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ABSTRACT 

 

Understanding the roles that marine microbes play in ecosystem functioning has been 

historically difficult in large part because of the immense genetic and ecological diversity found 

within natural populations. This dissertation research characterized the steep physical and 

biogeochemical gradients found across KǕneᾶohe Bay, Oᾶahu, Hawaiᾶi and surrounding offshore 

waters, and used this system as a model platform to examine the genetic diversity, population 

structure, and metabolism of marine microorganisms. Time-series analyses across this system 

revealed an increase of inorganic nutrient concentrations within the near-shore environment of 

coastal KǕneᾶohe Bay co-varied with elevated phytoplankton biomass of up to ~1700% 

compared to open-ocean waters of the North Pacific Subtropical Gyre. Steep gradients in 

environmental parameters and phytoplankton biomass coincided with shifts in phytoplankton 

community composition and diversity, including the abundance and population structure of 

numerically dominant picocyanobacteria. The steep physical and biogeochemical gradient also 

impacted the distribution of subclades and genome clusters within the numerically abundant 

alphaproteobacterial lineage known as SAR11. Seven of eight SAR11 subclades detected in this 

system were distributed nonuniformly across the coastal to offshore environments within and 

adjacent to KǕneᾶohe Bay. Pangenomic analyses with metagenomes and a collection of high-

quality SAR11 Ia genomes from strains recently isolated from this system revealed the hallmarks 

of ecotypic differentiation: distinct distributions, the accumulation of differences in metabolic 

gene content, and the cohesion of both ecological and genetic diversity within SAR11 Ia genome 

clusters. The utilization of data collected through both the KǕneᾶohe Bay Time-series (KByT) 

and the Hawaii Ocean Time-series (HOT) provided the unique opportunity to elucidate the 

genetic, genomic, and metabolic variability of surface ocean microbial populations across narrow 

(<6km) and broad (>100km) spatial scales in the tropical Pacific. In sum, this dissertation 

provides insight into the forces that contribute to the genetic and ecological diversity of dominant 

and biogeochemically relevant lineages of marine bacteria. 
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Chapter 1. Introduction 

 

Understanding the immense genetic and ecological diversity underlying the distributions 

of microorganisms throughout our oceans is an area of intense pursuit that has important 

implications for defining the roles marine microbes play in ecosystem functioning, their eco-

evolutionary drivers, and ocean biogeochemistry (Cavicchioli et al., 2019; Walworth et al., 2020; 

Foundation et al., 2022). Marine microbial communities typically harbor a few highly abundant 

and globally distributed lineages of bacteria, archaea, and eukarya (DeLong, 1992; Fuhrman & 

Davis, 1997; Partensky, Hess & Vaulot, 1999; Morris et al., 2002; Palenik et al., 2007). These 

dominant (i.e. numerically abundant and broadly distributed) surface ocean microbes consist of 

photoautotrophs like the cyanobacteria Prochlorococcus and Synechococcus, as well as 

heterotrophs like the SAR11 clade of Alphaproteobacteria. The metabolisms of dominant 

photoautotrophs and heterotrophs and the interactions among them are central to biogeochemical 

cycles and the microbial food web (Falkowski, Fenchel & Delong, 2008; Worden et al., 2015). 

Heterotrophic bacteria are dependent on organic matter supplied by photoautotrophs, while 

photoautotrophs are dependent on heterotrophs for the remineralization of nutrients (Fenchel, 

2008).  

Despite the importance of marine microbes as major drivers of biogeochemical pathways, 

including the carbon, nitrogen, and silica cycles, the roles individual taxa play in the system 

remain poorly understood (Sunagawa et al., 2020). Many dominant marine microbial lineages 

harbor high genetic diversity that is often associated with ecological differentiation (Shapiro et 

al., 2012; Luo & Moran, 2014; Hoarfrost et al., 2020). Comparative genomic analyses have 

revealed that among dominant lineages of the marine microbial community there exists 

significant diversity in metabolism at a population level (Berube et al., 2019; Wang et al., 2020). 
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In other words, different populations of the same dominant species may have unique 

metabolisms and thus fill different ecological roles within a system.   

The fine-scale taxonomic resolution of microbial lineages can be enhanced by 

characterizing ecotypes (Chase et al., 2018; Boeuf et al., 2021; Raes et al., 2022), which are 

defined as ecologically homogeneous clades in which genetic diversity is guided by cohesive 

forces such as periodic selection, recombination, and genetic drift (Cohan, 2006; Koeppel et al., 

2008). Ecotype-based systematics typically uses genomic comparisons of microbial species to 

reconcile phylogenetic and ecological diversity and identify the potential roles or functions of 

ecotypes in the environment. This concept has been helpful in discerning populations among 

Prochlorococcus (Biller et al., 2014) and Synechococcus (Sohm et al., 2016), although much 

diversity within these clades remains to be uncovered (Berube et al., 2018).  

 It is not yet known if the genetic variation of the dominant Alphaproteobacterial SAR11 

clade (order Pelagibacterales) is neutral or associated with environmentally adapted ñecotypesò 

(Brown et al., 2012; Hellweger, Sebille & Fredrick, 2014; Manrique & Jones, 2017). Some 

studies of temporal and spatial patterns observed among SAR11 subclades have provided 

evidence for differentiation of ecotypes (Vergin et al., 2007; Tsementzi et al., 2016; Delmont et 

al., 2017; Kraemer et al., 2020). In addition, pangenomic analyses, which examined the complete 

set of genes harbored by SAR11 genomes, found nutrient utilization genes uniquely shared 

among some subclades, suggesting adaptive specialization (Grote et al., 2012). Unfortunately, 

like many dominant marine microbes, SAR11 cells are difficult to grow in the laboratory where 

their ecologies and associated genetic diversity can be experimentally interrogated (Rappé & 

Giovannoni, 2003; Swan et al., 2013). Thus, much effort has focused on understanding the 
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ecologies and evolutionary histories of dominant marine microbes in the environment (Delmont 

& Eren, 2018; Lee et al., 2019; Haro-Moreno et al., 2019).  

Surveys of microbial genetic diversity and environmental parameters across 

environmental gradients can provide a useful approach to examining the distribution of microbial 

populations across ecological niches and investigating the interplay of ecology and evolution 

(Hunt et al., 2008; Treusch et al., 2009; Cram et al., 2015). In oligotrophic waters, near-island 

environments harbor a sharp increase in nutrients through physical oceanographic, biological, 

and anthropogenic processes that result in enhanced phytoplankton biomass and productivity and 

coincide with shifts in microbial community composition (Doty & Oguri, 1956). For example, 

while Synechococcus tends to be a numerically dominant phytoplankton within coastal systems 

(Cox, Ribes & RA, 2006; Comstock et al., 2022; Messié et al., 2022), Prochlorococcus 

dominates the adjacent oligotrophic open-oceans (Flombaum et al., 2013). The distinct spatial 

distributions of Synechococcus and Prochlorococcus across the nearshore to offshore 

environments provides a strategic opportunity to not only examine how the diversity of these two 

dominant cyanobacteria varies across time and space, but to also characterize how the genetic 

and functional diversity of the dominant heterotroph SAR11 co-varies with respect to these two 

different dominant phytoplankton. 

My dissertation research characterizes the steep biogeochemical gradients found across 

KǕneᾶohe Bay, Oᾶahu, Hawaiᾶi and its surrounding offshore waters as a platform to examine the 

genetic diversity, population structure, and metabolism of dominant marine microbes inhabiting 

the surface oceans of the coastal and open-ocean environments of the tropical Central Pacific. In 

comparison to other Pacific Islands, the Hawaiian archipelago, including KǕneᾶohe Bay on 

windward Oᾶahu, experiences a particularly high magnitude of phytoplankton biomass 
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enhancement (Gove et al., 2016; Messié et al., 2022), in part due to its proximity to the 

ultraoligotrophic North Pacific Subtropical Gyre (Karl, 1999). However, despite a rich history of 

phytoplankton and pelagic microbiological investigations in KǕneᾶohe Bay (Laws & Allen, 

1996; Ringuet & Mackenzie, 2005; Cox, Ribes & RA, 2006; Yeo et al., 2013; Laws & Taguchi, 

2018; Selph et al., 2018), few studies have used next-generation sequencing approaches that 

would provide high-taxonomic resolution.  

In Chapter 2, I aim to understand the spatiotemporal dynamics of phytoplankton 

enhancement in the nearshore environments of KǕneᾶohe Bay as well as the distributions of 

phytoplankton communities inhabiting the nearshore to open-ocean continuum. I use time-series 

sampling approaches to characterize the spatio-temporal variability of IME experienced within 

and immediately adjacent to KǕneᾶohe Bay and contextualize these findings with comparisons to 

data collected at Station ALOHA by the Hawaii Ocean Time-series (HOT), a 30+ year time-

series initiative measuring trends of the North Pacific Subtropical Gyre (Karl & Church, 2014). 

Through a combination of single marker-gene and metagenomic sequencing approaches this 

study elucidates the spatial and seasonal variability of phytoplankton community composition 

and diversity, and the abundance and population structure of the dominant Synechococcus and 

Prochlorococcus lineages. 

Chapter 3 uses single marker-gene amplicon sequencing to examine the spatio-temporal 

distributions of the 5 major clades of SAR11 marine bacteria across seasons and along the 

nearshore to offshore physiochemical gradients within and adjacent to KǕneᾶohe Bay. This study 

characterizes how SAR11 genetic diversity partitions into distinct ecological units in coastal and 

offshore environments of the tropical Pacific, and correlates this diversity with abiotic and biotic 

parameters, including patterns of Prochlorococcus and Synechococcus abundance.   
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Finally, in Chapter 4 I use comparative pangenomic approaches and metagenomic read 

recruitment to delineate genetic and functional variation and characterize ecotypes of the SAR11 

subclade Ia across nearshore KǕneᾶohe Bay, the adjacent offshore, and the central North Pacific 

Subtropical Grye. I define the genomic variation underlying distinct SAR11 Ia ecologies and 

how these traits differ among and between SAR11 Ia genome clusters with distributions specific 

to the coastal tropical Pacific and those with distributions specific to the surrounding offshore 

and ocean gyre waters.   

In sum, my hope is that this work improves our understanding of the impactful and 

vulnerable ecosystem services marine microbes provide, exemplifies the importance of 

ecological differentiation in the evolution of prokaryotes, and provides new perspectives into 

how SAR11 is impacting the dissolved organic matter pool and biogeochemical cycles in the 

ocean. 
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Abstract 

The nearshore waters surrounding islands in the tropical Pacific provide hotspots of 

biodiversity and productivity resulting from increased nutrient input and phytoplankton biomass 

in within otherwise highly oligotrophic waters. Despite the ecological, cultural, and economic 

importance of these hotspots in supporting near-island food webs, the fine-scale spatial and 

temporal variability of phytoplankton enhancement and changes in the underlying phytoplankon 

communities across estuary to open-ocean systems remain poorly understood, in part because 

satellite data has limited resolution in nearshore ecosystems. In this study, we characterize the 

biogeochemistry, phytoplankton biomass, and phytoplankton community and diversity via 

chloroplast and cyanobacterial 16S rRNA gene amplicon sequencing, across coastal KǕneᾶohe 

Bay, Hawaiᾶi, including within an estuarine Hawaiian Fishpond, and the adjacent offshore 

environment over a four-year, near-monthly time-series. Comparisons made with the Hawaii 

Ocean Time-seriesôs Station ALOHA located in the North Pacific Subtropical Gyre revealed that 

phytoplankton biomass in coastal KǕnᾶeohe Bay  increases ~1700% on average in comparison to 

the surrounding open ocean. Nearshore KǕneᾶohe Bay and adjacent offshore waters alike were 

nitrogen-limited and most often dominated by small cyanobacteria. While the underlying 

phytoplankton community showed strong seasonal patterns especially in the nearshore 

environment, phytoplankton biomass positively correlated with wind speeds, rainfall, and wind 

direction, but not water temperatures. Phytoplankton are sensitive bioindicators of environmental 

change and here we demonstrate their utility in uncovering dynamic spatial and seasonal patterns 

that have implications for future impacts caused by a warming climate in the tropical Pacific.  
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Introduction  

Phytoplankton play the crucial role of forming the base of the aquatic food web, and their 

productivity, abundance, and community composition are greatly influenced by nutrient 

availability (Azam et al., 1983, Cloern 1996). In oligotrophic waters, near-island environments in 

the tropical Pacific harbor a sharp increase in nutrients through physical oceanographic, 

biological, and anthropogenic processes that result in increased phytoplankton biomass and 

productivity, known as the Island Mass Effect (IME; Doty & Oguri, 1956; Gove et al., 2016). 

Localized fertilization and enhanced phytoplankton biomass in turn promotes secondary 

productivity, supporting regional fisheries (Williams et al., 2015; Stock et al., 2017). Estuarine 

environments of islands also receive an increase of nutrient supply coming from both land and 

ocean processes that can elevate phytoplankton biomass (Cloern, Foster, & Kleckner, 2014).  

Given the importance of elevated phytoplankton biomass from estuarine and near-island coastal 

waters to maintaining healthy and productive coastal food webs, understanding the fine-scale 

variability of phytoplankton communities across estuarine to open-ocean systems adjacent to 

island masses can inform both the management of local marine environments and larger 

ecosystem models.  

Elevated chlorophyll a concentrations- a proxy for phytoplankton biomass (Platt & 

Sathyendranath, 1988)- is frequently approximated from ocean color measured using satellite 

remote sensing (Palacios, 2002; Vollbrecht et al., 2021; Falco et al., 2022). While these analyses 

have provided immense insight into regional patterns of phytoplankton biomass (McClain et al., 

2002; Gove et al., 2016; Messié et al., 2022), the inability of satellite-based approaches to collect 

data during high cloud coverage or access the shallowest environments closest to shore can 

conceal important localized spatio-temporal dynamics (Schaeffer et al., 2008; Lamont & 
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Toolsee, 2022). In addition, while models to conduct taxonomic and functional group 

classifications of phytoplankton from ocean color data are improving, these classifications still 

remain coarse  (Bracher et al., 2017; Moisan et al., 2017; Kavanaugh et al., 2021). An increased 

understanding of the underlying phytoplankton community composition and variability with 

seasonal and spatial biogeochemical differences in near-island environments are crucial to 

defining the functional roles of phytoplankton in these systems (Shiozaki et al., 2010; Martinez 

et al., 2020; Comstock et al., 2022).  

Climbing ocean temperatures due to ongoing global climate change are increasing the 

stratification of the open-ocean and trapping nutrients at depths below where phytoplankton at 

the oceanôs surface can access them (Moore et al., 2018; Li et al., 2020). This is leading to an 

expansion of nutrient-poor ñocean desertsò (Hoegh-Guldberg & Bruno, 2010) and a decline in 

global phytoplankton biomass and primary productivity (Boyce, Lewis & Worm, 2010; 

Kwiatkowski, Aumont & Bopp, 2018). The impacts open-ocean stratification has on the food 

webs and biological productivity of coastal areas remains unknown, although the marine food-

webs of islands situated in oligotrophic waters may be particularly. Defining how 

biogeochemical factors and phytoplankton biomass and community composition vary with space 

and time can provide a foundation for tracking deviations from baselines and predicting food 

web shifts because of climate change. 

To illuminate the factors influencing near-island phytoplankton communities in the 

tropical Pacific, this study used time-series sampling to document the effect of spatial and 

temporal variability in biogeochemical conditions on phytoplankton communities across two 

coastal habitats of Oᾶahu Hawaiᾶi: the estuarine-like Heᾶeia Fishpond and the interior of coastal 

KǕneᾶohe Bay, as well as the offshore environment of the oceanic waters surrounding coastal 
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KǕneᾶohe Bay. Four years of near-monthly sampling at 10 to 12 stations across this system were 

used to characterize environmental conditions and phytoplankton communities via chloroplast 

and cyanobacterial 16S rRNA gene amplicon sequencing and metagenomics. In addition, we 

make comparisons to data collected by the Hawaii Ocean Time-series (HOT), a 30+ year time-

series initiative measuring temporal trends of the adjacent ultraoligotrophic North Pacific 

Subtropical Gyre (Karl & Church, 2014). Together these analyses provide insight into the 

enhancement of phytoplankton biomass and seasonal variability of the underlying phytoplankton 

communities spanning <6 km to >100 km across coastal KǕneᾶohe Bay and the North Pacific 

Subtropical Gyre.  

 

Materials and Methods 

Study location 

The Hawaiian archipelago is the worldôs most remote island chain and is positioned 

within the oligotrophic North Pacific Subtropical Gyre (Karl 1999). KǕneᾶohe Bay, located on 

the windward side of Oᾶahu, Hawaiᾶi (21Á 28ǋ N 157Á 48ǋ W), is a well-studied, coral-reef-

dominated embayment (Figure 1A, Bahr, Jokiel & Toonen, 2015). The bay has a total surface 

area of 41.4 km2 and is approximately 4.3 km wide, 12.8 km in length, and 10 m deep on average 

(Smith, Chave & Kam, 1973; Jokiel, 1991; Bahr, Jokiel & Toonen, 2015). Sharp nearshore to 

offshore gradients in biogeochemical parameters occur over a short distance (<6 km) along with 

a diverse topography due to patch, fringing, and barrier reefs. Localized freshwater input from 

streams contribute to spatial variability in environmental parameters (e.g., salinity, nutrient 

concentrations; (Cox, Ribes & RA, 2006; Yeo et al., 2013; Tucker et al., 2021)). Water residence 

time within the bay varies from <1 day to >1 month (Lowe et al., 2009), with the highest 
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residence times in the sheltered southern lobe. Oceanic water, primarily driven by wave action, 

flows into the bay over a large barrier reef located in the central bay (Bathen, 1968). Water is 

generally transported out of the bay through two nearly-parallel channels positioned in the 

southern and northern portions of the bay. For most of the year, the bay is well mixed by 

tradewinds however, periods of high temperatures and low wind speeds can cause vertical 

stratification (Smith, 1981).   

In the southern section of KǕneᾶohe Bay, at the mouth of the Heᾶeia Stream, is the Heᾶeia 

Fishpond or Pihi Loko Iᾶa (Kelly, 1973), a 600-800 year old, 0.356 km2 Indigenous aquaculture 

system. Indigenous peoples of Hawaiᾶi have long recognized the increase of phytoplankton and 

secondary productivity delivered through nutrient-rich streams and built loko iᾶa (fishponds) in 

estuarine environments of coastal Hawaiᾶi (Kikuchi, 1976; Keala, Hollyer & Castro, 2007). A 

2.5 km rock and coral rubble wall encompasses the Heᾶeia Fishpond and multiple sluice gates in 

the Fishpond wall allow exchange between coastal KǕneᾶohe Bay and Heᾶeia stream waters. 

