the amount of available data in which they can be evaluated.  
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Key members of subtropical picophytoplankton communities 

With the prasinophyte phylogenetic reference tree developed and refined herein and 

data from the V1-V2 16S rRNA marker region in hand, our results expose new 

distributional insights. Most of the prasinophyte ASVs that reached notable relative 

amplicon abundances came from Mamiellophyceae taxa, whereas Class I, Class 

VII.A and VII.B (former Class VIII) together contributed <10% of total plastid 

amplicons (Figure S6). Their greatest relative contributions to were seemingly during 

the stability period and depths where were prasinophytes are minor among eukaryotes 

and cyanobacteria dominate. New patterns came first in detection og B. calidus across 

all years and stability periods, while B. prasinos was only detected on three 

occasions. These findings support the proposal that B. calidus is the dominant 

Bathycoccus species in warm oligotrophic environments, while B. prasinos appears in 

fact to be scarce (Bachy et al., 2021; Limardo et al., 2017). In light of these findings, 

the distributions of B. prasinos reported in the literature based on 18S rRNA gene 

sequencing should be revaluated. We also identified Micromonas candidate species 1 

and 2 as having roles at BATS, alongside the more abundant M. commoda (Clade A). 

In contrast the dominant Micromonas species comprising the North Atlantic Bloom in 

subtropical influenced waters (from 40 - 51 oN) during spring were different from 

BATS dominants. There, Micromonas pusilla, Micromonas bravo (Clade E1) and 

candidate species 1 were present (ASVs that were 100% nt identity to ASV2535 and 

ASV81 herein), alongside high abundance of O. lucimarinus (Clade OI), all of which 

are rare at BATS. In subtropical winter samples M. polaris (Clade E2) dominated 
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prasinophytes, and in some cases the total phytoplankton community. In the subpolar 

eastern North Atlantic in the Fram Strait, M. polaris also is dominants in terms of 

relative amplicon abundance (plastid-derived) in many samples (Bachy, Sudek, et al., 

2022). In that environment M. commoda-like Clade C (sensu Šlapeta) is also present, 

and neither of these (Clade E2 and Clade C) were detected herein.  

 In the Bay of Bengal region of the Indian Ocean, the Mamiellophyceae 

composition was more similar to that discussed here. M. commoda, including an ASV 

that was identical to ASV61 herein, contributed consistently to plastid amplicons in 

the surface, especially in more southern stations of a north-south transect (Strauss, 

Choi, Grone et al. rev.). An identical ASV to putative candidate species 2 ASV1156 

was also detected. Ostreococcus OII contributed greatly to plastid amplicons at the 

surface in more southern stations and dominated the subsurface chlorophyll 

maximum (SCM) throughout; two Ostreococcus OII ASVs were identical to ASV6 

and ASV77 reported here. A novel Ostreococcus reported therein, Ostreococcus 

bengalensis, was found at high relative abundance in the surface in the southernmost 

Bay of Bengal stations where the influence of the Arabian Sea is strongest was not 

detected at BATS. Bathycoccus, including an ASV identical to ASV177, was also 

found at the SCM, although at lower relative abundances than Ostreococcus OII. 

Similar to the DCM at BATS, the SCM had higher nutrient concentrations compared 

to the surface, and little mixing between due to strong vertical salinity gradient, while 

there was not a discernible temperature gradient, with temperatures similar to the SS 

surface at BATS.  
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 Another region with similar species was Curaçao, where Micromonas A, E1, 

and candidate species 1 and 2 were the major Micromonas species in mangroves, 

above reefs, and in the open sea (Eckmann et al. in press), all of which had ASVs that 

matched those found here (ASV61, ASV81, ASV1156, and ASV12724). 

Ostreococcus OII was the major Ostreococcus above reefs and in the open sea, with 

the most abundant ASV matching ASV6 and the second most abundant 

corresponding to ASV77. Ostreococcus bengalensis was a major Ostreococcus in 

mangroves, although as mentioned previously it was not detected here. Bathycoccus 

had similar distribution as Ostreococcus OII, although at lower relative abundances, 

and was likely the same Bathycoccus calidus detected here at in the Bay of Bengal. 

While temperatures were similar to those of BATS SS surface water, nutrient 

concentrations were higher, especially at mangroves and above reefs. 

 The different distributions of the Mamiellophyceae groups described above 

are likely linked to environmental differences and could change with warming 

oceans. Diversity, genomic differentiation, and modelled temperature tolerances have 

led Micromonas in particular to be proposed as sentinels of ocean change (Demory et 

al., 2019; Worden et al., 2009). The species and sub-species mapping accomplished 

herein provide a baseline against which such change can be assessed. Perhaps more 

importantly we see a group of relatively abundant ASVs from different species that 

are globally distributed in warm oceanic waters and, at least at BATS, are persistently 

present, albeit not per say in the surface in all seasons. 

 



 53 

Annual cycles and the emerging importance of prasinophytes in the open ocean  

Many amplicon-based studies of phytoplankton communities have focused largely on 

surface samples, despite known shifts connected to vertical and seasonal variability of 

the photic zone (DuRand et al., 2001; Giovannoni & Vergin, 2012; Lomas et al., 

2009; Steinberg et al., 2001). We evaluated the community over photic zone profiles 

in which recurring biogeochemical and chlorophyll variations observed over annual 

cycles between July 2016 and December 2019 at BATS (Figure 1 and S1) were 

similar to those in other studies (Steinberg et al., 2001; Treusch et al., 2012) that have 

established the presence of strong seasonal transitions at BATS. The demonstrated 

patterns associated with a vigorous deep mixing period in the winter / early spring 

were followed by a stable stratified period in summer / early autumn.  

 Generally, primary production at BATS is higher within the surface 80 m of 

the DM and into the ST than during other parts of the annual cycle (Lomas & Bates, 

2004; Steinberg et al., 2001). However decreased estimates of 0-140 m integrated 

primary production have been noted from 2010 to 2020 (Lomas et al., 2022), 

potentially indicating ecosystem-wide changes to the phytoplankton community. 

These findings make it important to determine which communities contribute to 

productivity at BATS and when. 

 To characterize how prasinophytes contribute to phytoplankton distributions at 

broad levels, we examined the relationship between Chl a measurements and 

prasinophyte distributions (Figure 1, 2, 3). We observed highest Chl a concentrations 

during DM throughout the ML and at the DCM during the rest of the annual cycle 
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(Figure 1c and S1c). These concentrations were positively correlated to prasinophyte 

contributions, which showed a similar pattern (Figure 1d). While differences in size 

and distribution of phytoplankton taxa underpin the total phytoplankton biomass and 

connect to Chl a fluorescence per cell, this relationship is not straightforward due to 

taxonomic diversity and occurrence of photoacclimation. Therefore, we also 

compared the Chl a and POC contributions which can be correlated at BATS (Lomas 

et al., 2010, 2022; Michaels et al., 1994). In our data higher Chl a concentrations 

were correlated with higher POC concentrations, potentially indicating higher 

chlorophyll values were reflective of greater phytoplankton biomass, and at least 

during DM unlikely to result from photoacclimation. This is supported by previous 

flow-cytometry-derived estimates of eukaryotic phytoplankton biomass, which found 

that eukaryotic phytoplankton contribute most to total phytoplankton biomass during 

the winter/spring (Casey et al., 2013; DuRand et al., 2001). 

 

Successional patterns over stability periods and depth zones highlight Class II 

dominance of relative amplicon abundances 

The temporally resolved data herein shows that particular Class II species dominate 

relative abundances in many of the higher chlorophyll samples (Figure 2, Figure 3). 

The largest share of the prasinophyte contributions to all eukaryotic phytoplankton 

during DM is attributed to the Class II prasinophytes Ostreococcus Clade OII, M. 

commoda, and M. candidate sp. 1 (Figure 2-4). After stratification, these taxa as well 

as newly recognized B. calidus (Bachy et al., 2021) remained important at the DCM 

(Figure 2 and 3). These findings align well with data from flow cytometric 
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enumeration showing picoeukaryote abundance is significantly correlated with 

periods of higher Chl a around the DM at BATS (Singh et al., 2015). Additionally, a 

study combining T-RFLP with 18S rRNA qPCR data found prasinophytes were an 

early contributor to the winter/spring bloom at the BATS site between 1991 and 2004, 

while other phytoplankton (cryptophytes, haptophytes, and pelagophytes) has their 

individual maxima later in the spring bloom period (Treusch et al., 2012).  

 Large contributions by picoprasinophytes in the photic zone have also been 

observed in spring phytoplankton blooms in the North Atlantic (Bolaños et al., 2020). 

In that study, as mentioned previously, Micromonas was particularly abundant in the 

subpolar spring, while still significant but less abundant at lower subtropical latitudes 

(still northwards of BATS). Ostreococcus Clade OII showed the opposite trend, 

growing in prominence moving southward. Ostreococcus Clade OI was a significant 

contributor to the North Atlantic subtropical spring community (Bolaños et al., 2020), 

in contrast to our results, given that it was rarely detected at BATS. This is in 

agreement with previous observations of Ostreococcus biogeography that used 18S 

qPCR probes and showed that Ostreococcus Clade OII is present throughout the ML 

until waters stratify, and is then found at the DCM of oligotrophic subtropical gyres 

such as BATS (Demir-Hilton et al., 2011; Treusch et al., 2012) and HOT station 

ALOHA (Limardo et al., 2017). Ostreococcus Clade OI has been reported in cooler 

mesotrophic and coastal waters and not previously at BATS (Limardo et al., 2017; 

Treusch et al., 2012). 
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The DCM is refuge and and reservoir of sub-species variants  

Our results support the hypothesis put forward by (Treusch et al., 2012) that the same 

groups that comprise the spring bloom relocate to the DCM during the rest of the 

year, but with the added complexity that there is also a reservoir of novel genetic 

diversity in the SS stability period. The dominant prasinophytes were all Class II 

members, specifically B. calidus ASV177, Ostreococcus OII ASV6 and ASV77, and 

Micromonas Clade A ASV61 and candidate species 2 ASV81 were found throughout 

the ML during the DM periods and within and below the DCM during the SS stability 

period (Figure 4). 

 Despite the persistence of these key sub-species variants, there are significant 

differences in the ASV-level prasinophyte community composition when comparing 

the entire DM ML to that of the DCM. These differences could reflect temporal and 

depth partitioning within prasinophytes. While the dominant prasinophyte ASVs 

mentioned above, particularly ASV77 and ASV177, are regularly detected in both the 

DM ML and stratified DCM, it should be acknowledged that variations in other ASVs 

can influence these types of observations. Additionally, Micromonas candidate 

species 2 (ASV1156) was detected during the DM of all three years but was largely 

undetected in the DCM, although it was found throughout the ML in the AT of 2017 

and at the surface during the 2019 SS period (Figure S6b). While detection limits 

could play a role in their not being observed during other periods or strata, the 

presence of Micromonas candidate species 2 ASV1156 and Micromonas Clade A 

ASV273 in both summer and winter could indicate a wide thermal tolerance, or 
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affinity for co-associated factors.  Several prasinophytes, and even other 

Mamiellophyceae ASVs, such as ASV33032 which was found consistently during the 

SS, were only detected during summer, indicating adaption to those conditions. 

 This heterogeneity could provide a pool of genetic variants that utilize 

different ecological strategies than today’s persistent variants and presumably are 

better optimized for life in a stratified warm water ocean. However, while they might 

therefore be considered capable of maintaining primary producer functions, the 

amounts of primary production, and many other factors would likely be altered, 

making overall ecosystem function unclear. 

 

Annual cycles of prasinophyte taxa and importance to eukaryotic phytoplankton  

Ordination analysis indicated the distribution of prasinophyte ASVs was influenced 

by temperature and salinity, which were variable with the stability periods (Figure 5). 

Categorization of sub-species variants along the spectrum from persistent across 

stability periods to ephemeral showed that a few ephemeral ASVs were responsible 

for a large fraction of phytoplankton in terms of relative abundance. It should be 

noted that differences in ASV distributions can be biased by sampling frequency 

within a stability period, e.g., herein fewer profiles were collected during AT than 

other periods. Classification of persistent for the key dominants identified herein may 

be reflected by their presence in three periods during some years and four in others, 

which may be impacted by sampling efforts or other factors.  
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 The greatest diversity of prasinophytes, as reflected by overall ASVs assigned 

to prasinophytes, was observed in summer, but interestingly had relatively little 

overlap between years (Figure 6a,d). Indeed, the SS was different in terms of numbers 

of ephemeral ASVs, contrasting with those designated as ephemeral in other stability 

periods. Even when considering the upper ML and the DCM and below as distinct 

environments this number is still in sharp contrast to other stability periods. These SS 

ephemeral ASVs were generally lower in relative abundance than more persistent 

ASVs, and often displayed depth zonation patterns, including around the DCM where 

other groups, species, and sub-variants had much higher relative abundance (Figure 

S2b). Thus, they represent a reservoir of genetic diversity for which conditions can 

shift leading to episodic importance in the phytoplankton community. 

 There was a significant shift in prasinophyte community composition at the 

surface from the DM period into the stratified period (Figure 2b). The DM dominants, 

all being Class II, followed the trajectory of the nutricline as stratification set in and 

virtually disappeared from the upper 40 m (Figure 2b, 4). The SS prasinophyte 

community exhibited Class I Pyramimonadales and putative Class IX prasinophytes 

(Figure 2b) extending to ~40 m. Some of these classes had within-Class dominant 

ASVs, such as ASV5929 for Class I and ASV1248 for putative Class IX in the SS 

surface. As stratification inhibits nutrient entrainment from deeper water to the 

surface, primary production by these classes is presumably low, both due to their low 

relative abundances among eukaryotic phytoplankton, and the fact that cyanobacteria 

dominate here. The possibility of a predatory mixotrophic mode exists, however most 
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studies that have put forward this possibility have utilized gene-catalog based trophic 

models, and presence of genes affiliated with the phagosome, as evidence for prey 

consumption. However, the cell biological aspects of this assignment process and 

manner of projecting potential predatory mixotrophy has many complexities routed in 

the long-term evolution of eukaryotes that may preclude definitive pronouncements 

regarding predatory trophic modes. More generally, establishment of potential 

mixotrophy is still much debated (Wilken et al., 2019). While niche differentiation 

clearly is a factor underpinning the shift in dominant prasinophyte genera across 

stability periods and depth zones at BATS, further research is required to determine 

whether mixotrophy may contribute to strategic differences. Notably, an Ocean 

Sampling Day-based study that included BATS data from the stratified period 

(surface data only) identified Class I, Class VII, and Class II as the major 

prasinophyte groups (Tragin & Vaulot, 2018). Another TARA based study suggested 

that Class VII are the most important prasinophytes in the oligotrophic open ocean 

with average contribution to the total photosynthetic eukaryote sequences being 8% 

(Lopes dos Santos, Gourvil, et al., 2017). Class VII has also been reported to 

contribute to primary production in the South Pacific Subtropical Gyre, however the 

extent of its contribution is unclear as approximately half of primary production was 

performed by cyanobacteria and half by a picoeukaryotes community primarily 

containing prymnesiophytes and pelagophytes, at the sites studied (Rii et al., 2016). 

Differences in the approach to sequence analysis, specifically resolution in 18S rRNA 

V9 data (Monier et al., 2016) and use of the SWARM method make it difficult to 
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perform more nuanced comparisons. Here, although at BATS both Class I and VII are 

present in the upper 40 m during SS, they were detected only intermittently and had 

low relative amplicon contributions to the eukaryotic phytoplankton community 

(Figure S2b, S6). 

 We find that although pronounced distinctions between prasinophyte 

community composition in coastal versus open ocean regions has been described in 

some studies, these largely came from studies that were not contextualized with 

respect to seasonality or stability periods. Moreover, here we note clear oceanic 

dominants among Class II prasinophytes. Historically, Class II prasinophytes were 

proposed to be coastal, but even more than a decade ago the possibility of marked 

contributions to oceanic phytoplankton communities in the DCM has been reported 

(Demir-Hilton et al., 2011). By now several studies that incorporate seasonally and 

vertically defined sampling protocols have highlighted their presence in open-ocean 

environments (Bolaños et al., 2020; Limardo et al., 2017).  

 

Late DM stratification dynamics may lead to export of picoprasinophytes 

One of the complicating factors for understanding the fate of picophytoplankton is the 

fact these cells presumably do not sink on their own accord because of their small 

size (Richardson & Jackson, 2007). A growing body of evidence backs export of 

picophytoplankton through other mechanisms such as eddy-driven subduction 

(Omand et al., 2015) and aggregation via exopolymeric substances or fecal pellets 

(Richardson, 2019). Indeed, picoprasinophytes have been shown using molecular 
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approaches to be exported in Arctic waters and in the North Atlantic bloom through 

different physical mechanisms (Bachy, Sudek, et al., 2022; Bolaños et al., 2020). At 

BATS, Ostreococcus, Micromonas, and Bathycoccus have been reported in sediment 

trap material from 2008-2010 (Amacher et al., 2013). Furthermore, a microscopy-

based sediment trap particle analysis from 2017-2018 reported Bathycoccus (which, 

unlike Ostreococcus and Micromonas, does have distinguishing scales), in both 

phytodetrital and fecal aggregates, particularly in spring (Cruz et al., 2021).  

 In the years sampled here, the deepest mixing observed occurred in April 2017 

with the ML extending to >300 m, well beyond the photic zone (Figure 1b,c). While 

the 2017 DM appeared to have deeper convective mixing than the other years 

sampled, this observation is likely due the fact that the 2017 sampling serendipitously 

coincided with a deep mixing event that was not captured during the DM period of 

2018-2019. This higher resolution targeted sampling of the event clearly captured the 

shoaling of the ML as the water column warmed and stratified, which appeared to 

trap prasinophytes at depth. Thus, the DM prasinophyte community — mostly 

comprised of M. commoda ss (Šlapeta et al., 2006), Micromonas candidate sp. 1, B. 

calidus, and Ostreococcus Clade OII throughout the mixed layer — not only would 

be subject to losses by predation or viral lysis — but additionally could be exported 

or, at minimum, their biomass would have become a resource for communities below 

the photic zone. This type of physical mixing and subsequent trapping of 

photoautotropic biomass phenomenon has been reported in other ocean regions 
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(Baetge et al., 2022; Dall’Olmo et al., 2016), and our studies indicate it serves as a 

mechanism for picophytoplankton export.  

 

CONCLUSIONS AND PERSPECTIVES 

Open ocean gyres like BATS are seasonally dynamic and yet for eukaryotic 

phytoplankton our understanding of central players through transitions in water 

column stability is limited. Our time-series measurements allowed detailed 

assessment of prasinophytes that have recently emerged as potentially important 

primary producers in the open ocean. We observe the dominance of particular 

prasinophyte species and sub-species variants – as well as patterning in their 

distributions across the stability periods and depths of the photic zone. The results 

established prasinophytes as being among the most important eukaryotic 

phytoplankton at BATS, particularly picoplanktonic species observed during DM. 

Further, the prasinophyte community partitioned into taxa that represent reservoirs of 

genetic diversity detected largely in warm summertime waters at low relative 

abundances, versus key dominants. The latter tracked the nutricline as the system 

stratified, and thus were poised to utilize nutrient pulses associated with convective 

mixing, enabling strong recolonization of the entire ML during the periods when 

primary production is highest at BATS. Specific ASVs from the major prasinophytes 

(Ostreococcus Clade OII, M. commoda, and B. calidus) at the DM and DCM were 

persistent across stability periods – and across subtropical and tropical oceans, while 

other subspecies variants withing these genera and species, and from other entire 
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prasinophyte Classes were more ephemeral. These results support the hypothesis that 

DM dominants (sub-species variants) relocate to the DCM during the stratified period 

(Treusch et al., 2012). However, there are other sub-species variants that provide a 

reservoir of diversity associated with different stability periods, particularly warm 

summer waters. The latter do not appear to be entrained or involved in the same 

mechanisms as those that shift from a DM distribution throughout the ML into the 

DCM, but rather have distinct patterns or ephemeral punctuated appearances. 

Importantly, while mechanisms of export for picoplanktonic phytoplankton are an 

area of active research given their low propensity of sinking (Bachy, Sudek, et al., 

2022; Bolaños et al., 2020; Omand et al., 2015; Richardson, 2019), we find that as 

stratification sets up, the DM/ST primary producer communities can become 

‘trapped’ under the mixed layer depth (MLD), in a manner that could result in their 

vertical export from the photic zone. This mechanism suggests that picoprasinophytes 

at BATS contribute to biomass export to the mesopelagic. With this type of data in 

hand, we can begin to effectively track and develop predictive models on annual 

cycles, primary production and its seasonally nuanced fate in subtropical systems, as 

well as future transitions in these communities associated with surface ocean 

warming. 
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1. Biogeochemical variability at the Bermuda Atlantic 

Time-Series Study (BATS) site between July 2016 and December 2019. (a) 

salinity, (b) CTD-sensor derived Chlorophyll fluorescence, (c) nitrate + nitrate (μmol 
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kg-1) and (d) phosphate (μmol kg-1) determined using spectrophotometric approaches 

and plotted based on interpolation from discrete data points (black dots corresponding 

to 13 depths per profile), and (e) primary production (mg C m-3 d-1). Superimposed 

are lines indicating the DCM (black) and MLD (white). The stability periods (SS= 

stratified summer, AT= autumn transition DM= deep mixing, and ST= spring 

transition) are indicated by a green bar and are shown as such in other relevant 

figures. 

