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Abstract 

As important primary producers, picophytoplankton determine the flow of carbon and 

energy in aquatic ecosystems. Picocyanobacteria are one picophytoplankton group known to be 

dominant in oceans and lakes, but they are still poorly understood in river systems. This project 

examined picophytoplankton communities in two distinct river systems: the Columbia and 

Willamette Rivers in Portland, Oregon. I aimed to characterize and quantify the 

picophytoplankton populations in the context of the environmental conditions of the two rivers. 

I used flow cytometry to detect cells based on their relative size and pigment fluorescence. I 

sampled nearly weekly for ten months to capture population dynamics over seasonal changes 

and short-duration disturbances. And finally, I discovered seven distinct picophytoplankton 

populations present in both rivers at varying abundances over time. My findings highlight the 

physiological and genetic diversity that underlie these persistent and biogeochemically important 

primary producers in freshwater ecosystems.  
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Chapter 1 

Introduction 

 Global energy and nutrient cycles are governed by microorganisms. The 

picophytoplankton are one microbial function group that contributes heavily to the carbon cycle 

via photosynthesis, a process by which sunlight energy is used to atmospheric carbon into aquatic 

ecosystems. The picocyanobacteria are one major subgroup of picophytoplankton. While 

picocyanobacteria have been well studied in oceans and large lakes (Stockner & Antia, 1986; 

Stockner, 1988), these tiny, carbon-fixing cells have yet to be studied carefully in river systems. 

River systems are important to microbial ecology because they connect the ecosystems that 

contain well-known picocyanobacteria populations. The goal of my thesis was to identify 

coexisting populations of picophytoplankton, such as picocyanobacteria, in major rivers. The 

populations were distinguished based on their unique pigment properties determined with flow 

cytometric measurements of relative forward light scatter and pigment fluorescence using 

different excitation lasers. I focused on two major rivers of the Portland Metropolitan region: the 

Columbia and Willamette. These rivers are distinct in several ways, making them an excellent 

natural laboratory for addressing questions of picophytoplankton ecology and biology. 

Ultimately, this has been the first study to investigate the picophytoplankton community 

structures that play a role in shaping each respective river system. 

Biogeochemistry is driven by microorganisms 

 The flow of energy and nutrients on Earth is sustained via biogeochemical cycles. These 

components of biogeochemistry are released and stored through redox processes heavily 

influenced by microorganisms. The metabolisms of different microbial functional groups carry 
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out most of these redox reactions, thereby driving biogeochemical transformations on a global 

scale. Specifically, the evolution of highly conserved multimeric protein complexes in 

microorganisms provides a means for driving the biogeochemical cycling of hydrogen, carbon, 

nitrogen, oxygen, and sulfur (Falkowski et al., 2008, Kluyver & Donker, 1926; Williams, 1997). 

A very important component of biogeochemistry is the carbon cycle. One major step in 

the carbon cycle is photosynthesis, which is the only known process of energy transduction that 

is not directly dependent on chemical bond energy (Falkowski & Godfrey, 2008). Instead, 

photosynthetic organisms use the energy from the sun to reduce carbon dioxide and oxidize 

water, producing organic carbon (biomass) and oxygen gas that is key for all life on Earth (Nelson 

et al., 2021). This makes photosynthetic organisms considered primary producers since they 

make carbon and energy available to other non-phototrophic species. The contribution of 

phytoplankton to aquatic ecosystems is also evident in the marine forms contributing roughly an 

equal amount of primary production per year as all land plants combined (Falkowski & Raven, 

2000; Field et al., 1998).  

Phytoplankton: picocyanobacteria  

A significant component of phytoplankton communities are picophytoplankton, defined 

here as cells < 3 μm in diameter. Picophytoplankton include eukaryotic and prokaryotic 

microorganisms, like protists and picocyanobacteria, respectively. Picocyanobacteria are known 

primary producers in aquatic ecosystems around the globe, with identification and 

characterization done in marine, brackish, and freshwater lake systems (Callieri, 2010; Camacho 

et al., 2003; Ernst, 1991; Partensky et al., 1999a, 1999b; Pick, 1991; Stockner et al., 2000). The 

three most numerous types of aquatic primary producers are all picocyanobacteria, which 
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include Prochlorococcus spp., Synechococcus spp., and Cyanobium spp. (Partensky et al., 1999a, 

1999b; Zwirglmaier et al., 2008), the latter two of which fall under the Synechococcales order. 

Prochlorococcus is only present in marine ecosystems while Synechococcales are found in 

marine, brackish, and freshwater ecosystems (Biller et al., 2015; Zwirglmaier et al., 2008). The 

ubiquitous abundance of these cells emphasizes their potential use as climate prediction tools.  

Future climate models show that shifts in biogeochemistry and food chain fluxes will be 

noticeable before phytoplankton populations go extinct (Dutkiewicz et al., 2021). For 

Synechococcus spp. in particular, a different niche model predicted these cells to increase in 

abundance by 14% with climate change (Flombaum et al., 2013). Thus, it is important to 

characterize these cells, to illuminate their ecological role in present and future scenarios. 

One way to characterize picophytoplankton populations is by their size ranges. Cell size 

can determine the growth rate, nutrient affinity, and sinking habits of phytoplankton (Buitenhuis 

et al., 2008). Cell size is often viewed as a ‘master trait’ in ocean systems since it can dictate 

growth, sinking, and grazing pressure dynamics of phytoplankton communities, with some cell 

volumes recorded over nine orders of magnitude (Litchman et al., 2015; Ward et al., 2012). While 

some cells are larger than other cells, Synechococcales strains also may form microcolonies 

(Callieri et al., 2012; Jezberová & Komárková, 2007), thus becoming larger. New studies suggest 

that these microcolony formations can act as a defense mechanism against nanoflagellate 

predators (Callieri et al., 2016; Christoffersen, 1994; Jezberová & Komárková, 2007; Sanders et 

al., 2000; Stockner & Antia, 1986). Microcolony formations combined with adaptability to high 

and low temperature and sunlight levels results in Synechococcales’ extreme plasticity in 

relieving environmental stressors (Callieri, 2017). 
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Another component of picophytoplankton communities, besides picocyanobacteria, are 

pigmented picoeukaryotes (Worden et al., 2004). Niche partitioning occurs between 

picocyanobacteria and pigmented picoeukaryotes in freshwater ecosystems (Cabello-Yeves et 

al., 2022; Callieri, 2017; Gale et al., 2023; Grébert et al., 2018; Haverkamp et al., 2009; Palenik, 

2001; Six et al., 2007; Stomp et al., 2004; Winder, 2009). Thus, considering the entire 

picophytoplankton community, and identifying the contributions of these two phytoplankton 

groups, is important in aquatic microbial ecology. Since global air temperatures are projected to 

increase by 1.5-5 °C within the century (IPCC, 2001), this will lead to either the stabilization or 

inhibition of eukaryotic phytoplankton (diatoms, dinoflagellates, algae, etc.) while cyanobacteria 

abundances are predicted to increase (Paerl & Huisman, 2009). So, determining which 

populations are present and thrive under which environmental conditions is important for 

understanding the effects of climate change on aquatic ecosystems.    

Flow Cytometry 

 Flow cytometry is an excellent technique for quantifying, characterizing, and sorting 

small, pigmented cells (Engh & Stokdijk, 1989; Moreria-Turcq et al., 1993; Olson et al., 1983, 

1988; Stomp et al., 2004; Thompson & Engh, 2016; Wood et al., 1985). The hydrodynamic 

focusing of particles in aqueous samples ensures that one individual particle is analyzed at a time. 

Analysis involves the use of different lasers exciting each cell followed by the detection of forward 

light scatter and fluorescence. This flow cytometry method allows high throughput and precise 

analysis of individual cells as well as whole samples. From there, cells can be sorted for 

downstream genetic analysis purposes, with flow cytometry having been coined a 

“fingerprinting” technique for aquatic microbial samples (Koch et al., 2013).  
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 The use of different excitation lasers is helpful when distinguishing between different 

fluorescence properties of cells. The most useful excitation wavelengths for distinguishing 

phytoplankton are 488 (blue) and 561 nm (green) lasers determined via multidimensional 

analysis of relative fluorescence action spectra using five different lasers, which corresponded to 

18S rRNA phylogenetic analysis (Thompson & Engh, 2016). All photosynthetic microorganisms 

contain the green pigment, chlorophyll, while only some have an accessory pigment called 

phycoerythrin. These different pigment properties determine the different wavelengths of light 

that the microorganisms can harvest, with phycoerythrin-containing-cells likely being of 

Synechococcales descent (Olson et al., 1988; Thompson & Engh, 2016). Chlorophyll and 

phycoerythrin fluorescence wavelengths can be detected via flow cytometry at 642 ± 20 nm and 

572 ± 13 nm, respectively (Thompson & Engh, 2016).   