Sample sites include Station Wai2, in the northwestern corner of the Fishpond, an estuarine 

environment with fluctuating salinities (~25-30 ppt, Möhlenkamp et al., 2019) located at the 

sluice gate fed by the Heᾶeia Stream. Station Kahoᾶokele (Kaho) is located at a sluice gate facing 

the ocean and receives high exchange with coastal KǕneᾶohe Bay (~30-35 ppt, Möhlenkamp et 

al., 2019). Sampling campaigns were conducted with permission from the caretakers of the 

Heᾶeia Fishpond, Paepae o Heᾶeia, and the private landowner, Kamehameha Schools.  

Sample collection and environmental parameters 

 
Between August 2017 and June 2021, seawater was collected from a depth of 2 m at 10 

sites in KǕneᾶohe Bay and the adjacent offshore waters on a near-monthly basis (36 sampling 

events over 46 months) as part of the KǕneᾶohe Bay Time-series (KByT) using previously 
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described methods (Figure 2.1A; Tucker et al., 2021). Between September 2020- June 2021, two 

additional stations within the estuarine Heᾶeia Fishpond were also sampled at a quarterly interval 

(Figure 2.1A). At all stations, seawater samples for biogeochemical analyses and nucleic acids 

were collected, and in situ measurements of seawater temperature, pH, and salinity were made 

with a YSI 6600 or a DSS Pro sonde (YSI Incorporated, Yellow Springs, OH, USA). 

Approximately one liter of seawater was prefiltered with an 85 ɛm Nitex and then filtered 

through a 25-mm diameter 0.1-ɛm pore-sized polyethersulfone (PES) membrane (Supor-100, 

Pall Gelman Inc., Ann Arbor, MI, USA) to collect microbial cells for extractions of DNA. 

Subsequently, filters submerged in DNA lysis buffer (Suzuki et al., 2001; Yeo et al., 2013) were 

stored at ī80 ÁC until extraction. 

Seawater subsamples for fluorometric chlorophyll a concentrations (125 mL) and 

photosynthetic pigments via high performance liquid chromatography (HPLC; 2 L) were 

collected on 25-mm diameter GF/F glass microfiber filters (Whatman, GE Healthcare Life 

Sciences, Chicago, IL, USA) and stored in aluminum foil at ī80 ÁC until extraction. The 

collection of phytoplankton pigments on the GF/F glass microfiber filters allow for comparisons 

with the Hawaii Ocean Time-series data, however because the filters have a pore size of 0.7µm, 

we acknowledge that most small cyanobacteria were likely missed. Chlorophyll a was extracted 

with 100% acetone and measured with a Turner 10-AU fluorometer (Turner Designs, Sunnyvale, 

CA, USA) following standard techniques (Welschmeyer, 1994). Photosynthetic pigments 

measured via high performance liquid chromatography were also extracted in 100% acetone and 

analyzed on a Waters 2690 separations module equipped with a C18 column and full spectrum 

photodiode array detector, following Mantoura and Llewellyn (1983) and modified according to 

Bidigare, Schofield and Prezelin (1989).  
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For cellular enumeration, seawater was preserved in 2 mL aliquots in a final 

concentration of 0.95% (v:v) paraformaldehyde (Electron Microscopy Services, Hatfield, PA, 

USA) at ī80 ÁC until analyzed via flow cytometry. Cellular enumeration of cyanobacterial 

picophytoplankton (Synechococcus and Prochlorococcus), eukaryotic picophytoplankton, and 

non-cyanobacterial (presumably heterotrophic) bacteria and archaea (hereafter referred to as 

heterotrophic bacteria) was performed on a Beckman Coulter CytoFLEX S, following the 

method of Monger and Landry (1993). Inorganic nutrients were measured using a Seal 

Analytical AA3 HR Nutrient Autoanalyzer (detection limits: NO2ī + NO3
ī , 0.009; SiO4 0.09;  

PO4
3 ī 0.009; NH4 0.03 µM).   

Rainfall and wind speed and direction were monitored using data collected at a weather 

station at the Hawaiói Institute of Marine Biology (HIMB) on Moku o Loóe in KǕneᾶohe Bay 

(http://www.pacioos.hawaii.edu/weather/obs-mokuoloe/, Table S2.1). Either maximum (e.g. 

rainfall, wind speed) or average (wind direction) values were taken across 1- to 7-day windows 

leading up to the sampling event, depending on data availability from the station. One sampling 

event (February 5, 2021) had no data for the 7 days prior to sampling and so the data for a 30-

day window were used. Metadata from Station ALOHA (22° 45'N, 158° 00'W, ~5m depth, 

August 2017 to December 2020), a sampling station in the Hawaii Ocean Time-series (Karl & 

Church, 2014), were downloaded from https://hahana.soest.hawaii.edu/hot/hot-dogs/ (Accessed: 

9/12/2022, Table S2.2).  

Spatiotemporal comparisons of environmental variables, cellular abundances, and 

phytoplankton pigments were conducted using the R package ᾶmultcompᾶ (Hothorn, Bretz & 

Westfall, 2008) with one-way ANOVAs testing for multiple comparisons of means with Holm 

correction and Tukey contrasts. Summer (28 June through 28 September) and winter (27 

http://www.pacioos.hawaii.edu/weather/obs-mokuoloe/
https://hahana.soest.hawaii.edu/hot/hot-dogs/
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December through 29 March) seasons were defined using harmonic regression analyses of 

surface seawater temperature collected hourly between 2010ï2019 at NOAA station MOKH1 in 

KǕneᾶohe Bay (https://www.ndbc.noaa.gov/station_page.php?station=mokh1, (Tucker et al., 

2021)).  

 

DNA extraction and amplicon & metagenome sequencing 

 DNA extraction and amplicon sequencing followed previously published methods 

(Tucker et al., 2021). Briefly, amplicon libraries resulting from polymerase chain reactions of the 

16S ribosomal RNA gene (variable region 4) using barcoded 515F and 926R universal primers 

(Parada, Needham & Fuhrman, 2016, Yeh et al., 2021). The libraries were paired-end sequenced 

with MiSeq v2 2x250 technology (Illumina, San Diego, CA, USA). Genomic DNA from a subset 

of 32 of the 368 total samples collected between 2017-2021 were used for metagenomic 

sequencing. This included samples from four sampling events between 2017 and 2019 at 6-10 

stations (Table S2.1). Libraries were constructed from approximately 100 ng of genomic DNA 

using the Kappa HyperPrep Kit (Roche, Pleasanton, CA, USA) with mechanical shearing 

(Covaris, Woburn, MA, USA) and paired-end sequenced on a single lane of the Novaseq SP 150 

(Illumina, San Diego, CA, USA). 

Sequence analysis 

Amplicon sequence data generated from KByT sampling between July 2019 and June 

2021 were analyzed in conjunction with previously published (PRJNA706753; Tucker et al., 

2021) amplicon data spanning August 2017 to June 2019. For each of the two sequencing runs 

(e.g. 2017-2019 and 2019-2021), samples were demultiplexed and quality controlled using 

Qiime2 v2.4 (Bolyen et al., 2019). Full length forward reads (251 base pairs) were  denoised 

https://www.ndbc.noaa.gov/station_page.php?station=mokh1
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using DADA2 (Callahan et al., 2019) to delineate amplicon sequencing variants (ASVs). 

Reverse reads were not used because of inconsistent quality. ASVs were assigned taxonomy 

using SILVA v138 as a reference database (Quast et al., 2012) and the two runs were 

subsequently merged in Qiime2. ASVs that contained at least 10 reads in at least two samples 

were retained. 

ASVs classified by the SILVA v138 database as Eukaryota, unassigned at the domain 

level, and chloroplast at the order level were re-classified using the PR2 v 4.14.0 database 

(Guillou et al., 2013) in the DECIPHER R package (Wright, 2016) using a 60% confidence 

threshold cut off. Sequences classified as Bacteria, Archaea, or chloroplast at the order-level 

were retained for further analyses, while those unclassified at the domain level or classified as 

Eukaryota were excluded from further analyses. In the context of amplicon sequence data, 

ñphytoplanktonò herein refers to ASVs classified as cyanobacteria and eukaryotic plastid 

sequences, although we recognize that mixotrophic and phagotrophic lifestyles may be included 

in this broad definition.  

Statistical analysis was conducted using the R packages phyloseq (McMurdie & Holmes, 

2013), ggplot2 (Wickham, 2016), pheatmap (Kolde, 2019), and microbiome (Lahti & Shetty, 

2017). An Aitchison distance (Aitchison, 1982), the Euclidean distance between centered log-

ratio (clr)-transformed compositions, was used on the entire quality-controlled dataset of 

phytoplankton raw read counts using ótransformô in the microbiome package (Lahti & Shetty, 

2017). Ward D2 hierarchical clustering using óhclust ( )ô in the stats base package of R was 

applied to this matrix to cluster samples with amplicon data into groups and visualized with 

dendextend (Galili, 2015). DESeq2 (Love, Huber & Anders, 2014) was used to model 

differential abundance patterns of amplicon data across environmental clusters using Wald Tests 
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and Bonferroni correction for multiple comparisons (alpha cutoff < 0.05). Divnet (Willis & 

Martin, 2020) was used to estimate differences in alpha diversity and test for significance 

between spatiotemporal groupings. Pearsonôs correlation analyses were conducted in corrplot 

(Wei & Simko, 2021).  

Lomb Scargle Periodograms (LSP) in the lomb package (Ruf, 1999) were used to define 

seasonality among phytoplankton genera by determining the spectrum of frequencies in a 

dataset: this approach can account for unevenly sampled time-series data (VanderPlas, 2018) and 

has been previously applied to microbiome time-series analyses (Lambert et al., 2018; Auladell 

et al., 2021). Only genera with annual intervals (peak frequency = 1±0.25, p<0.01) as their most 

significant periodic trend were considered as having seasonality. A starting frequency of 0.16 

was used so as to not include periodic components between two consecutive months. An inverse 

hyperbolic sine transformation (asinh) was conducted on sequence data prior to LSP. 

Significance (q-values<0.05) was corrected for multiple-testing using data randomization for 

LSP analyses using fdrtools (Strimmer, 2008). 

Metagenomic read recruitment  

To document the dominant cyanobacterial members within and surrounding KǕneᾶohe 

Bay, we conducted metagenomic read recruitment of 32 metagenomes from KByT and 12 from 

the further offshore Station ALOHA (PRJNA352737; Mende et al., 2017) to 56 cyanobacterial 

genomes from Prochlorococcus (6 minor clades) and the 3 major lineages of marine 

Synecchococcus/Cyanobium lineage (SC 5.1 (14 minor clades), SC 5.2, SC 5.3). SC 5.2 is the 

only clade with both Synechococcus and Cyanobium members (Doré et al., 2020). Table S2.3 

reports the samples and sequencing depth from the metagenomes sequenced in this study and 

Table S2.4 reports the genomes used in read recruitment.  
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 A contig database of the 56 cyanobacteria isolate genomes was constructed using anviôo 

v 7.0 (Eren et al., 2021) following previously described pipelines (Delmont & Eren, 2018). 

Briefly, Prodigal v2.6.3 (Hyatt et al., 2010) was used to identify open reading frames (ORFs) 

from the contigs and an anviôo database was created using anvi-gen-contigs-db. Metagenomic 

reads were first quality filtered using óiu-filterquality-minocheô a illumina-utils library (Eren et 

al., 2013) v1.4.1 that uses quality filtering parameters described by Minoche, Dohm & 

Himmelbauer (2011). Quality filtered metagenomic reads were competitively mapped with 

Bowtie2 v2.3.5 (Langmead & Salzberg, 2012) to an anviôo contig database of cyanobacterial 

isolate genomes. The ᾶanvi-profileô function stored coverage and detection statistics of each 

cyanobacterial genomes found in the KByT and Station ALOHA metagenomic samples.  

To evaluate the distribution of individual genomes, a ñdetectionò metric - the proportion 

of the nucleotides in a given sequence that are covered by at least one short read - was used to 

consider a population that was detected in a metagenomic sample. A detection value of at least 

0.25 was used as a criterion to eliminate false positives, when an isolate genome was falsely 

found within a sample (Utter et al., 2020). Mean coverage Q2Q3, which refers to the average 

depth of coverage excluding nucleotide positions with coverages in the 1st and 4th quartiles, was 

mapped for each genome. Mean coverage Q2Q3 was summed across all cyanobacterial genomes 

per sample and then the genome (or all genomes in a clade) was divided by this sum to determine 

a relative abundance of a genome (or a clade) in each sample. Average nucleotide identity (ANI) 

was calculated using FastANI (Jain et al., 2018). 

 

 

Data availability  
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Sequencing data are available in the National Center for Biotechnology Information (NCBI) 

Sequence Read Archive (SRA) under BioProject number PRJNA706753 as well as XXXX from 

amplicons and XXX for metagenomes. Environmental data was submitted to BCO-DMO under 

XXX.  

Results 

Biogeochemical parameters 

 

Along the nearshore to open-ocean waters of the tropical Pacific, biogeochemical 

gradients showed sharp declines across both small spatial scales and vast stretches of ocean 

(Table S2.4). On average, stations in the coastal waters of KǕneᾶohe Bay increased 1,678% (18-

fold, 1.6±1.9 vs. 0.09±0.03 µg L-1, mean±sd) from the open-ocean and 167% (3-fold, 1.6±1.9 vs. 

0.6±0.4 µg L-1) from the immediately adjacent offshore waters. The estuarine waters of the 

Heᾶeia Fishpond harbored higher chlorophyll a concentrations compared to coastal stations 

(3.9±3.8 vs. 1.6±1.9 µg L-1, Figure 2.1B). Mean chlorophyll a concentrations increased 4,233% 

(43-fold) between the estuarine waters of Heᾶeia Fishpond and the open-ocean (3.9±3.8 vs. 

0.09±0.03 µg L-1, Table S2.5) and 550% (7-fold) over the <6 km distance covering the interior 

and surrounding waters of KǕneᾶohe Bay (3.9±3.8 vs. 0.6±0.4 µg L-1; Figure 2.1B, Table S2.5). 

Stations offshore from KǕneᾶohe Bay had elevated concentrations of chlorophyll a compared to 

the open ocean, showing a 567% (7-fold) increase in chlorophyll a on average (0.6±0.4 vs. 

0.09±0.03 µg L-1). Elevated phytoplankton biomass was a persistent feature within KǕneᾶohe 

Bay with increased chlorophyll a concentrations detected in at least one of the stations positioned 

in the coastal environment compared to the stations offshore during all 36 of the sampling events 

(Figure S2.1).  
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 Elevated concentrations of inorganic nutrients (e.g. silicate, nitrate+nitrite, phosphate, 

ammonia) were also found in the nearshore waters of KǕneᾶohe Bay compared to offshore and 

open-ocean stations (Table S2.6). Mean silicate in wai2 of the estuarine stations reached 107.33 

µM, but silicate only reached 42.2 µM in the coastal stations, indicating that the Heᾶeia Stream 

provides a significant source of silicate to KǕneᾶohe Bay. Across all KByT stations, phosphate 

and silicate concentrations differed significantly, positively correlated with increasing 

chlorophyll a concentrations; however, nitrate+nitrite concentrations did not correlate with 

chlorophyll a concentrations (Figure S2.2). Despite the overall increase of inorganic nutrients in 

the estuarine and coastal stations, all stations were nitrogen limited based on 16:1 N:P ratios 

using dissolved inorganic nitrogen (nitrate+nitrite plus ammonia) and phosphate (Figure 2.1D, 

Redfield, 1960).  

In contrast to coastal stations where Synechococcus showed increased cellular abundance, 

Prochlorococcus cellular abundance was elevated in the stations positioned in the offshore 

waters surrounding KǕneᾶohe Bay and at Station ALOHA (Figure 2.2A, Table S2.6). Cellular 

abundances of heterotrophic bacteria and eukaryotic picophytoplankton were also greater in the 

coastal stations compared to further offshore (Figure 2.2A, Table S2.5). In coastal KǕneᾶohe 

Bay, ratios of fucoxanthin, peridinin, and alloxanthin to total chlorophyll a (Tchla) 

concentrations were higher than in the offshore, indicating an increase in diatoms, 

dinoflagellates, and cryptophytes closer to shore (Figure 2.2B, Table S2.6). In contrast, 

pigments relative to Tchla for photosynthetic pigments diagnostic of prymnesiophytes (19ǋ-

hexanoyloxyfucoxanthin), pelagophytes (19ǋ-butanoyloxyfucoxanthin), cyanobacteria 

(zeaxanthin), and Prochlorococcus (divinyl chlorophyll a) were higher in the offshore stations 

compared to the coastal environment (Figure 2.2C, Table S2.6).  
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Phytoplankton community composition  

 

Across the 366 samples, 505 ASVs including 66 from cyanobacteria and 439 from 

eukaryotic plastids were delineated (Table S2.8). Examining the distribution of phytoplankton 

ASVs across samples revealed that phytoplankton communities clustered into three major 

community types which coincide with spatial differences in biogeochemistry (Figure 2.3, Table 

S2.9). We categorized the three major community types as nearshore, transition, and offshore 

because of their distinct biogeochemical characteristics and geographic location (Table S2.9, 

Figure S2.3). The nearshore cluster of 229 samples included all samples collected from six 

stations found most closely located to land (Wai2, Kahoᾶokele, SB, CB, HP1, AR) and at least 

one sample from the six remaining stations. The transition cluster of 85 samples consisted of 

samples collected from stations not immediately next to land (NB, SR8, NR2, SR2, STO1, 

NTO1), while the offshore cluster encompassed 52 samples collected exclusively from the four 

stations located the furthest distance from land (SR2, NR2, STO1, NTO1).  