Supplementary Figure 2. Prasinophyte contributions by depth layer and season. 

(a) Percent prasinophyte amplicons out of plastid amplicons in the mixed layer with a

line indicating the 50% contribution level. Note the X-axis represents sampling dates

and is not scaled linearly according to time, due to heavier sampling during highly

dynamic periods. Months with an asteria indicate where sampling did not take place

at those depths. Water column stability l (SS= stratified summer, AT= autumn

transition, DM= deep mixing, and ST= spring transition) are indicated by the green

bar. (b) Bar plots of average relative plastid abundances of prasinophyte ASVs

detected during the SS, with each quadrant a separate depth and the x-axes

delineating in which years they were detected.
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Supplementary Figure 3. Rarefaction analysis for the 435 samples used in the 

study (samples collected during the study period with <50 plastid amplicons 

were not considered) at all depths down to 300 m to determine sequencing 

saturation. (a) The final slope of the rarefaction curves of amplicons vs. depth and 

(b) number of amplicons. Final slopes of below 0.1 are plotted below the dotted line

and are considered to have reached saturation. (c) Rarefaction curves; number of

ASVs vs. number of absolute reads.
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Supplementary Figure 4. 16S rRNA gene tree reference tree for Viridiplantae 

consisting of 149 sequences of near full-length sequences with nine streptophyte 

sequences used as outgroup. Bootstrap values are indicated by the number at the 

node. Prasinophyte groups (as well as Prasinodermaphyta, i.e., former prasinophyte 

Class VI) are designated by a variety of color gradients, with other Viridiplantae 

groups in dark green and non-Viridiplantae groups from secondary endosymbiosis 

with no color gradient.  
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Supplementary Figure 5. Comparison of Micromonas ASVs from this study to 

known Micromonas sequences from culture and environmental isolates. (a) 

Maximum Likelihood phylogenetic tree of V1-V2 16S sequences of Micromonas (all 

sequences trimmed to V1-V2 16S amplicon size). Environmental sequence names are 
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in blue font, sequences from culture in black font, and Micromonas ASVs from this 

study indicated in bold black font. Corresponding groups were labelled according to 

naming determined with near full-length 18S rRNA sequences by [35]. (b) 

comparison of alignments of the 16S rRNA gene V1-V2 region of Micromonas 

sequences in the above tree. (c) linear regression comparing percent contribution of 

16S ASV81 to Micromonas amplicons in 16S to percent contribution of Micromonas 

candidate species 1 to Micromonas amplicons in 18S for all samples with either 

assignment (n=36), then samples with greater than 10 Micromonas amplicons (n=28), 

then samples with >50 Micromonas amplicons (n=26). The same was done with 

ASV1156 and Micromonas candidate species 2 (n=17, 16, and 11, respectively). 

Supplementary Figure 6. Distribution of prasinophyte groups and ASVs. 

Distribution of (a) Class I Pyramimonas, (b) Class II Micromonas candidate species 2 

ASV 1156, (c) Class VI Prasinococcus, (d) Class VI Prasinoderma, (e) Class VII 

Chloroparvula, and (f) other prasinophytes out of total amplicons at a range of depths 

from 1 m to 300 m from July 2016 to December 2019 based on interpolation from 

discrete data points (black dots corresponding to the 8 depths per profile). Note that 

all except for (b) represent a sum of all ASVs for that group. The stability periods, 

defined by DCM and MLD, are indicated by a green bar. 
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SUPPLEMENTARY TABLE LEGENDS 

 

Supplementary Table 1. Table of collection data (data ID, program, cruise ID, cast, 

depth, Niskin bottle, date, time, latitude, and longitude), oceanographic context 

(stability period, DCM, MLD, vertical zone, sigma-t), environmental data 

(temperature, salinity, CTD-derived Chl fluorescence, Chl a, nitrate+nitrite, 

phosphate), and sequencing data (counts of all prasinophyte ASVs, and prasinophyte, 

chlorophyte, cyanobacteria, plastid, and total amplicon counts per sample for all 435 

DNA samples used in the study. Please note the environmental data is synoptic and 

may not originate from the same casts as the DNA samples; each parameter has 

columns indicating collection date and sample ID that can be compared to those of 

the DNA samples. 

 

Supplementary Table 2. Averages of environmental data (temperature, salinity, Chl a, 

nitrate+nitrite, phosphate, and primary production) and percent prasinophyte of 

plastid amplicons by depth and stability period. 

 

Supplementary Table 3. CTD-derived fluorescence values and GFF-quantified Chl a 

values for depth profiles during the study period. 

 

Supplementary Table 4. Summary of parameters and results of statistical tests 

(Kruskal-Wallis Dunn, Spearman correlations, and ANOSIM). 
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CHAPTER 2: 

Eukaryotic algal community composition of Curaçao's aquatic environments from 

solar salterns to the open sea 
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ABSTRACT 

Tropical environments with unique abiotic and biotic factors—such as salt 

ponds, mangroves, and coral reefs—are often in close proximity. The heterogeneity 

of these environments is reflected in community shifts over short distances, resulting 

in high biodiversity. While phytoplankton assemblages physically associated with 

corals, particularly their symbionts, are well studied, less is known about 

phytoplankton diversity across tropical aquatic environments. We assess shifts in 

phytoplankton community composition along inshore to offshore gradients by 

sequencing and analyzing 16S rRNA gene amplicons using primers targeting the V1-

V2 region that capture plastids from eukaryotic phytoplankton and cyanobacteria. 

Microbial alpha diversity computed from 16S V1-V2 amplicon sequence variant 

(ASV) data from 282 samples collected in and around Curaçao, in the Southern 

Caribbean Sea, varied more within the dynamic salt ponds, salterns, and mangroves, 

compared to the seemingly stable above-reef, off-reef, and open sea environments. 

Among eukaryotic phytoplankton, stramenopiles exhibited the highest relative 

abundances in mangrove forests, above-reef, off-reef, and open sea environments, 

where cyanobacteria also showed high relative abundances. Within stramenopiles, 

diatom amplicons dominated in salt ponds and mangroves, while dictyochophytes and 

pelagophytes prevailed above reefs and offshore. Green algae and cryptophytes were 

also present, and the former exhibited transitions following the gradient from inland 

to offshore. Chlorophytes and prasinophyte Class IV dominated in salt ponds, while 

prasinophyte Class II, including Micromonas commoda and Ostreococcus Clade OII, 
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had the highest relative abundances of green algae in mangroves, above-reef, off-reef, 

and the open sea. To improve Class II prasinophyte classification, we sequenced 18S 

rRNA gene amplicons from the V4 region in 41 samples which were used to 

interrelate plastid-based results with uncultured prasinophyte species information 

from 18S rRNA gene-based studies. This highlighted the presence of newly described 

Ostreococcus bengalensis and two Micromonas candidate species. Network analyses 

identified co-occurrence patterns between individual phytoplankton groups, including 

cyanobacteria, and heterotrophic bacterial ASVs. Our study reveals multiple 

uncultured and novel lineages within green algae and dictyochophytes in tropical 

marine habitats. Collectively, the algal diversity patterns and potential co-occurrence 

relationships observed in connection to physicochemical and spatial influences help 

provide a baseline against which future change can be assessed. 
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INTRODUCTION 

 

 Aquatic environments in the tropics comprise areas of high biodiversity 

(Jablonski et al., 2006) and primary productivity (Behrenfeld et al., 2006). Large 

environmental gradients occur over short geographic distances, with disparate 

ecosystems such as salt ponds, mangrove forests, and coral reefs existing in close 

proximity and hosting unique biota (Hunting et al., 2008; Nagelkerken & Velde, 

2002). Much of the research concerning phytoplankton in these environments 

concerns epiphytic and benthic diatoms, dinoflagellates, and cyanobacteria 

(Alvarenga et al., 2015; Desrosiers et al., 2014; Lefrançois et al., 2011; Vidal et al., 

2015), whereas less is known about free-living eukaryotic phytoplankton that reside 

in the water column. With respect to molecular diversity surveys, reefs are the best 

represented of these environments, while mangrove forests (Hossain et al., 2022; 

Samanta & Bhadury, 2014), salt ponds (Filker et al., 2015), and comparative studies 

across environments (J. Bakker et al., 2019; C. C. Becker et al., 2020) are scarcer. 

Additionally, in many cases different methodologies have been employed making 

comparison difficult. More generally, recently concerns have been raised that few 

studies focus on different habitats within close proximity, and how habitat change in 

one type of aquatic environment might influence connected aquatic habitats (Qin et 

al., 2019). 

 Among the more ‘coastal/inland’ tropical island habitats are salt ponds and 

mangrove forests. Salt ponds are known for their halophilic phytoplankton, such as 

the green alga Dunaliella which has been observed in these habitats worldwide using 
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culturing, microscopy, and other methods (Ben-Amotz et al., 2019; Oren, 2005). 

Ponds with lower but still hypersaline salinity levels exhibit a greater diversity of 

eukaryotic phytoplankton, including cryptophytes and stramenopiles, as observed in 

Portugal (Filker et al., 2015). These hypersaline habitats can occur when seawater is 

totally or partially separated from the open sea, whether by natural mechanisms or 

human intervention (e.g., for salt production); in the latter case, they are also referred 

to as solar salterns (Benlloch et al., 2002). Due to their typically large surface to 

volume ratio these habitats are subject to considerable salinity fluctuations over short 

timescales, and the cost of osmotic compensation to these fluctuations appears to 

constrain the biotic community composition (Yang et al., 2016).  

 Mangrove forests have their own unique attributes, being prominent features 

of tropical and subtropical coastlines and formed by salt-tolerant trees and shrubs. 

They also undergo large daily fluctuations driven by tidal influences on factors such 

as temperature, salinity, and light availability, among others. They are considered to 

be among the world’s most productive ecosystems while also being often nutrient-

limited (Reef et al., 2010). Multiple studies of phytoplankton in mangrove forests 

have been conducted in India and Malaysia, especially focused on diatoms typically 

using microscopy but also marker gene cloning (Saifullah et al., 2016; Samanta & 

Bhadury, 2014). Cyanobacteria have also been reported as important to nutrient 

cycling in mangroves, as well as contributing to nitrogen fixation in African, Indian, 

Central and South American mangrove habitats (Alvarenga et al., 2015; Toledo et al., 

1995). In addition to primary production that occurs in these habitats, including that 
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by benthic microalgae, much of the organic carbon input comes from leaf litter 

(Saifullah et al., 2016). In general, phytoplankton in mangrove forests are less well 

characterized than benthic microalgae (Saifullah et al., 2016) and their overall 

contributions to photosynthetic carbon fixation is considered highly variable 

(Kristensen et al., 2008).  

 As noted above, among the tropical aquatic habitats best characterized are 

coral reefs, which are both oligotrophic and highly productive (Fong & Paul, 2011). 

The main sources of organic carbon in these ecosystems are considered to be primary 

production by coralline red algae and the symbioses of corals with dinoflagellates of 

the family Symbiodiniaceae (Haas et al., 2016; LaJeunesse et al., 2018). Degradation 

of coral reefs due to anthropogenic influences has led to the shift from calcifying 

corals and algae to fleshy macroalgae, resulting in increased bacterial abundances in 

reefs and decreased carbon transfer to higher trophic levels based on data collected 

from reefs in the Caribbean Sea, Indian, and Pacific Oceans (Haas et al., 2016). While 

the Symbiodiniaceae-coral association is well-known, the dynamics of free-living 

phytoplankton in the water column above reefs are less well characterized, but likely 

important to understanding changes in the system and potential consequences. 

Salt ponds, solar salterns, mangrove forests, and coral reefs can be found in or near 

the tropical island Curaçao, in the southern Caribbean Sea (~65 km north of South 

America). Aquatic environments around the island undergo varied influences, with 

the north shore exposed to the trade winds and therefore largely barren while the 

southern leeward coast contains salt ponds, mangrove forests, and fringing reefs (van 
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Duyl et al., 2002). As seen elsewhere, benthic cyanobacterial mats have been 

observed and reported as performing nitrogen fixation in Curaçao reefs (Brocke et al., 

2018; D. M. de Bakker et al., 2017). Other research studies have focused on coral-

associated microbes (Diekmann et al., 2002; Engelen et al., 2018) and coral feeding, 

taking into account water column phytoplankton, particularly cyanobacteria, as a food 

resource (Hoadley et al., 2021; Scheffers et al., 2004). In terms of eukaryotic 

phytoplankton, stramenopiles, green algae, cryptophytes, and haptophytes have been 

reported in above-reef Curaçao waters, with stramenopiles and green algae appearing 

to dominate these groups (Hoadley et al., 2021). To our knowledge, this study is the 

first multi-year sampling of phytoplankton community composition in Curaçao. 

We sought to characterize phytoplankton molecular diversity and community 

composition from inland environments to the open sea using coherent methods, with 

additional focus on those groups that appeared to dominate based on amplicon 

relative abundances. Recently, a number of studies have indicated that the 16S rRNA 

gene (which is found in the chloroplast genomes of eukaryotic phytoplankton, as well 

as in bacterial genomes) has a more constrained copy number in eukaryotes than does 

the nucleus-encoded 18S rRNA gene (Choi et al., 2020; Needham & Fuhrman, 2016). 

This makes data from the 16S rRNA gene marker potentially closer to representing 

shifts in true abundance than the 18S rRNA gene marker. Here, we analyzed the V1-

V2 hypervariable region of the 16S rRNA gene (16S V1-V2) from salt pond, saltern, 

mangrove, above-reef, and farther offshore microbial communities from samples 

collected annually from 2015 to 2019. In addition to examining microbial diversity 
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and potential co-occurrence of ASVs from different microbial (i.e., including 

phytoplankton) taxa, ASVs from eukaryotic phytoplankton (plastid-derived) and 

cyanobacteria were used to characterize the phytoplankton community. Additionally, 

a selection of above-reef and off-reef samples were sequenced for the V4 

hypervariable region of the 18S rRNA gene (18S V4) to compare with 16S V1-V2 

amplicon data and connect to literature on eukaryotic phytoplankton species that have 

previously been defined using 18S rRNA gene phylogenies. Collectively, our study 

provides insights on how phytoplankton diversity and community composition 

change along the tropical inland – offshore habitat gradient. 

 

MATERIALS AND METHODS 

 

Study sites 

Samples were collected in mid-to-late April and early May in the years 2015 (14-23 

April), 2016 (19-29 April), 2017 (17-30 April), 2018 (11-18 April), and 2019 (26 

April-4 May) at sites spanning the south coast of the island and encompassing salt 

ponds, salterns, mangrove forests, above-reef, off-reef, and open sea, as detailed 

hereafter. Salt pond samples were collected from Playa Santa Cruz (~12.307 °N, 

69.144 °W) and Spanish Bay/Spaanse (~12.074 °N, 68.862 °W). Saltern samples 

were collected from Sint Willibrordus (~12.214 °N, 69.054 °W), Sint Michiel 

(~12.148 °N, 68.998 °W coastal, ~12.156 °N, 68.987 °W inland), and Jan Thiel 

(~12.089 °N, 68.880 °W). Mangrove samples were collected from within mangrove 

root systems and in mangrove lagoons (hereafter the entire habitat is referred to as 
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“mangrove”) at Playa Santa Cruz (~12.307 °N, 69.145 °W), the Caribbean Research 

and Management of Biodiversity foundation (CARMABI)/Piscadera Bay (~12.136 

°N, -68.969 °W), and Spanish Bay/Spaanse (~12.136 °N, 68.969 °W) using a sea 

kayak. More offshore environments were sampled by divers, either swimming from 

shore or being deposited by boat, and by deploying equipment from a boat. The reefs 

sampled were located at CARMABI/Piscadera Bay (~12.125 °N, 68.973 °W), Water 

Factory (~12.109 °N, 68.954 °W), Spanish Bay/Spaanse (~12.136 °N,68.969 °W), 

and East Point (~12.043 °N, 68.739 °W). Reef water was sampled at both the surface 

(0-0.5 m) and directly above corals (3-23 m). A shelf of fringing coral reef extends 

about ~70 m from the shore before sloping down into a ~1000 m deep marine trench. 

Off-reef samples were collected past the reef above the trench and samples that we 

characterized as open Caribbean Sea were from ~25 km off the east coast of Curaçao 

(~12.021 °N, 68.453 °W). Sites were mapped using Google Earth to determine 

distances relative to the coastline. 

 

Collection of DNA, physico-chemical samples, and initial processing 

The general method for collecting water for DNA sequencing varied between 

habitats. For salt ponds and mangroves, water was collected by submerging 1L amber 

bottles with care taken to avoid stirring up bottom sediments. For reefs and offshore 

environments, Niskin bottles or carboys were used. Biomass from ~7 to 515 mL of 

water (for most samples water volumes were at the upper end of this range, but for 

some salt ponds and salterns the high particulate load limited the volume that could 
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be filtered) was collected on a sterile 47 mm, 0.2 µm Supor filter (Pall, USA) using a 

vacuum or peristaltic pump. The filters were stored at -80 °C until DNA extraction. 

Between samples filtration vessels were rinsed with either reverse osmosis (RO) or 

18.2 MΩ water (MilliQ) and left to dry before reuse. In 2017 and 2018, 500 ml 

volumes of the rinse water were also collected as controls. Also note that DNA filters 

collected in 2015 and 2016 were flash-frozen in liquid nitrogen before being stored at 

-80 °C. DNA extractions were performed using the QIAGEN DNeasy Plant kit 

(QIAGEN, USA) with a modified protocol including a bead-beating step (Cuvelier et 

al., 2010; Demir-Hilton et al., 2011). 

 Nutrient samples (silicate, phosphate, nitrate, and nitrite) were collected in 

2017, 2018, and 2019 (n=182). For those collected in 2017 and 2018, 40 mL water 

was filtered through a 0.45 µm polyethersulfone syringe into separate duplicate 50 

mL conical tubes and stored at -20 °C until further processing. For nutrient samples 

collected in 2019, 10 mL of water was collected and stored at -80 °C until further 

processing. Nutrient samples were measured using an AlpKem autoanalyzer 

according to protocols from Sakamoto et al., 1990. Salinity was measured using a 

hand refractometer from 2016-2019. Additionally, the sampling method used in 2019 

did not allow for measurements above 100‰; therefore, for the hypersaline samples, 

the exact value was not measured but was considered above the range in which 

quantification is possible. Temperature throughout the day was measured for 

CARMABI/Piscadera Bay mangrove and reef in 2017 and 2019, Spanish Bay salt 

pond, mangrove, and reef in 2019, Sint Michiel and Sint Willibrordus salterns in 
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2019, and Water Factory reef in 2019 using a HOBO data logger (Onset Brands, 

Bourne, Massachusetts). Temperature data for open ocean sites was retrieved from 

global daily 5 km satellite data from the National Oceanic and Atmospheric 

Administration Satellite and Information Service.  

 

16S rRNA gene amplicon sequencing, rarefaction, and diversity analyses 

DNA from 282 samples coming from the salt pond, saltern, mangrove, above-reef, 

off-reef, and open sea environments sampled between 2015 and 2019 was PCR 

amplified using the primers that amplify heterotrophic bacteria, cyanobacteria, and 

eukaryotic plastid 16S rRNA gene amplicons, specifically the universal primers 27F 

(5-AGRGTTYGATYMTGGCTCAG-3) and 338R (5-

GCWGCCWCCCGTAGGWGT-3) targeting the 16S V1-V2 (Daims et al., 1999; 

Vergin, Beszteri, et al., 2013). Paired-end library sequencing (2×300bp) was 

performed on PCR products and PCR negative controls using the Illumina MiSeq 

platform.  

Raw sequencing reads were trimmed using cutadapt (v2.6; Martin, 2011) trimming 

with forward and reverse primers and default settings. Sequence data were trimmed 

(forward reads to 210 bp and reverse reads to 180 bp for 16S V1-V2), dereplicated, 

checked for chimeras, and assigned to amplicon sequence variants (ASVs) using the 

DADA2 R package, version (v1.10.0; Callahan et al., 2016). On average there were 

245,708±110,167 resulting 16S V1-V2 amplicons. Note that a Water Factory above-
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reef sample from 2018 only rendered 430 total amplicons and was excluded from 

further analyses. 

 Rarefaction was performed in R using the rareslope function in the vegan 

package (version 2.5.7) to determine sample saturation (Oksanen et al., 2020). All 

samples were considered to have reached saturation (final slopes of rarefaction curves 

less than 0.1). Alpha diversity was calculated based on 16S V1-V2 as the inverse 

Simpson index using the diversity function in the vegan package. The normality of 

the alpha diversity distributions was tested using the Shapiro test in the R stats 

package, and, since not all were normally distributed, the medians between sites and 

environments were compared using Kruskall-Wallis and Dunn tests (generating the 

KWDT statistic, herein KWDTS) using the R stats and rstatix packages (Kassambara, 

2019). The medians and interquartile ranges of the inverse Simpson indexes were 

plotted by site and environment using the geom_boxplot function in ggplot2 

(Wickham, 2011). 