 In flow cytometry, photosynthetic cells are typically distinguished from other particles 

and background noise by their chlorophyll fluorescence. Then, chlorophyll containing cells can be 

further distinguished from each other by looking at the chlorophyll detection via different 

excitation lasers. Phenotypic populations of cells plotted on bivariate plots of pigment 

fluorescence excited by different excitation lasers appear like elongated lines, which have been 

called “needles” (Thomspon & Engh, 2016). These needles are cells with the same pigment 

fluorescence ratios at different intensities, making the population distributions on bivariate plots 

an elongated, or needle-like, shape. By coupling cell sorting to sequencing, past work has 

determined that needles include cells with the same pigment properties, but different genotypes 

(Gale et al., 2023).   
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Flow cytometry is also effective at determining cell size. To determine the size of particles 

within a sample, forward light scatter detection can be used as a proxy for relative size with the 

aid of an internal polystyrene microsphere (bead) standard of known size. Mie theory has shown 

that the relationship between forward light scatter and size using flow cytometry is complicated 

and non-linear (Ribalet et al., 2019) and thus requires precise calibration. Despite the non-linear 

relationship, the forward light scatter detection can still be used to estimate the size range of 

picophytoplankton populations in reference to beads. 

Phenotypic niche partitioning 

The variation in eco-physiological traits among picocyanobacteria lineages is primarily 

associated with their pigment types (Callieri, 2010). Pigment composition can be used to 

characterize distinct strains of picophytoplankton based on the spectral niche that they fill 

(Grébert et al., 2018, 2022; Gale et al., 2023; Stomp et al., 2004), and even genetically related 

strains can have vastly different pigment compositions (Cabello-Yeves et al., 2022; Everroad & 

Wood, 2006; Gale et al., 2023; Scanlan & West, 2002). This variety in pigment types is thought to 

be due to horizontal gene transfer of pigment composition genes (Grébert et al., 2018, 2022). 

The main pigment types of Synechococcus spp. are referred to as Type 1, Type 2, and Type 3. 

Differences in phycobilisome composition among these pigment types are seen in the rods of 

light harvesting complexes consisting of one type of phycocyanin and/or two types of 

phycoerythrin (I and II). Type 1 Synechococcus have no phycoerythrin but do contain 

phycocyanin. Type 2 Synechococcus have phycoerythrin I and phycocyanin. And Type 3 

Synechococcus have phycoerythrin I and II, and phycocyanin. The relative absorbance of these 

pigment types differs across the visible light spectrum with phycoerythrin I and II having slightly 
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different absorption spectra (Six et al., 2005, 2007). Thus, specific freshwater strains flourish by 

aligning their phycobiliprotein adsorption spectra with the prevailing light wavelengths (Callieri 

et al., 1996) in a process called photoacclimation. Therefore, it is crucial to classify these cells 

according to the ecological roles they play in capturing sunlight at various wavelengths.   

While marine picophytoplankton communities are mostly represented by 

Prochlorococcus and Synechococcus genera, freshwater ecosystems contain far more diversity of 

picocyanobacteria, including Synechococcus, Cyanobium, Synechocystis, and Cyanothece genera 

(Cabello-Yeves et al., 2022; Crosbie et al., 2003; Sánchez-Baracaldo et al., 2008). The greater 

diversity of picocyanobacteria in freshwater environments ties into their genetic makeup as well. 

In comparison to marine strains, freshwater picocyanobacteria strains have larger genomes (2.9 

Mb +/- 0.41 Mb) and %GC content (64% on average) (Cabello-Yeves et al., 2022). This greater 

genetic and phenotypic diversity alludes to a greater environmental adaptability. Therefore, 

connecting this vastly greater freshwater genome to the adaptability of picocyanobacteria 

populations is another area of importance that this thesis addresses.  

Ecosystem dynamics 

Concerning climate change, ecosystem models predict that changed environments will 

lead to changes in phytoplankton community structure (Dutkiewicz et al., 2015). While 

Prochlorococcus are the most abundant cells in our oceans, Synechococcus is the second most 

abundant in marine systems and the first most abundant, followed by Cyanobium, in freshwater 

systems (Sanchez-Baracaldo et al., 2005). Freshwater picophytoplankton communities (i.e., 

picocyanobacteria and pigmented picoeukaryotes) have been sufficiently studied in lakes 

(Cabello-Yves et al., 2022; Callieri, 2008; Ernst, 1991; Gale et al., 2023; Pick, 1991; Stockner et al., 
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2000; Stomp et al., 2007) and estuary systems (Cabello-Yves et al., 2022; Callieri et al., 2012; 

Scanlan, 2012; Stomp et al., 2007; Wawrik & Paul, 2004), and until now, river systems. 

Specifically, while there is a known abundance of larger scale planktonic cells (e.g., diatoms) 

within the Columbia and Willamette Rivers (Prahl et al., 1997; Small & Morgan, 1994; Sullivan, 

1997; Sullivan et al., 2001), as well as picocyanobacteria cells documented within the Columbia 

Estuary (Frame & Lessard, 2009; Haertel et al., 1969; Jones et al., 1990), this will be the first study 

to phenotypically distinguish between these cells within the flowing freshwater ecosystems of 

Portland, OR.   

The confluence of the Columbia and Willamette Rivers is located at the 

northern/northwestern tip of Portland, Oregon.  At this convergence, the Willamette River flows 

into the Columbia River, which is the largest river in the Pacific Northwest region of North 

America (USGS, 1990). Understanding how the phytoplankton in these rivers contribute to the 

marine ecosystem is important in connecting the freshwater realm to the saltwater realm of the 

photosynthetic microbiome. This ecological relationship is dynamic with high gradients of 

environmental parameters such as temperature, light, and nutrient availability affecting 

phytoplankton growth and primary productivity across marine (Chisholm, 1992) and freshwater 

ecosystems (Vörös et al., 1998). 

Phytoplankton growth depends on the balance between temperature, nutrients, and 

light. Temperature increases are known to contribute to phytoplankton growth (Lewandowska 

et al., 2012; Rose & Caron, 2007). Yet, when surface ocean water temperatures reach above 14 

°C, nitrate concentrations are low and become a limiting factor (Li, W. K. W., 1998). However, 

nutrient limitations on phytoplankton growth have been reopened for debate, since it remains 
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unclear whether nitrogen or phosphorus are the limiting factor in marine and freshwaters 

systems (Callieri, 2010). Despite this debate, phytoplankton growth can be attributed to either 

temperature, light, or nutrients depending on the time of year and the ecosystem conditions. 

Turbidity is another parameter in rivers that could influence phytoplankton growth. While 

the measurement of turbidity accounts for all particles scattering light (Swanson & Baldwin, 

1965), this measurement has been shown to consist primarily of suspended detrital minerals (i.e., 

sediment) in the Columbia River (Sullivan et al., 2001). Additionally, the waters of the Columbia 

River may be less turbid than the Willamette River, due to the dams slowing the flow of the river, 

thus causing less upwelling of sediment (Sullivan et al., 2001). Essentially, less turbid waters allow 

for more sunlight to reach phytoplankton, leading to more growth (Nolan, 2018; Sullivan et al., 

2001).  

The discharge of a river, measured as the flow rate over time (Bongard, 2018), is another 

parameter that can be used to gauge how well the two ecosystems support phytoplankton 

growth. Dramatic fluctuations in discharge in river systems, likely due to dam operations or heavy 

rainfall, can cause the upwelling sediment leading to increased turbidity. Therefore, discharge 

can also affect phytoplankton growth regarding sunlight availability as discussed previously.  With 

that, primary production can be limited by water retention time and light availability due to 

vertical mixing (inferred from relative changes in discharge) and turbidity dynamics of river 

ecosystems (Sullivan et al., 2001).  

Summary 

This study is the first to examine the community structure of picophytoplankton within 

the Columbia and Willamette Rivers just before the confluence. I used a high-resolution sampling 
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method corresponding to continuously measured hydrological data provided by USGS. This 

project aims to answer the following questions regarding picophytoplankton communities within 

the flowing freshwater ecosystems of Portland, Oregon: (1) How many different phenotypic 

populations are present in each river? (2) Do these populations abundances shift over time, and 

if so, how might they differ between the two rivers? (3) Are these two rivers different in terms of 

supporting different picophytoplankton communities?  