ASV richness was the highest in the nearshore community type, while the transition 

community type had the highest Shannonôs diversity estimate (Table S2.10). The phytoplankton 

relative abundance was dominated by a few highly abundant groups, including picoplankton 

Synechococcus, Prochlorococcus, and Mamiellophyceae (green algae), as well as the 

Bacillariophyta (diatoms) (Figure 2.4). Using DESeq2 variance stabilized abundances which 

normalizes the read count data to overcome issues with differences in sequencing depth, 20 

phytoplankton classes (Table S2.11) and 33 phytoplankton genera (or groups unclassified at 

genus-level, but classified at the family-level; Figure 2.4, Table S2.12) showed significant 

differences in abundance across the three community types. Bacillariophyta, including 

Chaetoceros, unclassified polar-centric-Mediophyceae, coscinodiscophyceae, and raphid-
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pennates, the pelagophyte Auerococcus, the cryptophyte Proteomonas, and the prasinophyte 

Bathycoccus were significantly more abundant in the nearshore cluster compared to the transition 

and/or the offshore (Figure 2.4, Table S2.12). Chlorophytes Tetraselmis and unclassified 

Chloropicaceae, Marsupiomonadaceae, and Pedinomonadaceae were also significantly more 

abundant in the coastal cluster. Mamiellophyceae was significantly more abundant in the 

transition, with members Ostreococcus, Mamiella, and Micromonas, all showing significantly 

higher abundances in the transition cluster. Cyanobacteria and Prymnesiphyceae, including 

Phaeocystis and Braarudosphaera, were more abundant offshore. Among the Cyanobacteria, 

Synechococcus did not have significant differences in abundance across the community types, 

while Crocosphera, Trichodesmium, Prochlorococcus, and Atelocyanobacterium (UCYN-A) 

increased in the offshore and Cyanobium increased in the nearshore community type (Figure 

2.4, Table S2.12).  

Cyanobacterial populations across the nearshore to central gyre of the tropical Pacific 

 

 Metagenomic read recruitment of 56 cyanobacterial genomes from Prochlorococcus.  

Synechococcus, and Cyanobium showed that Prochlorococcus HLI,  HLII, and LLI,  

Synechococcus SC 5.1 IX, UC-A, and IX, and Synechococcus SC 5.3 were detected in our 

metagenomic samples (Table S2.13). Prochlorococcus HLII comprised 98.9±1.0% (mean±sd) 

of cyanobacterial relative abundance in the open-ocean and 83.0±17.4% of the cyanobacterial 

relative abundance in the offshore. Prochlorococcus HLII  recruited a small proportion of reads 

in a handful of nearshore samples (0.58±1.86% of the cyanobacterial relative abundance). 

Synechococcus clade II comprised 97.2±2.4% of the cyanobacterial relative abundance in the 

nearshore KǕneᾶohe Bay community type. Synechococcus SC 5.3 also recruited reads, but only 

in the coastal KǕneᾶohe Bay samples and at low abundances relative to all cyanobacteria 
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recruited (1.7±0.7%) (Figure 2.5, Table S2.14). Although Cyanobium ASVs were detected in 

the study, no read recruitment was found to SC 5.2 which contains Cyanobium representatives.   

Within the Prochlorococcus HLII clade and the Synechococcus II clade, read recruitment 

varied between closely related genomes. Read recruitment was substantially higher in 

Synechococcus clade II isolate UW86 compared to all other clade II genomes, despite sharing 

>95% ANI with most other clade II genomes (Figure S2.4). Within Prochlorococcus HLII, 

isolate genomes AS9601, SB, MIT9314, and to a lesser extent MIT9301, recruited a 

substantially greater proportion of reads. AS9601, SB, MIT9314, and MIT9301 shared 93-94% 

ANI, more than what was shared with other HLII isolates (<92%) (Figure S2.4).  

Seasonality in biogeochemical parameters and community composition  

 

Seasonal differences in biogeochemical parameters between winter and summer were 

found within nearshore KǕneᾶohe Bay, the transition, and the offshore surrounding waters. 

Chlorophyll a concentrations increased in the winter compared to the summer in the nearshore 

community type cluster (mean±sd; winter: 2.3±3.4 µg L-1, summer: 1.4±1.0 µg L-1; p=0.004; 

Figure 2.6A, Table S2.15). Nearshore chlorophyll a concentrations increased with wind speed, 

wind direction, and rainfall, but not with seawater temperature (Figure 2.6B). Three sampling 

events with elevated chlorophyll a concentrations in the nearshore occurred during anomalously 

high wind speeds or rainfall events (Figure S2.5). Chlorophyll a concentrations in the transition 

and offshore did not correlate with seawater temperatures, but did positively correlate with 

rainfall (Figure S2.6). Phosphate concentrations increased in the summer compared to the winter 

in the nearshore and transition clusters, while silicate concentrations increased in the summer 

compared to the winter in the nearshore cluster (Table S2.15).  
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Synechococcus and heterotrophic bacteria cellular concentrations were higher in the 

summer than the winter in all three community type clusters, generally reaching a maximum 

cellular abundance in August when seawater temperatures also reach or are near to their maxima 

(Figure 2.6D, E, Table S2.15). Photosynthetic picoeukaryotes increased during the summer 

(coastal: p=0.04, transition: p=0.03), while Prochlorococcus only varied seasonally in the 

nearshore community type with an increase in the winter (p<0.001, Table S2.15). Ratios of 

phytoplankton pigments to Tchla representing cyanobacteria, diatoms, prasinophytes, and 

pelagophytes showed correlations with seawater temperature in the nearshore community type, 

suggestive of seasonality in the abundance of major phytoplankton groups (Figure 2.6F). 

Correlations between seawater temperature and pigment to Tchla ratios were not detected in the 

transition and offshore cluster (Figure S2.7).   

Seasonal differences were found in phytoplankton alpha diversity and the relative 

abundance of phytoplankton genera across the three community type clusters. ASV richness and 

Shannon diversity increased in the winter compared to the summer in all three community type 

clusters, except for ASV richness in the transition cluster (Figure 2.7A, Table S2.16). 

Seasonality was observed among 23 phytoplankton genera (or groups unclassified at the genus-

level, but classified at the family-level) within each of the clusters: nearshore (n=18), transition 

(n=5), offshore (n=6) (Table S2.17). Seasonal genera accounted for 84.9±7.4, 48.6±18.9, and 

23.2±13.1% of the relative abundance of the community on average in the nearshore, transition, 

and offshore clusters respectively. Synechococcus was the most abundant seasonal genera, 

increasingly dominant in the summer months across all community type clusters (Figure 2.7C). 

Cyanobium, Crocosphaera, and unidentified Pycnococcaceae also increased in abundance in the 

summer months (Figure 2.7). On average, the dominant phytoplankton in the winter remained 
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Cyanobacteria followed by Mamiellophyceae and then diatoms, although at times both 

Mamiellophyceae and diatoms exceeded >30% of the total phytoplankton relative abundance 

(Figure 2.7). Seasonal genera more often increased in relative abundance during the winter 

(n=18) including those belonging to diatoms (e.g. Chaetoceros and unclassified Polar-centric 

Mediophyceae), green algae (e.g. unclassified, Mamiellophyceae, Micromonas, Mamiella), 

prymnesiophytes (e.g. Isochrysis, Chrysochromulina, and Braarudosphaera) and 

Dictyochophyceae (Helicopedinella, Mesopedinella) (Figure 2.7).  

Discussion 

The enhancement of phytoplankton biomass is a persistent and impactful characteristic of 

the estuarine and coastal environments of Oᾶahu, a main Hawaiian island in the oligotrophic 

North Pacific Subtropical Gyre. Enhancement of phytoplankton biomass in coastal KǕneᾶohe 

Bay increased 3-fold (167%) over less than 6 km distance and 18-fold (1,678%) over a roughly 

100 km distance. Satellite-based studies, which typically have blind spots within ~5km to shore, 

have shown that across the Pacific Islands, chlorophyll a concentrations increased 25.6% on 

average in near-island waters when compared to oceanic waters (Messié et al., 2022), with a 

particularly high magnitude of increase in the Hawaiian Archipelago (29.9ï85.6% increase, 

Gove et al., 2016). Here, we attribute the substantially higher enhancement values reported for 

KǕneᾶohe Bay compared to those of satellite estimates in the Pacific and Hawaiᾶi to different 

methods of measuring chlorophyll a concentrations as well the use of in situ data that allows for 

access to shallow coastal regions and fine spatial coverage. Across the nearshore to offshore 

waters, increases in chlorophyll a concentrations were significantly associated with increases in 

silicate and phosphate concentrations.  However, nitrogen availability based on DIN:DIP ratios 

was a major limiting factor in overall phytoplankton growth across the entire system. In addition 
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to large spatial dynamics, our fine-scale coverage unveiled differences within the interior of 

KǕneᾶohe Bay such that stations closest to land, including within the estuarine Heᾶeia Fishpond 

and an inlet in the central Bay (station AR), showed a greater magnitude of phytoplankton 

enhancement and elevated silicate concentrations when compared to other Bay stations less than 

a kilometer away.  

Chlorophyll a concentrations showed seasonality in nearshore KǕneᾶohe Bay with 

positive increases with wind speed, rainfall, and wind direction, but no seasonality was detected 

the transition, or the adjacent offshore. In Hawaiᾶi, storm events increase during the winter 

months (Giambelluca et al., 2013), and increased rainfall and wind speeds during storms can 

elevate inorganic nutrient concentrations through stream input, leading to short-term 

enhancement of phytoplankton biomass in nearshore KǕneᾶohe Bay (Ringuet & Mackenzie, 

2005; Hoover et al., 2006; Cox, Ribes & RA, 2006; Yeo et al., 2013). Periods of intense rainfall 

have strong impacts on the food web dynamics of KǕneᾶohe Bay, with wet periods increasing 

trophic complexity, total community biomass, and the transfer of production to metazoans (Selph 

et al., 2018).  Our near-monthly sampling interval was likely unable to capture the rapid 

fluctuations of chlorophyll a concentrations in response to the majority of storm events occurring 

between 2017-2021, and thus it is possible that this study may underestimate the episodic and/or 

seasonal variability of phytoplankton biomass in the nearshore. The deployment of in situ 

fluorometric probes would be an effective way to capture chlorophyll a concentrations at the 

daily time intervals necessary to further unveil the impact of both episodic and seasonal events 

and the interactions of the two- episodic events that change in frequency seasonally.  

Across both broad (e.g. nearshore KǕneᾶohe Bay to the North Pacific Subtropical Gyre 

>100km) and narrow (e.g. nearshore KǕneᾶohy Bay to adjacent offshore waters <6km) spatial 
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scales and winter and summer seasons, phytoplankton communities varied dramatically. 

Pigment:Tchla ratios indicative of diatoms, dinoflagellates, and cryptophytes significantly 

increased in the nearshore, while pigment:Tchla ratios indicative of pelagophytes, 

prymnesiophytes, cyanobacteria, and Prochlorococcus significantly increased in the offshore and 

open ocean. Some of the phytoplankton groups that were more abundant closer to shore (e.g. 

Teleaulax (Cryptophyta, (Yoo et al., 2017), Pyamimonas (Chlorophyta, (Bock et al., 2021), 

Tetraselmis (Chlorophyta, (Smith et al., 2021), Chlorarachniophytes (Rhizaria, (Yoo & Palenik, 

2021), and dinoflagellates (Jeong et al., 2010)) have been associated with mixotrophic lifestyles: 

acting as primary producers and consumers. Mixotrophy provides a crucial trophic link in 

planktonic food webs by supplementing primary production, increasing carbon transfer to high 

trophic levels, and serving as a source of nutrients (Stoecker et al., 2016). Establishing the 

relative importance of mixotrophy across the nearshore to the adjacent offshore environment 

would require further investigation, but these initial insights suggest distinctions in food web 

dynamics, phytoplankton ecologies, and contributors to primary productivity across the 

nearshore to open-ocean waters of the tropical Pacific.  

Pigment:Tchla ratios indicative of diatoms and cyanobacteria show that these groups 

were the main contributors to the enhanced chlorophyll a concentrations in the nearshore 

environment. The nearshore enhancement of diatoms and the cyanobacteria Synechococcus was 

particularly spatially acute with mean relative abundance increasing 5-fold and 3-fold in the 

nearshore compared to the adjacent offshore, respectively. Due to their small size and associated 

high uptake capacity (Kilham & Hecky, 1988), Synechococcus are likely less limited by the low 

nitrogen concentrations within KǕneᾶohe Bay as other phytoplankton; in fact, nearshore 

KǕneᾶohe Bay Synechococcus cellular abundances were highly negatively correlated with 
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nitrate+nitrite concentrations. In contrast, despite higher nutrient requirements compared to other 

nano- and picophyoplankton (Sarthou et al., 2005; Hashioka et al., 2013), diatoms have high 

rates of growth and nutrient uptake (Karthikeyan et al., 2013), allowing them to outcompete 

other phytoplankton under periods of elevated nutrient availability. These distinct nutrient 

acquisition strategies between Synechococcus and diatoms likely produced the dynamic seasonal 

patterns observed in nearshore KǕneᾶohe Bay: summer months showed a near doubling of the 

cellular and relative abundance of Synechococcus, while winter months were marked by sharp 

increases in the relative abundances of diatoms such as Chaetoceros and unidentified polar-

centric Mediophyceae. In addition to nutrient availability, seawater temperatures have been 

shown to positively correlate with Synechococcus cellular abundances across different ocean 

conditions  (Agawin, Duarte & Agustí, 2000; Tai & Palenik, 2009), with seasonal temperature 

rise likely increasing Synechococcus division rates (Hunter-Cevera et al., 2016).  

Phytoplankton ASV richness in KǕneᾶohe Bay was significantly elevated in comparison 

to the adjacent offshore. Near-island environments can export diversity offshore, and 

importantly, biodiversity can offer functional redundancy and ecological stability in times of 

environmental perturbation (Otero, Álvarez-Salgado & Bode, 2020). In a recent study that 

modeled changes to phytoplankton biodiversity under climate change conditions, some tropical 

regions were found to face up to 30% of phytoplankton types becoming locally extirpated 

(Henson et al., 2021). Importantly phytoplankton of higher size classes, predominantly including 

diatoms, are expected to be lost. Diatoms contribute a large portion of the total chlorophyll a in 

the nearshore environment. They serve as an important diet item for prized-herbivorous fish 

grown in Hawaiian aquaculture systems (Hiatt, 1947), such as the Heᾶeia Fishpond, and 

contribute greatly to enhancement in nearshore systems broadly (Gilmartin & Revelante, 1974; 
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Boden, 1988). Recognizing shifts in the presence and abundance of these large diatoms 

necessitates a strong baseline knowledge of the seasonal and spatial variation within a system, a 

key element that this study has provided.  

Synechococcus and Prochlorococccus, the small cyanobacteria that dominated the total 

phytoplankton relative abundance, may provide good bioindicators of environmental change 

within KǕneᾶohe Bay expected under climate change scenarios. Prochlorococcus and 

Synechococcus are responsible for roughly 25% of the ocean's net primary production 

(Flombaum et al., 2013), will likely further increase in abundance with projected climate change 

conditions (Flombaum & Martiny, 2021) and encompass fine-scale genetic diversity that 

distinguishes their ecologies, metabolisms, and biogeochemical roles at the level of major and 

minor clades(Berube et al., 2019; Ahlgren, Belisle & Lee, 2020). Often these clade identities are 

difficult to resolve with the use of single marker genes, and thus metagenomic read recruitment 

can help increase resolution and provide more comparable results due to the non- or minimally-

amplified nature of the metagenomic library preparation (Poretsky et al., 2014).  

Across the central gyre to nearshore KǕneᾶohe Bay, Prochlorococcus Clade HLII and 

Synechococcus Clade II (SC 5.1) were the most abundant clades, as has been previously reported 

in oligotrophic oceans (Delmont & Eren, 2018; Lee et al., 2019). Read recruitment of 

Prochlorococcus populations from the offshore KǕneᾶohe Bay and Station ALOHA showed high 

similarity and may represent parapatric populations with ongoing gene flow responding to 

similar environmental parameters in both environments. Continued examination of the 

population structure, as well as cellular abundances of these cyanobacteria, could identify 

expansions of ultraoligotrophic waters into KǕneᾶohe Bay, shifts in gene-flow, and selection for 

clades with unique ecological adaptations. Given the high seasonality of Synechococcus cellular 
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and relative abundance in the nearshore environment, changes to the magnitude and timing in 

these metrics could also identify alterations in seasonality and associated food-web dynamics 

within KǕneᾶohe Bay.  

The enhancement of phytoplankton biomass in the estuarine Heᾶeia Fishpond and coastal 

KǕneᾶohe Bay provides critical ecosystem services and is an important consideration for 

biocultural restoration activities, community-based research efforts, and resource management. 

Our high-resolution sampling was key to identifying fine-scale spatial variation that impacts the 

enhancement of chlorophyll a concentrations locally and establishing a baseline that provides the 

opportunity for early detection of changes to neashore chlorophyll a enhancement. Chlorophyll a 

concentrations increased in the winter within coastal KǕneᾶohe Bay, however our estimates 

likely missed small cyanobacteria like Synechococcus.  The particularly wet conditions during 

the winter months may play a substantial role in determining the variability of phytoplankton 

biomass and restructuring of the coastal food web. Kaulana mahina, the Hawaiian lunar 

calendar, broadly distinguishes seasons by wet ñhoԀoiloò and hot ñkauò periods and encompasses 

crucial knowledge regarding the phenology of the natural world and the ecology and behaviours 

of local species (Nuᾶuhiwa 2019). Further understanding plankton cycling in relation to the 

timing and conditions documented in Hawaiian knowledge systems like kaulana mahina and in 

regard to bioculturally relevant species like ᾶamaᾶama (Mugil cephalus) that feeds on 

microphytoplankton at juvinelle stages (Hiatt, 1947; Julius, 2007), could allow for the co-

development of additional bioindicators of change that can be used by Hawaiian Fishpond 

stewards who are constantly observing the status of the marine environment. Despite a poor 

understanding of the outcomes, near-island food webs will likely shift with the ongoing climate 

change impacts on phytoplankton communities and biomass, and collaborating across diverse 
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knowledge systems could improve the ability to document, adapt, and increase the resiliency of 

the communities that rely on these important near-island marine resources (Winter et al., 2020).  
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Figure 2.1. A) Map of sampling stations located in the estuarine Heᾶeia Fishpond (inset), coastal 

KǕneᾶohe Bay, and the adjacent offshore. Strong gradients in chlorophyll a (B) and silicate 

concentrations (C) from the most estuarine to offshore sampling stations, as well as the ocean 

ocean Station ALOHA. D) Almost all samples fall below the Redfield ratio of 16:1 (N:P) 

(diagonal line), suggesting nitrogen limitation is characteristic of the system. Maps plotted in 

ArcGIS Pro v2.9. Contours mark every ten meters up until 50 m and then 50 m intervals for 

depths beyond the first 50m. 
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Figure 2.2. Phytoplankton cellular abundances and community composition over time and space 

across stations from the southern sector of KǕneᾶohe Bay (SB, HP1, SR8), offshore stations (SR2 

and STO1), and a station in the open ocean (ALOHA). (A) Cellular abundances (cells mL-1) of 

Synechococcus, Prochlorococcus, photosynthetic picoueukaryotes, and heterotrophic bacteria;  

(B, C) Total chlorophyll a (Tchla) concentrations (µg L-1) and ratios of phytoplankton pigments 

indicative of specific phytoplankton groups relative to Tchla. Note, alloxanthin was below 

detection levels for Station ALOHA and not presented here. Abbreviations: Fuco: Fucoxanthin, 

Peri: Peridinin; Allo: Alloxanthin; Hex: 19ǋ-hexanoyloxyfucoxanthin; But: 19ǋ-

butanoyloxyfucoxanthin; Zea: zeaxanthin; DVchla: divinyl chlorophyll a. 
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Figure 2.3. A) Three major groups of phytoplankton communities revealed through Aitchison 

distance hierarchical clustering, hereafter referred to as community types: nearshore, transition, 

and offshore. B) The relative abundance of major phytoplankton groups differs across the three 

community types. Phytoplankton classes and genera with >1% average relative abundance in at 

least one community type are specified. Within each ecommunity type samples are grouped first 

by sampling event (36 total between 2017-2021), then by the station. 