 

16S V1-V2 rRNA ASV taxonomic assignment  

16S V1-V2 ASVs were taxonomically classified using the best node placement mode 

in the phylogenetic placement pipeline PhyloAssigner (Vergin et al. 2013). ASVs 

were first placed on a global 16S rRNA gene reference tree (Vergin, Beszteri, et al., 

2013). Those assigned at the broad level to plastid or cyanobacterial best-node 

placements were subsequently placed on a more resolved plastid and cyanobacteria 

reference tree (Choi et al., 2017). Those that were placed with heterotrophic bacteria 
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were then further classified using the SILVA 138 pre-trained Bayesian classifier in 

QIIME 2 (Bolyen et al., 2019; Quast et al., 2013). Negative (PCR) controls on each 

plate were also run, appeared negative on gels, and rendered <100 amplicons when 

sequenced alongside samples. We also ran controls in which 500 ml of RO or 18.2 

MΩ water from the research station (used for rinsing filter rigs) was filtered, 

extracted, and sequenced. One of the latter (2017) rendered amplicons that were 

assigned to cyanobacteria and eukaryotic algae, and it is unclear whether this derives 

from well cross contamination or switched samples.  

 ASVs assigned to the cyanobacterial region of the tree were further classified 

using a designated phylogeny (Sudek et al., 2015). ASVs assigned to the 

Viridiplantae, which includes chlorophyte and prasinophyte algae, as well as the 

newly designated Prasinodermophyta phylum (L. Li et al., 2020), were then placed on 

a Viridiplantae reference tree in a second classification step to assign the final 

taxonomy of these ASVs. ASVs assigned to stramenopiles in the plastid and 

cyanobacteria placement were re-classified in a multi-step approach using reference 

trees as described in Choi et al., 2020, 2017.  

 A subset of green algae could not be placed at terminal nodes using 

PhyloAssigner, and therefore were manually checked. In the case of salt pond and 

saltern chlorophyte ASV placements, they were used as blast queries against 

GenBank nr and found to be Dunaliella. Mangrove, salt pond, and saltern diatom 

ASV placements were further investigated using them as queries against GenBank 

nucleotide database. Amplicons from Micromonas clades A and B can be delineated 
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from Clades C, D, and E sensu Šlapeta et al., 2006, but phylogenetic placement of 

16S V1-V2 ASVs did not resolve A/B from one another with statistical support; 

therefore, sequences assigned to the A/B/C lineage as a whole were manually aligned 

for evaluation of known single nucleotide polymorphisms in the 16S V1-V2 that 

distinguish them from each other. 

 

Improving Class II classification via connecting 16S (plastid derived) and 18S rRNA 

gene sequences  

Because little information is available connecting 16S rRNA genes and 18S rRNA 

genes for several uncultured prasinophyte species (which have largely been defined 

using the 18S rRNA gene), we sequenced the V4 hypervariable region of the 18S 

rRNA gene for a subset of above-reef and off-reef samples from 2019 so that 

correlation studies would be possible (41 in total). Here, DNA was PCR amplified 

using the primers TAReuk454FWD1 (5'-CCAGCASCYGCGGTAATTCC-3') and 

TAReukREV3 (5'-ACTTTCGTTCTTGATYRA-3') targeting the V4 (Stoeck et al., 

2010). Paired-end library sequencing (2×300bp) was performed on PCR products and 

PCR negative controls using the Illumina MiSeq platform. Sequence data were 

trimmed (forward reads to 220 bp and reverse reads to 200 bp), dereplicated, checked 

for chimeras, and assigned to ASVs using the DADA2 R package, version (v1.10.0). 

Post quality control this rendered 287,092±56,468 18S V4 amplicons per sample. 

Rarefaction of 18S V4 amplicons was performed as for 16S rRNA gene amplicons. 

18S V4 ASVs were initially classified using the sklearn trained classifier and the PR2 

database (Guillou et al., 2013). The relevant prasinophyte ASVs were then used to 
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connect 18S rRNA gene derived clade information with the 16S rRNA gene (plastid 

derived) ASVs that were the focus of our study. Connections were made by 

comparing relative contributions of specific amplicons/ASVs to all those from the 

genus in both 16S V1-V2 and 18S V4 (in the same samples). For example, ASVs 

determined to be O. bengalensis in the 18S V4 were compared to those considered 

likely O. bengalensis in the 16S V1-V2 of the samples with both types of sequencing 

available using Pearson’s correlation in the R stats package (R Core Team, 2002). 

Using this approach, we determined connections between the two types of marker 

genes for Micromonas candidate species 1 and 2 (again, initially described using 18S 

rRNA gene sequences (Simon et al., 2017; Worden, 2006) and O. bengalensis 

(described using molecular phylogenies in Strauss, Choi, Grone et al. in rev.). 16S 

V1-V2 ASVs were then assigned at the highest taxonomic level possible using 

manual comparison after initial genus placement using PhyloAssigner as above. 

 

Relative abundances and links to environmental variables 

For each sample the relative abundance of eukaryotic algal and cyanobacterial 

amplicons was computed relative to total phytoplankton amplicons (as the sum of 

cyanobacterial and plastid-derived 16S V1-V2 amplicons). The percent of each 

eukaryotic algal group was also computed out of total plastid amplicons in the 

sample, that is with cyanobacterial and heterotrophic bacterial amplicons removed, or 

computed at higher taxonomic resolution, for example each prasinophyte group out of 

all prasinophyte amplicons, or each stramenopile group out of all stramenopile 
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amplicons, or each ASV in the same manner. These relative abundances were plotted 

as pie charts using ggplot2 (Wickham et al., 2019). Each fraction of the pie represents 

the relative abundance of the group out of all amplicons in the larger group across the 

sum of all samples and years per site. The number of individual ASVs per 

phytoplankton group is specified adjacent to each pie fraction. We also determined 

the percent of cyanobacterial amplicons out of total amplicons and Prochlorococcus, 

Synechococcus, and “other cyanobacteria” out of all cyanobacterial amplicons. 

Heatmaps of relative abundance were generated using the ggplot2 geom_tile function. 

For the 41 samples that were also sequenced for 18S V4 amplicons, relative 

abundances of photosynthetic groups (excluding purely heterotrophic groups e.g., 

stramenopile groups Pseudofungi and Opalozoa) were computed for each sample with 

alveolates and deep-branching plastid lineages (DPLs) excluded. 

 Differences in microbial community composition were investigated at the 

ASV level by site and environment via non-metric multidimensional scaling 

(NMDS). NMDS plots were generated in R with the vegan and ggplot2 packages 

using Hellinger-transformed count data of all ASVs (heterotrophic bacteria, 

cyanobacteria, and plastid-bearing eukaryotes), which in some plots was then subset 

by ASV type (photosynthetic ASVs, stramenopile ASVs, and green algae ASVs). For 

the NMDS plot of the entire microbial community, environmental vectors (salinity, 

nitrate, nitrite, phosphate, and silicate; temperature was not included in this analysis 

due to too few data points) were superimposed on the plot; note that over the five 
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years nutrients and salinity were not consistently sampled (Table S1), such that in this 

analysis 182 out of 282 total samples were included.  

 The possible relationship between silicate and diatom relative abundance out 

of plastid amplicons was investigated via linear regression initially for all 

environments and then restricted to samples with salinities <40‰. The potential links 

between environmental parameters and ASV-level distributions of green algae and 

chlorarachniophytes were investigated via canonical correspondence analysis (CCA) 

using the R packages tidyverse, reshape2, and ggplot2 (Wickham et al., 2019). A 

Variance Inflation Factor (VIF) analysis was performed in order to check for 

multicollinearity among variables using the car package (J. Fox et al., 2022). ASV 

data were normalized using the Hellinger method and both data normalization and 

CCA were run using the vegan library. The significance of the association of 

environmental parameters with ASV distribution was determined using the ANOVA-

like permutation test for CCA in vegan, anova.cca. Analysis of similarity (ANOSIM) 

tests were performed on Hellinger-transformed count data of green algal and 

stramenopile ASVs. This was performed in the vegan package in R to test differences 

in microbial community composition between environments (Dixon, 2003). 

 

Co-occurrence analyses 

In order to contextualize the major photosynthetic groups within the wider microbial 

community, we conducted a network co-occurrence analysis using the cooccur, 

igraph, and SpiecEasi packages in R (Csardi & Nepusz, 2005; Griffith et al., 2016; 
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Kurtz et al., 2015). The analysis was performed in two ways. The first involved ASVs 

that occurred in at least 25% of samples across environments and had a mean relative 

abundance of at least 0.05%. These cutoff criteria were used to avoid detection of 

“pseudo” co-occurrence, that occurs when there are a considerable number of rare 

ASVs found only in a handful of samples, so that those are identified as co-

occurrence (although only in a handful of samples) by co-incidence. The second set 

of criteria, mean relative abundance of at least 0.05% across the top 5 samples in 

which a given ASV was most abundant, was used in order to detect formation of 

habitat specific networks in those habitats that made up low proportion of samples 

and had potentially distinct ASV communities. In both cases significant interactions 

between photosynthetic ASVs and other photosynthetic or heterotrophic ASVs were 

plotted in a co-occurrence network with each point representing an ASV and the 

shape of the point corresponding to the environment type in which it occurs most 

often. 

RESULTS 

 

Microbial diversity across tropical aquatic habitats 

To characterize habitats, we evaluated a number of abiotic parameters resulting in 

five general categories based on local topography and connectivity to the sea: salt 

ponds (further dividing to salterns and natural salt ponds), mangroves, above-reef, 

off-reef, and open sea (Figure 1, Table S1). We then undertook amplicon sequencing 

for samples from each of these, generating on average 249,603110,247 ( standard 

deviation (SD), n=282) 16S V1-V2 amplicons per sample which resulted in 
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1,554708 ASVs per sample. By environment, there was an average of 

242,637153,030 amplicons (resulting in 765502 ASVs) from the 16 salt pond 

samples, 323,768124,987 amplicons (resulting in 1,499810 ASVs) from the 41 

saltern samples, 241,73694,365 amplicons (1,685766 ASVs) for 59 mangrove 

samples, 233,385105,086 amplicons (1,628657 ASVs) from 140 above-reef 

samples, 236,77849,835 amplicons (1,302164 ASVs) from 14 off-reef samples, 

and finally, 248,35288,624 amplicons (1,572598 ASVs) from 12 open Caribbean 

Sea samples. Rarefaction analysis indicated that saturation was reached for all 

samples regardless of environment (Figure S1). 

Figure 1: Overview map of sampling sites on or near Curaçao collected between 

2015 and 2019. Environment type is indicated by color and circle radius size 

indicates the number of samples collected at the site throughout the time series. In 

total 282 DNA samples were collected, all of which were sequenced for 16S V1-V2 

amplicons, and 41 (2019 only) of which were sequenced for 18S V4 amplicons. Inset, 



 90 

location of Curaçao within the Caribbean Sea, with the closest continent being South 

America. 

 

 Microbial alpha diversity was examined by computing the median inverse 

Simpson index from the ASVs generated from each site and grouped by habitat 

(Table S2, Table S3). Within salt ponds and salterns, Sint Michiel coastal and Sint 

Willibrordus had the highest median inverse Simpson index, at 38.612.9 ( 

interquartile range) and 27.011.0 respectively, followed by Sint Michiel inland 

(21.05.0), Jan Thiel (7.31.1), Spanish Bay/Spaanse (6.0 10.2), and Playa Santa 

Cruz (3.9) (Figure 2b, Table S2). Significant differences in diversity were found 

between Sint Willibrordus and Jan Thiel (KWDTS=3.6, p=0.04), Sint Michiel coastal 

and Jan Thiel (KWDTS=4.6, p<0.001), and Sint Michiel coastal and Spanish 

Bay/Spaanse (KWDTS=-5.9, p<0.001, Table S3). There were also significant 

differences in the median inverse Simpson index between Sint Michiel coastal and 

inshore samples (KWDTS=4.0, p=0.01). Within mangroves, Playa Santa Cruz had the 

highest average alpha diversity at 39.4, then CARMABI/Piscadera (30.713.7), then 

Spanish Bay/Spaanse (18.86.8) (Figure 2b), with significant difference between 

CARMABI/Piscadera and Spanish Bay/Spaanse (KWDTS=-5.0, p<0.001). There was 

less variation in above-reef, off-reef, and open sea samples, with no significant 

differences between sites in those environments (Figure 2b). There was no significant 

difference between the median inverse Simpson index observed in above-reef 

samples collected at the surface (25.57.1) versus samples taken at depth closer to the 
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corals (25.06.6) (KWTS=3.8, p=0.05). Considered together across sites, above-reef, 

off-reef, and open sea had an overall median inverse Simpson index of 21.97.3. 

Statistical tests on the diversity indices were also used to compare between 

environments. These showed for example that the CARMABI/Piscadera mangroves 

had a significantly higher median inverse Simpson index than the Jan Thiel saltern 

(KWDTS =-4.2, p=0.004), the Spanish Bay/Spaanse salt pond (KWDTS =-5.9, 

p<0.001), inshore Sint Michiel (KWDTS =-3.6, p=0.04), and the East Point reef 

(KWDTS =-3.7, p=0.03). Among other significant differences the Sint Willibrordus 

and coastal Sint Michiel salterns had significantly higher median inverse Simpson 

indexes than Spanish Bay/Spaanse mangrove (KWDTS =-3.7, p=0.03 and KWDTS 

=-4.9, p<0.001, respectively) and likewise, CARMABI/Piscadera reefs had a higher 

median inverse Simpson index than the Jan Thiel saltern (KWDTS = -3.7, p=0.04), 

Spanish Bay/Spaanse mangrove (KWDTS = -4.1, p=0.01), and Spanish Bay/Spaanse 

salt pond (KWDTS = -5.2, p<0.001).     
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Figure 2: Microbial community diversity based on 16S rRNA gene amplicons. 

Variations in salinity (a) and inverse Simpson index (b) as the median and 

distribution from 2015 to 2019, respectively, from inland to offshore environments. 

Outliers are shown by individual data points. Significant differences in the median 

inverse Simpson index between sites are indicated by brackets and asterisks (adjusted 

p-value of ≤0.05, *; ≤0.01, **; ≤0.001, ***) (Table S3). Note that the Sint Michiel

saltern has the highest connectivity to the sea out of the salterns and salt ponds and

has one location close to the coastline and the other farther inland. Sint Willibrordus

and Jan Thiel, respectively, follow in terms of connectivity to the sea, while the

Spanish Bay/Spaanse and Playa Santa Cruz salt ponds have no apparent connection to

the sea. (c) NMDS analysis with each point indicating an individual sample,

distinguished by site (shape) and environment type (color) and overlain with vectors

of environmental parameters (salinity, nitrate, nitrite, phosphate, and silicate) to

visualize similarity of the total ASV-level community composition (heterotrophic

bacteria, cyanobacteria, and plastid-bearing eukaryotes) among sites and

environments. Symbols for open sea and off-reef samples are partially obscured
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beneath above-reef samples. For off-reef and open sea samples environmental 

parameter data come from 2017 sampling. Note that the dotted white vertical lines on 

the cartoon above environments is included to make sure it is clear that the habitats 

were not necessarily sampled along a linear line, because organization of the natural 

environment does not necessarily occur in that fashion. Note also that over the five 

years nutrients and salinity were not consistently sampled (Table S1), such that in this 

analysis 182 out of 282 total samples were included.  

 

 Silicate concentrations were highest in salt ponds (ranging from 18-243 µmol 

kg-1) and salterns (3-184 µmol kg-1), with the next highest values found in mangroves 

(0.5-13 µmol kg-1) and the lowest over reefs and farther offshore (overall, 0.2-2 µmol 

kg-1) (Table S1 and Figure S2). Phosphate and nitrite values followed the same trend, 

with salt ponds ranging from 0.4-60 µmol phosphate kg-1 and 0.2-6 µmol nitrite kg-1, 

salterns ranging from 0.1-14 µmol phosphate kg-1 and 0-3 µmol nitrite kg-1, 

mangroves ranging from 0.1 to 1 µmol phosphate kg-1 and 0-0.7 µmol nitrite kg-1, and 

reefs and offshore habitats as a whole ranging from 0-0.3 µmol phosphate kg-1 and 0-

0.2 µmol nitrite kg-1. Nitrate values were highest above reefs (0.1-6 µmol kg-1) and 

mangroves (0-3 µmol kg-1) and next highest in salt ponds (0-2 µmol kg-1) and salterns 

(0-1 µmol kg-1) compared to off-reef and open sea (0-0.1 µmol kg-1) (Table S1 and 

Figure S2). Salinities ranged from >170‰ at salt ponds to more standard open ocean 

salinities (e.g., 36‰; Table S1). Water temperatures reached their highest value out of 

all environments in salterns (ranging from 25.4- 36.8 °C), next highest in salt ponds 

(26.9- 31.4 °C), then mangroves (27.0-31.3 °C), and above reefs (24.5- 31.1 °C); 

farther offshore sites do not have temperature data measured in this study, but satellite 

data indicates temperatures of 26.6-27.2 °C at the time of sampling. 
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 To interrelate microbial ASV diversity to environmental parameters, we 

performed NMDS analyses that incorporated all samples with available nutrient 

(nitrite, nitrate, silicate, and phosphate) and salinity data (Table S1). Overall, the 

environmental vectors in the NMDS plot indicated salterns and salt ponds were 

associated with higher nitrite, silicate, phosphate, and salinity, while higher nitrate 

was associated with mangroves and above-reef samples (temperature was not 

included in this analysis due to too few data points; Figure 2c). Significant differences 

in microbial community composition were observed among the different 

environments (Figure 2c; ANOSIM test statistic r=0.72, p<0.001). Microbial 

communities in above-reef, off-reef, and open sea samples grouped together in an 

NMDS plot and did not appear significantly different (ANOSIM test statistic r=-0.18, 

p=0.8, Figure 2c). Additionally, microbial communities from surface and deeper 

above-reef samples did not exhibit significant differences (ANOSIM test statistic 

r=0.02, p=0.07; not shown in plot). Mangrove samples also generally grouped 

together more tightly in the NMDS, with more separation based on location, and 

exhibited some overlap with above-reef samples (Figure 2c). Within salterns and salt 

ponds, Sint Willibrordus samples grouped together, Sint Michiel inland and coastal 

formed two separate groups, and Spanish Bay/Spaanse samples were more varied 

(Figure 2c). The more coastal saltern samples (Sint Willibrordus and Sint Michiel 

coastal) grouped closer to other environments than to samples from the inland Sint 

Michiel, Spanish Bay/Spaanse, and Jan Thiel salt pond/saltern sites (Figure 2c). 
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Eukaryotic phytoplankton community composition along environmental gradients 

To compare the primary producer communities across these habitats, we parsed the 

photosynthetic component of the microbial community from non-pigmented bacteria 

and performed taxonomic assignment using previously established phylogenetic 

approaches (Table S4). Out of all 16S V1-V2 amplicons from photosynthetic taxa 

(cyanobacterial and plastid-derived amplicons), relative contributions of eukaryotic 

phytoplankton were variable, ranging from the lowest being above-reef (86%) 

(Mean  SD), off-reef (42%), and in the open sea (77%). Higher contributions 

were observed in mangroves (3317%), salt ponds (5142%), and salterns (4432%).  

Stramenopiles exhibited highest relative abundances of eukaryotic algal groups 

except in salt ponds, making up 58% of photosynthetic eukaryotic amplicons in salt 

ponds, 3423% in salterns, 4719% in mangroves, 6116% above-reef, 716% off-

reef, and 6320% in the open sea (Figure 3c). Green algae exhibited the next highest 

relative abundances across environments, comprising 7239% of photosynthetic 

eukaryotic amplicons in salt ponds, 3128% in salterns, 3215% in mangroves, 

3115% above-reef, 3017% off-reef, and 2417% in the open sea (Figure 3c).  

Several other major phytoplankton groups exhibited punctuated appearances. For 

example, cryptophytes had the highest relative abundances among photosynthetic 

eukaryotes in Sint Willibrordus saltern (4325%) and had high relative abundances in 

Spanish Bay/Spaanse mangroves (2414%) (Figure 3). Likewise, 

chlorarachniophytes (which contain a green-algal derived plastid) were the major 
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photosynthetic group in some Spanish Bay/Spaanse and Sint Michiel salt pond/saltern 

samples. Haptophytes and alveolates were also detected, with haptophytes reaching 

their highest relative abundances above-reef (53%), off-reef (102%), and in the 

open sea (74%; Figure 3c). Comparison of broad taxonomic distributions for 41 

samples in which both 16S V1-V2 and 18S V4 were sequenced indicated similar 

proportions of photosynthetic groups (Table S5, Table S6). Finally, we observed 

sequences from glaucophytes, rhodophytes, and recently described eukaryotes from 

the DPLs identified in Choi et al., 2017. These groups had low overall relative 

abundances (Figure 3c, grouped under “other eukaryotes”). Given the dominance of 

stramenopiles and green algae over the sampled habitats, and the fact that these 

groups harbor extensive diversity, we then analyzed them at higher taxonomic 

resolution. 
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Figure 3: Major phytoplankton groups associated to different Curaçao aquatic 

environments. Relative abundance of 16S V1-V2 ASVs assigned to major 

eukaryotic phytoplankton groups by (a) environment and (b) sampling site. The 

relative percent abundance of each major photosynthetic eukaryotic group is 

computed out of all plastid amplicons and is indicated by the heatmap in (c), with 

each row indicating an individual sample (n=282). Low relative abundance of 

dinoflagellates may reflect primer biases. Abbreviations are as follows: Crypto, 

cryptophytes; Hapto, haptophytes; Alveo, alveolates, specifically photosynthetic 

dinoflagellates; Stram, stramenopiles; Chlorara, chlorarachniophytes; Viridi, 

Viridiplantae green algae (prasinophytes, chlorophytes and prasinodermophytes); 

Other, the sum of glaucophytes, rhodophytes, and members of the deep-branching 

plastid lineages (DPL), averaged 1±2% of plastid-derived sequences and are therefore 

collapsed for figure simplicity. 