To address these questions, I designed and executed a 10-month long surface water 

sampling regime in Portland’s rivers to identify picophytoplankton populations. I used flow 

cytometry to analyze samples taken from the Columbia and Willamette Rivers about every week 

from September 2022 to July 2023. Different populations of picophytoplankton cells were 

characterized via relative pigment fluorescence. Then, the concentration (cells per mL) of each 

population in every sample was assessed over the period. The environmental conditions of each 

river were also compared to make sense of picophytoplankton abundance patterns. Future work 

will statistically quantify the ecological relationship by determining how strongly changes in 

different picophytoplankton population abundances correlate with changes in environmental 

factors.  
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Chapter 2  

Materials and methods  

Research approach overview 

A summary of the research approach for this study is shown in Figure 1. Surface water 

samples were taken roughly every week from separate locations along the Columbia and 

Willamette Rivers in Portland, Oregon. These samples were fixed, flash frozen, and stored for 

later analysis. Flow cytometry was used to analyze cells within every sample based on relative 

size and pigment fluorescence. Population data was distinguished using the software FlowJo. 

Retrieval of USGS station hydrological data was visually assessed in comparison to population 

abundances over time.  

 
Figure 1. Methodology flow chart. From left to right, the images are as follows: grab sampling, the frozen 
samples stored in cryotubes, the flow cytometry interrogation chamber, and an example plot of the gating 
process. The right-most image consists of a colored density dot plot, with high numbers of overlapping 
cells (i.e., dots) in bright blue, corresponding to the relative forward light scatter and chlorophyll 
fluorescence of each cell excited by blue light (488_Chlorophyll vs. 488_Forward Light Scatter). The gate 
drawn (black line) encompasses chlorophyll-containing cells (CHL+).  

Sample collection 

 Surface water samples were collected at two locations in the river systems of the Portland 

Metropolitan Region, approximately weekly from September 2022 until July 2023 (Figure 2). The 

sampling site in the Columbia River was located at the Bridgeton Moorage private dock 
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(45.60237, -122.66056) roughly 10 km upriver of the Columbia and Willamette confluence 

(45.65716, -122.76369) that is around 150 km upriver of the Columbia River Estuary. The 

sampling site in the Willamette River was located at the Riverplace Marina public dock (45.51045, 

-122.67183) roughly 20 km upriver of the Columbia and Willamette confluence. These two 

locations were ideal for grab sampling the surface water off each dock by hand. Collection water 

was obtained using 15 mL centrifuge tubes, which were rinsed with river water three times 

before keeping 15 mL. At one time point, multiple samples were taken along multiple locations 

of each dock to measure the variability in cell abundance based on sampling location.  

 
Figure 2. Sample sites (blue) in comparison to USGS data retrieval sites (red). The sampling site along the 
Columbia River was off a private dock along the inner channel of Hayden Island, with two USGS sites used 
for data retrieval: #14144700 off the shore of Vancouver, WA and #453630122021400 just west of 
Bonneville Dam. The sampling site along the Willamette River was off the Riverplace Marina public dock 
with the USGS site location #14211720 just downstream off the Morrison Bridge. 

Sample storage and preparation 

Three 1 mL replicates (one each for analysis, cell sorting, and as back-up) of each 15 mL 

river water sample were fixed using 10 μL electron microscopy grade glutaraldehyde (25% 

aqueous solution; Electron Microscopy Sciences, Hatfield, PA). Replicate samples were incubated 

in the dark for approximately 10 minutes and then flash frozen using liquid nitrogen. Samples 

were stored at -20 °C awaiting analysis.  
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To prepare frozen samples for flow cytometry, one replicate of each river sample was 

thawed. Thawed samples were prefiltered using 50 μm disposable filters (Partec North America, 

Swedesboro, NJ), to remove large particles. 5 μL of each internal standard (UltraRainbow 3.8 or 

4.1 μm diameter, Catalog No. URFP-38-2, Spherotech, Lake Forest, IL; Yellow Green 1.00 μm 

diameter, Catalog No. 17154-10, Polysciences, Inc., Warrington, PA) were added to 900 μL of 

each filtered sample. Filtered samples containing beads were ready for flow cytometric analysis 

once vortexed to ensure homogeneity throughout.  

Flow Cytometry Analysis 

 A BD Influx cell sorter (BD Biosciences, San Jose, CA) equipped with three lasers (488, 561, 

692 nm), an 80 μm diameter nozzle, a small particle detector, and photomultiplier tubes (PMTs) 

was used for flow cytometric analysis. A block diagram schematic of the flow cytometer used is 

shown in Figure 3. Flow cytometry sheath solution (BioSure®, Grass Valley, CA) was used as the 

sheath fluid. The instrument flow rate was measured each day of analysis by weighing replicate 

blanks (DI water) before and after running them through the flow cytometer for at least 4 

minutes. The flow rate (volume per time) was then calculated by taking the difference in water 

weight (1 g = 1 mL) divided by the time the sample was ran. Sample flow rates ranged from 0.314 

to 1.41 μL per second. The analyzed volume of each sample was determined by tracking the time 

each sample was ran and applying the flow rate from their respective analysis days, resulting in 

a value of cells per volume of each sample. 

Data collection was triggered on forward light scatter excited by the 488 nm laser using 

BD Sortware (BD Biosciences, San Jose, CA) for every event (i.e., particle or cell) in a sample. 

Chlorophyll a (CHL) fluorescence was detected using 692/40 nm bandpass filters for each PMT 
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corresponding to all three lasers. Phycoerythrin (PE) fluorescence was detected using 572/27 nm 

bandpass filters for each PMT corresponding to only the blue (488 nm) and yellow green (561 

nm) lasers. Ultra Rainbow (UR; 3.8 or 4.1 μm diameter, Catalog No. URFP-38-2, Spherotech, Lake 

Forest, IL) and Yellow Green (YG; 1.00 μm diameter, Catalog No. 17154-10, Polysciences, Inc., 

Warrington, PA) beads were used for laser alignment as well as an internal reference for gating.  

 

Figure 3. Block diagram schematic of the flow cytometer. Sample injection is surrounded by sheath fluid, 
and the cells are hydrodynamically focused by the nozzle shape to form a single line of cells passing the 
laser to facilitate single-cell analysis. Lasers of different wavelengths (488 nm, 561 nm, and 692 nm) 
excited the pigments of the cells. Forward light scatter excited by the 488 nm laser (488_FSC) was used as 
a proxy for size. Bandpass filters allowed the photomultiplier tubes to detect ranges of fluorescence 
wavelength, corresponding to chlorophyll fluorescence (642 ± 20 nm) and phycoerythrin fluorescence (572 
± 13 nm) excited by all three lasers. 
 

 Gating is the classic flow cytometric data analysis method to quantify and identify like 

cells that compose phenotypic populations. A hierarchical gating strategy (Figure 4A) was applied 

to every sample. Flow cytometric graphics (Figure 4B,C) were created using FlowJo (BD 

Biosciences, San Jose, CA). Figure 4A demonstrates the gates that were created and named as 
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follows. First, cells that contained CHL, coined “chlorophyll positive”, were determined via 

bivariate plots of forward light scatter and CHL fluorescence excited by the 488 nm laser (488_FSC 

vs. 488_CHL) to be events with 488_CHL greater than the background noise (Appendix A). Next, 

the internal bead standards were gated and removed from the CHL positive cell count via 

bivariate plots of PE fluorescence excited by 488 and 561 nm lasers (488_PE vs. 561_PE), since 

these parameters were able to capture both the UR and YG beads within one gate without 

including cells. 

The CHL positive cells were first distinguished as containing medium to high or low levels 

using bivariate plots of CHL fluorescence excited by the 488 and 561 nm lasers (488_CHL vs. 

561_CHL). The medium to high CHL cells were further gated into three subgroups using the same 

bivariate plots of 488_CHL vs. 561_CHL. Group 1, Group 2, and Group 3, and the low chlorophyll 

group each consisted of subpopulations that were further distinguished as distinct non-

overlapping populations using bivariate plots of 488_PE vs. 561_PE. Populations that contained 

medium to high levels of CHL and/or PE were designated “C”, “P”, or “CP”. Naming of flow 

cytometry populations has been a challenging task in many marine systems (Thyssen et al., 2022), 

with a greater variety of cells identified in this freshwater system of the Columbia and Willamette  

Rivers. Thus, this simple naming scheme was inspired by Gale et al. (2023) that did not assume 

size or genetic makeup of the cells in each population.  