 

 

 
 

Figure 2.4. A) Mean relative abundance of the top 10 phytoplankton groups across the three 

environments: nearshore (N), transition (T), and offshore (O). B)  Phytoplankton genera (and 

those unidentified at the genera level but at the class) with significantly different distributions 

across the nearshore (N), transition (T), and/or offshore (O) environments. For each genera, the 

environment with the peak in abundance is noted with a colored box. Phytoplankton groups that 

were classified at the family-level, but unidentified at the genus-level are denoted with an 

asterisk.   
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Figure 2.5. Read recruitment of cyanobacterial genomes from Prochlorococcus and 

Synechococcus across KByT and Station Aloha metagenomes.  Recruitment of <1% is not 

shown. 
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Figure 2.6. A) Nearshore chlorophyll a concentrations showed seasonal differences between 

winter and summer (p=0.004, log-transformed). Importantly, given that the collection method for 

chlorophyll a concentrations likely missed most small cyanobacteria, it is possible that 

seasonality has been underestimated. B) Pearsonôs correlation analyses show that temperature 

did not significantly correlate with chlorophyll a concentrations in the nearshore but significant 

positive correlations were found with wind speed, wind direction, and rainfall. An asterisk (*) 

denotes variables with log transformations, while a carrot (^) denotes variables with log+1 

transformations. C,D,E) Seawater temperatures and Synechococcus, and heterotrophic bacteria 

cellular abundances significantly increased in summer months. Local polynomial regression fit 

line with 95% confidence intervals shown for each parameter across months. F) Phytoplankton 

pigments relative to total chlorophyll a showed significant correlations with seawater 

temperature. Abbreviations and Units: Het.Bac: heterotrophic bacteria (cells mL-1); Syn: 

Synechococcus (cells mL-1); Pro: Prochlorococcus (cells mL-1); Picoeuk: Photosynthetic 

picoeukaryotes (cells mL-1); Temp: Seawater temperature ( ); Chla: Chlorophyll a (µg L-1); 

Salinity (ppt); Wind direction (degrees); Wind Speed (ms-1); Rainfall (mm); Zea: Zeaxanthin; 

Fuco: Fucoxanthin; Prasino: Prasinoxanthin; But: 19ǋ-butanoyloxyfucoxanthin. 

 



 

 

58 

 

S
u

W
i

S
u

W
i

S
u

W
i

S
u

W
i

S
u

W
i

S
u

W
i

C) Synechococcus

1,2,3,9,
14,15,20,21

4,20 2,10

Community
Type

Nearshore
Transiton
Offshore

6,10 18,19,22

Rhizaria
Partenskyella (13)

Teleaulax (9)
Braarudosphaera (10)
Chrysochromulina (11)
Isochrysis (12)

Archaeplastida Excavata
Eutreptiella (8)

Pyramimonas (4)

Pycnococcaceae* (7)

Mamiellaceae* (1)
Micromonas (2)

Prasinoderma (6)
Mamiella (5)

Chloropicaceae* (3)
Helicopedinella (16)
Mesopedinella (17)
Pelagomonadaceae* (18)

Chaetoceros (14)
Polar-centric 
Mediophyceae* (15)

Cyanobacteria
Crocosphaera (19)

Cyanobium (20)
Prochlorococcus (21
UCYN-A (22)

Stramenopiles

Hacrobia

Nearshore Genera Mean 

Relative Abundance <0.5%

Transition Genera Mean 

Relative Abundance <0.5%

Offshore Genera Mean 

Relative Abundance <0.5%

Nearshore Genera Mean 

Relative Abundance >0.5%

Transition Genera Mean 

Relative Abundance >0.5%

Offshore Genera Mean 

Relative Abundance >0.5%

A) B)

D) E) F)

G) H) I)

5, 7,8,10,
11,12,13,16,17



 

 

59 

 

Figure 2.7. Differences in phytoplankton alpha diversity and relative abundance across the three 

community types. Across all three community types the estimated ASV richness (A) and 

Shannonôs diversity (B) differ between summer (Su) and winter (Wi) seasons. Synechococcus is 

a highly abundant and seasonal genera across all three community types (C). Phytoplankton 

genera in higher (range here;  D,E,F) and lower relative abundances (range; G,H,I) showed 

seasonal patterns across the three community types. Local polynomial regression fit line shown 

for each phytoplankton genera across months  

 

 

 Supplementary Materials 

 
Figure S2.1. Persistence of chlorophyll a enhancement. Delta chlorophyll a calculated as the 

difference between chlorophyll a concentrations measured at stations in the estuarine Heᾶeia 

Fishpond and coastal KǕneᾶohe Bay (Wai2, Kahoᾶokele, HP1, AR, SB, SR8, NB,CB) and 

stations in the most offshore stations (STO1, NTO1) during the same sampling event. 
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Figure S2.2. Pearsonôs correlation of biogeochemical parameters across all KByT stations.  An 

asterisk (*) denotes variables with log transformations, while a carrot (^) denotes variables with 

log+1 transformations. Abbreviations and Units: Het.Bac: heterotrophic bacteria (cells mL-1); 

Syn: Synechococcus (cells mL-1); Pro: Prochlorococcus (cells mL-1); Picoeuk: Photosynthetic 

picoeukaryotes (cells mL-1); Temp: Seawater temperature ( ); Chla: Chlorophyll a (µg L-1); 

Salinity (ppt); Phosphate, Nitrate+Nitrite, Silicate (µM). 
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Figure S2.3. The assignment of each sample to the three community types across stations and sampling events. The size of circle 

represents the chlorophyll a concentration during the time of sampling and the color of the circle represents the community type: 

nearshore, transition, and offshore.   
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Figure S2.4. Average nucleotide identity (ANI) between closely related Prochlorococcus Clade 

HLII isolate genomes, as well as those for Synechococcus Clade II isolate genomes. 
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MIT9314 0.94 0.94 1.00 0.93 0.91 0.91 0.91 0.91 0.91 0.90 0.90 0.88 

MIT9301 0.94 0.93 0.94 1.00 0.91 0.91 0.91 0.91 0.91 0.90 0.90 0.88 

MIT9202 0.91 0.92 0.91 0.91 1.00 0.97 0.90 0.90 0.90 0.89 0.89 0.88 

MIT9215 0.92 0.91 0.91 0.91 0.97 1.00 0.90 0.90 0.90 0.89 0.90 0.88 

MIT9321 0.92 0.91 0.92 0.91 0.90 0.90 1.00 0.90 0.90 0.90 0.90 0.88 

GP2 0.91 0.91 0.91 0.91 0.90 0.90 0.90 1.00 0.90 0.89 0.89 0.88 
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MIT9302 0.90 0.90 0.90 0.90 0.89 0.89 0.89 0.89 0.89 1.00 0.91 0.89 

MIT9311 0.90 0.90 0.90 0.90 0.89 0.89 0.90 0.90 0.89 0.92 1.00 0.89 

MIT9107 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.89 0.89 1.00 
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CC9605 1.00 0.91 0.91 0.92 0.92 0.92 0.92 0.92     

WH8109 0.91 1.00 0.94 0.94 0.94 0.94 0.94 0.94     

N19 0.92 0.94 1.00 0.96 0.96 0.96 0.96 0.96     

N26 0.92 0.94 0.96 1.00 0.96 0.96 0.96 0.97     

N32 0.92 0.94 0.96 0.96 1.00 0.96 0.96 0.96     

N5 0.92 0.94 0.96 0.96 0.96 1.00 0.96 0.96     

UW86 0.92 0.94 0.96 0.96 0.96 0.96 1.00 0.96     

cyano3B 0.92 0.94 0.96 0.97 0.96 0.96 0.96 1.00     
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Figure S2.5. Elevated chlorophyll a concentrations align with anomalous weather events in the 

nearshore community type. Changes in nearshore chlorophyll a concentrations (Chla) over time 

for the entire range of chlorophyll a concentrations (A) as well as a zoom in range displaying just 

chlorophyll a concentrations between 0-4 µg L-1.  Weather parameters, wind speed (ms-1) and 

rainfall (mm), and seawater temperature ( ) measured at station HP1 during the same period 

(C,D,E). 
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Figure S2.6. Pearsonôs correlation across biogeochemical parameters in the transition and 

offshore community type. An asterisk (*) denotes variables with log transformations, while a 

carrot (^) denotes variables with log+1 transformations. Abbreviations and Units: Het.Bac: 

heterotrophic bacteria (cells mL-1); Syn: Synechococcus (cells mL-1); Pro: Prochlorococcus (cells 

mL-1); Picoeuk: Photosynthetic picoeukaryotes (cells mL-1); Temp: Seawater temperature ( ); 

Chla: Chlorophyll a (µg L-1); Salinity (ppt); Phosphate, Nitrate+Nitrite, Silicate (µM); Wind 

direction (degrees); Wind Speed (ms-1); Rainfall (mm). 
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Figure S2.7.  Pearsonôs correlation between phytoplankton pigment: total chlorophyll a (Tchla) 

ratios and seawater temperature and weather parameters in the nearshore, transition, and offshore 

community types. An asterisk (*) denotes variables with log transformations, while a carrot (^) 
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denotes variables with log+1 transformations. Abbreviations: Fuco: Fucoxanthin, Peri: Peridinin; 

Allo: Alloxanthin; Prasino: Prasinoxanthin; Hex: 19ǋ-hexanoyloxyfucoxanthin; But: 19ǋ-

butanoyloxyfucoxanthin; Zea: zeaxanthin; DVchla: divinyl chlorophyll a; Chla: fluorometric 

chlorophyll a (µg L-1), Temp: Seawater temperature ( ); Wind direction (degrees); Wind Speed 

(ms-1); Rainfall (mm). 

Supplementary Tables: available online 

Table S2.1. Sample data for all 366 KByT samples, including weather parameters and 

association to amplicon libraries. Available online. 

 

Table S2.2. Sample data from Station ALOHA collected by the Hawaii Ocean Time-series 

(downloaded from https://hahana.soest.hawaii.edu/hot/hot-dogs/). Available online. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://hahana.soest.hawaii.edu/hot/hot-dogs/
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
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Table S2.3. Metagenomic samples sequenced from KByT.  

 

 

 

 

 

 

 

Metagenome 
Sample ID 

Total pairs 
passed 

QC Station Latitude Longitude Date 

KFE386HP 1.02E+07 HP1 21.43688 -157.80331 2/25/19 

KFE387AR 1.34E+07 AR 21.46765 -157.83585 2/25/19 

KFE389R8 1.41E+07 SR8 21.4498333 -157.79322 2/25/19 

KFE393NT 1.29E+07 NTO1 21.526 -157.7979 2/25/19 

KFE395NB 1.68E+07 NB 21.4904833 -157.83328 2/25/19 

KFE416ST 1.54E+07 STO1 21.4829 -157.7663 2/25/19 

KMA156HP 8.95E+06 HP1 21.43688 -157.80331 3/28/18 

KMA157AR 1.37E+07 AR 21.46765 -157.83585 3/28/18 

KMA158CB 1.09E+07 CB 21.45705 -157.81135 3/28/18 

KMA159R8 1.21E+07 SR8 21.4498333 -157.79322 3/28/18 

KMA160SB 1.27E+07 SB 21.43635 -157.77737 3/28/18 

KMA161R2 8.77E+06 SR2 21.4691667 -157.77752 3/28/18 

KMA162ST 1.24E+07 STO1 21.4829 -157.7663 3/28/18 

KMA163NT 9.60E+06 NTO1 21.526 -157.7979 3/28/18 

KMA164NR 1.66E+07 NR2 21.5147 -157.81172 3/28/18 

KMA165NB 1.66E+07 NB 21.4904833 -157.83328 3/28/18 

KOC290HP 1.29E+07 HP1 21.43688 -157.80331 10/11/18 

KOC291AR 1.41E+07 AR 21.46765 -157.83585 10/11/18 

KOC293R8 1.32E+07 SR8 21.4498333 -157.79322 10/11/18 

KOC297NT 1.64E+07 NTO1 21.526 -157.7979 10/11/18 

KOC299NB 1.37E+07 NB 21.4904833 -157.83328 10/11/18 

KOC321ST 1.11E+07 STO1 21.4829 -157.7663 10/11/18 

KSE054HP 1.24E+07 HP1 21.43688 -157.80331 9/20/17 

KSE055AR 1.49E+07 AR 21.46765 -157.83585 9/20/17 

KSE056CB 9.85E+06 CB 21.45705 -157.81135 9/20/17 

KSE057R8 2.36E+07 SR8 21.4498333 -157.79322 9/20/17 

KSE058SB 1.27E+07 SB 21.43635 -157.77737 9/20/17 

KSE059R2 1.13E+07 SR2 21.4691667 -157.77752 9/20/17 

KSE060ST 1.18E+07 STO1 21.4829 -157.7663 9/20/17 

KSE061NT 8.60E+06 NTO1 21.526 -157.7979 9/20/17 

KSE062NR 1.03E+07 NR2 21.5147 -157.81172 9/20/17 

KSE063NB 1.90E+07 NB 21.4904833 -157.83328 9/20/17 
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Table S2.4. Cyanobacteria isolate genomes used in metagenomic read recruitment. 

Prochlorococcus Clade 
Synechococcus 
& (Cyanobium*) 

Clade 

MED4 HL_I CC9311 I 

MIT9515 HL_I UW179B I 

AS9601 HL_II WH8016 I 

GP2 HL_II WH8020 I 

MIT9107 HL_II CC9605 II 

MIT9201 HL_II N19 II 

MIT9202 HL_II N26 II 

MIT9215 HL_II N32 II 

MIT9301 HL_II N5 II 

MIT9302 HL_II UW86 II 

MIT9311 HL_II WH8109 II 

MIT9314 HL_II cyano3B II 

MIT9321 HL_II WH8102 III 

SB HL_II BL107 IV 

PAC1 LL_I RS9916 IX 

NATL1A LL_I CB0101 SC_5.2 

NATL2A LL_I PCC6307* SC_5.2 

CCMP1375 LL_II PCC7001* SC_5.2 

MIT9211 LL_III RCC307 SC_5.3 

MIT9303 LL_IV CC9616 UC-A 

MIT9313 LL_IV KORDI100 UC-A 

  WH7803 V 

  WH7805 VI 

  RS9917 VIII 

  KORDI49 WPC1 

  KORDI52 WPC2 

  UW106 XV 

  UW69 XV 

  UW105 XVI 

  UW140 XVI 

  GEYO CRD1 

  MIT9508 CRD1 

  MITS9509 CRD1 

  UW179A CRD1 
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Table S2.5. Biogeochemical parameters across stations. Available online. 

 

Table S2.6. Phytoplankton pigments across stations. Abbreviations: Tchla: Total Chlorophyll a; 

Fuco: Fucoxanthin, Peri: Peridinin; Allo: Alloxanthin; Prasino: Prasinoxanthin; Hex: 19ǋ-

hexanoyloxyfucoxanthin; But: 19ǋ-butanoyloxyfucoxanthin; Zea: zeaxanthin; DVchl: divinyl 

chlorophyll a 

 

 
Table S2.7. Comparisons of biogeochemical parameters across stations using one-way ANOVA 

with Tukeyôs multiple comparisons test. Significance (Holm corrected p-values) are shown. 

Asterisks(*) denotes a log transformation to improve normality, while a carrot (^) denotes a log 

transformation plus 1. Available online. 

 

Tables S2.8. ASV table with taxonomy and ASV DNA sequence. Available online. 