Variations in Stramenopile and Green Algal Diversity 

Stramenopiles and green algae represented the two major eukaryotic phytoplankton 

groups in the ASV data across the habitats (Figure 3c). Each displayed distinct 
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community composition among environments when just considering these two major 

groups independently (ANOSIM test statistic r=0.64, p<0.001 for each). When 

analyzing the stramenopile community, those in mangrove habitats, particularly in 

Spanish Bay/Spaanse, grouped closer to salterns located at Sint Willibrordus than 

seen for either the whole community NDMS analysis or that for the photosynthetic 

community (Figure S3). In contrast, above-reef, off-reef, and open sea communities 

mostly grouped closely, similar to the other NMDS plots (Figure S3). Differences 

between coastal and inland Sint Michiel samples were observable, but less 

pronounced than in the NMDS plots with all ASVs (Figure S3a and c). 

 We next characterized the global averages of different stramenopile groups by 

averaging the relative amplicon abundances (as percent of total stramenopile 

amplicons) from each site, using all data collected over the five years regardless of 

available metadata (e.g., nutrients, etc.). We also determined the total number of 

ASVs found for each group in those five years.  

 In salt ponds, the dominant stramenopiles comprised several diatom lineages, 

but because diatoms were not present in all samples their average contribution across 

the samples was highly variable (4144% relative abundance of all stramenopile 

amplicons). The most abundant stramenopile ASV (ASV7549) was closest to the 

pennate diatom Synedra hyperborea (98.6% nucleotide (nt) identity). The exception 

to the overall dominance of diatoms occurred in the Spanish Bay/Spaanse salt pond, 

which had relatively high but variable contribution of eustigmatophytes (maximum 

91%, with an average of 2640% at this site) (Figure 4a). Salterns were similarly 
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mostly composed of diatoms (8418%), with ASV308 being the most relatively 

abundant and closest to the benthic diatom Navicula phyllepta (98.9% nt identity). 

Stramenopile amplicons in mangroves were also dominated by diatoms (8213%), 

with ASV97 being the most abundant and closest to members of the Thalassiosirales 

order (100% nt identity to several species: Thalassiosira profunda, Skeletonema 

tropicum, Skeletonema costatum, and Skeletonema marinoi). However, moving 

offshore, diatom contributions declined in terms of relative abundance above-reef 

(4717% of stramenopile amplicons), off-reef (278%), and in the open sea 

(4013%; Figure 4c-d). ASV32, corresponding most closely to Chaetoceros (100% nt 

identity to C. simplex and C. tenuissimus) was the most relatively abundant diatom 

ASV across above-reef samples, while in off-reef and open sea samples ASV87 

(99.3% nt identity to Tryblionella apiculata) had the highest relative abundances. 

Above-reef and mangrove diatom taxa overlapped the most, followed by salterns and 

mangroves (Figure S4a). Just three diatom ASVs were found across all five 

environment types: ASV32 and ASV87, as above, and ASV620, which corresponds 

to Rhizosolenia imbricata (100% nt identity). Diatom relative abundance within total 

plastid amplicons decreased with decreasing silicate concentrations (R=0.55, 

p<0.001) when saline habitats >40‰ were excluded.   
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Figure 4: Stramenopile algae and dictyochophytes from salterns to the open sea. 

Composition of the photosynthetic stramenopile community based on 16S V1-V2 

amplicons out of all stramenopiles and a second, separate and more refined 

breakdown of dictyochophytes (where present) out of all dictyochophyte amplicons 

for (a) salt ponds and salterns, (b) mangroves, (c) above-reef, and (d) off-reef and 

open sea habitats averaged over 2015-2019. Coloring of groups is as indicated in the 

on-figure color legend. Each pie fraction reflects the relative abundance of the 

specific group out of all stramenopile amplicons, across the sum of all samples (and 

all years) from that site; the number given reflects the number of ASVs (not the 

average) in all samples at that site. 

Dictyochophytes and pelagophytes had higher relative abundances in more 

offshore environments than the other habitats sampled (Figure 4c-d). 

Dictyochophytes averaged 2312% of stramenopile amplicon relative abundances 

above-reef, 409% off-reef, and 309% in the open sea, and pelagophytes had 
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slightly lower relative abundances among stramenopiles, with relative abundances of 

209% above-reef, 225% off-reef, and 168% in the open sea. The major 

pelagophyte groups across sites and environments based on relative abundances were 

Pelagomonas calceolata (most relatively abundant ASVs being ASV165 and 

ASV279) and pelagophyte environmental clade VIII (PEC-VIII, particularly 

ASV650), apart from Playa Santa Cruz mangroves, which had a majority of 

pelagophyte environmental clade VI (PEC-VI, especially ASV12487).  

Dictyochophytes had higher levels of diversity and distinction among 

environments than pelagophytes based on phylogenetic analyses. Because of their 

diversity, and how little is known about dictyochophytes in tropical ecosystems, we 

analyzed these protists at a higher taxonomic resolution (Figure 4, Figure S4b). Salt 

ponds and salterns had highly variable dictyochophyte contributions (Figure 4a). 

Considering only samples that exhibited dictyochophyte amplicons, in Sint 

Willibrordus and Sint Michiel (n= 28), Rhizochromulina (5538%) and Florenciella 

clade (FC) FC-III (2231%) dominated the dictyochophyte amplicons (Figure 4a), 

and Sint Michiel coastal samples (n= 10) additionally harbored dictyochophyte 

environmental clade (DEC) DEC-VII (107%) and two environmental (uncultured) 

clades DEC-I and DEC-II (0.60.7%). The most relatively abundant dictyochophytes 

in Spanish Bay/Spaanse salt pond samples were Rhizochromulina (7442%) and 

Apedinella (2243%), and only Florenciella clade FC-III was detected at one Jan 

Thiel sample (Figure 4a). Mangroves showed lower relative abundances of 

dictyochophytes. CARMABI/Piscadera mangroves (n=33) comprised primarily DEC-
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I and DEC-II (511%), Rhizochromulina (2112%), Apedinella (2018%), 

Pseudopedinella environmental clade (1511%), and Florenciella clade FC-III 

(2713%). Spanish Bay mangroves were mostly FC-III (4621%) and 

Rhizochromulina (3022%). In above-reef, off-reef, and open sea samples (n=165) 

the highest relative abundance belonged to DEC-I/DEC-II, which together formed 

relative abundances of 4010% out of dictyochophyte amplicons (note these two 

clades were not resolved from each other), with lesser but consistent contributions 

from other dictyochophyte groups (Figure 4c-d). Similar to diatoms, above-above-

reef sites had the greatest number of dictyochophyte ASVs that appeared to be unique 

to that habitat, followed by mangroves and salterns (Figure S4b). Only one 

dictyochophyte ASV (ASV419) was shared among all environments; however, when 

salt ponds were excluded this number increased to 19 ASVs (Figure S4b). 

 The other major supergroup in our study was the Archaeplastida and in 

particular the Viridiplantae, which in our analyses encompassed three green algal 

groups, the chlorophytes, prasinophytes, and the prasinodermophytes (Bachy, 

Wittmers, et al., 2022). NMDS analysis incorporating only green algal ASVs exposed 

significant differences between above-reef and off-reef samples compared to the open 

sea (ANOSIM test statistic r= 0.24, p=0.01, and ANOSIM test statistic r= 0.13, 

p=0.02) (Figure S3d), differing from NMDS results for the total microbial community 

(Figures 2b and S3a). There was some overlap between mangrove and Sint 

Willibrordus saltern samples, but not as much as for stramenopiles (Figure S3c). 
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Finally, differences in the more coastal and farther inland Sint Michiel samples were 

also evident in green algal NMDS analysis (Figure S3d). 

 The composition of the green algal community also varied across sites and 

environments. Prasinophyte Class IV (Chlorodendrophyceae) was the only green 

algal taxon detected at Playa Santa Cruz and also formed a large but variable portion 

of green algal amplicon abundances in the Sint Michiel inland saltern (3536%), 

Spanish Bay/Spaanse salt pond (3444%), and Sint Willibrordus saltern (4836%) 

(Figure 5). The most abundant ASV (ASV27) within this class was phylogenetically 

placed with Tetraselmis. Chlorophyceae (mostly Dunaliella) reached their highest 

relative abundance in Spanish Bay/Spaanse salt pond (3548%) and Jan Thiel saltern 

(976%) (Figure 5). In mangroves, the green algal community shifted almost entirely 

to Class II prasinophytes (Mamiellophyceae), particularly Ostreococcus and 

Micromonas, as seen at CARMABI/Piscadera and Spanish Bay/Spaanse (Figure 5b). 

The major Ostreococcus groups were Ostreococcus Clade OII and an Ostreococcus 

identical in the 16S V1-V2 to Ostreococcus bengalensis (Strauss, Choi, Grone et al. 

in rev.; Figures 5b and S5). Here, because this is a newly defined species that has not 

been cultured, we utilized the 18S V4 ASV data (Table S5) and found that the 18S 

V4 was also identical to that of O. bengalensis. Major Micromonas groups included 

Micromonas bravo (Clade E1), Micromonas commoda (Clade A, sensu Simmons et 

al. 2015), and candidate species 1 and 2 (Simon et al., 2017; Worden, 2006; Figure 

5b). The 16S V1-V2 sequence for Micromonas candidate species 1 and 2 were 

identified based on comparison between 18S V4 amplicons and 16S V1-V2 
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amplicons analyzed in this paper (Figure S5). In the CARMABI/Piscadera 

mangroves, 3 out of 28 Micromonas ASVs (32% of green algal relative amplicon 

abundances) could not be assigned at the species or clade level. In the singular Playa 

Santa Cruz mangrove sample, chlorophytes, specifically members of the class 

Trebouxiophyceae, including relatives of the halotolerant Picochlorum soloecismus 

and Chlorella desiccate, as well as an unidentified chlorophyte (phylogenetically 

closest to the Marsupiomonadales), were the most abundant among green algal 

amplicons (Figure 5b). 

Figure 5: Green algae from salterns to the open sea. Green algae from salterns to 

the open sea. Composition of the green algal community by environment and 

sampling site based on 16S V1-V2 amplicons for (a) salt ponds and salterns, (b) 

mangroves, (c) above-reef, and (d) off-reef and open sea habitats spanning from 2015 

to 2019. Each pie chart represents relative contributions of the individual taxa within 

chlorophyte, prasinodermophyte (recently elevated to a separate phylum from 

prasinophytes), and prasinophyte groups to green algal amplicons, as indicated by 
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colors. The total summed number of ASVs found within each taxonomic group across 

the 5 sampling years is specified for each pie fraction. 

 

 

 Prasinophytes in above-reef, off-reef, and open sea samples were also 

dominated by Class II, particularly Micromonas, Bathycoccus, and Ostreococcus. 

Ostreococcus OII increased in relative importance above reefs and farther offshore 

compared to mangroves where O. bengalensis rivaled it. Micromonas groups 

included Clade E1, Clade A, and candidate species 1 and 2, with relatively more 

Clade A compared to mangrove samples. In above-reef samples two of 33 

Micromonas ASVs could not be assigned to a species or clade (<2% of green algal 

relative amplicon abundances). These two unassigned ASVs were similar to each 

other (1 nt difference) and otherwise most closely related to members of the 

Micromonas A/B/C lineage.  

 A CCA was used to compare green algal distribution and environmental 

parameters. The VIF analysis showed no multicollinearity among the environmental 

variables. The CCA showed ASVs from Class II grouped more closely to the nitrate 

vector in a CCA analysis of green algal ASVs, while other prasinophyte such as Class 

VII Picocystis, Class V Pycnococcaceae, and Class IV Chlorodendrophyceae grouped 

closer to the other nutrients and salinity vectors, as did Trebouxiophyceae, 

Chlorophyceae, and other chlorophyte ASVs (Figure S6). As shown by the 

permutation test, the CCA ordination was significant (p-value < 0.001) and the 

environmental variables salinity, phosphate, nitrite, and silicate were significant (p-

value < 0.001), explaining most variance. 
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Green algae and dictyochophytes across habitats  

To further tease apart potential differences that might connect to factors not 

quantified herein, samples were sorted by their proximity to the coast using only the 

years for which we had the most comprehensive environmental data (2017-2019). 

This subset of samples exhibited the trends in salinity and nutrients akin to those over 

the entire sample set. For example, Spanish Bay/Spaanse salt pond (average salinity 

7120‰; 18780 µmol silicate kg-1) and Sint Michiel inland (968‰; 6127 µmol 

kg-1) had both higher salinity and silicate than those of Sint Willibrordus (523‰; 

1712 µmol kg-1), and Sint Michiel coastal (422‰; 41 µmol kg-1) (Figure 6a, 6b, 

Table S1). Salinities of other environments were less variable, and silicate declined to 

43 µmol kg-1 in mangroves and was lower above-reef, off-reef, and in the open sea 

(averaging 0.80.3 µmol kg-1; Figure 6b). The highest phosphate concentrations were 

found in inland salt pond and saltern samples, reaching 3 µmol kg-1 in Spanish 

Bay/Spaanse and Sint Michiel inland, followed by CARMABI/Piscadera mangroves 

(reaching 1 µmol kg-1), then declining to <0.3 µmol kg-1 in coastal salterns and other 

environments (Figure 6c). Nitrate reached a maximum of 3 µmol kg-1 

(CARMABI/Piscadera mangroves), followed by 2 µmol kg-1 maximally above-reefs 

and otherwise <1 µmol kg-1 (Figure 6a-d). Environmental gradients in salinity, 

silicate, phosphate, and nitrate (Figure 6a-d) corresponded to shifts in the green algal 

classes present. Specifically, in inland salt ponds (Spanish Bay/Spaanse and inland 

Sint Michiel) fewer green algal taxa were detected compared to the coastal, sea-
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connected Sint Michiel saltern, which had more consistent representation of Class II 

prasinophytes (Figure 6e). O. bengalensis had high relative abundances among green 

algae in CARMABI/Piscadera mangroves in 2019. Micromonas candidate species 1 

dominated green algae relative abundances in 2018 CARMABI/Piscadera and in 2019 

Spanish Bay/Spaanse. Micromonas Clade A (sensu Simmons et al. 2015) showed 

highest relative abundances among green algae in above-reef, off-reef, and open sea 

environments, across all years and sites, with Ostreococcus OII having similar 

relative abundances in some samples. Dictyochophytes displayed similar patterns to 

green algae in that there were fewer dictyochophyte taxa in inland salt pond and 

saltern samples compared to the coastal Sint Michiel saltern (Figure 6f). Similar to 

Micromonas Clade A for green algae, DEC-I & DEC-II had the highest relative 

abundances among dictyochophytes in above-reef, off-reef, and open sea 

environments.   
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Figure 6: Green algal and dictyochophyte community composition aligned along 

a gradient from farthest inland to farthest offshore study sites from 2017 to 2019 

(previous years did not have all requisite environmental data). Here relative 

abundances of ASVs within each group on the Y-axis have been collapsed. Sites were 

arranged from most inland to most offshore, as determined using the collection site 

coordinates in Google Earth. Due to the large number of samples ranging over depths 

above the reef, here only the most surficial samples (0-0.5 m) have been plotted. 

Salinity (a), silicate (b, note the change in Y-axis scale), phosphate (c), and nitrate (d) 

are indicated by bar graphs colored according to environment with each bar indicating 

a single sample. Note that salinity measurements were not available for 2017 off-reef 

and open sea samples; therefore, average values from 2016 or 2019 were used. In (e) 

the percent of each green algal group out of all green algal sequences is shown with 

heat, and in (f) the percent of each dictyochophyte out of all dictyochophyte 

sequences is shown with heat. The site (g) and year (h) where each sample was 

collected is also indicated. Dotted vertical white lines on cartoon are as in Figure 2. 
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Non-eukaryotic phytoplankton community members 

Cyanobacteria had higher relative abundances (out of total 16S V1-V2 amplicons 

including heterotrophic bacteria) above-reef (396%), off-reef (414%), and in open 

sea (367%) than in mangroves (159%) and salt ponds and salterns (1117%). For 

salt pond and saltern samples, there were differences by site; groups other than 

Synechococcus and Prochlorococcus showed highest relative abundances among 

cyanobacterial amplicons at Jan Thiel, Playa Santa Cruz, Spanish Bay/Spaanse, and 

the inland Sint Michiel samples. These “other” cyanobacterial amplicons were likely 

diazotrophic halophiles, with ASV18 having highest nucleotide identity (100-98%) to 

Cyanothece and Dactylococcopsis salina. Coastal Sint Michiel samples and Sint 

Willibrordus had higher relative abundances of Synechococcus (7025%; Figure S7). 

Mangroves also had Synechococcus as the dominant cyanobacterial group, with 

average relative abundance of 8419% out of all cyanobacterial amplicons. In 

contrast, Prochlorococcus showed the highest relative abundances among 

cyanobacterial groups in most above-reef (8613%), off-reef (933%), and open sea 

samples (7533%; Figure S7).  

 

Co-associations among bacterial and photosynthetic eukaryotic microbial community 

members 

Co-occurrences were assessed between individual phytoplankton taxa (16S V1-V2 

ASVs) and within individual habitats when considering the entire microbial 

community sequenced (Figure 7). At first, analyses were designed to identify co-
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occurrences that span multiple habitats. Among phytoplankton, cyanobacterial ASVs 

had the greatest number of network connections, mostly to each other and to 

heterotrophic bacteria, such as SAR11 and SAR406 (Table S7). The ASV with the 

overall highest number of connections in this network analysis was Prochlorococcus 

high light II (HLII) ecotype ASV103, which had 21 connections. Among co-

occurrences involving eukaryotes, we found nine diatoms that had significant co-

occurrences with other taxa (Figure 7a). For example, Chaetoceros ASV32 was 

associated with another diatom (ASV245), Synechococcus (ASV73 and ASV186), 

and various heterotrophic ASVs including Gammaproteobacteria, 

Alphaproteobacteria (mostly SAR11), and Flavobacteria (NS9 marine group). Diatom 

Tryblionella apiculata-like ASV87 was likewise associated with Alphaproteobacteria, 

including SAR86 and SAR11, as well as a Micromonas Clade A ASV126, and 

pelagophyte ASV165. Pelagophyte P. calceolata ASV165 was additionally 

associated with Prochlorococcus ASV9, SAR86 ASV48, a Flavobacterium ASV344, 

Bathycoccus ASV270, and diatom ASV267. Another P. calceolata ASV, ASV279, 

groups closely with ASV165 and is associated with the same Bathycoccus ASV as 

above, as well as two alphaproteobacterial ASVs (SAR11 ASV343 and SAR406 

ASV320). There were also two dictyochophyte ASVs (DEC-I/DEC-II ASV198 and 

Florenciella ASV376) that both had significant co-occurrences with diatom ASV267 

and planctomycete ASV355. Dichtyochophyte ASV198 was also associated with 

Prochlorococcus (ASV192), 2 SAR11 ASVs (ASV178 and ASV336) and SAR406 

(ASV198). In addition, a number of ASVs from heterotrophic bacteria exhibited co-
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occurrences, largely from the classes Alphaproteobacteria (particularly clades 

SAR11, SAR406, and SAR116) and Bacteroidota (particularly the order 

Flavobacteriales) (Table S7). 
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Figure 7: Significant co-occurrences observed in taxa frequent across habitats 

and habitat specific community members. (a) Network co-occurrence analysis on 

ASVs that occurred in at least 25% of samples across environments and a had a mean 
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relative abundance of at least 0.05% and (b) Network co-occurrence analysis on 

ASVs with a mean relative abundance of at least 0.05% across the top 5 samples in 

which a given ASV was most abundant. For both networks, significant interactions 

between photosynthetic ASVs and other photosynthetic or heterotrophic ASVs are 

shown with each point representing an ASV and the shape of the point corresponding 

to the environment type in which it occurs most often. 

Green algae tended to group together in the network and had various 

interconnections (Figure 7a, Table S7). Micromonas Clade A ASV126, mentioned 

previously, was associated with other Mamiellophyceae: Ostreococcus OII (ASV133) 

and Micromonas candidate species 2 (ASV235). Micromonas candidate species 1 

ASV129 was associated with a cryptophyte (ASV164), Micromonas Clade E1 

(ASV187), Micromonas candidate species 2 (ASV235), a diatom (ASV204), 

Synechococcus (ASV106), SAR116 (ASV105), Flavobacteriales (ASV69), and a 

gammaproteobacterium (ASV316). Micromonas candidate species 2 ASV235 was 

also associated with a cryptophyte (ASV164) and two Micromonas clade A, ASV228 

and ASV480. Micromonas Clade E1 ASV187 was additionally associated with 

SAR406 (ASV320), Synechococcus (ASV414 and ASV73), two cryptophytes 

(ASV164 and ASV524), a diatom (ASV204), Micromonas Clade A (ASV228), 

Micromonas candidate species 1 (ASV441), and O. bengalensis (ASV144). O. 

bengalensis ASV144 was itself associated with SAR11 (ASV94, ASV251, ASV172, 

and ASV199), diatoms (ASV204, ASV207, and ASV245), and Micromonas 

candidate species 1 (ASV441). 