Population gates were used to obtain a cell count for each population present in each 

sample. The concentration of CHL positive cells as well as each of the seven populations was 

calculated by dividing the number of cells by the sample volume analyzed. The abundance of CHL 

positive cells over time was plotted using the package ‘ggplot2’ (Wickham, 2016) in R (version 
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Figure 4. Gating scheme for differentiating coexisting populations of picophytoplankton based on pigment 
fluorescences analyzed via flow cytometry. A) Starting with total particles, the forward light scatter and 
chlorophyll detection via the 488 nm laser (488_FSC vs. 488_CHL) were used to determine chlorophyll-
containing cells (chlorophyll positive). The interna standards (beads) were best identified using 
phycoerythrin detection via the 488 and 561 nm lasers (488_PE vs. 561_PE). Cell populations were first 
grouped as low or med-high chlorophyll fluorescence using chlorophyll detection via the 488 and 561 nm 
lasers (488_CHL vs. 561_CHL, plot B). The med-high chlorophyll populations were further divided into three 
groups also based on the 488_CHL vs. 561_CHL parameters (plot B). Each of the three med-high chlorophyll 
groups plus the low chlorophyll group were further distinguished using phycoerythrin detection via the 
488_PE vs. 561_PE parameters (plot C). Cells are color-coded by their final population designation. Note 
that plots B and C represent the same sample taken from the Columbia River on July 18, 2023.  
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4.2.1, R Core Team, 2021) to assess the overall picophytoplankton communities in each river (see 

results Figure 5). Then, the abundance of each population was visualized using the R package 

‘pheatmap’ (version 1.0.12; Kolde, 2019) to display the log scale of the concentration of cells 

corresponding to each phenotype shown in Figure 4 over the sampling period (see results Figure 

7).  

Environmental data retrieval 

 The U.S. Geological Survey (USGS) provides publicly available hydrological data at 

different points along the Columbia and Willamette Rivers, which was used for the environmental 

context of this study. Continuous and daily average readings were retrieved from USGS sites 

within the study region, and on the two rivers, using the R package ‘dataRetrieval’ (version 2.7.13; 

De Cicco et al., 2023). The three data parameters available in both rivers were discharge (cubic 

feet per second, cfs), temperature (°C), and turbidity (Nephelometric Turbidity Units, NTU). 

Nitrate data, measured as mg per L of nitrogen, was only available from the Willamette River. 

The closest USGS station to the Columbia sampling site was off the shore of Vancouver, WA (site 

#14144700) and provided discharge and turbidity data. The next-closest USGS station was 

located just after the Bonneville Dam (site #453630122021400) and provided temperature data. 

Since the latter site is located after the dam, it was determined to be the best available 

representation of what water temperatures may contribute to sampling downriver. The closest 

USGS station to the Willamette sampling site was just downriver off the Morrison Bridge (site 

#14211720) and provided all four data parameters mentioned previously. 
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Chapter 3 

Results  

Identification of picophytoplankton 

To identify unique populations of the smallest photosynthetic cells, I applied hierarchical 

gating to the flow cytometry data. The first step of the hierarchical gating strategy defined 

chlorophyll-containing (CHL+) cells (relative red fluorescence > 10, Appendix B) that were roughly 

≤ 4.0 μm (see size distribution of cells Figure 6). In this way, I identified these CHL+ cells as 

picophytoplankton.  

To understand the temporal dynamics of the picophytoplankton communities in each 

river, I examined the concentration of CHL+ cells per mL over time between both sample sites 

(Figure 5). The picophytoplankton accounted for less than half of the total particles detected via 

forward light scatter in each sample (Appendices A & B). Both rivers showed a similar trend of 

decreasing and increasing picophytoplankton concentrations from September to January and 

from January to July, respectively. One major difference is that the Columbia River had a late 

September bloom, recorded on September 27, 2022, of about 17,000 cells per mL, which was not 

observed at the Willamette site. This peak dropped and decreased until December, with the 

lowest abundance of picophytoplankton recorded on November 10, 2022, in the Columbia River. 

Then, the picophytoplankton community increased in abundance again by the summer with 

another bloom recorded on June 15, 2023, of about 40,000 cells per mL.  

The Willamette River had a similar trend to the Columbia River in its shifts of 

picophytoplankton concentration over the sampling timeframe. A bloom in the Willamette 

recorded on September 22, 2022, reached upwards of 25,000 cells per mL and was about half 
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the number of cells in the Columbia at this time. This picophytoplankton community dropped 

and peaked throughout the winter months in the Willamette River, with another small bloom 

recorded on December 30, 2022, that was a little less than 25,000 cells per mL. From there the 

picophytoplankton community was less abundant in the Willamette River than in the Columbia 

River between January and May. And finally, a massive bloom appeared in the Willamette in July, 

surpassing both blooms seen in the Columbia recorded over 60,000 cells per mL on July 18, 2023. 

 

Figure 5. The concentration in cells per mL of chlorophyll-containing cells (CHL+) over the sampling 
timeframe for both rivers. Note the y-axis is a logarithmic scale. 

Phenotypic diversity within the picophytoplankton 

To see if there were coexisting subpopulations among the picophytoplankton, I further 

separated the chlorophyll positive cells based on their chlorophyll and phycoerythrin 

fluorescence under different laser excitations. Ultimately, I identified 7 populations of 

picophytoplankton. 
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The unique fluorescence intensities of these populations (Figure 4B,C) are similar to 

phenotypic needles that have been observed with Synechococcales and eukaryotic 

phytoplankton of different pigment types (Thompson & Engh, 2016). These populations, also 

termed “flow phenotypes”, contained cells with similar sizes and pigment fluorescence ratios 

(Gale et al., 2023). In most cases, there were subpopulations within the chlorophyll needles that 

were defined by assessing phycoerythrin fluorescence. In some instances, the populations could 

not be gated with confidence (i.e., overlapping or inconsistent distributions), so those cells were 

not part of any defined population. Specifically, the CP4 population contained subpopulations 

that were inconsistent in their fluorescence levels between samples, thus it was not gated 

further. A detailed description of each flow phenotype is as follows. 

Two populations had relatively medium to high levels of chlorophyll fluorescence with 

little to no phycoerythrin fluorescence (designated “C” populations). These two populations, C1 

and C2, exhibited parallel needles in the bivariate chlorophyll fluorescence plots (Figure 4B,C). C1 

had higher levels of chlorophyll fluorescence excited by the 488 nm laser than C2. Viewing C1 

and C2 on a bivariate phycoerythrin fluorescence plot did not result in needle formations and 

instead round-shaped distributions.  

Four of the populations contained medium to high chlorophyll and phycoerythrin 

fluorescence (designated “CP” populations). CP1 was an elongated needle distribution in the 

bivariate chlorophyll fluorescence plots that shared a ratio with C1, but with greater chlorophyll 

fluorescence. Viewing CP1 on the bivariate phycoerythrin plots resulted in a slightly shorter and 

wider distribution that was somewhat parallel to CP3 (Figure 4B,C). CP2 had a smaller number of 

cells that spanned a shorter range of fluorescence, parallel to CP1 on the bivariate chlorophyll 
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fluorescence plots. CP2 had similar chlorophyll fluorescence ratios to C2 and CP3, but with higher 

fluorescence. Viewing CP2 on bivariate phycoerythrin fluorescence plots showed that this 

population had a similar phycoerythrin fluorescence ratio to CP1, but with higher fluorescence.  

CP3 was an elongated distribution in both bivariate plots of chlorophyll and phycoerythrin 

fluorescence. CP3 shared a similar chlorophyll fluorescence ratio with C2, being parallel to C1 and 

CP1. In contrast, CP3’s phycoerythrin fluorescence ratio was parallel to CP1 and similar to P1, but 

with greater phycoerythrin fluorescence. CP4 had a slightly rounder distribution in the bivariate 

chlorophyll fluorescence plots in comparison to the other needles but had the highest chlorophyll 

fluorescence overall. From there, CP4 contained inconsistent subpopulations that were revealed 

in the bivariate phycoerythrin plots; thus, these possible subpopulations were not gated. CP4 

contained the highest phycoerythrin fluorescence as well.   

Just one population had relatively very low levels of chlorophyll, yet detectable 

phycoerythrin fluorescence (designated “P”). While P1 chlorophyll fluorescence was low, these 

cells were still distinguishable from the background noise in most samples. However, in some 

samples P1 was indistinguishable from noise and thus not considered in the temporal abundance 

analysis (see temporal dynamics section, Figure 7). The samples that had distinguishable P1 

populations were further discriminated from noise in the bivariate phycoerythrin plots, which 

showed P1 sharing a phycoerythrin fluorescence ratio with CP3, parallel to CP1. P1 was a round-

shaped distribution in both bivariate pigment fluorescence plots.  
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Size distributions of cells 

I used the forward light scatter, relative to the internal bead standards, to estimate each 

population’s cell size range and average (Figure 6). C1, C2, CP1, CP2, and CP3 all had an additional 

bump on the right of their forward light scatter distributions, indicating a greater size range for 

these populations composed of larger cells or microcolonies. For instance, the mean of CP1 cells 

was smaller than the 4.1 μm beads, but some cells from the population were larger (i.e., a long-

tailed distribution to the right). The C1 mean was smaller than CP1, with some of its larger cells 

overlapping with the smallest cells of CP1. CP3 cells were among the smallest of the populations, 

being slightly larger than the 1.0 μm beads. The CP3 distribution also had a tail to the right with 

a small peak of cells roughly the same size as the average C1 cells.   