 

 

 

 

 

 

 

 

 

 

 HP1 SB SR8 SR2 STO1 ALOHA 

n 8 3 8 8 8 25 

But:Tchla 0.02Ñ0.01 0.03Ñ0.02 0.02Ñ0.01 0.02Ñ0.01 0.03Ñ0.02 0.05Ñ0.02 

Hex:Tchla 0.03Ñ0.01 0.04Ñ0.01 0.04Ñ0.01 0.04Ñ0.03 0.08Ñ0.03 0.13Ñ0.03 

Allo:Tchla 0.05Ñ0.02 0.02Ñ0.01 0.04Ñ0.01 0.03Ñ0.01 0.02Ñ0.01 - 

Fuco:Tchla 0.15Ñ0.08 0.19Ñ0.08 0.16Ñ0.07 0.16Ñ0.07 0.1Ñ0.06 0.05Ñ0.02 

Lut:Tchla 0.01Ñ0.01 0.01Ñ0 0.01Ñ0.01 0.02Ñ0.01 0.01Ñ0.01 0.01Ñ0.01 

Peri:Tchla 0.03Ñ0.02 0.03Ñ0.01 0.04Ñ0.02 0.04Ñ0.02 0.02Ñ0.01 0.02Ñ0.01 

Prasino:Tchla 0.04Ñ0.01 0.04Ñ0.01 0.04Ñ0.02 0.04Ñ0 0.03Ñ0.01 - 

Zea:Tchla 0.19Ñ0.12 0.19Ñ0.07 0.18Ñ0.12 0.16Ñ0.09 0.31Ñ0.14 0.64Ñ0.18 

DVa:Tchla 0.1Ñ0.06 0.09Ñ0.02 0.09Ñ0.03 0.14Ñ0.11 0.28Ñ0.19 0.61Ñ0.1 

 

https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
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Table S2.9. Differences in biogeochemical parameters among community types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Nearshore Transition Offshore 
 n 229 85 52 

Seawater temp. (ÜC) meanÑsd 26.2Ñ1.8 26.1Ñ1.4 25.4Ñ1.3 

pH meanÑsd 7.9Ñ0.2 7.9Ñ0.2 8.0Ñ0.2 

Salinity meanÑsd 34.2Ñ1.3 34.5Ñ1.1 34.7Ñ0.9 

Chlorophyll a (Õg L-1) meanÑsd 1.7Ñ2 0.8Ñ0.5 0.4Ñ0.3 

  n 228 85 52 

Photosynthetic picoeukaryotes  
(cells mL-1)*104 meanÑsd 1.75Ñ1.03 0.81Ñ0.43 0.32Ñ0.14 

Heterotrophic bacteria  
(cells mL-1) *106 meanÑsd 1.53Ñ0.59 0.86Ñ0.23 0.66Ñ0.11 

Synechococcus  
(cells mL-1) *104 meanÑsd 20.78Ñ14.42 5.94Ñ4.43 1.96Ñ1.69 

Prochlorococcus  
(cells mL -1) *104 meanÑsd 0.64Ñ0.91 4.3Ñ3.74 18.48Ñ6.5 

  n 107 33 27 

Phosphate (ÕM) meanÑsd 0.11Ñ0.07 0.08Ñ0.03 0.08Ñ0.03 

Silicate (ÕM) meanÑsd 12.62Ñ21.08 2.49Ñ2.03 1.55Ñ1.37 

Nitrate+Nitrite (ÕM) meanÑsd 0.29Ñ0.29 0.27Ñ0.23 0.12Ñ0.12 

  n 41 10 3 

Ammonia (ÕM) meanÑsd 0.27Ñ0.36 0.12Ñ0.16 0.04Ñ0.02 
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Table S2.10. Alpha diversity metrics (Shannonôs and ASV richness) across community types 

and across community types and seasons. 

 
 

 

Table S2.11. Significant differences in abundance across community types for phytoplankton 

classes.  

 

 
 

 

 

 

 

 

 

Shannon's 
Community 

Type Estimates 
Standard 

Errors p-values  

 Nearshore 1.32 0.00 0  

 Transition 0.36 0.00 0  

 Offshore 0.12 0.01 0  
ASV 

Richness 
Community 

Type Estimates 
Standard 

Errors p-values  

 Nearshore 54 1 0  

 Transition 47 2 0  

 Offshore 44 2 0  

      

      

Shannon's 
Community 

Type Season Estimates 
Standard 

Errors p-values 

 Nearshore Summer 1.14 0.01 0 

  Winter 0.52 0.01 0 

 Transition Summer 1.40 0.02 0 

  Winter 0.98 0.03 0 

 Offshore Summer 1.36 0.00 0 

  Winter 0.37 0.05 0 

ASV 
Richness 

Community 
Type Season Estimates 

Standard 
Errors p-values 

 Nearshore Summer 48 1 0 

  Winter 6 2 0.001 

 Transition Summer 39 2 0 

  Winter 8 2 0.001 

 Offshore Summer 47 2 0 

  Winter 1 3 0.614 

      
 

 

 Offshore vs 
Nearshore 

 Transition vs 
Nearshore 

Transition vs 
Offshore 

Class 
log2-fold 
change p-adj 

log2-fold 
change p-adj 

log2-fold 
change p-adj 

Mamiellophyceae -0.266 0.019 0.76 <0.001 1.026 <0.001 

Cryptophyceae -1.262 <0.001 n.s. n.s. 1.116 <0.001 

Chlorodendrophyceae -1.862 <0.001 n.s. n.s. 2.127 <0.001 

Chloropicophyceae -5.366 <0.001 -2.391 <0.001 2.975 <0.001 

Trebouxiophyceae -4.418 <0.001 -2.506 0.005 n.s. n.s. 

Chrysophyceae 1.638 <0.001 -1.146 <0.001 -2.784 <0.001 

Chlorarachniophyceae -0.734 0.046 n.s. n.s. 0.906 0.028 

Pyramimonadophyceae -1.685 <0.001 -0.567 0.004 1.118 <0.001 

Cyanobacteriia 0.535 <0.001 -0.538 <0.001 -1.074 <0.001 

Pedinophyceae -4.254 <0.001 -4.199 <0.001 n.s. n.s. 

Prasino-Clade-9 5.959 <0.001 n.s. n.s. -4.015 0.002 

Pelagophyceae -1.333 <0.001 -2.006 <0.001 n.s. n.s. 

Bacillariophyta -2.115 <0.001 -0.51 <0.001 1.605 <0.001 

Prymnesiophyceae 0.964 <0.001 n.s. n.s. -0.959 <0.001 

Pinguiophyceae n.s. n.s. 1.998 <0.001 1.568 <0.001 

Prasinodermophyceae n.s. n.s. 0.905 0.011 1.281 0.011 

Euglenida n.s. n.s. 1.241 0.032 2.152 0.006 

Dictyochophyceae n.s. n.s. -1.587 <0.001 -2.062 <0.001 

 



 

 

72 

 

Table S2.12. Significant differences in abundance across community types for phytoplankton 

genera.  

 
 

 

Table S2.13. Detection statistics for isolates across metagenomes. Available online.  

Table S2.14. Genome read recruitment (mean q2q3) statistics for isolates across metagenomes. 

Available online.  

       

 

 Offshore vs 
Nearshore 

 Transition vs 
Nearshore 

Transition vs 
Offshore 

Genus 
log2-
fold  p-adj log2-fold  p-adj 

log2-
fold  p-adj 

Micromonas 1.41 <0.001 1.176 <0.001 n.s. n.s. 

unclassified Mamiellaceae 1.397 <0.001 1.343 <0.001 n.s. n.s. 

Bathycoccus -0.691 0.044 -1.323 <0.001 n.s. n.s. 

unclassified Bathycoccaceae -3.427 <0.001 n.s. n.s. 4.093 <0.001 

Ostreococcus 1.268 <0.001 1.741 <0.001 n.s. n.s. 

unclassified Chloropicaceae -4.032 <0.001 -1.156 <0.001 2.877 <0.001 

Ochromonas 1.907 <0.001 -1.17 0.012 -3.077 <0.001 

Prasinoderma 1.473 0.002 1.603 <0.001 n.s. n.s. 

Atelocyanobacterium  7.821 <0.001 2.874 0.004 -4.947 <0.001 

Crocosphaera 8.692 <0.001 n.s. n.s. -6.392 0.002 

Trichodesmium 6.664 <0.001 n.s. n.s. n.s. n.s. 

Prochlorococcus 8.471 <0.001 4.736 <0.001 -3.735 <0.001 

Cyanobium -1.835 <0.001 -0.548 <0.001 1.287 <0.001 

Eutreptiella 1.648 0.038 1.947 0.003 n.s. n.s. 

unclassified  Pedinomonadaceae -2.551 0.044 -3.293 0.001 n.s. n.s. 

Mesopedinella 3.811 0.021 n.s. n.s. -4.284 0.043 

unclassified Pedinellales 8.498 <0.001 4.013 0.001 -4.485 0.007 

unclassified Pelagomonadaceae 6.043 <0.001 3.448 <0.001 -2.595 0.004 

Aureococcus -5.886 <0.001 -0.987 0.012 4.899 <0.001 

Chaetoceros -3.189 <0.001 -0.954 0.009 2.236 <0.001 
unclassified Polar-centric-

Mediophyceae -1.793 <0.001 n.s. n.s. 2.119 <0.001 

unclassified Raphid-pennate -3.915 <0.001 n.s. n.s. 4.939 <0.001 

Phaeocystis 4.593 <0.001 1.213 0.009 -3.38 <0.001 

unclassified Prymnesiaceae 2.431 <0.001 0.912 <0.001 -1.519 <0.001 

Braarudosphaera 5.858 <0.001 n.s. n.s. -4.759 <0.001 

Mamiella n.s. n.s. 2.389 0.002 n.s. n.s. 

Proteomonas n.s. n.s. 1.131 0.015 n.s. n.s. 

unclassified Hemiselmidaceae n.s. n.s. -4.804 0.009 n.s. n.s. 

Tetraselmis n.s. n.s. 1.009 0.009 1.207 0.043 

unclassified Marsupiomonadaceae n.s. n.s. -3.245 0.024 n.s. n.s. 

Helicopedinella n.s. n.s. -2.661 0.009 n.s. n.s. 
unclassified Radial-centric-basal-

Coscinodiscophyceae n.s. n.s. -2.814 0.023 n.s. n.s. 

Thalassionema n.s. n.s. 4.281 0.002 n.s. n.s. 

 

https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
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Table S2.15. Seasonal differences in biogeochemical parameters across community types. Comparisons of biogeochemical parameters 

across seasons using one-way ANOVA with Tukeyôs multiple comparisons test. Significance (Holm corrected p-values) are shown. 

Asterisks (*)  denotes a log transformation to improve normality, while a carrot (^) denotes a log transformation plus 1. 

 

 

  Averages across seasons Comparisons across seasons 

  Nearshore Nearshore Transition Transition Offshore Offshore Nearshore Transition Offshore 

   
Summer Winter Summer Winter Summer Winter Summer-

Winter 
Summer-

Winter 
Summer-

Winter 

 n 57 61 29 13 15 18       

Seawater temp. (ÜC) meanҕsd 28.0Ñ0.9 24.1Ñ0.7 27.3Ñ0.6 24.2Ñ0.4 26.6Ñ0.5 24.2Ñ0.5 <0.001 <0.001 <0.001 

pH meanҕsd 7.9Ñ0.2 7.9Ñ0.2 8.0Ñ0.2 8.0Ñ0.2 8.1Ñ0.2 8.0Ñ0.2 0.45 0.368 0.218 

Salinity meanҕsd 33.9Ñ1.3 33.8Ñ1.3 33.9Ñ0.9 34.6Ñ0.9 34.3Ñ0.8 34.6Ñ0.8 0.789 0.0331 0.277 

Chlorophyll a (Õg L-1)* meanҕsd 1.4Ñ1 2.3Ñ3.4 0.8Ñ0.5 0.7Ñ0.4 0.4Ñ0.2 0.4Ñ0.3 0.004 0.616 0.810 

  n 57 61 29 13 15 18       

Photosynthetic 
picoeukaryotes*  
(cells mL-1)*104 meanҕsd 2.07Ñ1.27 1.60Ñ1.23 0.99Ñ0.50 0.51Ñ0.40 0.28Ñ0.11 0.39Ñ0.18 0.006 <0.001 0.056 

Heterotrophic bacteria*  
(cells mL-1) *106 meanҕsd 1.79Ñ0.62 1.39Ñ0.47 0.98Ñ0.23 0.73Ñ0.22 0.72Ñ0.89 0.63Ñ0.13 <0.001 <0.001 0.016 

Synechococcus*  
(cells mL-1) *104 meanҕsd 28.75Ñ14.95 14.99Ñ14.77 8.89Ñ4.52 1.75Ñ1.79 3.46Ñ1.89 0.91Ñ0.61 <0.001 <0.001 <0.001 

Prochlorococcus^  
(cells mL -1) *104 meanҕsd 0.23Ñ0.49 0.90Ñ0.78 3.36Ñ3.22 3.98Ñ4.44 16.65Ñ4.39 18.20Ñ7.24 <0.001 0.278 0.854 

  n 20 35 10 6 7 11    

Phosphate (ÕM)* meanҕsd 0.15Ñ0.07 0.1Ñ0.06 0.11Ñ0.04 0.07Ñ0.02 0.09Ñ0.03 0.09Ñ0.03 0.004 0.036 0.747 

Silicate (ÕM)* meanҕsd 16.48Ñ24.81 10.16Ñ19 3.14Ñ2.99 2.42Ñ1.29 2.38Ñ2.62 1.3Ñ0.15 0.040 0.750 0.172 

Nitrate+Nitrite (ÕM)* meanҕsd 0.33Ñ0.43 0.27Ñ0.23 0.3Ñ0.32 0.18Ñ0.06 0.11Ñ0.06 0.1Ñ0.07 0.637 0.961 0.714 

  n 7 16 3 1 1 1    

Ammonia (ÕM)* meanҕsd 0.4Ñ0.49 0.26Ñ0.38 0.06Ñ0.02 - - - 0.226 NA NA 

  n 10 9 - - - -      

Max rainfall (mm)^ meanҕsd 1.52Ñ2.29 10.92Ñ14.48 - - - - 0.025   

Max wind speed (ms-1) meanҕsd 9.13Ñ3.66 11.84Ñ2.48 - - - - 0.058   

Average wind direction (Ü)^ meanҕsd 74.77Ñ25.76 144.77Ñ37.36 - - - - <0.001     
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Table S2.16. Alpha diversity metrics (Shannonôs and ASV richness) across community types 

and seasons. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shannon's 
Community 

Type Estimates 
Standard 

Errors p-values  

 Nearshore 1.32 0.00 0  

 Transition 0.36 0.00 0  

 Offshore 0.12 0.01 0  
ASV 

Richness 
Community 

Type Estimates 
Standard 

Errors p-values  

 Nearshore 54 1 0  

 Transition 47 2 0  

 Offshore 44 2 0  

      

      

Shannon's 
Community 

Type Season Estimates 
Standard 

Errors p-values 

 Nearshore Summer 1.14 0.01 0 

  Winter 0.52 0.01 0 

 Transition Summer 1.40 0.02 0 

  Winter 0.98 0.03 0 

 Offshore Summer 1.36 0.00 0 

  Winter 0.37 0.05 0 

ASV 
Richness 

Community 
Type Season Estimates 

Standard 
Errors p-values 

 Nearshore Summer 48 1 0 

  Winter 6 2 0.001 

 Transition Summer 39 2 0 

  Winter 8 2 0.001 

 Offshore Summer 47 2 0 

  Winter 1 3 0.614 
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Table S2.17. Phytoplankton genera with significant seasonality as defined by Lomb-Scargle 

Periodicity test. FDR-corrected q-values reported.   

 

 

 

 

 

  

Community 
Type Genus 

Lomb-Scargle Periodicity (LSP)  
q-val 

Nearshore unclassified Pycnococcaceae <0.001 

Nearshore Prochlorococcus <0.001 

Nearshore Mesopedinella 0.007 

Nearshore Chaetoceros <0.001 

Nearshore unclassified Chloropicaceae 0.002 

Nearshore Teleaulax 0.003 

Nearshore unclassified Mamiellaceae <0.001 

Nearshore Micromonas 0.001 

Nearshore Isochrysis <0.001 

Nearshore Partenskyella <0.001 

Nearshore 
unclassified Polar-centric 

Mediophyceae <0.001 

Nearshore Helicopedinella 0.003 

Nearshore Eutreptiella <0.001 

Nearshore Synechococcus <0.001 

Nearshore Chrysochromulina <0.001 

Nearshore Braarudosphaera <0.001 

Nearshore Cyanobium <0.001 

Nearshore Mamiella 0.001 

Transition Prasinoderma <0.001 

Transition Pyramimonas 0.004 

Transition Synechococcus <0.001 

Transition Braarudosphaera 0.003 

Transition Cyanobium <0.001 

Offshore Atelocyanobacterium <0.001 

Offshore Micromonas <0.001 

Offshore Crocosphaera <0.001 

Offshore 
unclassified 

Pelagomonadaceae <0.001 

Offshore Synechococcus 0.005 

Offshore Braarudosphaera <0.001 
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Abstract 

Surveys of microbial communities across transitions coupled with contextual measures of the 

environment provide a useful approach to dissect the factors determining distributions of 

microorganisms across ecological niches. Here, monthly time-series samples of surface seawater 

along a transect spanning the nearshore coastal environment within KǕneᾶohe Bay on the island 

of Oᾶahu, Hawaiᾶi, and the adjacent offshore environment were collected to investigate the 

diversity and abundance of SAR11 marine bacteria (order Pelagibacterales) over a two-year time 

period. Using 16S ribosomal RNA gene amplicon sequencing, the spatiotemporal distributions of 

major SAR11 subclades and exact amplicon sequence variants (ASVs) were evaluated. Seven of 

eight SAR11 subclades detected in this study showed distinct subclade distributions across the 

coastal to offshore environments. The SAR11 community was dominated by 7 (of 106 total) 

SAR11 ASVs that made up an average of 77% of total SAR11. These seven ASVs spanned five 

different SAR11 subclades (Ia, Ib, IIa, IV, and Va), and were recovered from all samples 

collected from either the coastal environment, the offshore, or both. SAR11 ASVs were more 

often restricted spatially to coastal or offshore environments (64 of 106 ASVs) than they were 

shared among coastal, transition, and offshore environments (39 of 106 ASVs). Overall, offshore 

SAR11 communities contained a higher diversity of SAR11 ASVs than their nearshore 

counterparts, with the highest diversity within the little-studied subclade IIa. This study reveals 

ecological differentiation of SAR11 marine bacteria across a short physiochemical gradient, 

further increasing our understanding of how SAR11 genetic diversity partitions into distinct 

ecological units. 
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Introduction  

The SAR11 order Pelagibacterales of the class Alphaproteobacteria is one of the most 

abundant and ubiquitous bacterial lineages on Earth (Morris et al., 2002). While found 

throughout the global ocean and freshwater environments, SAR11 bacteria are particularly 

abundant in stratified, oligotrophic surface oceans, often making up 25% or more of all 

bacterioplankton cells (Morris et al., 2002). SAR11 are chemoheterotrophic, free-living 

microorganisms that are uniquely adapted to nutrient-poor environments through small cell sizes 

and streamlined genomes (Rappé et al., 2002; Grote et al., 2012; Noell & Giovannoni, 2019). 

Similar to other abundant marine bacteria and archaea, most SAR11 lineages are difficult to 

culture in the laboratory (Swan et al., 2013), and the current capacity to interrogate SAR11 

strains in a controlled laboratory setting remains limited to a small portion of the total SAR11 

phylogenetic breadth (e.g. Jimenez-Infante et al., 2017; Henson et al., 2018; Monaghan, Freel & 

Rappé, 2020).  