The second analysis has lower stringency for inclusion in that the ASVs did 

not have to occur in at least 25% of the samples, and thus it grouped the more 

extreme habitats with lower sampling effort to a great extent. Salt pond and saltern 
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ASVs largely grouped separately from the other environments and had a large 

proportion of heterotrophic bacteria (Figure 7b). While some mangrove samples 

grouped with above-reef and farther offshore samples, a subset of mangrove samples, 

mostly consisting of heterotrophic bacteria including those from the phyla 

Actinobacteriota and Bacteroidota, formed their own section of the network. 

Mangroves had the greatest number of photosynthetic eukaryote-heterotrophic 

bacterial interactions with 2101, followed by above-reef (1027), salterns (702), off-

reef (232), open sea (225), and salt ponds (69). Off-reef samples had the greatest 

number of cyanobacterial-heterotrophic bacterial interactions with 774, followed by 

above-reef (620), salterns (461), mangroves (438), salt ponds (124), and open sea 

(121). Of photosynthetic groups, cyanobacteria had the most connections with 

heterotrophic bacteria with 6512, followed by diatoms (6101), Mamiellophyceae 

(1678), other Viridiplantae (1665), other stramenopiles (883), and dictyochophytes 

(854).   

DISCUSSION 

Our study sites spanned a range of distinct tropical island aquatic habitats. In 

general, these types of environments are under marked anthropogenic influences, both 

local (van der Schoot & Hoeksema, 2022) and climatic (Bove et al., 2022), and hence 

it is important to establish coherent relatable data sets for different regions within 

tropical ecosystems for benchmarking potential downstream changes. There were 

differences in the level of connectivity to the sea and/or human impact between sites 
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within the same habitat type. For example, among mangroves, those at Playa Santa 

Cruz were the most remote, while Spanish Bay/Spaanse had more nearby human 

development, and CARMABI/Piscadera Bay was near the most developed part of the 

island (Brocke et al., 2015). We sampled above the shelf of fringing reef corals, 

which extend about 70 m from the shore, at CARMABI and the Water Factory 

located toward the midpoint of the island perimeter (again in a more 

anthropogenically forced area) as well as East Point, which is less impacted. A study 

of the impact of eutrophication on coral reef fauna around Curaçao found that sewage 

run-off was high around CARMABI/Piscadera, Water Factory, and Spanish Bay, 

while Sint Michiel and sites farther north from that had lower sewage output, as 

determined using δ15N isotope data (van der Schoot & Hoeksema, 2022). Off-reef 

samples were collected just past the reef above the 1000 m trench, while the open sea 

samples were from ~25 km away from shore (Figure 1), both presumably being less 

impacted by human activities. We also delineated two types of salt ponds based on 

the level of anthropogenic modification, the first being salterns (Sint Willibrordus, 

Sint Michiel inland and coastal, and Jan Thiel) which have undergone construction of 

retaining walls to isolate areas for evaporative salt harvesting – but with the former 

two sites having inflow of fresh salt water in order to replenish the system. The 

second type was natural salt ponds (Playa Santa Cruz and Spanish Bay/Spaanse).  

 In general, our results indicated a number of differences in environmental 

parameters, with salinity perhaps being the most predictable (Figure 2, Figure 6, and 

Figure S2). Water temperatures around Curacao remain fairly constant, between ~26–
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29 °C (Brocke et al., 2015), although they were sometimes much higher in the inland 

environments we sampled (Table S1). Trend-wise, silicate and phosphate 

concentrations were higher in salt ponds, salterns, and mangroves compared to above-

reef, off-reef, and in the open sea. Nitrate concentrations were highest in mangroves 

and above reefs, particularly those at CARMABI/Piscadera. However, deconvoluting 

these results further to degree of impactedness was not within reach without more 

comprehensive sampling. Data from similar habitats sampled at St. John (also 

Caribbean) also reported higher phosphate and silicate in mangrove samples than on 

nearby reefs (C. C. Becker et al., 2020). However, in their samples, mangroves had 

higher nitrite+nitrate concentrations compared to reefs, and hence may not be highly 

analogous to our study region. Given the upfront differences in organic matter 

apparent in our samples (not measured, but higher in mangroves and inland settings, 

as also reflected in filtration rates, than e.g., open sea), our goal was to determine if 

there were systematic differences in microbial diversity and phytoplankton 

communities between the sampled sites and habitats. We demonstrated pronounced 

site-specific divergence in diversity and specific network connections. Moreover, 

comprehensive evaluation of the phytoplankton communities, with particular 

attention to the molecular diversity of eukaryotic groups that exhibited the highest 

relative abundances and/or the broadest distributions, exposed unique aspects of 

communities residing in each of the sampled habitats.  
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Microbial diversity across Caribbean Sea – Island tropical aquatic habitats 

In terms of microbial community, that is heterotrophic bacteria, cyanobacteria, and 

eukaryotic phytoplankton (all 16S V1-V2 ASVs, Figure 2), the highest diversity 

levels were found at the Sint Michiel coastal and Sint Willibrordus salterns and the 

CARMABI/Piscadera and Playa Santa Cruz mangroves (Figure 2b). A considerable 

amount of this diversity was likely contributed by bacterial taxa. Perhaps 

counterintuitively, the human-made salterns exhibited higher diversity than natural 

salt ponds, likely due to differences in seawater replenishment and delivery and 

mixing in of ‘external’ communities via channels from the sea. A relationship 

between overall salinity levels and diversity was also observed, akin to a 18S V4 

rDNA-based study of protists and fungi in Portuguese salt ponds where diversity 

decreased as salinity increased (Filker et al., 2015). Here, the higher salinity salt pond 

and saltern samples, specifically Spanish Bay/Spaanse and inland Sint Michiel, had 

lower diversity than the lower salinity Sint Willibrordus and coastal Sint Michiel 

salterns (Figures 2a and 6a). Note that higher water volumes (~500 mL) were filtered 

for mangrove, above-reef, off-reef, and open sea samples, as compared to some salt 

pond and saltern samples where low volumes were obtained due to high biomass and 

particulates in the water. This could have influenced diversity indices. However, we 

found that all salt pond and saltern samples did saturate in rarefaction analysis (Figure 

S1). 

 With respect to mangroves, the highest microbial diversity was found in the 

CARMABI/Piscadera mangroves. It is unexpected, given that these mangroves are 
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closer to a heavily populated location than other areas and our results show that they 

are exposed to higher nutrient levels (Figure 6b-d; Brocke et al., 2015). As for above-

reef sites, those at CARMABI and the Water Factory are similarly located toward the 

midpoint of the island in a more anthropogenically impacted area, while the East 

Point reef is farther from human activity (Brocke et al., 2015). However, here 

statistical differences were not observed in microbial alpha diversity between 

CARMABI/Piscadera and Water Factory reefs and the less human-impacted reefs at 

East Point (Figure 2b). There were also no significant differences in median inverse 

Simpson index or microbial community composition with depth in above-reef 

samples. 

 

Broad transitions in primary producer groups across habitats 

Explicit analyses of the primary producer communities were used to move beyond 

single group or single environment studies to try to understand the complete 

community that contributes to tropical primary production across habitats. Prior 

studies have shown phytoplankton are important primary producers in the tropics 

(Kristensen et al., 2008); diatoms can be prey for zooplankton (S. Hu et al., 2020), 

and picophytoplankton, including cyanobacteria and small eukaryotes, can be 

consumed by sponges (McMurray et al., 2016) and corals (Hoadley et al., 2021), but 

again there is much to be learned to overall contributions taking a more agnostic 

approach. While tentative at best, we found that eukaryotic phytoplankton community 

as determined by 16S V1-V2 exhibited similar proportions of major groups as seen in 
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18S V4 analyses in the 41 above-reef and off-reef samples that were sequenced for 

both markers (Table S6). Note that for this analysis DPLs (Choi et al., 2017) were 

excluded because their 18S rRNA gene sequence is not known, and alveolates were 

excluded due to issues with partitioning photosynthetic from heterotrophic lineages 

using 18S rRNA genes sequences arising from their diversity and complicated 

evolutionary history (Leander & Keeling, 2003; Moreira & López-Garcı́a, 2002). 

Putative under representation of haptophytes by the 16S V1-V2 primers did not 

appear to significantly bias the general patterns herein given that higher relative 

percentages were detected in 16S V1-V2 than 18S V4 (Table S6). The inflation of 

stramenopiles in 18S V4 data may be due to inclusion of heterotrophic members that 

are closely related to photosynthetic taxa, and therefore included with them. 

Sequencing of 18S V4 was designed for and most valuable when it came to refining 

knowledge of uncultured lineages for which pairing between 18S V4 and 16S V1-V2 

could be constrained using statistical analyses of presence absence patterns as shown 

in results. 

 We found that stramenopiles, but not those within the diatoms, had high 

relative abundances in nearly all open sea samples and some above-reef samples. 

Stramenopile presence in salt ponds and salterns was more sporadic and also varied in 

mangroves, in all of which diatoms were the more relatively abundant stramenopiles 

(apart from Spanish Bay/Spaanse where eustigmatophytes took this role). Diatom 

contributions diminished above-reef and were proportionally less than those of 

dictyochophytes in the off-reef and open sea environments, where pelagophytes also 
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gained in relative abundance values. The dictyochophytes exhibited significant 

contributions from uncultured environmental clades that are thought to be 

mixotrophic (Choi et al., 2020) and from multiple Florenciella ASVs, with 

Florenciella also having recently been shown to be mixotrophic (Q. Li et al., 2021). 

In contrast, in the more coastal and inland sample sites Rhizochromulina exhibited 

high relative abundances.  

 Cryptophytes had punctuated bursts in 16S V1-V2 amplicon relative 

abundance, specifically at Spanish Bay/Spaanse mangroves and the Sint Willibrordus 

saltern (Figure 3). In mangroves along the East coast of India near the border to 

Bangladesh, rbcL gene clone libraries indicated cryptophytes were the most abundant 

chromophytic phytoplankton (a subset of phytoplankton characterized by a particular 

form of RuBisCO derived from the red algal lineage) after diatoms (Samanta & 

Bhadury, 2014). They have been observed in Portuguese salt ponds, where they were 

relatively more abundant in lower salinity than higher salinity ponds (Filker et al., 

2015). Here, the punctuated appearances with higher relative abundances in our study 

did not correspond to salinity level; Sint Michiel coastal samples were similar in 

salinity to Sint Willibrordus, but cryptophytes did not play a major role. Moreover, all 

mangrove samples had similar salinities and yet again the distributions varied 

considerably. These findings indicate that more complex environmental variables or 

community interactions underpin changes in cryptophyte relative abundances.  

Chlorophytes (particularly Dunaliella) and Trebouxiophyceae were the most 

relatively abundant green algae in several salt ponds, whereas in others prasinophyte 
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Class IV dominated (Figure 5a), indicating the heterogeneity of these environments. 

The observed chlorophyte taxa are relatively well known for high salinity 

environments, with Dunaliella perhaps being the most common (Larson & Belovsky, 

2013; Oren, 2005). For Class IV, Tetraselmis had the most relatively abundant ASVs, 

a genus that is known to have many euryhaline species (Fon-Sing and Borowitzka, 

2016), but has not been well studied in the tropics (Arora et al., 2013). The most 

relatively abundant Trebouxiophyceae ASVs were related to Picochlorum 

soloecismus and Chlorella desiccata, also known to be halotolerant, but not 

previously reported from tropical environments (Borovsky et al., 2020; Gonzalez-

Esquer et al., 2019).  

 In habitats other than the salterns and salt ponds, Class II prasinophytes 

dominated relative abundances of green algae, and in some cases exhibited relative 

abundances akin to stramenopiles (Figure 3, Figure 5b-d). Surprisingly however, 

Class II prasinophytes were also observed in the high salinity habitats. Apart from the 

results herein to our knowledge just one other study has shown Class II members in 

salt ponds (in Portugal), where they represented more than half of the green algal 18S 

V4 amplicons in a salt pond with 40 ‰ salinity (Filker et al., 2015). However, it is 

not straightforward to compare our molecular data with the latter study as it is based 

on 18S V4 amplicons and reads obtained by pyrosequencing were clustered, 

potentially resulting in loss of diversity data. Class II prasinophytes reached their 

highest relative abundances in lower salinity Sint Michiel coastal and/or Sint 

Willibrordus salterns whereas Dunaliella’s relative abundance was highest in the high 
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salinity Spanish Bay/Spaanse salt pond (Figures 3 and 6e). The amplified importance 

of Class II in the salterns may well reflect renewal of these communities by incoming 

coastal waters.  

 With respect to cyanobacteria, Prochlorococcus typically had highest relative 

abundances above-reefs, off-reef, and in the open sea (Figure S7). This is in 

agreement with a recent study of waters above CARMABI reefs using flow cytometry 

and 16S V1-V2 amplicon sequencing to demonstrate that Prochlorococcus was 

mostly composed of the HLII ecotype, and Synechococcus was largely made up of 

clade II with notable contributions from clades III, IX, and XVI (Hoadley et al., 

2021). Similarly, a study using flow cytometry in St. John reported a higher number 

of Prochlorococcus cells found over reefs than in mangroves, while distribution 

patterns were less clear for Synechococcus (C. C. Becker et al., 2020). Surveys of 

other Caribbean reefs found higher abundances of Prochlorococcus in offshore sites 

compared to reefs based on flow cytometry (Weber et al., 2020). With respect to 

mangroves, similar to our study, Synechococcus has also been reported in Brazilian 

(Rigonato et al., 2013; Silva et al., 2014) and Indian (Bhadury & Singh, 2020; 

Ganesan et al., 2012) mangroves, although typically without clade specific taxonomy. 

Likewise, the coastal Sint Michiel and Sint Willibrordus salterns were more similar to 

mangrove samples than to the other salt ponds, with Synechococcus as the major 

cyanobacterial group (Figure S7). Finally, we found that the more inland salt ponds 

mostly comprised an ASV most closely related to Cyanothece and Dactylococcopsis 

salina, both of which have been reported in hypersaline environments (Muir & 
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Perissinotto, 2011; Walsby et al., 1983). These results provide a relatable database for 

comparison of cyanobacterial groups both across habitats and to other marine 

locations.  

 

Cultured stramenopile phytoplankton species in relation to prior tropical studies 

As previously mentioned, the stramenopile community in most salt ponds contained a 

large fraction of diatoms, although their absence in some ponds led to high overall 

variation (Figure 4). The most abundant diatom ASV in salt ponds was closest to 

estuarine pennate diatom Synedra hyperborea. In salterns the most abundant ASV 

was closest to another estuarine benthic pennate diatom, Navicula phyllepta. As 

observed herein (Figure 4) and in Portuguese salt ponds (Filker et al., 2015), 

contribution of diatoms increases with decreasing salinity of the ponds. Moreover, in 

that study most sequences found were from the Naviculaceae and Bacillariaceae 

families, and, as far as taxonomic assignments can be consistently overlain from 

different methodologies, we also found generally high representation from a member 

of the Naviculaceae, specifically the N. phyllepta ASV mentioned above.  

 Diatoms have been extensively studied in mangroves, particularly in the 

Indian/Bangladeshi Sundarbans and Malaysia (Saifullah et al., 2016), with a focus on 

epibenthic taxa (Bhattacharjee et al., 2013). Planktonic communities and their 

stability in mangroves are less well understood and only a few studies have addressed 

them (e.g.  in mangroves of Bangladesh (Aziz, 2011)). We postulate that high relative 

abundances of planktonic diatoms in the Curaçao mangroves are connected to the 
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dampened tidal range they experience, which leaves them permanently inundated 

with water. The influence of variations in tidal levels has previously been implicated 

as a driver for differences in juvenile fish communities and numbers in Caribbean 

mangrove species compared to other mangrove systems (Igulu et al., 2014). Here, the 

overall most relatively abundant diatom ASV across mangroves was a member of the 

Thalassiosirales order, possibly Thalassiosira profunda, Skeletonema tropicum, 

Skeletonema costatum, or Skeletonema marinoi, all of which are planktonic species 

for at least part of their life stage (Arsenieff et al., 2020; Gao et al., 2000; Sakshaug et 

al., 1989). Clear delineation between planktonic and benthic diatom cells is 

challenging because they can have life stages that delineate along these lines and 

benthic taxa can be uplifted from the sediment into the water column through 

physical forcing (Godhe & Härnström, 2010). Nevertheless, because the mangroves 

we studied are permanently inundated with water and were sampled during calm 

conditions, we take the taxa identified herein as having resided in the water column at 

this time of year.  

 In the reef and offshore sites, several groups were important in terms of 

stramenopile relative abundances. An ASV closest to Chaetoceros was the most 

relatively abundant diatom ASV among stramenopile amplicons across above-reef 

samples, while off-reef and in the open sea an ASV closest to Tryblionella apiculata 

took this position (Table S4). Chaetoceros is common in many oceanic environments 

while  T. apiculata has been reported in Hungarian rivers and coastal South Korea 

(Kókai et al., 2015; Pandey et al., 2018). The pelagophytes we observed were those 
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from oligotrophic and some mesotrophic environments, instead of well-known coastal 

species like Aureococcus. For example, Pelagomonas is the key taxon that has been 

reported in mesotrophic waters and the subtropical open ocean. Indeed, it has been 

reported to be among the most relatively abundant eukaryotic phytoplankton and/or 

pelagophytes in the subtropical North Atlantic gyre deep chlorophyll maximum 

(DCM), eastern North Pacific (Choi et al., 2020), and subtropical Pacific (Dupont et 

al., 2015) at least during specifical seasonal conditions. We also found that 

pelagophyte environmental clade VIII (PEC-VIII) has high relative abundances 

among pelagophytes with a similar distribution to P. calceolata. These two 

pelagophyte groups exhibited import contributions both above and off reefs, as well 

as in the open sea samples, while pelagophyte contributions in other habitats were 

minimal (Table S4). 

 

Distributions of novel uncultured phytoplankton and key groups that are commonly 

taxonomically misassigned 

The above-reef, off-reef, and open sea samples had increasing relative abundances of 

dictyochophytes. Many dictyochophyte groups observed in oceanic environments are 

uncultured; for instance, environmental clades DEC-I and DEC-VI dominate 

dictyochophyte relative abundances in stratified surface waters of the North Atlantic 

subtropical gyre (Choi et al., 2020). Those with cultured representatives that had high 

relative abundances, including Florenciella and Rhizochromulina, are demonstrated 

phagotrophic phytoplankton (mixotrophs) shown to feed on Prochlorococcus (Q. Li 

et al., 2021, 2022). Mixotrophic feeding by eukaryotic phytoplankton is considered 
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advantageous in oligotrophic conditions, where nutrients are scarce (Mitra et al., 

2014; Wilken et al., 2019). This is consistent with distributions observed herein; 

however, the most abundant dictyochophyte group belonged to uncultured 

environmental clades I and II (DEC-I and DEC-II, which are unable to be resolved in 

16S V1-V2), making their trophic modes still unclear. Dictyochophyte diversity in 

tropical coastal habitats, such as salt ponds and mangroves, to our knowledge, has not 

yet been investigated in detail. Here we show that while dictyochophytes are more 

common and diverse in offshore habitats, they are present in salterns and mangroves 

and their composition here is distinct at the ASV level (Figure 4). Notably, the 

dictyochophytes observed in some salt ponds and some mangroves, where nutrient 

concentrations were higher than in the offshore environments, were largely 

Rhizochromulina, Apedinella, and Florenciella-related clade FC-III. While much 

research remains to be done, including basic demonstration of mixotrophic 

capabilities in uncultivated clades, it is possible that differences in feeding along the 

mixotrophy gradient could influence the dictyochophyte species distributions along 

habitats with different nutrient availability.  

 Because there are few reports of the widespread and well-studied prasinophyte 

class Mamiellophyceae (Bachy, Wittmers, et al., 2022) from repeat sampling of 

tropical island and reef habitats, and because of high relative abundances at some 

sites herein, we examined taxonomically resolved data from the different habitats. 

One of the major Mamiellophyceae groups here was Ostreococcus (Figure 4b) but the 

taxa detected here were not O. tauri or O. lucimarinus, but rather the more open 
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ocean Clade OII (also known as Clade B; (Limardo et al., 2017)) and the newly 

described O. bengalensis (Strauss, Choi, Grone et al. rev.). The former was 

previously thought to be deep-adapted, but here is prominent in surface waters 

especially above- and off-reefs, and is also seen in well-mixed oligotrophic waters 

(Rodríguez et al., 2005; Treusch et al., 2012). Indeed, Ostreococcus OII has been 

found to be important in the subtropical North Atlantic in well mixed waters during 

the winter and spring bloom in addition to being present at the DCM in stratified 

summertime waters (Bolaños et al., 2020; Demir-Hilton et al., 2011; Treusch et al., 

2012). Ostreococcus OII has also been detected in tropical regions previously. For 

example, it has been reported in anthropogenically-impacted bays in the Philippines, 

where an uncultivated clade, now known to be O. bengalensis (previously Clade E) 

dominates Ostreococcus variants based on 18S V4 amplicon relative abundances (de 

la Peña et al., 2021). Here, we found O. bengalensis to have its highest relative 

importance in mangroves and it was the dominant Ostreococcus species at 

CARMABI/Piscadera (Figure 5b). Our cursory reevaluation of a study at a coral atoll 

in the Indian Ocean, which reported Ostreococcus tauri (Jeffries et al., 2015) suggests 

these are likely more related to Ostreococcus OII and were mislabeled as O. tauri. 