Figure 6. Histogram displaying the relative forward light scatter excited by the 488 nm laser of each 
population compared to the internal bead standards. The 1.0 um beads’ peak is directly behind P1, 
averaging around a forward light scatter value of about 10. The 4.1 um beads’ peak average is around 
103. The seven populations are labeled on the right, colored as in Figure 3. The forward light scatter 
detection was used as a proxy for relative size ranges for each population. Note the x-axis is a log scale.  
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Populations C2 and CP2 were bimodal in their size distributions. C2 was composed of cells 

that were just slightly larger than the 1.0 μm beads plus cells that were larger than the average 

CP3 cell. In comparison, CP2 cells were mostly the same size as the average CP1 cell, but also had 

a significant number of cells that were the same relative size as the larger CP3 cells.   

The mean cell size of each population was inferred from forward light scatter excited by 

the 488 nm laser relative to 1.0 μm and 4.1 μm internal bead standards (Figure 6). The 1.0 μm 

beads had a normal distribution averaging around a forward light scatter value of 10 and being 

directly behind population P1 on the plot. The 4.1 μm beads had a mostly normal distribution 

that had a short tail to the right, indicating the detection of beads that stuck together (a common 

phenomenon in flow cytometry), increasing their relative size. CP4 forward light scatter averaged 

higher than the 4.1 μm beads, indicating that they are slightly greater than or equal to 4.1 μm. 

CP1 forward light scatter peaked slightly lower than the beads but was skewed to the right as 

well, overall ranging from 102 to 104. C1 and CP2 forward light scatter covered a similar range 

from less than 102 up to 103, yet peaking around 102 and 103, respectively. C2 and CP3 forward 

light scatter covered similar ranges from about 10 to 102, with both being relatively smaller than 

the forward light scatter ranges of C1 and CP2. CP3 peaked around a forward light scatter value 

of 10, while C2 had two peaks at 10 and closer to 102. Lastly, P1 had the lowest levels of forward 

light scatter detection averaging a value of about 10.   
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Temporal dynamics 

In order to see if these picophytoplankton subpopulations responded differently to 

environmental conditions, I compared their abundance over time in both rivers (Figure 7). First, 

I showed that the seven different populations were present in both the Columbia and Willamette 

Rivers. Second, while there were similar trends between populations of the two rivers, I showed 

that the temporal dynamics of each population was unique over space and time.  

Figure 7. Heatmap displaying the log scale of population concentrations (cells per mL) in the Columbia 
(A) and Willamette (B) Rivers over the sampling timeframe. The color scale ranges from warm to cool 
colors representing high and low abundances, respectively. The 7 populations identified via flow 
cytometry are labeled on the right, colored as in Figure 3. Populations C1, CP1, and P1 each had days in 
either the Columbia or Willamette Rivers when their corresponding populations were not distinguishable 
and were thus marked with a grey slash. 
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Populations C1 and C2 were similar in that they both increased in abundance in the 

Columbia and Willamette Rivers as July approached. However, C2 abundances dropped more 

sharply than C1 during winter. CP1 abundances were steady throughout the sampling timeframe 

in both rivers, although I observed a slightly greater increase in abundance in spring for the 

Columbia and then in summer for the Willamette. CP2 was very low in abundance in both rivers 

in the late fall and winter months, but also increased in July. CP3 thrived in the Columbia during 

the winter and both rivers contained more of this population in September. CP4 was consistently 

abundant in the Columbia and much less abundant in the Willamette, especially during winter. 

And P1 had a greater abundance in the Columbia overall, with an increase in abundance in both 

rivers in September. Overall, the Columbia had a greater concentration of picophytoplankton 

over the sampling timeframe.  

Environmental USGS data analysis 

Environmental data was retrieved (Figure 8) from three USGS hydrological stations, two 

along the Columbia River and one along the Willamette River (see materials and methods Figure 

2). All the hydrological data obtained from the Willamette River was less than one mile downriver 

at depths of around 6-18 feet. The hydrological conditions experienced by the surface 

populations studied are thus extrapolated between surface water sample and sensor depths. The 

discharge and turbidity data obtained from the Columbia River were also representative of the 

surface water samples with a similar sensor depth located approximately 1 mile downriver from 

the sample site. The temperature data, while not entirely representative of the sampling site 
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being close to 10 miles upriver, was still used as a proxy for how the water temperature changes 

downriver of the Bonneville Dam that eventually reaches the sampling site.  

The environmental gradients followed a seasonal trend from September 2022 to July 

2023 in both rivers. Specifically, discharge in cubic feet per second (cfs) increased for both  

rivers in winter and early spring and dropped as the summer approached (Figure 8A). 

Temperature (°C) decreased from fall to winter and increased from winter to summer with the 

Willamette River being slightly more variable in temperature (Figure 8C). The Willamette River 

was also more variable than the Columbia River in discharge and turbidity (Figure 8A,B). A greater 

number of peaks was observed in the Willamette River, with the largest turbidity peak of about  

70 FNU around December 2022 (Figure 8B). The Columbia’s largest turbidity peak was less than  

Figure 8. Environmental data obtained from USGS hydrological stations for the Columbia (blue) and 
Willamette (green) Rivers over the sampling timeframe. Grey vertical lines indicate the points samples 
were taken for flow cytometry A) Log scale of the daily average of discharge in cubic feet per second (cfs). 
B) Continuous readings of turbidity in Formazin Nephelometric Units (FNU). C) The daily average of 
temperature (℃). D) Continuous readings of nitrate in mg per L for the Willamette River only. 
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that of Willamette at around 50 FNU and occurred a bit earlier in November. Nitrate data, 

measured as mg per L of nitrogen, was only available for the Willamette River (Figure 8D). There 

was an inverse relationship between temperature and nitrate, with nitrate readings possibly 

contributing to some of the turbidity outputs (Figure 8B,C,D).  

Technical reproducibility 

To test the reproducibility of the flow cytometry method, I sampled repeatedly in both 

rivers at one timepoint on July 13, 2023. I found high reproducibility between technical replicates 

for the total particles, total chlorophyll positive cells, and totals for each population (Figure 9). 

There was a greater technical variability of cell concentrations in the Willamette River compared 

to the Columbia River recorded from that day due to one outlier. Furthermore, individual 

populations were technically variable in different ways. The least variable population in the 

Willamette was CP4 while the most variable population in the Willamette was P1. Population CP2 

was quite variable in both the Columbia and Willamette. The rest of the Columbia River 

populations were much less variable with CP3 being the least so. The variability of the internal 

bead standards are not relevant in this case since I used them as a reference for laser alignment 

of forward light scatter and pigment fluorescence analysis and not as a means of calibrating for 

cell count. Flow rates were measured directly instead to assess the volumes of samples analyzed 

accounting for possible variability in concentration across analysis days.  

Consistency of cell identities between samples was ensured via homogenous gating 

across all populations in all samples. Overlapping populations also occurred which were 

accounted for by deeming those as not gate-able and excluding those data points in the analysis 

 



28 
 

(Figure 9). The variability seen in the replicates taken from the Willamette River is not of major 

concern to the scope of the study based on the gradual differences in population abundances 

observed over time as compared to the variability recorded as the Willamette River was 

blooming. Further assessment of sampling technique variability should be considered in future 

studies.   

  

Figure 9. Box and whisker plots of each population’s variability in the Columbia (blue) and Willamette 
(green) Rivers based on replicate samples taken within a 10m range along each sampling dock on July 13, 
2023. The ‘Total Particles’ plot represents the samples before any FlowJo gating was applied. ‘CHL+’ 
represents the chlorophyll-containing cells within each sample. The ‘Beads’ in this plot are a mixture of 4.2 
μm UltraRainbow and 1.0 μm Yellow Green beads within the same gate. The rest of the plots are labeled 
by population names seen previously. For boxplots, the middle line is the median with the top and bottom 
of the box representing the 75th and 25th percentile, respectively. The dots represent individual data points, 
with the whiskers representing the largest and smallest values. 