The SAR11 clade is genetically diverse, with up to 18% small subunit (SSU) rRNA gene 

sequence divergence distributed among at least five major subgroups (Brown et al., 2012) and 

ten subclades including Ia, Ib, Ic, IIa, IIb, IIIa, IIIb, IV, Va, and Vb (Giovannoni, 2017). It 

remains uncertain, however, if all five major subgroups derive from a single monophyletic 

lineage within the Alphaproteobacteria as compositional biases and long evolutionary branches 

have made it a difficult phylogeny to resolve, particularly with respect to subgroup V (Muñoz-

Gómez et al. 2019). Some SAR11 subclades exhibit spatiotemporal distributions that are 

delineated by depth, season, or geographical location (Field et al., 1997; Carlson et al., 2008; 

Brown et al., 2012), revealing ecological differentiation at a broad phylogenetic level. The 

ecotype concept describes an ecologically homogeneous group of closely related bacteria whose 
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genetic diversity is guided by cohesive forces such as periodic selection, recombination, and 

genetic drift (Cohan, 2006; Koeppel et al., 2008). This concept has been helpful in discerning 

populations among highly diverse and widely-distributed bacterial groups such as 

Prochlorococcus (Biller et al., 2014) and Bacillus (Kopac et al., 2014). Previous studies of 

SAR11 have shown evidence for ecotypic differentiation (Brown et al., 2012; Vergin et al., 

2013; Tsementzi et al., 2019; Kraemer et al., 2019). Yet, other research has attributed at least a 

portion of the genetic diversity harbored by the SAR11 lineage to neutral processes (Hellweger, 

van Sebille & Fredrick, 2014; Manrique & Jones, 2017).  

The genetic diversity within SAR11 has presented a challenge in understanding the 

ecological roles and evolutionary origins of the lineage. For example, rather than gene content, 

measures of SAR11 genomic microdiversity including single-nucleotide polymorphisms and 

single-amino acid variants were necessary to characterize two ecological niches among closely 

related populations within the global Ia.3.V subgroup (Delmont et al., 2019). High intra-

population genomic variation has made it difficult to reconstruct SAR11 genomes from 

metagenomic data (Tully, Graham & Heidelberg, 2018; Delmont et al., 2019). Even when 

SAR11 genomes have been reconstructed from environmental samples, understanding the 

boundaries between the sympatric populations that they represent has proven challenging 

(Delmont et al., 2019).  

16S rRNA gene sequencing surveys have been central to defining SAR11 subclades and 

examining their spatiotemporal distributions in the environment (e.g. Field et al., 1997; Carlson 

et al., 2008; Brown et al., 2012; Vergin et al., 2013; Salter et al., 2014; Herlemann et al., 2014; 

West et al., 2016). For example, a multi-year study from the Bermuda Atlantic Time-Series 

(BATS) in the Sargasso Sea has revealed that the relative abundance of some SAR11 subclades 
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changes with depth and seasonal regimes (Carlson et al., 2008; Vergin et al., 2013). In other 

work, a combination of 16S rRNA gene and internal genomic spacer (ITS) analyses were able to 

discern cold-water (Ia.1) and warm-water (Ia.3) variants of SAR11 subclade Ia (Brown et al., 

2012). Despite continued efforts to investigate SAR11 bacteria through 16S rRNA gene and ITS 

surveys (Brown & Fuhrman, 2005; Ngugi & Stingl, 2012; Needham, Sachdeva & Fuhrman, 

2017), fluorescence in situ hybridization (Alonso-Sáez et al., 2007; Salcher, Pernthaler & Posch, 

2011), the cultivation of new strains (Jimenez-Infante et al., 2017; Henson et al., 2018; 

Monaghan, Freel & Rappé, 2020), metagenomics (Tsementzi et al., 2016; Tsementzi et al., 2019; 

Delmont et al., 2019; Haro-Moreno et al., 2019), and single-cell sequencing efforts (Thrash et 

al., 2014; Thompson et al., 2019; Pachiadaki et al., 2019), the spatiotemporal characterization of 

the majority of SAR11 diversity, particularly outside of subclade Ia, remains limited.  

One useful approach to investigate the interplay between ecology and evolution within 

natural microbial communities is to sample across environmental gradients. In the marine 

environment, light, temperature, pressure, nutrients and other variables form steep gradients with 

depth in the water column and have been used to investigate the partitioning of microorganisms 

within different depth horizons of stratified offshore systems (Morris et al., 2005; Cram et al., 

2015; Haro-Moreno et al., 2018; Mende, Boeuf & DeLong, 2019). The nearshore to offshore 

transition can also offer steep physiochemical gradients in nutrients, salinity, biomass, and 

productivity which are likely to impact the structure of microbial communities (Herlemann et al., 

2014; Wang et al., 2019b). In tropical coastal environments like those found on islands and 

atolls, this gradient can be acute; near-island biological, anthropogenic, and physical 

oceanographic processes provide a substantial source of nutrients for increased biological 

productivity in otherwise oligotrophic oceanic waters (Gove et al., 2016).  
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KǕneᾶohe Bay is a well-studied, semi-enclosed embayment on the windward side of the 

island of Oᾶahu, Hawaiᾶi (Bahr, Jokiel & Toonen, 2015). In this study, we used the steep 

physiochemical gradient provided by the transition from the nearshore environment within 

KǕneᾶohe Bay to the adjacent offshore environment as a natural laboratory to investigate SAR11 

marine bacteria across space and time. This system was sampled monthly over two years to 

capture the microbial community from ten sites spanning the interior of the bay and the 

surrounding offshore. We used 16S rRNA gene amplicon sequencing to assess the distribution of 

SAR11 across a phylogenetic resolution that spanned subclades to individual SAR11 amplicon 

sequence variants (ASVs). Our findings provide new insight into the ecological differentiation of 

SAR11 subclades and the distribution of these subclades across the nearshore to offshore 

continuum.  
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Materials and Methods 

Sample collection and environmental parameters 

Between August 2017 and June 2019, seawater was collected from a depth of 2 m at ten 

sites in and around KǕneᾶohe Bay, Oᾶahu, Hawaiᾶi, on a near-monthly basis (20 sampling events 

over 23 months; Fig. 1). At each station, seawater samples for biogeochemical analyses and 

nucleic acids were collected, and in situ measurements of seawater temperature, pH, and salinity 

were made with a YSI 6600 sonde (YSI Incorporated, Yellow Springs, OH). Approximately 1 L 

of seawater was prefiltered using an 85 ɛm Nitex mesh and subsequently collected on a 25-mm 

diameter 0.1-ɛm pore-sized polyethersulfone (PES) membrane for nucleic acids (Supor-100, Pall 

Gelman Inc., Ann Arbor, MI). The filters were submerged in DNA lysis buffer (Suzuki et al., 

2001; Yeo et al., 2013) and stored at -80̄ C until extraction.  

Subsamples for chlorophyll a were collected by filtering 125 mL of seawater onto 25-mm 

diameter GF/F glass microfiber filters (Whatman, GE Healthcare Life Sciences, Chicago, IL, 

USA), and stored in aluminum foil at -80̄ C until extraction in 100% acetone and subsequent 

measurement of fluorescence with a Turner 10AU fluorometer (Turner Designs, Sunnyvale, CA) 

followed standard techniques (Welschmeyer, 1994). Seawater for cellular enumeration was 

preserved in 2-mL aliquots in a final concentration of 0.95% (v:v) paraformaldehyde (Electron 

Microscopy Services, Hatfield, PA) at -80̄ C until analyzed via flow cytometry. Cellular 

enumeration of cyanobacterial picophytoplankton (marine Synechococcus and Prochlorococcus), 

eukaryotic picophytoplankton, and non-cyanobacterial (presumably heterotrophic) bacteria and 

archaea (hereafter referred to as heterotrophic bacteria) was performed on an EPICS ALTRA 

flow cytometer (Beckman Coulter Inc., Brea, CA), following the method of Monger and Landry 

(Monger & Landry, 1993). 



 

 

83 

Seasons were delineated by fitting a harmonic function to surface seawater temperature 

collected hourly between 2010-2019 at NOAA station MOKH1 in KǕneᾶohe Bay 

(https://www.ndbc.noaa.gov/station_page.php?station=mokh1; Fig. S3.1A). Transition seasons 

(spring and fall) typically experience the greatest amount of change in seawater temperature. 

Thus, using the time-derivative of the function, thresholds were defined where the derivative was 

at its greatest absolute value:  Ó0.0255 (spring; 30 March through 27 June 2017-19) and -

0.0255 (fall; 29 September through 26 December 2017-19; Fig. S3.1B). Summer and winter 

were defined as the periods between the thresholds (i.e. when the derivative was <0.0255 to >-

0.0255; summer: 28 June through 28 September 2017-19 and winter: 27 December through 29 

March 2018-19).  

In RStudio (version 1.1.456) (R Core Team, 2018) with the Vegan package (Oksanen et 

al., 2019), stations were grouped into environment types based on non-metric rank-based 

analysis using the ómetaMDSô function with k=2 and a Bray-Curtis transformed distance matrix 

of environmental parameters (surface seawater temperature, pH, salinity), chlorophyll a 

concentrations, and cellular abundances of Prochlorococcus, Synechococcus, eukaryotic 

picophytoplankton, and heterotrophic bacteria. The pairwiseAdonis package (Martinez Arbizu, 

2020) and the óbetdisperô function in the Vegan package were used to evaluate the statistical 

significance and dispersion of these groupings. Comparisons of environmental variables, cellular 

abundances, and sequencing depth across the spatial and temporal groupings were conducted 

using the package multcomp (Hothorn, Bretz & Westfall, 2008) with one-way ANOVAs testing 

for multiple comparisons of means with Holm correction and Tukey contrasts.  

 

DNA extraction and sequencing 
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Genomic DNA was extracted using a Qiagen Blood and Tissue Kit (Qiagen Inc., 

Valencia, CA) with modifications (Becker, Brandon & Rappé, 2007). For each sample, 16S 

rRNA gene fragments were amplified by polymerase chain reaction using a dual-index 

sequencing strategy where barcoded universal primers 515-Y-F and 926R (Parada, Needham & 

Fuhrman, 2016) are complete with Illumina sequencing adapters, barcode, and index. The 25 µL 

reactions included 13 µL H2O, 0.5 µL each of forward and reverse primer at 0.2 µM final 

concentration, 1 µL gDNA (0.5 ng), and 10 µL 1x 5PRIME Hot Master Mix (0.5 U Taq DNA 

polymerase, 45 mM KCl, 2.5 mM Mg2+, 200 ɛM dNTPs) (Quantabio, Beverly, MA, USA). PCR 

conditions included an initial denaturation at 95 C̄ for 2 min followed by 30 cycles of 95 C̄ for 

45 s, 50 C̄ for 45 s, and 68 C̄ for 90 s, and a final 5 min extension at 68 C̄. PCR products were 

inspected on a 1.5% agarose gel and quantified using the Qubit dsDNA HS Kit (Qubit 2.0, Life 

Technologies, Foster City, CA, USA). PCR products were normalized to 240 ng each, pooled, 

and purified using the QIAquick PCR Purification Kit (Qiagen). Pooled libraries were then 

sequenced on an Illumina MiSeq v2 250 bp paired-end run at the Oregon State University Center 

for Genome Research & Biocomputing.  

 

Sequence analysis 

The sequence data were demultiplexed and assessed for quality in Qiime2 v 2019.4 

(Bolyen et al., 2019). Forward reads were truncated to 245 bp using the --p-trunc-len command 

in Qiime2 to improve their quality. Reverse reads were not used in these analyses due to poor 

quality.  Sequences were denoised using DADA2 (Callahan et al., 2016) and delineated into 

exact amplicon sequence variants (ASVs). Denoised sequence data were then assigned taxonomy 

using SILVA v132 as a reference database (Quast et al., 2012). Mock communities were 
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assessed to establish that the denoising of sequences using single-end reads was representative of 

taxa and abundances expected in mock community samples.   

ASVs that contained a minimum of 10 reads in at least two independent samples were 

retained for subsequent analyses. ASVs undefined at the level of domain and uncharacterized at 

the level of phylum were excluded from subsequent analyses. Sequences that matched to 

chloroplasts or mitochondria were included in analyses of sequencing depth (Table S3.2, S3.3, 

S3.4), ASV occurrence (Table S3.5), and community structure (Figure 3.2A, Figure S3.4B, 

Table S3.6), but removed in all subsequent analyses of SAR11 including calculations of the 

relative proportion of SAR11 within the microbial community and DESeq2 analysis of 

differences in SAR11, Prochlorococcus, and Synechococcus abundance across environments and 

seasons. 

ASVs classified by the SILVA v132 database as the bacterial order SAR11 and the 

family AEGEAN-169 within the order Rhodospirillales (for SAR11 subgroup V) were assigned 

to SAR11 subclades using phylogenetic placement methods. First, a reference alignment was 

created in ARB (Ludwig, 2004) from 16S rRNA gene sequences downloaded from NCBI and 

SAR11 ASVs identified in this study. Reference sequences were selected based on similarity to 

ASVs, and also included all known cultivated SAR11 strains. Two outgroup representatives were 

included: Escherichia coli (NR_024570.1) and Magnetococcus marinus (NR_074371.1). We 

applied a mask to the alignment using filter by frequency in ARB in order to remove columns 

containing gaps or no data, and exported the resulting 1224 bp alignment. The mask did not 

remove any columns in the 245 bp region where the ASVs aligned. Using only the aligned 

reference sequences, the best reference tree and model parameters were selected by performing 

tree inference with a random starting tree, maximum-likelihood estimate of substitution rates and 
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nucleotide frequencies, a general time-reversible + gamma model, and 100 non-parametric 

bootstrap replicates via RAxML- NG (Kozlov et al., 2019). 

Next, the SAR11 ASVs aligned to the reference sequences were phylogenetically placed 

using the EPA-NG algorithm (Barbera et al., 2018), specifying the model parameters 

[GTR(.960433/4.369000/2.298538/0.794304/6.601978/1.000000)+FU(0.271858/0.192063/0.300

579/0.235499)+G4m(0.276190)], which were previously determined when conducting tree 

inference with RAxML-NG. Placement results of the ASVs on the reference tree were visualized 

in GAPPA (Czech & Stamatakis, 2019) using the function ógappa examine graftô (Fig. S3.2) and 

likelihood weights of each ASV placement to SAR11 subclades were evaluated using ógappa 

examine assignô. The tree was manipulated in FigTree v1.4.3. (available from 

http://tree.bio.ed.ac.uk/software/figtree/) to improve visualization. 

Statistical analyses and visualizations were conducted in R packages phyloseq 

(McMurdie & Holmes, 2013), plotly (Sievert, 2013), ggplot2 (Wickham, 2016), and pheatmap 

(Kolde, 2019), as well as the online tool Venny 2.1 (Oliveros, 2017). Generalized linear models 

(GLMs) were built in mvabund (Wang et al., 2019a) using the ómanyglmô function to test for 

differences in the number of ASVs belonging to SAR11 subclades across seasons and 

environments. DESeq2 (Love, Huber & Anders, 2014) was used to normalize ASV abundance 

and to evaluate whether individual ASVs exhibited significantly different distributions across 

seasons or environments using Wald Tests, Bonferroni correction for multiple comparisons, and 

a corrected p-value of 0.05. The same approach was used to normalize abundance and test for 

spatiotemporal differences in the top 14 most abundant bacterial orders, SAR11 subclades, and 

total SAR11, Synechococcus, Prochlorococcus, and chloroplast abundance.  

http://tree.bio.ed.ac.uk/software/figtree/
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 The frequency of SAR11 ASVs was assessed by segregating the ASVs into rare (0-5%), 

low-frequency (>5-25%), mid-frequency (25-75%), and high-frequency (75-100%) categories. 

Frequency was calculated as the number of samples an ASV was detected in per environment, 

divided by the number of total samples for a given environment (coastal n=120; transition n=40; 

offshore n=40), multiplied by 100.  

Variance stabilized transformed DESeq2 normalized counts of SAR11 subclades and 

dominant ASVs and picocyanobacteria along with environmental parameters were used to 

conduct Spearmanôs Rank correlation analysis using the ócorô function in the stats package (R 

Core Team, 2018). Using a matrix of the Spearmanôs correlation coefficients, between-group 

average (UPGMA) linkage hierarchical clustering was conducted using the function óhclustô in 

the stats package (R Core Team, 2018). This dendrogram was then used to order the correlation 

coefficients matrix for visualization.  

SAR11 ASVs were compared to SAR11 isolates by aligning the SAR11 ASVs to all 

publicly available 16S rRNA gene sequences from SAR11 isolates using the MUSCLE 

algorithm in MEGAX (Kumar et al., 2018).  

 

Data availability  

Amplicon sequencing data are available in the National Center for Biotechnology 

Information (NCBI) Sequencing Read Archive (SRA) under BioProject number PRJNA706753. 

 

Results 

Environmental conditions 
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Non-DNA sequence-based parameters partitioned the KǕneᾶohe Bay Time-series (KByT) 

sampling sites into three spatial groups, hereafter referred to as coastal (to define the nearshore 

grouping), transition, and offshore (Fig. S3). A pairwise-adonis analysis showed statistically 

significant differences among the three groups (coastal vs. transition: p=0.001, R2=0.31; coastal 

vs. offshore: p=0.001, R2=0.43; transition vs. offshore: p=0.012, R2=0.071). While significant, 

we note that the difference between the transition and offshore sampling sites is small. 

Dispersion tests found non-significant dispersion (p=0.115, F-value=2.19).  

Compared to the transition and offshore stations, coastal stations were defined by lower 

salinity, higher chlorophyll a concentrations, higher cellular abundances of heterotrophic 

bacteria, Synechococcus, and eukaryotic picophytoplankton, and lower cellular abundances of 

Prochlorococcus (Fig. 3.1, Tables 3.1 &  S3.1). The cellular abundance of Prochlorococcus was 

significantly different across all three environments (one-way ANOVA with Tukeyôs multiple 

comparisons test, p<0.001), ranging from 0.2 ° 0.7 ×104 cells mLī1 at coastal stations [mean ± 

standard deviation (s.d.), n=120] to 2.2 ° 2.1 ×104 cells mLī1 at transition stations (n=40) and 6.2 

° 2.3 ×104 cells mLī1 at offshore stations (n=40). pH was significantly different between coastal 

(7.9 ± 0.2, n=120) and offshore stations (8.0 ° 0.2, n=40, p=0.002) and transition (7.9 ° 0.2, 

n=40) and offshore stations (p=0.015); no significant difference in pH was detected between 

coastal and transition stations (p=0.841). While not statistically significant, transition stations 

had lower salinity, higher chlorophyll a concentrations, and higher cellular abundances of 

heterotrophic bacteria, Synechococcus, and eukaryotic picophytoplankton in comparison to 

offshore stations (Table 3.1). Sea surface water temperature did not statistically differ across the 

three environments.  
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An increase in salinity and cellular abundances of heterotrophic bacteria and 

Synechococcus were observed during spring (Tables 3.1 & S3.1). At coastal stations, salinity 

ranged from 34.0 ± 1.2 (mean ± s.d., n=24) during summer to 35.1 ± 1.3 (n=36) during spring, 

with significant differences between spring vs. summer (one-way ANOVA with Tukeyôs 

multiple comparisons test, p<0.001), fall (p=0.037), and winter (p=0.002). Salinity also reached 

its highest during spring at transition (35.5 ± 1.2, n=12) and offshore (35.6 ± 1.2, n=12) stations. 