These results emphasize the importance of phylogenetic approaches to amplicon 

analyses as well as continued pursuit of uncultured lineages.  

 A second genus of Class II prasinophytes was also prevalent, specifically 

Micromonas, with several clades having notable relative abundances in our study. To 

our knowledge our results provide the first evidence of Micromonas in mangroves. 
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The different clades overlapped to some extent, but with different dominants. For 

example, in mangroves M. commoda Clade A (sensu Simmons et al. 2015), 

Micromonas candidate species 1 and 2, and Micromonas Clade E1 (named M. bravo 

in Simon et al. 2017) had highest relative abundances (Figure 4b). Micromonas 

candidate species 1, which was overall second in relative abundance after M. 

commoda Clade A, was first reported in the Pacific Ocean and Mediterranean Sea 

(Worden, 2006). It has since been found in the Florida Keys (Laas et al., 2021), and 

herein was especially well-represented in mangroves (Figure 5). Micromonas 

candidate species 2, here detected across all environments (Figure 5), was first 

reported in Wu et al., 2014 and then described in Simon et al., 2017 and has been 

reported in tropical coastal waters (Chénard et al., 2019; de la Peña et al., 2021). 

Micromonas Clade E1, here found across all habitats except salt ponds, and especially 

well-represented in mangroves, has been reported in the Florida Keys (Laas et al., 

2021) in addition to the eastern North Pacific Ocean and its original site of isolation 

in the Mediterranean (Worden, 2006) and other temperate coastal waters (Tragin & 

Vaulot, 2019).  

M. commoda Clade A (sensu Simmons et al. 2015) was detected in all but salt

ponds, with highest relative abundances at above-reef and off-reef sites (Figure 5c,d) 

and is considered ubiquitous in tropical and subtropical regions (J. Bakker et al., 

2019; Laas et al., 2021; Simmons et al., 2015; Tragin & Vaulot, 2019). Some 

mangrove and above-reef samples had unknown Micromonas ASVs that were closest 

to Micromonas A/B/C clades, yet still distinct enough that they could represent novel 
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diversity within these clades. Micromonas Clade C was not detected in this study, 

supporting emerging information on distributions that indicate this lineage is adapted 

to colder environments (i.e., being more abundant in waters <20 °C) (Bachy, Sudek, 

et al., 2022; Simon et al., 2017). A two-year time series of coral reefs in a subtropical 

site with greater seasonality near Okinawa based on 16S V1-V2 amplicons reported 

M. commoda Clade A in proportions between 5-20% of picophytoplankton, with

Bathycoccus in similar proportions in fall, winter, and spring (Nuryadi et al., 2018). 

Here, Bathycoccus was most relatively abundant above reefs and farther offshore, 

similarly to M. commoda Clade A, although generally not as high in relative 

abundance as the latter (Figure 5c-d). While we did not resolve seasonality here, such 

marked seasonally related shifts do not occur near Curaçao. 

Developing understanding of potential community member interconnectedness 

As the co-occurrence based on relative abundance data is not simple to interpret, here 

we looked at amplicon data as indicating presence or ‘absence’ of a taxon. Absence in 

amplicon data could imply lack of detection instead of true absence, but in the case of 

our fully rarefied data seemed a reasonable proxy to use. Prochlorococcus overall had 

the greatest number of connections to other ASVs, including SAR11, which are both 

highly abundant in the marine environment and can have a commensal relationship (J. 

W. Becker et al., 2019). The singular diatom ASV620 found across all environment

types corresponded most closely to R. imbricata, which has been reported in the 

temperate North Atlantic (Edwards et al., 2022), the North Sea (Buaya et al., 2017), 
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the East China Sea (Ishizaka et al., 2006), the Arabian Sea, Red Sea (Devassy et al., 

2019), and South Pacific (Lindao & Ruiz, 2022) – hence exhibiting an exceptionally 

broad distribution. Despite its ubiquitous distribution, we were not able to reveal co-

occurrences for this diatom. Chaetoceros ASV32 and T. apiculata-like ASV87 were 

found to have significant associations with members of the SAR11 clade, possibly 

indicating overlapping niches or interactions (Figure 7). A P. calceolata ASV was 

found to be associated with a Prochlorococcus ASV (Figure 7), which could imply a 

trophic relationship or niche overlap. There are also associations between 

Synechococcus and SAR11 and picoplanktonic Mamiellophyceae; however, it is 

unlikely they can feed on these bacteria, so there is probably not a trophic nature to 

that association (Wilken et al., 2019). 

 

 

CONCLUSIONS 

 

 Molecular diversity and community composition data exposed different 

phytoplanktonic communities and dominant primary producer taxa (based on relative 

abundances) among the distinct but often interconnected environments investigated 

here. The types and distributions of diatoms are in agreement with previous work in 

similar environments in other tropical regions, while also suggesting presence of a 

suite of planktonic diatoms in mangroves. While microscopy has contributed to the 

tremendous knowledge on diatoms in these environments, until now little data has 

been available on green algae, apart from those in tropical salt ponds, or 

dictyochophytes. The dynamics of green algae revealed here provide extensive new 
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information on species distributions that reveal key habitats for several clades, 

including novel uncultivated lineages. Additionally, our findings on the relative 

importance of dictyochophytes, again especially for uncultivated lineages, provide 

insights that have been lacking for tropical environments. Comprehensive studies on 

phytoplanktonic composition in coastal island environments are important as these 

areas are subject to sea rise level, more so than many other environments. These 

habitats are also important regions for spawning and juvenile fish, hence 

comprehension of the phytoplankton that underpin primary production in these 

regions will facilitate future modelling studies. Given the paucity of phytoplankton 

studies that encompass multiple tropical saline habitats (J. Bakker et al., 2019; C. C. 

Becker et al., 2020), the time series here provides a valuable point of references for 

future work on similar environments globally, as well as for this particular island and 

nearby waters in the Caribbean.  
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1: Sequencing depth by environments for (a-b) 16S V1-V2 

amplicons and (c-d) 18S V4 amplicons. Rarefaction curves (number of ASVs vs. 

number of amplicons per sample) for (a) 16S V1-V2 and (c) 18S V4 and rarefaction 

curve final slopes for (b) 16S V1-V2 and (d) 18S V4. 
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Supplementary Figure 2: Environmental parameters for all samples. Salinity (a), 

silicate (d, note the change in Y-axis scale), phosphate (e), nitrate (f), and nitrite (g) 

are plotted for all samples with each bar indicating a single sample. For salinity, bar 

(b) indicates the site and bar (c) the year; for the nutrients, bar (h) indicates the site

and bar (i) the year. Note that 2019 values for highest salinity environments were

compromised because methodological issues did not allow quantification of values

>100‰.
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Supplementary Figure 3: NMDS plot of all samples for (a) all 16S V1-V2 ASVs, 

(b) 16S V1-V2 ASVs classified as being from cyanobacteria or eukaryotic plastids,

(c) stramenopile 16S V1-V2 ASVs, and (d) green algae and Chlorarachniophyceae

16S V1-V2 ASVs with each point indicating an individual sample, by site (shape) and

environment type (color).
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Supplementary Figure 4: UpSet plots of (a) diatom and (b) dictyochophyte 16S 

V1-V2 ASVs. Intersection size indicates the number of 16S V1-V2 ASVs in the 

category, and set size is overall number of ASVs in that group per environment. For 

example, in (b), there are 5 dictyochophyte ASVs found in both salterns and 

mangroves that are not detected in any other environment. 
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Supplementary Figure 5: Comparisons of Ostreococcus and Micromonas ASVs 

to amplicons from other studies for purposes of identification – using both 16S 

and 18S rRNA gene information. (a) Alignment of Ostreococcus 16S V1-V2 ASVs 

from this study with 16S V1-V2 ASVs from Strauss, Choi, Grone et al. in rev. (b) 

Alignment of Ostreococcus 18S V4 ASVs from this study with 18S V4 rRNA ASVs 

from Strauss, Choi, Grone et al. rev. (c) Plot of ASV54 (corresponding to O. 

bengalensis in the 18S V4) percent contribution to all Ostreococcus ASVs in the 18S 

V4 data versus ASV144 (the ASV corresponding to O. bengalensis in the 16S V1-

V2) percent contribution to all Ostreococcus ASVs in the 16S V1-V2. (d) Alignment 

of Micromonas Clades A, B, and C and candidate species 1 and 2 with ASVs from 

this study (except for Clade C, which was not detected herein). (e) Plot of ASVs 

assigned to Micromonas candidate species 1 in the 18S V4 percent contribution to all 

Micromonas ASVs in the 18S V4 versus ASVs assigned to Micromonas candidate 

species 1 in the 16S V1-V2 percent contribution to all Micromonas ASVs in the 16S 

V1-V2. 
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Supplementary Figure 6: A CCA plot of distribution of green algal and 

Chlorarachniophyceae (which have plastids derived from green algae) ASVs along 

with environmental parameters (salinity, nitrate, nitrite, phosphate, and silicate). 
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Supplementary Figure 7: Relative abundances of major cyanobacterial 

phytoplankton groups by (a) environment and (b) sampling site. The percent of the 

cyanobacterial group of total cyanobacterial amplicons is indicated by the heatmap in 

(c), with each row indicating an individual sample. 

SUPPLEMENTARY TABLE LEGENDS 

Supplementary Table 1: Collection data for all samples, including collection date, 

sampling site, environment type, depth, salinity, water temperature, silicate, 

phosphate, nitrate, and nitrite concentrations (all in µmol kg-1), latitude, longitude, 

and the number of 16S V1-V2 amplicons generated. NA indicates not available or not 

collected; *, indicates that the latitude and longitude are by prior estimate from sites 

regularly sampled. Note that 2019 values for highest salinity environments were 

compromised because methodological issues did not allow quantification of values 

>100‰. Also note that open sea temperature values are derived from satellite

measurements, while all others were measured in this study.

Supplementary Table 2: Summary of inverse Simpson indexes generated from 16S 

V1-V2 amplicons from all samples, including sample size, minimum, maximum, 

median, and interquartile range. NA indicates not available due to lack of replication. 
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Supplementary Table 3: Summary of Kruskall-Wallis and Dunn test results 

comparing the inverse Simpson indexes for all samples, based on 16S V1-V2 

amplicons. Significance levels are indicated for adjusted p-values <0.05, *; ≤0.01, **; 

≤0.001, ***; ns, not significant. 

Supplementary Table 4: Feature table and taxonomy for the photosynthetic 

community, including cyanobacteria and eukaryotic plastid 16S V1-V2 ASVs. 

PhyloAssigner taxonomy contains taxonomy based on all consecutive PhyloAssigner 

reference database classifications. All columns starting from 'C1-1-16' contain 

amplicon read counts per sample. NA indicates that the method was not used and 

therefore result "not available." 

Supplementary Table 5: Amplicon counts and taxonomic assignments (based on 

PR2) for all 18S V4 rRNA samples (41 in total). Bold text indicates ASVs that are 

from prasinophyte clades/species discussed in detail herein. 

Supplementary Table 6: Comparison of 16S V1-V2 and 18S V4 ASV taxonomic 

assignments. Shown are the average relative abundances for each eukaryotic 

taxonomic group (cryptophytes, haptophytes, stramenopiles, chlorarachiophytes, 

green algae, and “others”, i.e., glaucophytes and rhodophytes) out of all eukaryotic 

ASVs with alveolates removed. Averaging was performed across the 35 above-reef 

samples and the 6 off-reef samples for which both markers were sequenced. 

Assignments are based on PhyloAssigner values for 16S V1-V2 and from PR2 for 

18S V4. Note that for this analysis deep branching plastid lineages (DPL) (Choi et al., 

2017) were excluded because their 18S rRNA gene sequence is not known and 

alveolates were excluded due to problems partitioning photosynthetic from 

heterotrophic lineages. Moreover, stramenopile 18S V4 values could be inflated due 

to inclusion of some heterotrophic members that are closely related to photosynthetic 

taxa, and therefore were lumped with them; purely heterotrophic stramenopile groups 

(e.g., Pseudofungi and Opalozoa) were excluded. 

Supplementary Table 7: List of significant interactions between ASVs in co-

association networks with corresponding taxonomy for both connected nodes of each 

interaction. Phytoplankton taxonomy was by PhyloAssigner as detailed in methods 

and bacterial taxonomy is by SILVA 138. NA, method not used (and therefore 

assignment not available). 
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CHAPTER 3: 

Effects of limiting environmental conditions on the cell quotas of pico-prasinophytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 141 

ABSTRACT 

 

 The life and death of phytoplankton shape carbon and nutrient cycles in the 

ocean. A better understanding of their elemental composition and how they change 

under differing environmental regimes is useful in understanding the roles of 

individual phytoplankton species in these processes and could be useful to 

parameterize models of future ocean change. In this chapter, cultured strains of the 

Mamiellophyceae genera Ostreococcus and Micromonas were grown under different 

nutrient and CO2 concentrations. Both semi-continuous batch cultures and photo-

bioreactors were used for culturing experiments. Cell numbers, a proxy for cell size, 

and chlorophyll per cell were measured via flow cytometry. The cellular quotas of 

carbon, nitrogen, and phosphorus were quantified by filtering cultures through 

combusted glass microfiber filters which were then measured for particulate carbon 

(C), nitrogen (N), and phosphorus (P). The cell quotas under replete, near maximal 

light conditions differed between species, but were within similar ranges. Under 

phosphate starvation the cell sizes, CNP content, and chlorophyll fluorescence of M. 

commoda RCC 299 and O. lucimarinus CCMP 2972 increased. Similar results were 

found when M. commoda was subjected to phosphate limitation. Under nitrate 

limitation, chlorophyll fluorescence decreased, although patterns in cell size were less 

straightforward, with evidence M. commoda RCC 299 decreased in size and CNP 

content, while M. polaris CCMP 2099 increased in these parameters. 

Recommendations for best practices in performing these experiments and 

measurements are also discussed. Understanding and quantifying these cellular 
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characteristics under various environmental changes provides information that can be 

used to refine carbon estimates of different phytoplankton groups in the oceans, as 

well as serving as constraints for modelling efforts. 
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INTRODUCTION 

 

 Phytoplankton live, replicate, and die at much shorter timescales than their 

land plant counterparts. The turnover rates and cellular characteristics with respect to 

nutrient and carbon quotas are important because they shape biogeochemical cycling 

of carbon, nitrogen and phosphorous (Litchman et al., 2015). Phytoplankton fixation 

of inorganic carbon (C), phosphorus (P), and nitrogen (N) via primary production 

makes them major players in global nutrient cycles (Chavez et al., 2011). The C:N:P 

ratios of phytoplankton have classically been characterized as the Redfield ratio of 

106:16:1; the ratios of these elements in seawater are determined by the biochemical 

requirements of the phytoplankton that take up these elements in that specific ratio 

and then release them in that ratio upon their decomposition (Redfield, 1958). While 

there is some contention about the degree to which the biotic processes shape the 

abiotic composition of the ocean, the Redfield ratio has been a useful way to account 

for phytoplankton in ecological models. However, when models adopt Redfield ratios 

as the universal C:N:P ratio in all phytoplankton they could underestimate ocean 

carbon uptake (Klausmeier et al., 2008; Kwiatkowski et al., 2018). 

In fact, the C:N:P ratio stoichiometry in phytoplankton is variable even within 

the same species under different conditions (Fábregas et al., 2002; Glibert et al., 

2013; Harrison et al., 1990). Cell stoichiometry is determined by the relative and 

absolute amounts of different macromolecules within the cell; most of the cellular 

nitrogen is found in proteins and nucleic acids, while most of the phosphorus is found 
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in nucleic acids and phospholipids (Geider & La Roche, 2002). Changes in 

environmental conditions can prompt phytoplankton to change the ratios of these 

macromolecules, thus changing their stoichiometric ratios. These environmental 

parameters include light availability (Thompson et al., 1991), nutrient availability 

(Rhee & Gotham, 1981), temperature (Stawiarski et al., 2016), CO2 (Verschoor et al., 

2013), micronutrient availability (Twining et al., 2004), and circadian cycle (Fábregas 

et al., 2002).  

Environmental parameters such as these are considered major ecological axes 

relevant to modelling phytoplankton using trait-based models (Litchman & 

Klausmeier, 2008). Trait-based models, which rely on the  could address the 

problems of over-generalization and model ocean ecology in a more robust and 

comprehensive way by taking stoichiometric plasticity into account (Bonachela et al., 

2016; Finkel et al., 2010; Lindemann et al., 2017). The interplay of environmental 

conditions and tradeoffs in traits determines which phytoplankton are likely to thrive 

in certain conditions, and increased knowledge of these interactions will allow for 

better predictions of future phytoplankton dynamics under projected climate changes 

(P. W. Boyd et al., 2010).  

This chapter seeks to contribute to the knowledge of stoichiometry of 

picophytoplankton within the class Mamiellophyceae. Picophytoplankton (plankton 

with ≤2 µm cell diameter) contribute significantly to the primary production in the 

low-nutrient oligotrophic subtropical oceans (Li, 1994; Worden et al., 2004). The 

Mamiellophyceae clade in particular is ubiquitous; this group was initially considered 
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important primarily in coastal areas (Lovejoy et al., 2007; Tragin & Vaulot, 2018), 

but members have also been from the oligotrophic subtropical North Pacific Gyre 

(Limardo et al., 2017), to the seasonally oligotrophic subtropical BATS (as 

demonstrated in chapter 1). Decreased nutrients in surface waters and increasing 

ocean acidity related to anthropogenic climate forcing could favor certain 

picoplanktonic prasinophytes (Agawin et al., 2000; W. K. W. Li et al., 2009; Meakin 

& Wyman, 2011), and there is evidence that oligotrophic areas of the ocean are 

expanding (Bopp et al., 2013). Projected changes in the distributions of Micromonas 

species could serve as a proxy for diversity changes of the wider phytoplankton 

community (Demory et al., 2019).  

Environmentally relevant representatives of the Mamiellophyceae genera 

Ostreococcus and Micromonas were grown under different light and nutrient regimes 

to investigate associated changes in cell quotas and growth parameters. Ostreococcus 

is a non-flagellated naked prasinophyte that is around 0.8 to 1.1 µm in cell diameter, 

while Micromonas is a flagellated naked prasinophyte that is between 1.4 and 1.8 µm 

in diameter depending on the species (Chrétiennot-Dinet et al., 1995; Simon et al., 

2017; Worden et al., 2004). The species investigated are among those detected in 

environmental samples in the previous two chapters and were isolated from various 

oceanic and coastal regions. Micromonas Clade A (M. commoda sensu stricto) isolate 

RCC 299 (van Baren et al., 2016) was isolated from the south Pacific Ocean and is 

identical in the 16S V1-V2 to amplicons found at BATS in Chapter 1 (ASV345) and 

in Curaçao in Chapter 2 (ASV306). Micromonas Clade D (Micromonas pusilla) 
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isolate CCMP 1545 was isolated from the temperate English Channel, see (Worden et 

al., 2009). It is found at high cellular abundances in the English Channel (Not et al., 

2004) and Norwegian Sea (Not et al., 2005) and seen in the eastern North Pacific 

(Simmons et al., 2016), North Atlantic, North Sea, and Mediterranean Sea (Simon et 

al., 2017) and is also identical in the 16S V1-V2 to a rare amplicon from BATS 

(ASV2535). The final Micromonas species, Micromonas Clade E2 (Micromonas 

polaris) strain CCMP 2099, was isolated from the polar Baffin Sea (Lovejoy et al., 

2007). As this thesis is concerned with tropical and temperate regions, this species is 

not included in the previous two chapters, but serves as an interesting point of 

comparison to the other Micomonas cultures; the various species with unique 

temperature/geographic ranges are an aspect of the genus that can make it important 

in climate research (Demory et al., 2019; Worden et al., 2009). In terms of 

Ostreococcus, Ostreococcus OI (Ostreococcus lucimarinus) strain CCMP 2972 has 

99% nt identity to an Ostreococcus OI amplicon from BATS, while Ostreococcus 

tauri CA OTH 95 was isolated from a Mediterranean lagoon (Chrétiennot-Dinet et 

al., 1995). O. tauri is not observed frequently in coastal or open ocean environments, 

and rather appears more affiliated to brackish estuaries and lagoons (Demir-Hilton et 

al., 2011), however it is currently being used as a model organism and hence was 

used as a comparator (Blanc-Mathieu et al., 2013; Derelle et al., 2006). The 

information presented in this chapter could contribute to trait-based phytoplankton 

models seeking to elucidate the role of eukaryotic picophytoplankton the changing 

oceans. 
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MATERIALS AND METHODS 

 

Semi-continuous batch cultures: 

Replete conditions: Axenic M. commoda RCC 299, O. lucimarinus CCMP 2972, O. 

tauri CA OTH 95, and M. pusilla CCMP 1545 were grown in bio-quadruplicate or 

bio-triplicate semi-continuous batch culture. Cultures were acclimated to and grown 

exponentially for at least 10 generations at 110-120 µE m-2 s -1 photosynthetically 

active radiation (PAR) or 210 -220 PAR at 21.5 C and a 14:10 light:dark cycle. PAR 

was measured with a Walz Universal Light Meter-500. Cultures were grown in L1 

media (National Center for Marine Algae and Microbiota) prepared with natural 

seawater from CalCOFI (California Cooperative Ocean Fisheries Investigations) Line 

67 station 135 (33.953 N, 128.048 W), an oligotrophic region in the North Pacific 

Ocean. Media had a salinity of 35‰ and a pH ranging from 8.2-8.3. For O. 

lucimarinus CCMP 2972, the media was amended with an additional 0.01 µM 

H2SeO3. Please note that a summary of culturing conditions for all experiments can 

be found in Supplementary table 1. Cell densities were maintained at 15 million cells 

mL-1 or lower to keep the cultures optically clear and prevent self-shading. 