29 
 

Chapter 4  

Discussion 

 To address the question of picophytoplankton ecology with respect to environmental 

conditions, I measured the abundance of the picophytoplankton communities in the Columbia 

and Willamette Rivers over a 10-month period. I identified seven populations that made up the 

overall picophytoplankton community. These were identified phenotypically via flow cytometric 

analysis of pigment fluorescences. While existence of phytoplankton (and presumptively 

picophytoplankton) in the Columbia and Willamette Rivers (Prahl et al., 1997; Small & Morgan, 

1994; Sullivan, 1997; Sullivan et al., 2001) as well as from the Columbia estuary (Frame & Lessard, 

2009; Haertel et al., 1969; Jones et al., 1990) has been studied, my work is the first to discover 

multiple subpopulations of the smallest phytoplankton existing in this system. In addition, my 

work shows that these populations have distinct phenotypes and that the two rivers are distinct 

in their seasonal cycles and community structures of the picophytoplankton populations. 

Tracking each picophytoplankton community over time suggests that there is niche partitioning 

between populations plus distinct dynamic ecological relationships within the Columbia and 

Willamette River ecosystems.   

River picophytoplankton are composed of distinct populations that fill spectral niches 

I identified seven distinct groups of picophytoplankton among the chlorophyll-containing 

cells in each river based on their unique pigment properties. Previous studies have shown that 

picocyanobacteria populations contain a range of smaller and larger cells, with the larger ones 

exhibiting greater amounts of fluorescence and similar fluorescence ratios to the smaller cells 

(Callieri, 2010; Gale et al., 2023), a phenomenon reflected in the “needles” (Thompson & Engh, 
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2016). In fact, those populations that are more needle-like in their distribution are likely to 

contain cells of varying size with the same fluorescence ratio, whereas those population 

distributions that are rounded are likely to contain cells of similar size with similar fluorescence 

ratios. One population, CP4, was unique in that it may have contained inconsistent 

subpopulations throughout the year based on inconsistent phycoerythrin fluorescence ratios 

between samples (Appendix D), so I did not attempt to discern between these subpopulations.   

This identification of several phenotypic picophytoplankton populations indicates that 

these cells fill unique spectral niches in which they coexist by taking advantage of different 

wavelengths of sunlight via different pigmentations (Grébert et al., 2018, 2022). The parallel 

distributions of populations C1 and C2 on the relative chlorophyll fluorescence bivariate plots 

exemplifies their different chlorophyll pigment compositions. Similarly, CP2 and CP3 were 

parallel to CP4 and P1 which were parallel to CP1 on the bivariate chlorophyll fluorescence plots, 

demonstrating their different chlorophyll compositions (Appendix C). As for phycoerythrin 

compositions among the picophytoplankton, P1, CP3, and CP4 were parallel to CP1 and CP2 on 

the bivariate plots. Based on distribution locations on the two bivariate fluorescence plots, P1 

and CP3 seemed most alike regarding pigment composition.  

Inference of genotype based on phenotype 

Phenotypic distinctions among the picophytoplankton may allude to genetic differences 

between populations. The congruence between phenotype and genotype has been shown for 

phytoplankton in other systems, such as the coastal ocean (Thompson & Engh, 2016) and large 

freshwater lakes (Gale et al., 2023). These populations likely consist of different types of 

prokaryotes and eukaryotes with different pigment signatures. Based on prior studies, I offer 
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hypotheses on the genetic identity of the different picophytoplankton populations in the 

Columbia and Willamette Rivers, which are organized in Table 1.   

The large size, bright chlorophyll fluorescence, and lack of phycoerythrin of C1 and C2, 

suggested they may be picoeukaryotes. Other previous work in the Great Lakes has shown that 

a population of picophytoplankton only containing chlorophyll was identified as photosynthetic 

picoeukaryotes, likely Chlorophyta (green algae), a red-fluorescing organism (Fahnenstiel et al., 

1991; Gale et al., 2023). Thus, it is most likely that populations C1 and C2, those that fit this 

previously established criteria, are a type of picoeukaryote. These picoeukaryote populations 

were of high abundance in both rivers likely due to their large genomes, which may support more 

versatile metabolism and greater adaptability. The other possible identity of these two 

populations is Type 1 Synechococcus, which have no phycoerythrin but do contain phycocyanin. 

Although I was unable to detect phycocyanin in this study, the smaller cells of C2 are more likely 

to be Synechococcus compared to the larger cells of C1. 

I hypothesize that the populations CP1, CP2, CP3, and CP4 populations are from the 

Synechococcales lineage of picocyanobacteria, consisting of Synechococcus spp. and Cyanobium 

spp. Cells from these populations all contained both chlorophyll and phycoerythrin. These traits 

are typical of Synechococcus spp. of either Type II or Type III pigment composition, having 

phycocyanin and phycoerythrin I or having phycocyanin, phycoerythrin I, and phycoerythrin II, 

respectively (Gale et al., 2023); along with the possible identity of Cyanobium spp. being present 

(Cabello-Yves et al., 2022; Gale et al., 2023). To determine exactly which pigment types 

correspond to which population will require further analysis.  
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 Our lab has also shown that some very small Synechococcus may exhibit less well-defined 

chlorophyll needles due to the limit of detection for chlorophyll emission on small cells; since it’s 

been previously observed that some picocyanobacteria species can acclimate to high light levels 

of surface waters, resulting in less emission (Thompson & Engh, 2016). This makes Synechococcus 

spp. of pigment type 2 or 3 the most likely classification for P1 since it contains both pigments 

with a less-defined chlorophyll distribution. 

Table 1. Hypothesized genetic classifications of phenotypic picophytoplankton populations. 

Phenotypic populations Hypothesized genetic classifications 

C1 Chlorophyta  or  pigment type 1 Synechococcus sp. 

C2 Chlorophyta  or  pigment type 1 Synechococcus sp. 

CP1 pigment type 2/type 3 Synechococcus sp.  or  Cyanobium sp. 

CP2 pigment type 2/type 3 Synechococcus sp.  or  Cyanobium sp. 

CP3 pigment type 2/type 3 Synechococcus sp.  or  Cyanobium sp. 

CP4 pigment type 2/type 3 Synechococcus sp.  or  Cyanobium sp. 

P1 pigment type 2/type 3 Synechococcus sp. 

This phenotypic and genetic diversity among the picophytoplankton of the Columbia and 

Willamette Rivers suggests that they take advantage of different wavelengths of sunlight to 

coexist among each other. This phenomenon called “spectral niche partitioning” (Grébert et al., 

2018, 2022), is well known in the open ocean and large lakes, but is not studied in rivers. Spectral 

properties of phytoplankton have been shown to vary in comparison to changes in genetic 

diversity, and environmental parameters like nutrient levels (Behrenfeld & Milligan, 2013; 

Scanlan & West, 2002; Six et al., 2007). The extent of biodiversity among the prokaryotic and 

eukaryotic picophytoplankton populations may also be linked to trophic interactions in the 
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aquatic ecosystem with some predators preferring different sizes of microbial prey cells (Callieri 

et al., 2012, 2016).  

Large size ranges allude to microcolony formation 

Five of the populations I identified contained cells that spanned a wide range of sizes. The 

wide ranges of cell size are reminiscent of microcolony formation in freshwater Synechococcales 

(Callieri et al., 2012, 2016; Jezberová & Komárková, 2007). Specifically, the bimodal size 

distributions of C2 and CP2 suggest that these populations are the most likely to form 

microcolonies. Thus, my data shows that microcolony formation is likely a relevant physiological 

state of these cells in river systems. Previous work shows that microcolony formation is used as 

a defense mechanism by providing a safe place for individual cells from predators or creating a 

particle too large for predation and is used to assist with chemical signaling between cells (Corno 

et al., 2013; Hence et al., 2007; Jezberová & Komárková, 2007; Müller et al., 2006). In addition, 

microcolony formation specifically of Synechococcus spp. rich in phycoerythrin has been 

suggested to be a defense strategy against UV radiation as well for those cells that lack protective 

pigments (Callieri et al., 2011).   

Microcolony formations in the Columbia and Willamette Rivers are likely formed based 

on previously stated defense strategies like protection against predation or UV radiation for PE-

rich cells specifically (Callieri et al., 2011; Corno et al., 2013; Hence et al., 2007; Jezberová & 

Komárková, 2007; Müller et al., 2006). The experimental system I developed involving seasonal 

coverage of surface water samples, precise single-cell measurements, and environmental data 

retrieval can be used as a platform to further investigate why photosynthetic cells form 

microcolonies and how this physiology responds to environmental conditions.   
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Picophytoplankton seasonal abundance 

Picophytoplankton populations within each river had distinct patterns of abundance. 

These different patterns suggest that the microbial ecosystem of the two rivers is different 

though the sampling sites experience the same regional environmental conditions. This 

phenomenon mirrors the estimation of marine Synechococcus blooms being the most and least 

abundant in March and July, respectively (Flombaum et al., 2013),  since the peaks and valleys of 

picophytoplankton concentrations in the Columbia and Willamette Rivers did not follow this 

pattern. Instead, blooms in the Columbia and Willamette Rivers were in fall and summer, not 

spring, with the Willamette having an additional small winter bloom. Plus, times of relatively 

lower picophytoplankton concentration spanned from October to March, not July. Additionally, 

these peaks and valleys of picophytoplankton concentrations were composed of different 

populations blooming at different time points.  