Increases in the cellular abundance of heterotrophic bacteria between spring and fall were 

observed in the coastal (p=0.033) and in the offshore environments (p=0.037). The abundance of 

Synechococcus cells increased during spring (25.6 ± 9.7 ×104 cells mL-1, n=36) and summer 

(26.6 ± 12.7×104 cells mL-1, n=24) in the coastal environment in comparison to fall (16.8 ± 13.5 

×104 cells mL-1, n=24) and winter (16.5 ± 12.×104 cells mL-1, n=36; p=0.012). In contrast, the 

abundance of Prochlorococcus cells increased in the coastal environment during fall (0.7 ± 0.1 

×104 cells mL-1, n=24). pH, chlorophyll a concentration, and the abundance of eukaryotic 

picophytoplankton cells showed no significant changes over seasons. Surface seawater 

temperatures were significantly different across all but two seasonal comparisons (spring vs. fall 

in the coastal environment (p=0.876) and summer vs. fall in the transition and offshore 

environments (p=0.093 and p=0.157, respectively)).  

 

Community composition 

Samples were sequenced to a depth of 25,684 ° 11,226 quality-controlled reads (mean ± 

s.d., n=200), with a range of 9,393 to 100,278 (Table S3.2). Read depth did not differ across 

environment type or station (one-way ANOVA with Tukeyôs multiple comparisons test; p=1 all 

comparisons, Table S3.3 & S3.4), although significant variation was detected among some 
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seasonal comparisons (spring vs fall, winter vs fall, summer vs spring, and winter vs summer, 

p<0.001; Table S3.3). A total of 2,280 unique ASVs were detected across the 200 samples, 

including 2,241 bacteria and 39 archaea (Table S3.5). The majority of ASVs were distributed 

across the bacterial phyla Proteobacteria (n=1,052), Bacteriodetes (n=325), Verrucomicrobia 

(n=60), Marinimicrobia (n=54), and Cyanobacteria (n=39). A total of 350 ASVs belonged to 

chloroplasts. A large portion (22.3%, n=509) of ASVs were detected only in the coastal 

environment, compared to 7.4% unique to the offshore (n=169) and 2.8% unique to transition 

(n=63) stations. 

Community composition was further assessed by examining the top 14 most abundant 

orders measured as a proportion of the entire community. Synechococcales was the most 

abundant order detected in the coastal environment (26.3 ° 10.6%; mean ± s.d., n=120), while 

Flavobacteriales (24..7 ° 8.1%, n=40) and Pelagibacterales (31.6 ° 7.6%; n=40) were the most 

abundant orders detected in the transition and offshore environments, respectively (Fig. 3.2A). 8 

of the 14 orders examined showed significant differences between all comparisons of 

environment types (coastal vs transition, transition vs offshore and coastal vs offshore, p<0.001) 

when evaluated with DESeq2 normalization (Pelagibacterales, Rhodobacterales, 

Puniceispirillales, SAR86, Actinomarinales, Betaproteobacteriales, Euryarchaeota Marine Group 

II, and Parvibaculales; Table S3.5). The remaining orders showed significant differences across 

two comparisons of environment types (coastal vs transition and transition vs offshore: 

Synechococcales, Rickettsiales, Flavobacteriales; coastal vs offshore and transition vs offshore: 

chloroplast and Cellvibrionales; coastal vs transition and coastal vs offshore: Oceanospirillales; 

p<0.001, Table S3.6). 
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Within the Synechococcales, the combination of Synechococcus and Prochlorococcus 

compromised between 89.0 ° 4.4% and 98.0 ° 2.5% of the total Synechococcales relative 

abundance at a given station (Fig. 3.2B). Synechococcus dominated the microbial community in 

the coastal stations (27.4 ° 10.5%, mean ± s.d., n=120), declining in the transition (12.5 ° 8.3%, 

n=40) and offshore environments (10.7 ° 8.0%, n=40) (Fig. 3.2B). In contrast, Prochlorococcus 

was most abundant in the offshore environment (13.3 ° 0.1%), declining in the transition (3.3 ° 

0.0%) and coastal environments (0.3 ° 0.0%). The relative abundance of Synechococcus was 

roughly two-fold higher in sequence data than in flow cytometry data (Fig. 3.2B-C). In contrast, 

Prochlorococcus had similar relative abundances between sequence data and flow cytometry 

data.  

The seasonality of phytoplankton taxa was evaluated using DESeq2 normalized 

comparisons of chloroplast, Synechococcus, and Prochlorococcus total abundance as defined by 

sequence data. No significant seasonal patterns in chloroplast abundance were detected across 

the three environments (Wald test, p>0.05 all comparisons, Fig. S3.4). In the coastal 

environment, Synechoccocus increased in spring and summer (winter vs spring, p<0.001; 

summer vs winter, p=0.015; fall vs spring, p=0.042). Synechococcus decreased in the winter and 

increased in the summer in both the transition (winter vs summer, p=0.049;  winter vs spring= 

0.009) and offshore environments (winter vs summer, p=0.002; winter vs spring, p=0.014). 

Prochlorococcus showed an increase in fall in the coastal environment (fall vs spring, p=0.006; 

fall vs summer, p<0.001; winter vs summer, p<0.001 Fig. S3.4). 

 

Spatial and temporal distributions of SAR11 subclades 
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SAR11 accounted for 106 ASVs distributed across eight subclades: Ia, Ib, IIa, IIb, IIIa, 

IV, Va, and Vb (Table S3.7). Individual samples harbored between 7 and 55 SAR11 ASVs, 

averaging 14 ± 4 SAR11 ASVs in the coastal environment (mean ± s.d., n=120), 17 ± 6 in the 

transition environment (n=40), and 28 ± 9 in the offshore environment (n=40). Generalized 

linear models with Poisson distributions revealed that the number of SAR11 ASVs recovered per 

sample varied significantly across environments [Likelihood Ratio Test (LRT)=1168, p=0.001], 

but did not vary significantly across seasons (LRT=73.49, p=0.114). While sequencing depth did 

not vary over environment or station (Table S3.4), we do note that significant seasonal 

differences in sampling depth could obscure these results (Table S3.3). Of the eight SAR11 

subclades identified across KByT, subclade IIa harbored the highest number of unique ASVs 

(n=41), followed by Ia (n=22) and Ib (n=19) (Table S3.7). Within individual subclades, the 

average number of ASVs detected in a sample significantly differed between environments for 

subclades Ib (LRT=641.52, p=0.001), IIa (LRT= 194.92, p=0.001), IIb (LRT= 19.31, p=0.001), 

and Vb (LRT= 13.78 p=0.001) (Table S3.7). 

Collectively, the relative abundance of SAR11 increased from coastal stations (21.6 ± 

4.7%, mean ± s.d., n=120), to transition (23.2 ± 6.4%, n=40) and offshore stations (34.2 ± 7.2%, 

n=40). DESeq2 normalization revealed significant differences in total SAR11 abundance 

between the three environments (Wald test, coastal vs transition, p<0.001; transition vs offshore, 

p<0.001; coastal vs offshore, p<0.001, Fig. S3.5). As a whole, the abundance of SAR11 did not 

significantly differ across seasons within the transition or offshore environments, but did in the 

coastal environment where it reached its maximum in spring (winter and spring p=0.002; fall and 

spring, p<0.001; winter and summer, p=0.050; fall and summer, p=0.035; Fig. S3.5). 
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SAR11 subclade Ia was the most abundant subclade detected across all stations, with a 

relative abundance that was fairly consistent across coastal (14.6 ± 3.9%, mean ± s.d., n=120), 

transition (14.2 ± 3.9%, n=40), and offshore (14.3 ± 2.3%, n=40) environments (Fig. 3.3). In 

contrast, subclade IIb was the least abundant of all SAR11 subclades detected throughout KByT, 

reaching a maximum relative abundance of 0.01 ± 0.04% (mean ± s.d., n=20) at offshore station 

NTO1. Both subclades Ib and IIa increased in relative abundance in offshore stations compared 

to their coastal counterparts (Fig. 3.3). While spatial differences were most pronounced for 

SAR11 subclades Ib and IIa, significant differences in relative abundance across the coastal to 

offshore transect were detected for seven of the eight subclades recovered in this study (Fig. 

S3.7). DESeq2 normalization revealed that subclades Ib, IIa, IV, and Vb were more abundant in 

offshore compared to coastal stations (Wald test; p<0.001), while subclades Ia and IIIa were 

more abundant at coastal stations compared to the offshore (p<0.001). Subclades Ib, IIa, IV, and 

Va also differed between the coastal and transition environments (p<0.001, except for IV where 

p=0.002), while subclades Ia, Ib, IIa, IIIa, IV, Va, and Vb differed between transition and 

offshore environments (p<0.001, except for Ib where p=0.017).  

Significant seasonal differences in the abundance of individual subclades were observed 

in both coastal and offshore environments, but not in the transition environment (Fig. S3.8). 

These include (i) subclade IIIa, which decreased during winter in both the coastal (Wald test, 

winter vs fall, p=0.003; winter vs spring and winter vs summer,  p<0.001) and offshore 

environments (winter vs fall, p<0.001; winter vs spring, p=0.002; winter vs summer, p=0.005); 

(ii) subclade Va, which increased in spring in the coastal environment (winter vs spring, 

p<0.001; spring vs fall, p=0.029); (iii) subclade Ia, which increased during winter in the coastal 

environment (winter vs fall, p=0.002; spring vs fall, p=0.041); (iv) subclade IV, which increased 
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in spring in the coastal environment (winter vs spring and spring vs summer, p<0.001); and (v) 

subclade Vb, which decreased during winter in the coastal environment (winter vs summer, 

p=0.018; winter vs spring, p=0.011).  

 

Spatial and temporal distributions  of SAR11 ASVs 

Of 106 SAR11 ASVs in total, 39 were found at least once in each of the coastal, 

transition, and offshore environments (Fig. 3.4A). 20 were unique to the 

coastal/coastal+transition stations and 44 were unique to the offshore/offshore+transition stations 

(Fig. 3.4A). All subclades except IIb, which was exceedingly rare overall, contained 

differentially distributed ASVs across the three environments when evaluated by DESeq2 

normalization (Fig. 3.5; Table S3.8).  

 Over half (55) of the 106 SAR11 ASVs appeared across all four seasons (Fig. 3.4B). The 

fewest number of SAR11 ASVs were detected in the fall and summer (73 ASVs and n=40 

samples each), while a higher number of SAR11 ASVs were detected during spring (85 ASVs in 

n=60 samples) and winter (94 ASVs in n=60 samples). Some ASVs (n=14) were restricted to a 

single season: two in each of spring, summer, and fall, and eight in winter. All of the season-

specific ASVs also had restricted spatial distributions, were infrequently recovered (n=2-5 

samples), and were relatively low in abundance (<1.5% of the SAR11 community). Using 

DESeq2 normalization, 28 ASVs showed seasonal differences in at least one of the three 

environments (Fig. 3.5; Table S3.8). While six of these seasonal ASVs had significant seasonal 

differences across two (n=5) or all three environment types (i.e. coastal, transition, offshore; 

n=1), the majority of seasonal ASVs were detected in the coastal environment (n=15). Three 
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seasonal ASVs were detected in the transition environment and four were recovered in the 

offshore environment.  

 

Frequency of SAR11 ASVs across KByT 

SAR11 ASVs were grouped into four categories based on the frequency they were 

detected in samples within each of the three environments: rare (<5%), low-frequency (5-25%); 

mid-frequency (25-75%); and high-frequency (>75%). In general, most SAR11 ASV diversity 

was comprised of either rare or low-frequency ASVs, including 45 of 62 ASVs in the coastal 

environment (73%), 47 of 67 ASVs from the transition environment (70%), and 52 of 86 ASVs 

from the offshore environment (60%) (Fig. S3.9). The offshore environment harbored 16 ASVs 

in the high-frequency category, followed by nine in the transition environment and seven in the 

coastal environment. Of these, only three were high-frequency across all three environments and 

none were unique to the transition zone. 

Rare ASVs were most commonly members of SAR11 subclade IIa (coastal n=14; 

transition n=16; offshore n=8). All subclades had an ASV that was high-frequency, with the 

exception of the exceedingly rare subclade IIb. Two high-frequency ASVs were ubiquitous 

across all 200 samples: ASV47 from subclade Ia and ASV78 from subclade IIa. Two high-

frequency ASVs were ubiquitous across all coastal samples: ASV16 from subclade Ia and 

ASV96 from subclade Va. Three high-frequency ASVs were ubiquitous across all offshore 

samples: ASV18 from subclade Ia, ASV34 from Ib, and ASV4 from subclade IV. 

In general, ubiquitous ASVs were also typically the most abundant. As a proportion of 

the total SAR11 fraction, ASV47 (28.5 ° 10.9%), ASV16 (24.2 ° 15.9%), ASV78 (8.5 ° 3.0%), 

ASV18 (6.9 ° 6.9%), ASV34 (3.9 ° 4.8%), and ASV96 (5.1 ° 4.2%) were the most abundant 
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SAR11 ASVs across all samples (mean ± s.d., n=200) (Fig. 3c). One exception was ASV4; at 0.8 

° 0.9% of the SAR11 fraction, it was only the 14th most abundant SAR11 ASV yet ubiquitous in 

the offshore. The seven ubiquitous ASVs made up 83.0 ° 5.9% (mean ± s.d., n=120) of the total 

SAR11 community within the coastal environment, 77.9 ° 12.8% within the transition 

environment (n=40), and 62.8 ° 7.9% within the offshore (n=40) (Fig. 3.3c).  

 

Correlations between SAR11, picocyanobacteria, and environmental parameters 

Hierarchal clustering of environmental parameters, the abundance of dominant SAR11 

ASVs, SAR11 subclades, and Synechococcus and Prochlorococcus picocyanobacteria, by the 

magnitude and direction of spearman rank correlations(rs) grouped these measures into two main 

clusters (Fig. S3.9). The first cluster contained dominant SAR11 ASVs ASV4, ASV18, ASV34, 

ASV47, and ASV78, SAR11 subclades Ia, Ib, IIa, IIb, IV, and Vb, Prochlorococcus, and 

environmental parameters (salinity and pH) that increased in the offshore environment, while the 

second cluster included dominant SAR11 ASVs ASV16 and ASV96, SAR11 subclades IIIa and 

Va, Synechococcus, and environmental parameters including the abundance of heterotrophic 

bacteria, the concentration of chlorophyll a, temperature, and the abundance of eukaryotic 

picophytoplankton that increased in the coastal environment (Table 3.1, Figure S3.9). Three of 

seven dominant SAR11 ASVs (ASV78, ASV34, ASV18) had strong positive correlations with 

the subclades that they belonged to (rs >0.7) (Figure S3.9). Subclade Ib, ASV34 (subclade Ib), 

and ASV18 (subclade Ia) had strong positive correlation with Prochlorococcus sequence 

abundance (rs >0.7), while more moderate positive correlations were detected between most 

other offshore SAR11 subclades and dominant ASVs (i.e. IIa, IV, Vb, ASV4, ASV78) and 

Prochlorococcus (rs=0.4-0.7). Subclades Ia and IIb and ASV47 showed weak correlations with 
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Prochlorococcus (rs<0.4) as well as weak correlations across most comparisons. Moderate 

positive correlations were found between SAR11 subclades IIIa and Va and ASV16 and ASV96 

and Synechococcus abundance (rs=0.4-0.7).  

 

Comparison of KByT SAR11 ASVs and isolated strains 

 Of the 106 SAR11 ASVs detected in KByT, 11 were 100% identical to cultured strains of 

SAR11, including seven from subclade Ia (Table S3.9). This included the most dominant and 

ubiquitous ASV in this data set, ASV47 within subclade Ia, which was identical to the 16S rRNA 

gene of fifteen SAR11 strains including several isolated from KǕneᾶohe Bay (Table S3.9). 

ASV16 and ASV18 from SAR11 subclade Ia each matched 100% to cultivated strains and 

possessed contrasting patterns of distribution, with ASV16 significantly higher in relative 

abundance in the coastal environment and ASV18 significantly higher in relative abundance in 

the transition and offshore environments (Fig. 3.2B; Table S3.7). ASV78, the other 

ubiquitously-distributed ASV and the second-most abundant overall, was a 100% match to strain 

HIMB58 in subclade IIa. One subclade IIIa ASV (ASV11) with ubiquitous distribution in coastal 

samples was identical to strain HIMB114. Finally, ASV96 in subclade Va exactly matched strain 

HIMB59 and was ubiquitously distributed in the coastal environment.  

The majority (7 of 11) of ASVs with matches to previously isolated SAR11 strains 

occurred in high frequency and abundance. The remaining ASVs that matched isolated strains 

were all from subclade Ia (ASV50, ASV20, ASV22, ASV12), and were less frequent and 

abundant (Table S9). 

 

Discussion 
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The Hawaiian island landmasses provide a useful and convenient platform to investigate 

the ecotypic differentiation of planktonic marine bacteria over an abrupt environmental gradient. 

Across two years of monthly sampling, the coastal environment within KǕneᾶohe Bay, Oᾶahu 

resolved itself as a marine Synechococcus-dominated system that contains elevated inorganic 

nutrients, chlorophyll a, and cellular abundances of planktonic marine bacteria. These features 

are consistent with an ñIsland Mass Effectò, where an increase in phytoplankton biomass 

proximate to near-island and atoll-reef ecosystems is caused by localized increases in nutrient 

delivery through physical oceanographic, biological, land-based, and anthropogenic processes 

(Doty & Oguri, 1956). A short, three nautical mile transit from the interior of the bay across a 

transition zone leads to a Prochlorococcus-dominated system characterized by depressed 

inorganic nutrients, low chlorophyll a concentrations, and lower abundances of planktonic 

marine bacteria - characteristics typical of offshore waters (Partensky, Blanchot & Vaulot, 1999). 