Periodically, an aliquot of culture was added to bacterial test media (artificial 

seawater with yeast and peptone extracts) to ensure the cultures were still axenic. 

Samples were taken daily at approximately the same time of day to monitor growth 

rate (see Flow cytometry section for details). 

 Phosphate starvation RCC 299: Axenic M. commoda RCC 299 was grown in 

bio-quadruplicate semi-continuous batch culture at 150 µE m-2 s -1 PAR and 21.5 C 
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with a 14:10 light:dark cycle. Cultures were grown in L1 media with natural seawater 

from CalCOFI line 67 station 135 with a salinity of 35‰ and a pH of 8.2-8.3. 

Cultures were transferred to fresh media at the frequency needed to maintain 

exponential growth for 10 days, cultures were concentrated by centrifugation, washed 

with phosphate-deplete media (L1 with no added NaH2PO4, pH = 8.18, salinity = 

35‰), and re-suspended in a small volume of phosphate-deplete media. Re-

suspended cells were combined and aliquoted into quadruplicate 800 mL flasks 

containing either nutrient replete (standard L1 media) or phosphate-deplete media, at 

a starting density of ~7 x 105 cells mL-1 (the precise density was measured for each 

replicate). Samples were taken daily to monitor growth rates. Sampling was done 

after the low-phosphate treatment had consistent negative growth rates for two days, 

which was nine days after resuspension. Both control cultures and low-phosphate 

cultures were diluted with fresh media before harvest to ensure cultures did not 

become limited by other nutrients. 

 Phosphate starvation CCMP 2972: Axenic O. lucimarinus CCMP 2972 was 

grown in bio-quadruplicate semi-continuous batch culture at 110 µE m-2 s -1 PAR and 

18 C with a 14:10 light:dark cycle. Cultures were grown in L1 media with natural 

seawater from CalCOFI line 67 station 135 with a salinity of 35‰ and a pH of 8.27. 

After growing exponentially for 7 days, cultures were concentrated by centrifugation, 

washed with phosphate-deplete media (L1 with no added NaH2PO4, 0.2 uM PO4, pH 

= 8.28, salinity = 35‰), and re-suspended in a small volume phosphate-deplete 

media. Re-suspended cells were combined and aliquoted into triplicate flasks 
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containing either nutrient replete (L1 media with standard 36.2 µM NaH2PO4) or 

phosphate-deplete media, at a starting density of ~7 x 105 cells mL-1. All flasks were 

allowed to grow for two days (no more dilutions) before sampling. Samples were 

taken daily to monitor growth rate. 

 

Photo-bioreactors: 

Phosphate limitation RCC 299: Axenic RCC 299 was grown in semi-continuous 

batch culture at 150 µE m-2 s -1 PAR and 21 C with a 14:10 light:dark cycle. Cultures 

were grown in L1 media (36.2 µM NaH2PO4). After growing exponentially for 10 

days, cultures were concentrated by centrifugation, washed with phosphate-deplete 

media (L1 with no added NaH2PO4), and used to inoculate 3 photo-bioreactors (bio-

triplicate). All photo-bioreactor experiments were conducted in custom-built photo-

bioreactors as described in (Guo et al., 2018). Cultures were grown at the same 

temperature and light conditions as they were in batch culture. After eight days in this 

low-phosphate media (1 µM), the concentration of phosphates was increased to 3 µM 

due to variable near-zero growth rates under the initial low-phosphate conditions (see 

Guo et al 2018 for more detailed methods). Herein, four timepoints experiment were 

used, corresponding to replete, transitional, phosphate-limited, phosphate refed, and 

the return to complete conditions. 

 Nitrate limitation and CO2 changes RCC 299: Axenic RCC 299 was grown in 

4 photo-bioreactors (bio-quadruplicate) at 250 µE m-2 s -1 PAR peak irradiance and 24 

C in L1 medium made with artificial seawater under both NO3
- replete and limited 
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conditions (80 µM and 0.4 µM NO3
-) in both high and ambient CO2 (1000 µatm CO2 

and 400 µatm). For this paper, the timepoints 15, 37, 56, and 68 days were used, 

corresponding to replete NO3
- high CO2, limited NO3

- ambient CO2, limited NO3
- 

high CO2, and replete NO3
- and ambient CO2. 

  Nitrate limitation and CO2 changes CCMP 2099: M. polaris CCMP 2099 was 

grown in 4 photo-bioreactors (bio-quadruplicate) under both NO3-replete and limited 

conditions (150 µM and 10 µM NO3) in both high and ambient CO2 (400 µatm and 

1000 µatm CO2). For this paper, the timepoints 1, 20, 54, and 71/73 days were used, 

corresponding to replete NO3 high CO2, limited NO3 ambient CO2, limited NO3 high 

CO2, and replete NO3 and ambient CO2. 

 

Flow cytometry: 

 Measurements of cell density were conducted daily using the Accuri C6 flow 

cytometer (BD Biosciences, San Jose, California) on unfixed culture samples diluted 

with artificial seawater. Cell populations were gated using cytograms of forward 

angle light scatter (FALS) and chlorophyll fluorescence (692 / 40 nm filter). Size 

measurements were standardized by dividing the forward scatter value of the cell 

population by the forward scatter value of the 2 µm red fluorescent bead population. 

Chlorophyll fluorescence measurements were standardized by dividing the 

fluorescence value of the cell population by value of the 0.75 µm yellow-green 

fluorescent beads. 
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 For several experiments, culture samples were fixed with glutaraldehyde, 

incubated in the dark for 15-30 minutes, then flash-frozen in liquid nitrogen before 

being stored at -80 °C for later analysis of cell density and cell size on the more 

precise Influx flow cytometer (BD Biosciences). 0.5 µm green beads and 0.75 µm 

yellow-green beads were used for standardization. To standardize cell counts between 

flow cytometers, Accuri-based flow cytometry counts were converted to better match 

Influx-based counts by dividing by 1.5, a conversion factor determined by measuring 

samples from the same cultures on both instruments and comparing.  

 Growth rates for semi-continous batch culture were calculated by taking the 

natural logarithm of the density difference between two time points, divided by the 

time between measurements: 

𝜇 =
ln⁡(

𝑁2
𝑁1
)

𝑡2 − 𝑡1
 

where μ is growth rate, N1 is the cell density at time 1 (t1), and N2 is the cell density 

at time 2 (t2).  

 Growth rates for continuous culture were calculated the same way, with the 

addition of D1, the dilution rate at time t1: 

𝜇 = 𝐷1 +
ln⁡(

𝑁2
𝑁1
)

𝑡2 − 𝑡1
 

where D1 is dilution rate at time t1, and N1 is the cell density at time 1 (t1) and N2 is 

the cell density at time 2 (t2).  
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Cell quota measurements: 

 Particulate C and N samples were collected by filtering 10-50 mL of culture 

or media sample using vacuum filtration (<10 kPa) through a 25 mm glass microfiber 

(GFF) filter that had been previously combusted for 3-4 hours at 450 C. The filters 

were either placed in a well of a sterile 12-well plate and stored at -20 C or folded in 

half and wrapped in a combusted aluminium foil sleeve and stored at -80 C until 

processing (note: for CA OTH 95 O. tauri the filters were not folded before being 

wrapped, which likely resulted in an underestimation of POC and PON). Samples 

were processed for PON and POC simultaneously, either on an CE-440 Elemental 

Analyzer from Exeter International Inc. using the procedure recommended by the 

company at either the Horn Point Analytical Laboratory at the University of 

Maryland Center for Environmental Science or the SOEXT Laboratory for Analytical 

Biogeochemistry at the University of Hawai’i at Mānoa.  

For POP, the samples were collected and stored the same way except for when 

0.2 µm pore-size Sterilitech PC filters or 0.65 µm pore-size Durapore Membrane 

(DVPP) filters were used in place of GFF filters. The filter was subjected to high 

temperature ashing and quantified on a Seal Analytical AA3 HR Nutrient 

Autoanalyzer, also at the SOEXT Laboratory. POP samples were combusted in a 

muffle furnace at 550 C for 90 minutes and then extracted in 1N HCl for a minimum 

of 24 hours before being analyzed on the Technicon AutoAnalyzer II, also at the 

Horn Point Laboratory.  
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 Directly following the collection of the POP onto a filter, the flow-through 

was collected in an acid-cleaned 50 mL Falcon tube and stored at -20 C. Samples 

were processed for SRP using an established colorimetric procedure (Murphy & 

Riley, 1962) or an automated version of that procedure at the Horn Point Laboratory 

using a Technicon AutoAnalyzer II or at SOEXT Laboratory using the SEAL 

Analytical AA3. 

 For chlorophyll, 20 mL of culture was filtered through a GFF filter, the filter 

was then folded in half, wrapped in aluminum foil, and stored at -80 C until ready 

for processing. Chlorophyll was then extracted from the filter using 90% acetone, and 

the resulting solution incubated at -20 C for 24 hours to allow the acetone to extract 

the chlorophyll from the filters. After 24 hours, the samples were removed from the 

freezer and allowed to warm to room temperature in the dark before being processed. 

Samples were measured on a Turner fluorometer then 5% HCl was added to convert 

chlorophyll in the sample into phaeophytin and a second reading was taken. 

Chlorophyll concentration was calculated using the following formula: 

𝐶ℎ𝑙⁡𝑎⁡(𝜇𝑔⁡𝐿−1) = 𝐹 × 𝑉𝑒 ×
𝐹𝑜 − 𝐹𝑎
𝑉𝑓

 

Where F = fluorometer calibration factor, Fo = total fluorescence, Fa = fluorescence 

after HCl addition, Ve = extract volume after acid, and Vf = filtration volume (volume 

culture filtered in liters).  
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 For the phosphate starvation RCC 299 experiment, cell volumes were 

measured using a Coulter counter (Beckman Coulter Life Sciences), that was not 

available for most other experiments. 

 For the phosphate limitation RCC 299 photo-bioreactor experiment, lipids 

were also measured. Phospholipids were measured according to (Zink et al., 2003), 

glycolipids were measured according to (Schubotz et al., 2013), aminolipids 

measured according to (Brandsma et al., 2012; Furlong & Caulfield, 1986; López-

Lara et al., 2005), sulfolipids according to (Brandsma et al., 2012), and neutral lipids 

according to (Blachnio-Zabielska et al., 2013; M. Li et al., 2014). Lipid content was 

normalized to cell number as determined by flow cytometry. 

  

Calculations and statistics: 

 Data was generally returned as µG or µmol per filter or mg per liter, both for 

culture samples and for fresh media samples. For the semi-continuous-batch-culture-

based replete conditions and P-limitation experiments, the average N and C values for 

the fresh media, both nutrient replete and P-limited (n=2-3 for each), were initially 

subtracted from the values from the nutrient replete and P-limited culture samples, 

respectively. Using the volume and cell density of the culture filtered, the µG of N 

and C per cell was calculated based on these media-blank-corrected values. However, 

this approach generated negative values for P content per cell, likely due to a known 

phenomenon (Bertilsson et al., 2003) wherein available phosphate is retained by the 

filter. For some replete conditions experiments, the culture was spun down in a 
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centrifuge and the resulting supernatant was filtered and used for particulate CNP and 

SRP analysis.  However, since this was only done for a subset of the experiments 

considered here, this was not used for blanking purposes. Therefore, only combusted 

filters were used as blanks to maintain standardization across experiments. 

 The mass per cell of an element was divided by the molar mass of that 

element to yield the moles of that element per cell. These numbers were then used to 

compare elemental ratios. Example: 

𝐶:𝑁 = ⁡

𝑓𝑔⁡𝐶⁡𝑐𝑒𝑙𝑙−1

12.0107
𝑓𝑔⁡𝑁⁡𝑐𝑒𝑙𝑙−1

14.0067

 

 The normality of the distributions of cell growth and quota parameters was 

tested via Shapiro test using the R stats package. If the distribution was normal, 

differences between groups were tested using one-way ANOVA and Tukey’s 

honestly significant difference (HSD) test. If the data were normally distributed, the 

groups were compared using the Kruskal-Wallis and Dunn tests using the R stats and 

rstatix packages (Kassambara, 2019). The correlations between variables were tested 

using Spearman’s rank correlation. 

 

RESULTS 

 

To serve as a comparison for nutrient and CO2 manipulation studies, M. commoda 

RCC 299, M. polaris CCMP 2099, M. pusilla CCMP 1545, O. tauri CA OTH 95, and 

O. lucimarinus CCMP 2972 were grown under sufficient light (200 PAR or 100 PAR 

in the case of O. tauri) and nutrient conditions (L1 media) in semi-continuous batch 
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culture (Supplementary table 1). Growth rates from three days prior to the day of 

collection or, in the case of M. polaris CCMP 2099 from the day of harvest, were 

recorded. M. commoda RCC 299 had an average growth rate of 0.66 day-1, for 

M. polaris CCMP 2099 average growth rate was 0.44 day-1, M. pusilla CCMP 

1545 was 0.63 day-1, O. tauri CA OTH 95 was 1.250.25 day-1, and O. 

lucimarinus strain CCMP 2972 had an average growth rate of 0.53 day-1 

(Figures 1a, supplementary 2a, and supplementary table 2). Average bead normalized 

flow-cytometry-derived chlorophyll fluorescence per cell was 0.115 for M. 

commoda RCC 299, 0.108 for M. polaris CCMP 2099, 0.121 for M. 

pusilla CCMP 1545, 0.060 for O. tauri, and 0.041 for O. lucimarinus 

strain CCMP 2972. Average chlorophyll a in fg per cell from Turner fluorometry was 

12 for M. commoda RCC 299, 12 for M. pusilla CCMP 1545, 10 for O. tauri, 

and 5 for O. lucimarinus CCMP 2972. Chlorophyll a per cell from Turner 

fluorometry was not measured for M. polaris CCMP 2099. Turner chlorophyll and 

flow-cytometry-derived chlorophyll fluorescence were found to be significantly 

correlated (Spearman rho=0.74, p>0001; supplementary figure 2). The average cell 

quotas in fg cell-1 were 747 C, 137 N, and 3911 P for M. commoda RCC 

299; 822 C, 156 N, and 22 P for M. polaris CCMP 2099; 804 C, 123 

N, and 21 P for M. pusilla CCMP 1545; 319 C, 76 N, and 13 P O. tauri; 

and 390 C, 87 N, and 15 P for O. lucimarinus CCMP 2972 (Figures 1b and 

supplementary 2b). 
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Figure 1. Cell quotas of carbon, nitrogen, and phosphorus for Micromonas and 

Ostreococcus strains in replete conditions at ~200 PAR. (a) Box and whisker plots 

of growth rate (day-1), chlorophyll fluorescence per cell (Relative Fluorescence Units, 

RFU), and chlorophyll a content (fg *0.01 cell-1). (b) Bar plots of average C, N, and P 

(fg cell-1) with error bars reflecting the standard deviation of three to four 

measurements. 

 

 Representatives from both genera, M. commoda RCC 299 and O. lucimarinus 

CCMP 2972, were grown in semi-continuous batch culture with in both replete and 

phosphorus-starved conditions under sufficient light conditions (Supplementary table 

1). In the replete controls, M. commoda RCC 299 had an average growth rate of 

0.59 day-1 and O. lucimarinus CCMP 2972 0.61 day-1 (Figure 2a and 

supplementary table 2). Under P starvation, that dropped to -0.09 day-1 and -

0.02 day-1, respectively, on the day of harvest, which was significantly lower 

than the control for both (one-way ANOVA, p<0.001) (Supplementary table 3). 

Average chlorophyll fluorescence under replete conditions was 0.115 for M. 

commoda RCC 299 and 0.022 for O. lucimarinus CCMP 2972, this increased 
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to 0.190 and 0.028 in P starved conditions, respectively, which was 

significantly higher than the control for both (one-way ANOVA, p<0.001 and 

p=0.003, respectively). The average cell quotas in fg cell-1 were 422 C, 

87  and 39 P for M. commoda RCC 299 and 290 C, 94  and 48 P for 

O. lucimarinus CCMP 2972 in replete conditions, and 1499 / 524 C, 

167    and 5   P in P starved conditions, respectively, all of 

which were significantly different between treatments (Figure 2b and supplementary 

table 3). For the M. commoda RCC 299 experiment, cell volume was also measured, 

and was 2.52 μm3 cell-1 for replete and 4.17 μm3 cell-1 for phosphate 

starved, with control being significantly higher (one-way ANOVA, p<0.001). 

 

 
 

Figure 2. Cell quotas of carbon, nitrogen, and phosphorus of Micromonas and 

Ostreococcus strains under replete conditions and PO4 starvation. (a) Box and 

whisker plots of growth rate (day-1) and chlorophyll fluorescence (RFU). (b) Bar plots 

of average C, N, and P (fg cell-1) with error bars for standard deviation. The same 
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letter designates statistically indiscernible differences, while different letters 

designate significant differences, with comparisons only made within each 

experiment. 

 

 Changes in cell parameters in response to more gradual changes in phosphate 

availability were measured via a photo-bioreactor-based experiment. The culture 

started out in replete conditions (36 μM phosphate), then the phosphate content was 

lowered to 1 μM in the transitional phase, before raising to 3 μM for the limited 

phase, then increasing to beginning values for the re-fed phase and returning to 

replete again (Figure 3a and supplementary table 1). Average growth rate started at 

0.61 day-1 during replete conditions before lowering to 0.15 day-1 in 

transitional when phosphate values were lowest and staying low at 0.21 day-1 in 

limited before increasing to 0.57 day-1 in refed and 0.64 day-1 in the 

ending replete conditions. The two lowest were statistically not shown to be different 

from each other, as were the three highest, but the low and high values were 

significantly different (Supplementary table 3). Average chlorophyll fluorescence 

started at 0.152 during replete conditions stayed similar at 0.152 in 

transitional and increased to 0.167 in limited before decreasing to 

0.136 in refed and 0.129 in the ending replete conditions. The 

chlorophyll fluorescence values for the first replete, transitional, and limited were all 

significantly higher than the second replete (Supplementary table 3). The average P in 

fg cell-1 was highest at the first replete 18, next highest but significantly lower at 

the second replete 8 and refed 9, which were statistically not differentiated, and 

lowest for the transitional 5 and limited 5, which were also statistically not 
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found to be different from each other (Figure 3b and supplementary table 3). A 

significant correlation was found between growth rate and P cell-1 (Spearman 

rho=0.71, p=0.003) (Figure 3b). 

 

 
Figure 3. Cell quotas of phosphorus for Micromonas commoda with changes in 

PO4 availability. (a) Box and whisker plots of growth rate (day-1) and chlorophyll 

fluorescence (RFU). Phosphate availability conditions are indicated by the bar; note 

first replete was in semi-continuous batch culture, while other timepoints are from 

photo-bioreactor. (b) Scatterplot of P (fg cell-1) vs. growth rate (day-1), with points 

colored according to the phosphate availability conditions. The same letter designates 

statistically indiscernible differences, while different letters designate significant 

differences, with comparisons only made within each experiment. 

 

 Photobioreactors were also used to investigate the combined effects of nitrate 

limitation and differences in partial pressure of CO2 for M. commoda RCC 299 and 

M. polaris CCMP 2099. For each experiment, cell quota samples were taken at four 

different conditions: high CO2 (1000 µatm) and replete nitrate (80 µM) abbreviated 
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HCRN, ambient CO2 (400 µatm) and limited nitrate (<1 µM NO3) abbreviated 

ACLN, high CO2 and limited nitrate (HCLN), and ambient CO2 and replete nitrate 

(ACRN) (Figure 4a and supplementary table 1).  

 For M. commoda RCC 299, average growth rate started at 0.58 at HCRN 

before lowering to 0.25 in ACLN and 0.26 HCLN when nitrate values 

were lowest before increasing to 0.70 in ACRN, with growth rate at ACLN and 

HCLN significantly lower than ACRN (Figure 4a and supplementary table 3). 

Average chlorophyll fluorescence started at 0.17 at HCRN before lowering to 

0.06 in ACLN and 0.05 in HCLN when nitrate values were lowest before 

increasing to 0.15 in ACRN, with growth rate at ACLN and HCLN significantly 

lower than HCRN and ACRN (Supplementary table 3). In terms of cell quotas, the 

ACLN N in fg cell-1 was 100 and was significantly lower than that of ACRN 

which was 169 (Tukey HSD test, p>0.001). The ACLN C in fg cell-1 (636) 

was also significantly lower than that of the ACRN (888 Tukey HSD test, 

p>0.001), and P per cell was not measured (Supplementary table 3). 