Hydrological conditions controlled by dams 

This thesis suggests that the flowing freshwater ecosystems of the Columbia and 

Willamette Rivers could be considered a unique natural laboratory for studying 

picophytoplankton in rivers. Results showed that picophytoplankton communities were more 

abundant in the Columbia than the Willamette over the entire period. One explanation is that 

the Columbia River is unique in the multitude of dams that form a series of elongated reservoirs 

(Harden, 1996). These slower flowing sections of water in the Columbia River has led to what’s 

known as a “green” river system based on the well-known abundance of phytoplankton thriving 

in the relatively stagnant waters (Sullivan et al., 2001).  
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This immense growth of phytoplankton in the Columbia River may be due to the slower 

flow behind dams that allows sediment to settle, which leads to less turbidity and therefore more 

available sunlight. This phenomenon is reflected in the turbidity data showing less peaks in the 

Columbia River versus the Willamette River. Dam operation can also lead to a lag in seasonal 

temperature shifts since high volumes of water are released at controlled times (Sun et al., 2021). 

This reasoning, along with the greater volume of the Columbia River, can help explain why its 

temperature ended up cooler than the Willamette River over winter and took longer to increase 

in temperature from spring to summer.   

In contrast to the many dams along the Columbia River, the only dams present in the 

Willamette River basin are along some tributaries, but not directly on the Willamette River 

(Nagel, 2017). This makes the Willamette River’s dynamics based on natural phenomena like 

rainfall, helping to explain why the Willamette River had more events of turbidity (Sullivan, 1997). 

These turbidity events may also be linked to the greater variability of discharge observed in the 

Willamette River, resulting in more frequent mixing, thus upwelling of sediment (Chen & Chang, 

2019). So, it seems that greater turbidity levels in the Willamette River led to less available 

sunlight for aquatic organisms to harvest in this system, resulting in a lower abundance of 

picophytoplankton due to the suspended particles (e.g., sediment) blocking and diffracting rays 

of sunlight. 

Ecological relationships 

Picocyanobacteria, especially those of Synechococcales, have been shown to 

demonstrate extreme plasticity with their prevailed abundance through various temperatures 

and light levels combined with their ability to form microcolonies to relieve environmental stress 

https://onlinelibrary.wiley.com/doi/abs/10.1002/rra.3780
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(Callieri, 2017). My time series of surface water samples from the Columbia and Willamette Rivers 

showed that most of the picophytoplankton communities increased and decreased in abundance 

according to temperature shifts. In general, the population abundance patterns seemed to mimic 

seasonal changes by decreasing from fall to winter, and increasing from spring to summer, as 

temperature decreased and increased, respectively.  

An oceanic model by Flombaum et al. (2013) showed that increases in global 

temperatures will lead to a significant increase in overall phytoplankton abundance. Predicted 

maximum abundance of Synechococcus in our oceans was at 10 °C (Flombaum et al., 2013). 

Similarly, P1, a likely Synechococcus sp., relatively increased in abundance between November to 

December in the Columbia River, when the temperature was around 10 °C. Populations CP3 

relatively increased in both rivers around this time but increased more dramatically in the 

Columbia River in comparison to the Willamette River by December. From April to May, when 

the temperature of each river was around 10 °C once more, all picophytoplankton populations 

except for CP2 in the Columbia River began to increase in abundance. So, it seems that P1 of the 

Columbia River and CP3 of both rivers reflected the growth vs. temperature relationship of 

marine Synechococcus spp., while the rest of the populations, except for Columbia’s CP2, partially 

reflected this relationship.  

In contrast to the previous model predicting a maximum abundance of Synechococcus at 

10 °C, a study of Lake Maggiore by Callieri & Piscia (2002) showed that freshwater 

picophytoplankton were maximally abundant around 18-20 °C. These temperatures occurred in 

the Columbia and Willamette Rivers from September to October and from June to July, being 

before and after the 10 °C state discussed previously. Picophytoplankton populations of the 



37 
 

Columbia River that increased relatively in abundance in September to October were C1, CP1, 

CP3, and P1; and those that increased relatively from June to July were C1, C2, CP3, and P1. So, 

C1, CP3, and P1 in the Columbia River most follow the relationship of freshwater 

picophytoplankton growth vs. temperature, with CP1 and C2 having somewhat of a similar 

relationship. Overall, the Columbia seemed to support picophytoplankton growth dynamically 

throughout the year. 

At the same time, all the picophytoplankton populations of the Willamette River began 

decreasing from September to October, with most peaking in abundance at the end of 

September. However, from June to July, all except for CP2 in the Willamette River increased 

relatively in abundance. This suggests that the conditions in the Willamette River favor 

picophytoplankton growth in the early fall and mid-summer which follows suit of previously 

observed increases in phytoplankton growth due to increases in temperature (Beardall & Raven, 

2004).  

Interestingly, CP2 had its own unique abundance pattern in both rivers. In the Columbia 

River, CP2 was the most abundant from February to March, a time of cooler temperatures and 

relatively less daylight than most of the year. The increased abundance of CP2 during these 

months might help explain how the optimum growth rate for some Synechococcus has been 

shown to occur at lower light intensities (Morris & Glover, 1981; Gervais et al., 1997; Glover et 

al., 1985), which would also explain the abundance pattern of CP1 in the Columbia. This does not 

mean however, that Synechococcales that prefer warmer temperatures do not prefer lower light 

levels because CP3 of the Columbia River adjusted to both cold/dark and warm/lighter seasons 

of the Columbia River, blooming from December to July. In comparison, the abundance of CP2 in 
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the Willamette River increased in September and May, thus bloomed in fall and spring, however 

the environmental conditions supporting the two blooms remain unclear.  

Furthermore, phytoplankton growth in the fall has been shown to rely on the balance 

between decreasing light availability and increasing nutrient availability (Longhurst, 2007). In the 

Northwest Pacific Ocean, fixed nitrogen is typically the limiting factor for primary production 

(Hashihama et al., 2009; Li, Q., et al., 2015; Longhurst, 2007; Moore, C. M., et al., 2013; Moore, 

J. K., et al., 2004). Yet, freshwater phytoplankton strains seem to cope with varying levels of 

nitrogen using additional copies of a global nitrogen regulator as well as glutamine synthetases, 

with only one strain of freshwater picocyanobacteria reported to fix nitrogen (via nitrogenase) 

(Cabello-Yeves et al., 2022; Di Cesare et al., 2018). The Willamette River reflected the balance of 

nutrients and light availability by having an inverse relationship between temperature and nitrate 

over the period. This relationship could explain the slight abundance peaks of CP3 in the 

Willamette River throughout the winter season, meaning that CP3 may be able to adapt to lower 

light/temperature conditions by taking advantage of more available nutrients, like nitrate. On the 

other hand, C2 and CP2 had very low abundances in the winter months for both rivers, which 

suggests that these populations require more sunlight and less nutrients.  

Future directions  

 The time-series I conducted sets the foundation to address many more questions on the 

ecology of picophytoplankton and their relationships to environmental dynamics and change. My 

next steps include applying a Mie theory calibration to acquire predicted diameter (instead of 

relative size), plus statistical and genetic analyses to link phenotypes to genotypes.  
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The relationship between forward light scatter detected and the size of events (i.e., beads 

and cells) could be further teased out using a range of fluorescent particles of different sizes to 

fully calibrate the flow cytometer according to the analysis performed in this study (Ribalet et al., 

2019).  

The statistical analysis will involve Non-metric Multidimensional Scaling (NMDS) to 

calculate correlations between changes in population abundances and hydrological parameters. 

Environmental data other than the parameters investigated here should also be of interest to 

those who wish to conduct a similar study. For example, measurements of sulfur may be useful 

in ecological analysis since freshwater strains have proven to be better adapted to sulfur uptake 

(Cabello-Yeves et al., 2022).  

 Genetic analysis will be the next step to connect the phenotypic populations to their 

genotypes. Phylogenetic analysis of the Synechococcus spp. 16S rRNA gene has shown that there 

is extensive ecosystem-specific diversity among Synechococcus with closely related species 

thriving in similar but distant ecosystems throughout the globe (Crosbie et al., 2003; Ernst et al., 

2003; Scanlan & West, 2002). Additionally, retention of horizontally transferred genes based on 

nutritional or bioenergetic pressures may have resulted in niches for a variety of cells with 

specialized metabolisms (Falkowski et al., 2008). Ecological niches thus correspond to light and 

nutrient availability, all of which are vital to modeling biogeochemical freshwater systems 

(Ahlgren & Rocap, 2006; Scanlan & West, 2002; Stomp et al., 2004, 2007). This work emphasizes 

the importance of the phenotypic analysis conducted while acknowledging the need to connect 

these findings to the microbiome. 
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Those who would like to continue this type of sampling scheme in the future should 

consider even more frequent sampling. A higher sampling resolution could provide more detailed 

changes in picophytoplankton abundance along with greater assurance in extreme fluctuations. 