The persistent differences between coastal and offshore environments across the KByT 

transect also manifested in distinct distributions of SAR11 marine bacteria. While SAR11 

accounted for roughly 20% of the microbial community within the coastal environment of 

KǕneᾶohe Bay, their relative abundance sharply increased to 30-35% in the offshore waters 

surrounding the bay. In fact, seven of eight SAR11 subclades detected throughout KByT 

displayed distinct patterns of distribution across coastal KǕneᾶohe Bay and the adjacent offshore, 

the most dramatic of which were an increase in abundance of subclades Ib and IIa in the 

offshore. Increases in these two subclades have been associated with oligotrophic ocean gyres 

(Morris, Frazar & Carlson, 2012) and increased Prochlorococcus cellular abundances (Salter et 

al., 2014). Our results show that the environmental differences between coastal KǕneᾶohe Bay 

and the neighboring offshore is a strong determinant of SAR11 subclade distribution, providing 
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further support that adaptations to environmental niches may shape the evolution of a majority of 

SAR11 marine bacteria (Vergin et al., 2013).  

 In previous studies, abiotic parameters including depth, salinity, temperature, and latitude 

have been identified to co-vary with the distribution of SAR11 subclades (Field et al., 1997; 

Carlson et al., 2008; Brown et al., 2012; Vergin et al., 2013; Salter et al., 2014; Herlemann et al., 

2014; West et al., 2016). We observed a fundamental change in the picocyanobacteria that 

dominate coastal versus offshore surface seawater across the KByT system, and hypothesize that 

this is a major driver determining the distinct distributions of SAR11 subclades and ASVs across 

KByT. Different SAR11 subclades have shown to preferentially feed on exudates from 

Synechococcus (Nelson & Carlson, 2012), and similar patterns may be possible between SAR11 

subclades and Prochlorococcus (Becker et al., 2019). Some evidence of how SAR11 populations 

may specialize in coastal versus oceanic environments comes from analysis of genomes 

sequenced from isolated SAR11 strains belonging to subclade Ia (Schwalbach et al., 2010; 

Giovannoni et al., 2019). For example, genomic analyses of coastal, high-latitude subclade Ia 

strain HTCC1062 and ocean gyre, low-latitude subclade Ia strain HTCC7211 have shown that 

the coastal strain is capable of utilizing glucose for chemoheterotrophic growth, while the ocean 

gyre strain could not (Schwalbach et al., 2010). This appears to be a variable metabolic property 

within SAR11 subclade Ia, and is more commonly detected in productive environments that offer 

higher concentrations of labile carbon sources (Schwalbach et al., 2010). Recent genomic 

investigations and co-culture studies are expanding our understanding of the diverse 

phytoplankton byproducts SAR11 cells are able to metabolize, such as volatile organic 

compounds (Halsey et al., 2017; Moore et al., 2020) and dimethyl arsenate (Giovannoni et al., 

2019), emphasizing the importance of co-evolutionary relationships between SAR11 and 
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phytoplankton (Braakman, Follows & Chisholm, 2017; Becker et al., 2019), and further 

suggesting that primary productivity plays a significant role in structuring SAR11 genetic and 

ecological diversity. 

Across surface seawater within the three environments of KByT, the relative abundance 

of SAR11 was dominated by seven ASVs. This observation was similar to that of Ortmann & 

Santos, who found that ten abundant SAR11 OTUs represented >80% of all of the SAR11 

sequences collected from surface seawaters along a transect from coastal Mobile Bay, Alabama, 

to the offshore Gulf of Mexico (Ortmann & Santos, 2016). Across KByT, part of this dominance 

may arise from the relatively conserved nature of the 16S rRNA gene fragment, which can mask 

genomic heterogeneity and associated ecological differentiation (Chase et al., 2018; Chevrette et 

al., 2019). High similarity of the 16S rRNA gene despite large genomic variation has been 

previously reported in the SAR11 subclade, with members of subclade Ia sharing 16S rRNA 

gene identities of 98% or greater occurring within genomes that share average amino acid 

identities as low as 71% (Grote et al., 2012). In addition, comparisons among intergenic spacer 

(ITS) and 16S rRNA gene ASVs have shown that SAR11 ITS ASVs provided more and higher 

correlations between SAR11 and viral communities, suggesting that important strain-specific 

interactions remain unresolved by the 16S rRNA gene (Needham, Sachdeva & Fuhrman, 2017).  

Despite its potential limitations, our analysis of 16S rRNA gene ASVs did show 

ecologically relevant patterns below the subclade-level. Subclade Ia contained three ASVs 

(ASV16, 18, 47) within the seven most abundant, which is not surprising considering that it is 

the most abundant SAR11 subclade in surface oceans overall (Delmont et al., 2019). Yet, our 

observation that ASV16 is more abundant nearshore and ASV18 is more abundant offshore, and 

their segregation into two different clusters based on correlation analyses, provides evidence that 
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their coexistence may in part derive from functional differences between closely related SAR11 

ASVs that result in their differential distribution across end member environments of this study 

system.  

In our study, spring and summer coincide with the dry season in Hawaiᾶi; a period of 

increased salinity, increased solar irradiance, and diminished dissolved organic nutrients in the 

coastal environment due in part to decreased nutrient delivery from freshwater streams (Cox, 

Ribes & Kinzie RA, 2006; Bryant et al., 2016). In contrast to offshore KByT stations that 

underwent little seasonal change, coastal KByT stations within KǕneᾶohe Bay experienced 

notable seasonal changes during spring including increased salinity, Synechococcus and 

heterotrophic bacteria cellular abundance, and an increase in the total relative abundance of 

SAR11. Based on our results and those of past studies (Cox, Ribes & Kinzie RA, 2006; Yeo et 

al., 2013), it appears that SAR11 and Synechococcus within KǕneᾶohe Bay tend to increase in 

abundance during dry periods and decrease seasonally and periodically (i.e. immediately 

following storm events) with increased rainfall and nutrient concentrations.  

Seasonal changes in the diversity and abundance of individual SAR11 subclades have 

been observed in temperate (Salter et al., 2014; Meziti et al., 2015), tropical (Vergin et al., 2013), 

freshwater (Heinrich, Eiler & Bertilsson, 2013), and subtropical environments (Chow et al., 

2013). While significant seasonal changes in the number of SAR11 ASVs were not observed in 

KByT, we did discern strong seasonal patterns in the relative abundance of SAR11 subclades 

and within individual ASVs. At the offshore stations of KByT, we found that SAR11 subclade 

IIIa peaked during fall in a similar fashion to observations in surface waters of the Sargasso Sea 

(Vergin et al., 2013). At the coastal stations of KByT, subclades IIIa, IV, and Va peaked in 

relative abundance during spring, while subclade Ia peaked during the winter, and subclade Vb 
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peaked during spring. Several factors may contribute to differences in subclade seasonality 

between the coastal and offshore environments. First, different ASVs that comprise these 

subclades in each environment may display heterogeneous responses to seasonal changes. 

Second, seasonal fluctuations in the structure and activity of the phytoplankton and 

cyanobacterial communities that make up the base of the food web that are specific to the coastal 

or offshore environment may elicit changes in the growth of SAR11 ASVs. In the coastal 

environment, the average relative abundances of SAR11 and Synechococcus reached their 

maximum during spring, with highly significant changes in abundance across multiple seasonal 

comparisons. Similarly, in the offshore environment SAR11 and Prochlorococcus both reached 

their maximum average relative abundances during the summer, however these changes in 

abundance were less dynamic, with non-significant comparisons across seasons. It is plausible 

that the abundance of the major consumer of dissolved organic matter, SAR11, is linked to the 

abundance of dominant photoautotrophs Synechococcus and Prochlorococcus in the coastal and 

offshore environments, respectively (Malmstrom et al., 2010). We note, however, that it is also 

plausible that seasonal changes in terrestrial and eukaryotic phytoplankton-derived dissolved 

organic carbon might differentially impact the structure and abundance of SAR11 assemblages 

across the nearshore to offshore continuum investigated here. 

Relatively little is known about the genetic structure of natural populations of marine 

microbes in coastal tropical environments, as most studies have come from time-series in 

temperate systems (Gilbert et al., 2009; Lindh et al., 2015) and oligotrophic ocean gyres (Eiler, 

Hayakawa & Rappé, 2011; Vergin et al., 2013; Bryant et al., 2016). Our time-series analyses 

from tropical coastal KǕneᾶohe Bay to its adjacent offshore system show distinct SAR11 

communities across environments, that are dominated by a few highly abundant ASVs. This 



 

 

103 

study contributes to a growing knowledge of how coexisting, closely-related populations of 

marine bacteria are distributed across environmental gradients.  

 

Conclusions 

SAR11 is the most abundant organism inhabiting seawater of the global ocean. Yet, due to its 

immense genetic diversity, an understanding of the determinants underlying its spatial and 

temporal distributions in natural systems remains limited to specific subclades and environments. 

Here we show sharp changes in the relative distribution of 16S rRNA gene ASVs, subclades, and 

total relative abundance of SAR11 bacteria across a coastal to offshore transition in the tropical 

Pacific Ocean. Nearly all of the SAR11 subclades detected throughout the KǕneᾶohe Bay Time-

series displayed distinct patterns of distribution across coastal, transition, and adjacent offshore 

environments. While seasonal patterns of distribution for SAR11 subclades occupying offshore 

stations were few, the seasonality of SAR11 subclades in the coastal environment were unique 

and more dynamic. Despite their close proximity and a constant exchange of seawater between 

stations, our findings suggest that environmental selection shapes the stark spatial and seasonal 

patterns of distribution in SAR11 lineages we observed. We anticipate that a genomic approach 

will help to elucidate the underlying mechanisms responsible for this ecotypic differentiation.  
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Figure 3.1. Location and characteristics of the KǕneᾶohe Bay Time-series (KByT) sampling 

stations. (A) Map of sampling stations within and immediately adjacent to KǕneᾶohe Bay on the 

island of Oᾶahu, Hawaiᾶi. (B-G) Distribution of environmental parameters over two years of 

sampling across the coastal, transition, and offshore regions of KByT, including (B) temperature, 

(C) chlorophyll a, (D) cellular abundance of heterotrophic bacteria, (E) cellular abundance of 

Synechococcus, (F) cellular abundance of eukaryotic picophytoplankton, and (G) cellular 

abundance of Prochlorococcus. Box plots show the mean and first and third quartile. Map 

plotted in ArcGIS Pro 2.7.  
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Figure 3.2. Community structure of dominant groups across environment types in KByT. 

(A) Average relative abundance of the fourteen most abundant order-level 16S rRNA gene-based 

groups across coastal (n=120), transition (n=40), and offshore (n=40) environments sampled 

over two years of KByT. Taxonomy based on Silva v132. (B) Distribution of Synechococcus and 

Prochlorococcus ASVs across KByT. N=20 samples per station. (C) Distribution of 
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Synechococcus and Prochlorococus cellular abundances relative to the total prokaryotic 

community. N=20 samples per station.  

 

Figure 3.3. Spatial distribution of SAR11 subclades. (A) Average number of SAR11 ASVs 

per subclade, and (B) subclade relative abundance across KByT stations. n=20 samples per 

station. (C) Average proportion of the total SAR11 relative abundance for the ubiquitous SAR11 

ASVs. Seven ASVs are either ubiquitous within coastal (ASV16, ASV96), offshore (ASV34, 



 

 

118 

ASV18, ASV4), or both (ASV47, ASV78) environments. Circle size indicates the relative 

proportion of SAR11 in the total microbial community. Map plotted in ArcGIS Pro 2.7.  

 

Figure 3.4. Environmental and seasonal distributions of SAR11 ASVs. Venn diagrams 

comparing the distribution of total number of ASVs detected across (A) environments and (B) 

seasons. 
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Figure 3.5. SAR11 ASV distributions. Heatmap indicating the relative abundance of SAR11 

ASVs (rows) per sample (columns). ASVs are ordered vertically by subclade, and samples are 

ordered horizontally by environment, season, date sampled, and site. ñEò next to ASVs denotes a 
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significant difference between environments, while ñSò denotes a significant differences among 

seasons within a given environment. Wald tests to assess the significance of differences among 

environment and season for each SAR11 ASV were conducted using DESeq2 normalized 

counts.  
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Table 3.1. Environmental parameters and cellular abundances from KByT. Samples are averaged (mean ° s.d.) over 

environmental category and season. 

 

 Coastal Transition Offshore 

 Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring 

 (n=24) (n=24) (n=36) (n=36) (n=8) (n=8) (n=12) (n=12) (n=8) (n=8) (n=12) (n=12) 

Seawater temp. (ÜC) 27.6 Ñ 0.6 26.5 Ñ 1.3 24.0 Ñ 0.4 26.5 Ñ 1.5 27.0 Ñ 0.6 26.3 Ñ 0.9 24.0 Ñ 0.5 25.4 Ñ 1.0 26.7 Ñ 0.5 26.2 Ñ 0.8 23.9 Ñ 0.6 25.2 Ñ 0.8 

pH 7.9 Ñ 0.1 7.9 Ñ 0.2 8.0 Ñ 0.1 7.9 Ñ 0.2 8.0 Ñ 0.1 7.9 Ñ 0.3 8.0 Ñ 0.1 7.8 Ñ 0.2 8.1 Ñ 0.2 8.0 Ñ 0.2 8.1 Ñ 0.1 7.9 Ñ 0.1 

Salinity 34.0 Ñ 1.2 34.4 Ñ 0.6 34.2 Ñ 0.6 35.1 Ñ 1.3 34.4 Ñ 0.8 35.2 Ñ 0.5 34.9 Ñ 0.5 35.5 Ñ 1.2 34.4 Ñ 0.8 35.3 Ñ 0.7 35.0 Ñ 0.4 35.6 Ñ 1.2 

Chlorophyll a (Õg L-1) 1.6 Ñ 0.4 1.5 Ñ 0.4 1.7 Ñ 0.5 1.5 Ñ 0.4 0.9 Ñ 0.5 0.7 Ñ 0.3 0.8 Ñ 0.3 0.9 Ñ 0.6 0.5 Ñ 0.3 0.8 Ñ 0.7 0.6 Ñ 0.3 0.8  Ñ 0.8 

Heterotrophic bacteriaa  1.4 Ñ 0.5 1.1 Ñ 0.5 1.3 Ñ 0.4 1.4 Ñ 0.4 0.8 Ñ 0.2 0.7 Ñ 0.4 0.7 Ñ 0.2 0.9 Ñ 0.2 0.7 Ñ 0.2 0.6 Ñ 0.2 0.7 Ñ 0.2 0.8 Ñ 0.2 

Synechococcusb 26.6 Ñ 12.7 16.8 Ñ 13.5 16.5 Ñ 12.8 25.6 Ñ 9.7 4.0 Ñ 7.8 6.2 Ñ 7.8 1.8 Ñ 1.2 6.8 Ñ 4.5 4.3 Ñ 3.7 4.3 Ñ 3.7 1.6 Ñ 2.0 5.3 Ñ 4.0 

Eukaryotic 
picophytoplanktonc  

2.9 Ñ 1.2 2.8 Ñ 1.2 2.9 Ñ 2.4 3.2 Ñ 0.9 0.9 Ñ 0.4 1.3 Ñ 1.0 0.9 Ñ 0.6 1.1 Ñ 0.6 0.6 Ñ 0.5 0.7 Ñ 0.1 0.9 Ñ 0.9 0.8 Ñ 0.4 

Prochlorococcusd  0.1 Ñ 0.7 0.7 Ñ 0.1 0.0 Ñ 0.0 0.0 Ñ 0.0 2.8 Ñ 3.3 2.8 Ñ 2.4 1.8 Ñ 1.5 2.0 Ñ 1.4 6.9 Ñ 2.7 5.7  Ñ 3.1 6.9 Ñ 0.2 5.5 Ñ 1.9 

a(x106 cells mL-1); b(x104 cells mL-1); c(x104 cells mL-1); d(x104 cells mL-1) 
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Supplementary Materials 

 

Figure S3.1. Seasonal delineations across KByT. (A) Harmonic mean function fit to sea 

surface water temperature from KǕneᾶohe Bay, Hawaiᾶi. (B) Annual time-derivate for all 10 

years of data. 
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Figure S3.2. Phylogenetic analysis of SAR11 16S rRNA gene ASVs recovered through 

KByT . Cultivated isolates are indicated by ñstr.ò (strain). Genbank accession numbers for 

reference sequences obtained from Genbank or Silva v132 are included in parentheses.  

 

 

Figure S3.3. Delineation of environments across KByT. nMDS (k=2) of a Bray-Curtis 

distance matrix calculated from temperature, salinity, pH, cellular abundances of heterotrophic 

bacteria, cyanobacteria, and eukaryotic picophytoplankton, and chlorophyll-a concentrations for 

the entire KByT dataset (n=200 samples). nMDS stress was 0.03.  
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Figure S3.4. Seasonal and environmental distributions of dominant photoautotrophs across 

KByT. Average abundance and standard deviation of (A) Synechococcus, B) chloroplast, and C) 

Prochlorococcus sequences relative to the total community in each environment and season. 

Seasonal comparisons with significant seasonal differences as defined by DESeq2 normalization 

are noted: * if p<0.05, ** if p 0.01, and *** if p  0.001. 
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Figure S3.5. Distribution of total SAR11 relative abundance across KByT. (A) Average 

abundance and standard deviation of SAR11 relative to the total community in each 

environment. (B) Average abundance and standard deviation of SAR11 relative to the total 

community in each season. Comparisons with significant seasonal or environmental differences 

as defined by DESeq2 normalization are noted: * if p<0.05, ** if p 0.01, and *** if p  0.001. 
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Figure S3.6. Environmental distributions of SAR11 subclades across KByT.  Average 

abundance and standard deviation of SAR11 subclades relative to total SAR11 abundance in 

each environment. Comparisons with significant environmental differences as defined by 

DESeq2 normalization are noted: * if p<0.05, ** if p 0.01, and *** if p  0.001. 
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Figure S3.7. Seasonal distributions of SAR11 subclades across KByT. Average abundance 

and standard deviation of SAR11 subclades relative to total SAR11 abundance in each 

environment (coastal, transition, offshore) per season. Seasonal comparisons with significant 

seasonal differences as defined by DESeq2 normalization are noted: * if p<0.05, ** if p 0.01, 

and *** if p  0.001. 
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Figure S3.8. Frequency of detection of SAR11 ASVs across subclades and environments. 

Sample size per environment of KByT included coastal (n=120), transition (n=40), and offshore 

(n=40).  