 For M. polaris CCMP 2099, average growth rate started at 0.28 at 

HCRN before lowering to 0.11 in ACLN and 0.20 at HCLN when nitrate 

values were lowest before increasing to 0.32 in ACRN, with growth rate at 

ACLN and HCLN significantly lower than HCNR and ACRN (Figure 4a and 

supplementary table 3). For M. polaris CCMP 2099, average chlorophyll 

fluorescence started at 0.20 at HCRN before lowering to 0.11 in ACLN 
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and 0.11 in HCLN when nitrate values were lowest before increasing to 

0.20 in ACRN, with growth rate at ACLN and HCLN significantly lower than 

HCRN and ACRN (Supplementary table 3). In terms of CNP quota, the ACLN C 

quota (1830 cell-1) was significantly higher than ACRN (851 cell-1) and 

HCRN (709 cell-1), and the ACLN P quota (41 cell-1) was significantly 

higher than ACRN (24 cell-1; figure 4c and supplementary table 3). There were no 

significant differences in the N quotas (Supplementary table 3). 

 
Figure 4. Cell quotas of carbon for Micromonas commoda with changes in NO3 

availability and pCO2. Box and whisker plots of growth rate (day-1) and chlorophyll 

fluorescence (RFU) for (a) M. commoda and (b) M. polaris. Nitrate availability and 

pCO2 conditions are indicated by the bar. (c) Scatterplot of C (fg cell-1) vs. growth 

rate (day-1), with points shaped according to the treatment and colored according to 
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strain. The same letter designates statistically indiscernible differences, while 

different letters designate significant differences, with comparisons only made within 

each experiment. 

 

 To investigate the similarity of cell quotas under similar replete light and 

nutrient conditions across experiments, we compared the baseline M. commoda RCC 

299 cell quota to those of the M. commoda RCC 299 replete controls used in the 

phosphate starvation batch culture, phosphate limitation photo-bioreactor, and nitrate 

limitation photo-bioreactor studies (Supplementary figure 3). There were significant 

differences in C and N quotas among all studies, although values were more similar 

between the baseline study and N-limited photo-bioreactor than between either one 

and the P-starvation study (Supplementary table 3; note P quotas were not compared 

due to insufficient data across experiments). 

 

DISCUSSION 

 

 A better understanding of how phytoplankton respond to replete and limiting 

conditions is important for understanding field-based observations and for 

development of models of potential distributions. In this chapter, Micromonas and 

Ostreococcus cultures were grown under various conditions to characterize baseline 

cell quotas at sufficient conditions and measure how they change in limiting or 

starvation scenarios. In the baseline study under replete conditions, growth rates of 

the three Micromonas and one Ostreococcus species were around 0.5 day-1 or higher, 

indicating cells were actively dividing (Figure 1a). The chlorophyll and CNP cell-1 

was high for the Micromonas species, as expected given their cell sizes (Guillou et 
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al., 2004; Simon et al., 2017) compared to Ostreococcus (Chrétiennot-Dinet et al., 

1995; Subirana et al., 2013). The chlorophyll and flow-cytometry-measured 

chlorophyll fluorescence were significantly positively correlated across all replete 

cultures, implying the latter is a good proxy for the former in culturing studies 

(Supplementary figure 1).   

 When M. commoda RCC 299 and O. lucimarinus CCMP 2972 were subjected 

to phosphate limitation or starvation, they demonstrated similar responses of 

decreased growth rate, increased chlorophyll fluorescence, and increased cell size, as 

demonstrated by increase in cell CN quotas and, in the case of M. commoda RCC 

299, cell volume (Figures 2 and 3).  Only P was lower in the phosphate-starved or 

limited cells, as expected. There was a significant positive correlation between 

growth rate and P content per cell in the phosphate limitation study with M. commoda 

RCC 299, indicating cells were actively dividing and incorporating P in the re-fed and 

replete conditions (Figure 3b). These results were in partial contrast to a photo-

bioreactor study of phosphate limitation in M. pusilla, which found the replete control 

to have higher C, N, and P content than the P-limited experimental conditions (Maat 

et al., 2014). 

 M. commoda RCC 299 demonstrated a different physiological response to 

nitrate limitation as compared to P limitation, in which cells had less C and N in the 

limited nitrate as compared to the replete conditions, both under ambient levels of 

CO2. Additionally, nitrate limited cells under both ambient and high CO2 levels had 

lower growth rates and chlorophyll fluorescence (Figure 4a). Another photo-
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bioreactor-based study also using M. commoda RCC 299 found that N-limited cells 

had less N per cell, as was found here, but no discernible change in C per cell, with 

cell volume decreased in N-limited (Halsey et al., 2014).  

 When M. polaris was subjected to the same changes in nitrate and CO2 

availability, it exhibited lower growth rates and chlorophyll fluorescence, similar to 

responses seen for M. commoda. The fact that M. polaris has overall much lower 

growth rates, at least based on culturing studies, is known for replete cultures 

(Lovejoy et al., 2007). However, unlike M. commoda, the C content of M. polaris 

cells increased under nitrate deplete conditions. A semi-continuous batch culture-

based study on M. polaris CCMP 2099 found N replete cells had less C than N 

starved (in which the cells had ceased growing), which agrees with the results 

presented here, and also that replete cells had more N and P per cell than N-starved 

cells, which was not found here (Liefer et al., 2019).  

 The differing responses in cell quotas to P and N limitation could reflect 

different strategies of dealing with nitrate and phosphate limitation. Increased CNP 

and chlorophyll in nutrient limited or starved cells could indicate cells were readying 

for division but unable to complete the process, and this has been previously reported 

for M. commoda (Guo et al., 2018). 

 While the changes in cell quotas shown in limitation and starvation 

experiments are unlikely to be the result of imprecise measurement, the differences in 

cell quotas among replete conditions across experiments are less easily explained. 

These differences could demonstrate the sensitivity of the cells to even minute 
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environmental changes, as these experiments had variations in light level despite all 

light levels used previously demonstrated to be sufficient and not photo-inhibitory 

(Cuvelier et al., 2017). Interestingly, in the comparison of replete M. commoda RCC 

299 cultures across experiments, one semi-continuous batch culture study had more 

similar CNP values to a photo-bioreactor study than to the other semi-continuous 

batch culture study (Supplementary figure 3). Another factor to consider in overall 

quotas is the process for blanks. Here, combusted filters were used as blanks as 

performed in other studies using these methods, such as (DuRand et al., 2002). Some 

other studies have used filters through which fresh media had been passed 

(Zimmerman et al., 2014), and others the filtrate of spent media filtered again to catch 

any missed particulates in the leftover media – but also noted that this approach could 

artificially inflate blank levels (Bertilsson et al., 2003; Halsey et al., 2014). Indeed, 

this issue is so well-recognized that recently (after the completion of the experiments 

conducted herein) a publication addressing the topic was published (Y.-Y. Hu et al., 

2022). For the phosphate-starvation experiment herein, it was found that using fresh 

media as a blank could result in an overestimation in particulate P outside of the cells. 

In the approach used here all values (all species) were standardized to combusted 

filter blanks for comparison across experiments but spent media controls should also 

be evaluated for future studies. There is still likely much natural variability even 

under sufficient conditions (Garcia et al., 2018), and models should incorporate a 

range of likely values from different scenarios obtained from the literature of culture-

based studies.  
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 In addition to measures of overall CNP cellular quotas, quantification of how 

they are allocated within the cell, i.e., macromolecular content, is an important 

complement to studies such as these. Overall protein content per cell was quantified 

for the N-limitation photobioreactor study, and a detailed breakdown of lipid content 

was generated for the P-limitation photobioreactor study, both using M. commoda 

RCC 299, discussed herein. There is evidence of P-limitation affecting the lipid ratios 

of M. pusilla (Maat et al., 2016), so, although out of the scope of this chapter, it will 

be useful to compare the responses to those of M. commoda. Another potential 

avenue of research would be to expand the scope from Mamiellophyceae to the other 

prasinophyte classes represented in culture. Work has already been done to compare 

Mamiellophyceae and Class VII cell quotas under N starved and replete conditions 

(Ebenezer et al., 2022), and it would be interesting to see how other classes compare; 

the large morphogenic variation within and among prasinophyte classes will likely be 

reflected in their cell quotas. Comparisons within the pico-phytoplankton, e.g., to 

cyanobacteria Prochlorococcus and Synechococcus (Mouginot et al., 2015), provides 

helpful comparisons within this size class; despite their genetic and morphological 

differences, they share size-related constraints and advantages in terms of nutrient 

uptake and assimilation (Finkel et al., 2010; Marañón et al., 2013). Better 

characterizations of cell quota changes, including overall CNP and macromolecular 

content, use of photo-bioreactor experiments to carefully maintain limiting nutrient 

concentrations, and comparisons within phylogenetic and size-based groupings will 
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make studies such as those included in this chapter more accurate and useful for 

understanding the physiology of phytoplankton and for feeding into models. 
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SUPPLEMENTARY FIGURES 

 

 
Supplementary figure 1. Cell quotas of carbon, nitrogen, and phosphorus for 

Micromonas and Ostreococcus strains in replete conditions at ~100 PAR. (a) Plots 

of growth rate and chlorophyll fluorescence per cell (Relative Fluorescence Units, 

RFU) with standard deviation bars. (b) Bar plots of average C, N, and P (fg cell-1) and 

(c) chlorophyll a with error bars reflecting the standard deviation of three to four 

measurements. 

 

 
Supplementary figure 2. Comparison of Turner chlorophyll and flow cytometry-

derived chlorophyll fluorescence. Scatterplot of Turner chlorophyll (fg *0.01 cell-1) 

vs. flow cytometry-derived chlorophyll fluorescence (Relative Fluorescence Units, 

RFU) for Micromonas and Ostreococcus strains, indicated by point color, under 

sufficient conditions. 
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Supplementary figure 3. Cell quotas of carbon, nitrogen, and phosphorus for 

Micromonas RCC 299 in replete conditions and sufficient light. (a) Box and 

whisker plots of growth rate (day-1) and chlorophyll fluorescence per cell (Relative 

Fluorescence Units, RFU). (b) Bar plots of average C, N, and P (fg cell-1) with error 

bars reflecting the standard deviation of three to four measurements. The bars at the 

top indicate which experiment results are from (from left to right: baseline study 

semi-continuous batch culture, P-starvation semi-continuous batch culture, P-

limitation photo-bioreactor, and N-limitation and CO2 changes photo-bioreactor. 

SUPPLEMENTARY TABLE LEGENDS 

Supplementary Table 1: Summary of culturing conditions for all experiments. 

Supplementary Table 2: Summary of growth rates, chlorophyll fluorescence, and 

cell quotas of CNP for all experiments. 

Supplementary Table 3: Summary of statistics for all experiments. 
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CONCLUSIONS AND PERSPECTIVES 

 
 

 Phytoplankton distributions across seasonal and geographic scales have 

important implications for primary production (W. K. W. Li, 1994), nutrient cycling 

(Franz et al., 2012), and carbon sequestration (Pinckney et al., 2015). These 

distributions are driven by different environmental preferences, which can be 

interrogated at the level of single strains to larger functional groupings. A detailed 

understanding of phytoplankton distributions and the drivers behind them not only 

allows us a better understanding of the current state of marine environments, 

especially subtropical gyres that account for large amounts of the PP that supports 

most life in the ocean (Behrenfeld et al., 2006; Chavez et al., 2011), but also serves as 

a baseline to which to compare future changes and to tailor models to better predict 

these changes. 

 In the first two chapters of this dissertation, phytoplankton communities are 

examined across years using 16S and 18S rRNA gene sequencing. Chapter one 

concerns the northwest Sargasso Sea, which experiences strong seasonal variations in 

abiotic factors such as temperature and salinity (Steinberg et al., 2001). Prasinophytes 

(mostly Class II Mamiellophyceae) contribute greatly to the phytoplankton 

community here during periods with high Chl a and elevated nutrients, comprising 

approximately half the eukaryotic phytoplankton amplicons during the winter/spring 

deep mixing. Timing of sampling in 2017 allowed for a high resolution look at the 

deep mixing period of that year, when prasinophytes were detected at high relative 

abundance down to 300 m. The mixed layer then shoaled quickly, which could render 
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these phytoplankton trapped at depth, thus sequestering that carbon away from the 

surface ocean. A prasinophyte community similar to the deep mixing community but 

statistically significantly distinct at the ASV level was observed in the DCM across 

years. This could imply differences in environmental niches of prasinophytes at the 

ASV level and a potential reservoir of genetic diversity that could allow for 

adaptation to different environmental conditions. The surface prasinophyte 

community shifted from Mamiellophyceae at the deep mixing period to other 

prasinophyte groups such as Classes I and III and putative class IX; some members of 

Class I have been demonstrated to supplement photosynthesis with phagotrophy, 

potentially explaining their persistence in the low-nutrient surface water. Overall 

changes in the prasinophyte community were significantly correlated to temperature 

and salinity, which could serve as a proxy for nutrient concentrations, which were 

often below detection limit, as the nutrient-deplete summer surface waters were 

warmer and fresher. The Sargasso Sea is an important area of study as the summer 

stratification could serve as a proxy for widespread ocean changes associated with 

anthropogenically-linked climate change. This research will hopefully be useful for 

the development of predictive models for annual cycles, primary production, and 

future transitions in subtropical phytoplankton communities. 

 The second chapter similarly strives to serve as a phytoplankton community 

baseline, moving from the subtropics to the tropics and expanding in taxonomic scope 

to encompass all eukaryotic phytoplankton. Tropical island habitats are vulnerable to 

anthropogenic influence, and this chapter covers a range of environments on and 
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around the island of Curaçao, some more impacted than others. The abiotic 

parameters of these environments varied greatly, with strong nutrient gradients in 

temperature, salinity, and nutrient concentrations, with inland salt ponds and salterns 

having higher values compared to more offshore environments. Green algae were 

most relatively abundant out of eukaryotic algae in salt ponds and solar salterns, with 

differences in the green algae community depending on the connectivity of the 

salterns to the sea. The more inland salt ponds had a higher share of chlorophytes, 

while sea-influenced salterns had a higher proportion of Mamiellophyceae, which 

were the dominant green algae group in mangroves, above reefs, and farther offshore, 

where green algae overall were less relatively abundant and stramenopiles were the 

major eukaryotic group. Within stramenopiles, diatoms were the most abundant group 

in mangroves and above reefs and were also one of the major stramenopile groups 

off-reef and farther offshore. Dictyochophytes, another stramenopile group, became 

increasingly important in more offshore environments, where they were mostly made 

up of uncultured environmental clades. This chapter addresses the dearth of research 

on green algae and dictyochophytes in tropical environments, as well as provides 

novel insights into other taxonomic groups, such as the importance of planktonic 

diatoms to Curaçao’s mangrove forests. Like chapter 1, this chapter strives to be a 

detailed baseline of phytoplankton distributions around Curaçao and the Caribbean at 

large.  

 The importance of time-series to the understanding of phytoplankton 

dynamics was underscored in the first two chapters. At BATS, sampling both at high 
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frequency at the timescale of days during the DM and at monthly intervals across 

years was useful in both catching rapidly changing conditions and determining which 

groups persisted throughout. At Curaçao, yearly sampling demonstrated that even in 

the comparatively stable environments, there were between-year changes in certain 

groups. These approaches have demonstrated repeated sampling at the same location 

can detect changes that could be missed in point sampling. However, there is simply 

not the resources not infrastructure to have ongoing time-series studies at all 

oceanographically interesting areas. To achieve a more detailed understanding of 

biogeography of Micromonas, Ostreococcus, and other important prasinophyte 

groups, and phytoplankton in general, data drawn from cruises and other temporally 

limited sampling efforts is also important. For instance, I participated in a research 

cruise during January-March 2023 (6 weeks) that followed filaments of cold, nutrient-

rich water from the upwelling region at the Namibian coast across the continental 

shelf as eddies propelled the filaments offshore until the signal dissipated. This region 

experiences perennial upwelling, unlike the seasonal mixing of the BATS DM or the 

relatively stable conditions around Curaçao (Heymans & Baird, 2000). This constant 

influx of nutrients at the coast supports a fishing economy that, despite still 

recovering from foreign exploitation, is a major source of income for the country 

(Belhabib et al., 2016). It will be interesting to track the phytoplankton communities 

throughout this process, which could lead to an influx of carbon in the form of 

phytoplankton and zooplankton into areas outside the upwelling zone. To my 

knowledge, information on prasinophyte distributions – as well as information on the 
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broader microbial community in general - in this area is limited. It will be important 

to discover which groups can be found there, and how they change over the lifespan 

of the filament. 

 The first two chapters addressed the first objective put forth in the 

introduction of determining the seasonal and geographical patterns in phytoplankton 

distributions at various taxonomic levels. These chapters also identified 

environmental factors linked to these patterns, thereby also addressing the second 

objective. Comparing the prasinophyte communities in these environments, some 

insights into prasinophyte sub-species distribution patterns might emerge, particularly 

Mamiellophyceae which appear to be among the most relatively abundant. For 

instance, major ASVs in terms of amplicon relative abundances were shared across 

these environments (i.e., Ostreococcus OII ASV6 at BATS was a 100% nt match to 

top Curaçao ASV133, and likewise for M. commoda ASV61 and ASV126). This 

could imply the relatively warm water systems in the subtropics and tropics share 

dominant sub-species of these groups. However, there are limitations to the amplicon-

based approach used in these chapters. The 16S V1-V2 amplicons are relatively short, 

and, while useful for detecting a wide range of phytoplankton (i.e., both eukaryotic 

and prokaryotic), they are not long enough to definitively delineate some 

phylogenies. Through comparisons between 16S and 18S rRNA amplicons, both 

chapters sought to link 16S sequences to groups characterized in 18S phylogenies 

such as the Micromonas candidate species and O. bengalensis; however, to make 

definitive linkages, longer sequences are needed. The retrieval of full-length 16S and 
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18S sequences from BATS DM and Curaçao reefs even for just a subset of samples 

would be instrumental in building more refined phylogenies. Additionally, as recently 

identified groups such as the Micromonas candidate species remain uncultured, 

isolating and culturing these groups could allow for an understanding of their 

morphology and physiology. There is a concern that sequencing-only approaches to 

ecology ignore important information only obtained by studying the whole organism, 

not just its genetic material.  

 The third chapter concerns Mamiellophyceae species that already exist in 

culture and particularly species that were present in the studies conducted herein, or 

in other ecosystems I sampled during my PhD, but not included herein (e.g., the 

eastern North Pacific where Ostreococcus Clade OI (O. lucimarinus) thrives. The 

effects of light, nutrient concentration, and pCO2 on the cell quotas of several 

Micromonas and Ostreococcus species is examined, thereby addressing the third and 

final objective of this thesis. This chapter provides a baseline of cell quotas under 

replete, sufficient light conditions. The differences in some cell quotas even under 

nearly identical conditions in different experiments could indicate natural variation in 

physiology even in sufficient conditions or could be due to limitations of the methods. 

Recommendations for best practices, such as using spent media as a blank to account 

for leftover nutrients in the media, are put forward. This chapter additionally 

highlights differing responses to limitation of nitrogen vs. phosphate, which could be 

useful information for modelling studies – for example providing constraints in the 

DARWIN multi-phytoplankton model (Lévy et al., 2015). Culturing studies allow for 
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predictions of how species could react to changing ocean conditions. There is a 

balance to be made between controlling for factors to ensure the signal is from the 

parameter(s) under study and maintaining as naturalistic a setup as possible to best 

simulate real-world conditions. The use of constant-flow photo-bioreactors as 

opposed to semi-continuous batch culturing in flasks allows for conditions to be 

changed more slowly, as they would be in response to gradual environmental changes 

such as warming and acidification of ocean water, and maintained at limiting levels 

though continuous supply of low concentrations of nutrients (Huisman et al., 2002). 

Experiments such as these provide important information that supplements field 

research and could generate quantitative information to feed into models. 

 This thesis integrated both environmental and lab-based studies to contribute 

to knowledge of eukaryotic algae, particularly prasinophytes, in subtropical and 

tropical environments. The distributions of these groups could impact the movement 

of nutrients and carbon in marine environments. The high-resolution phylogeny of 

Mamiellophyceae in particular underscored the ubiquity of some groups and the 

potential specialization of others. There is still much to learn about these groups 

through future sequencing and culturing-based studies. As mentioned previously, 

supplementing amplicon abundance studies with full-length 16S and 18S sequencing 

to resolve fine-scale phylogeny would improve studies of phytoplankton distribution. 

Additionally, amplicon relative abundances paired with flow cytometry counts would 

address the issue of gene copy number differences skewing abundance estimates. 

Tailoring the depths of sample collection, especially in open ocean areas such as 
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BATS, to properties such as chlorophyll fluorescence signal and oxygen content, as 

measured by CTD, could better characterize the oceanographically interesting depths 

of the water column. While this thesis has focused on water column sampling, a 

holistic approach to understanding the microbial underpinnings of ocean processes 

encompasses studies of the microbiomes of organisms and benthic substrates in 

additional to those of the water. Although not within the scope of this thesis, during 

my graduate studies I contributed to collection and processing of benthic invertebrate 

and sediment samples over the course of seven research cruises in the eastern North 

Pacific gyre. These studies will provide insights into the phytoplankton from the 

surface ocean to the seafloor, with potential implications for better understanding 

nutrient cycling and carbon sequestration from the light to dark ocean regions. As 

demonstrated in the Curaçao chapter, employing the same methods to investigate 

distinct environments allows for robust comparisons and insight into the connections 

among them. As mentioned in the introduction, there is still much to learn about 

phytoplankton physiology and distribution. This thesis sought to expand the scope of 

our knowledge of algae in subtropical and tropical environments and will hopefully 

serve as a basis for exciting future research from myself and others in these areas.  
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