The technical reproducibility was assessed using various samples within a 10-meter range of the 

sampling site at a single time point. While this analysis resulted in a greater variability of 

population concentrations detected in the Willamette, compared to the Columbia, it’s not easy 

to apply this variability to every sample based on dynamic hydrological conditions throughout 

the year. With that, performing multiple daily samples might provide insight into weekly versus 

daily variability of picophytoplankton abundance in the rivers. Further work could also investigate 

increased disturbance effects, such as more frequent heat waves or river pollution. 

Conclusion 

 I investigated the abundance, diversity, and hypothesized function of resident 

picophytoplankton populations of the Columbia and Willamette Rivers. The research questions 

are addressed as follows: (1) I first wanted to know how many different phenotypic 

picophytoplankton populations were in each river. This question was answered using a hierarchal 

flow cytometry gating scheme on cells of like pigment fluorescence. Results showed that there 

were seven distinct populations present in each river. The populations between the two rivers 

were named the same due to having similar fluorescence ratios. (2) Next, I was curious as to how 

the population concentrations might shift over time and how these shifts compared between the 

two rivers. Through data analysis, each population had its own unique seasonal abundance 

pattern, with some similar trends observed between populations across the two ecosystems. (3) 

Finally, I wanted to determine if differences in picophytoplankton abundances between the 
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Columbia and Willamette Rivers were based on differences observed between the two 

environments. Significant differences in the physical habitat of each system provided unique 

hydrological conditions for picophytoplankton communities, somewhat corresponding to the 

observed abundance patterns.  

 These findings are the first major step in understanding the biogeochemical relationship 

between picophytoplankton communities and the natural laboratory of Portland, Oregon’s major 

river systems. Further work will focus on the genetic identification of these phenotypically 

distinct cells plus the statistical correlation of population abundance fluctuations with 

environmental changes. Efforts made to understand this system will be useful in illuminating 

which picophytoplankton populations most drive energy and nutrient cycles in the Columbia and 

Willamette Rivers.  
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Appendix A. Raw master data spreadsheet 

Name: 2023_11_27_MasterData 

File Type: Microsoft Excel Comma Separated Values File 

Size: 12 KB 

Required Application Software: Microsoft Excel 

Description:  

 The raw “Master Data” file for this project contains the following sample information in 

order by column. A) The sample ID with letters ‘C’ and ‘W’ indicating Columbia and Willamette 

samples, respectively. B) The corresponding sample location. C) The sample date. D) The sample 

time, rounded to the nearest 15-minute increment. E) The average daily temperature reading 

(°C) retrieved from USGS. F) The turbidity readings (FNU) at that exact date and time, retrieved 

from USGS. G) The average daily discharge readings (cfs) retrieved from USGS. H) The nitrate 

readings (mg per L of nitrogen) at that exact date and time, retrieved from USGS (only available 

for the Willamette River). I) The date samples were flow cytometrically analyzed. J) The type of 

internal polystyrene microsphere (bead) standard based on diameter size (μm) and fluorescence 

(UR = Ultra Rainbow, YG = Yellow Green). K) The calculated flow rates (mL per s) correspond to 

each sample analysis date. L) The time each sample was ran (seconds). M) The sample volume 

(mL) calculated from the flow rate and run time of samples. N-X) The raw event count for the 

ungated sample, chlorophyll-containing cells gate including the beads, the chlorophyll-containing 

cells negatively gating the beads, the beads gate, and CP4, C1, CP1, CP3, CP2, C2, and P1 gates. 

Y-AH) The respective concentrations (cells per mL) of columns N-X calculated by dividing by the 

sample volume.    

 

  

https://1drv.ms/x/s!AsEFs-2QZ4FAyQVV1ZZpEacnP_hg?e=UmQT7Q
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Appendix B. Chlorophyll-positive gates 

Name: 2023_10_17_CHLgateBatch 

File Type: Adobe Acrobat Document 

Size: 1,195 KB 

Required Application Software: Adobe Acrobat 

Description:  

 This file demonstrates the gating scheme used for grouping chlorophyll-containing 

(chlorophyll positive) events. Each density dot plot represents a different sample taken from 

either the Columbia or Willamette River, annotated along the bottom of each plot by the raw file 

name. Raw file names consist of the analyzed date followed by the sample ID, for example the 

first plot is sample ID W004 analyzed on December 20, 2022. The colored dots represent 

individual particles that range from dark blue to red, representing a low and high frequency of 

events, respectively. Events are plotted based on their relative chlorophyll fluorescence and 

forward light scatter detection, both excited by the 488 nm laser, to distinguish cells of the 

appropriate size range that contain chlorophyll.  

 

  

https://acrobat.adobe.com/id/urn:aaid:sc:VA6C2:b412b666-ffbe-472a-8677-87dfde50361c
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Appendix C. Chlorophyll fluorescence needles 

Name: 2023_12_03_CHLcolorcodedBatch 

File Type: TIFF File 

Size: 1,439 KB 

Required Application Software: Windows Photo Viewer 

Description:  

 This file illustrates the seven populations identified plotted on bivariate relative 

chlorophyll fluorescence plots. Each color-coded dot plot represents a different sample taken 

from either the Columbia or Willamette River, annotated along the bottom of each plot by the 

raw file name. Raw file names consist of the analyzed date followed by the sample ID, for example 

the first plot is sample ID W004 analyzed on December 20, 2022. The colored dots represent the 

cells that make up the seven different populations outlined in Figure 4, with the grey events 

representing a combination of beads and background noise. Events are plotted based on their 

relative chlorophyll fluorescence excited by the 488 and 561 nm lasers to assess characteristic 

chlorophyll fluorescence ratios of picophytoplankton populations. 

  

https://1drv.ms/i/s!AsEFs-2QZ4FAyRrsbh7-0VQtQqPl?e=bXPh6d
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Appendix D. Phycoerythrin fluorescence needles 

Name: 2023_12_03_PEcolorcodedBatch 

File Type: TIFF File 

Size: 1,484 KB 

Required Application Software: Windows Photo Viewer 

Description:  

This file illustrates the seven populations identified plotted on bivariate relative 

phycoerythrin fluorescence plots. Each color-coded dot plot represents a different sample taken 

from either the Columbia or Willamette River, annotated along the bottom of each plot by the 

raw file name. Raw file names consist of the analyzed date followed by the sample ID, for example 

the first plot is sample ID W004 analyzed on December 20, 2022. The colored dots represent the 

cells that make up the seven different populations outlined in Figure 4, with the grey events 

representing a combination of beads and background noise. Events are plotted based on their 

relative phycoerythrin fluorescence excited by the 488 and 561 nm lasers to assess characteristic 

phycoerythrin fluorescence ratios of picophytoplankton populations.  

  

https://1drv.ms/i/s!AsEFs-2QZ4FAyRsRzvzT40YtWcvF?e=AyyiKT
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Appendix E. Trophic interactions co-authorship 

Name: Ubiquitous filter feeders shape open ocean microbial community structure and function 

File Type: PDF Document 

Size: 1,621 KB 

Required Application Software: Adobe Acrobat 

Description:  

This paper has been published in PNAS Nexus. My contributions as a co-author include 

performing and writing about the flow cytometric analysis. Specifically, I processed around 30 

raw seawater samples to produce cell count data. The data I produced was used to calculate 

clearance rates of filter-feeding, gelatinous grazers on different picophytoplankton prey. These 

clearance rates were an integral part of the research, informing modeling and qPCR approaches. 

From there, I drafted the flow cytometric methodology section and provided suggestions and 

feedback throughout the writing process. Findings from this paper illuminate the relationships 

between microbial prey and gelatinous grazers in marine ecosystems. We showed that selective 

feeding was performed by one type of gelatinous grazer called salps. The salps studied 

rejected Prochlorococcus (the most abundant picocyanobacterium) and SAR11 during feeding 

while consuming other primary producers like Synechococcus and diatoms. This escape from 

predation by Prochlorococcus and SAR11 could not be explained by size alone, thus highlighting 

that novel microbial mechanisms for evading predation are likely at play.  

 

Thompson, A. W., Nyerges, G., Brevick, K., & Sutherland, K. R. (2023). Ubiquitous filter feeders 

shape open ocean microbial community structure and function. PNAS. [Manuscript 

submitted for publication] 
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