ABSTRACT
VENEZIA, REBECCA ELIZABETH. Characterization of Picophytoplankton and their
Dynamics within the Neuse River Estuary (Under the direction of Dr. Ryan W. Paerl).
Picophytoplankton (PicoP) are cells that are within the size range of 0.2 - 3 µm that can
fix carbon via photosynthesis. Synechococcus and picoeukaryotes are PicoP present in temperate
estuaries where their distribution determined by salinity and temperature. PicoP significantly
contribute to total phytoplankton biomass (~40%) and primary production (~50%) within the
Neuse River Estuary (NRE) in the Summer months. The types of PicoP, picocyanobacteria and
picoeukaryotes, present in the NRE are not well resolved due to challenges of microscopy work;
however, previous studies have found picophytoplankton to be present. The objective of this
project is to characterize the dominant picophytoplankton morphotypes present in the NRE, and
see if their trends are similar to the trends found in similar estuaries (i.e. Chesapeake Bay). From
July 2017 to December of 2018, three distinct morphotypes that are made up by Synechococcuslike calls (phycocyanin (PC)-rich and phycoerythrin (PE)-rich) and picoeukaryotes (PEUK), with
the PC-rich morphotype as the dominant cells in the NRE. PC-rich cells have the highest
abundances, reaching ~ 106 cells mL-1, with maximum abundances in the Summer when they
contributed ~ 90% of the PicoP organic carbon (C) and PicoP biovolume. The increase of PCrich cells with temperature was larger than the PE-rich and PEUK cells. Salinity was an
important driver of PE-rich cell abundances which decreased after large rainfall events
(Hurricane Florence). PE-rich cells maximum contribution to PicoP biomass (~60%) and PicoP
organic carbon (~70%) was in the Winter. PEUK cell abundance were highest in the Spring,
reaching up to ~105 cells mL-1, and disturbed in the brackish and saline (salinity 10- 32) portion
of the NRE. Hurricane Florence made landfall in the sampling period in September of 2018
impacting the environmental conditions in the NRE and the abundance of PicoP morphotypes.

To further characterize the PicoP morphotypes in the NRE, a genetic study to identify the strains
of picocyanobacteria and picoeukaryotes would need to be done.
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Introduction
Marine picophytoplankton – a global overview
Picophytoplankton (PicoP) are phytoplankton < 3 µm in diameter, including
cyanobacteria (picocyanobacteria) and small protists (picoeukaryotes) (Stockner and Anita,
1986; Partensky et al., 1999). Because of their large numbers and activity, PicoP can be
important primary producers for the oceans and coastal environments (Partensky et al, 1999;
Gaulke et al, 2010; Xu et al, 2015). Synechococcus is the dominant marine picocyanobacteria in
coastal waters (reaching over 106 cells mL-1) (Partensky et al, 1999), but some do occur in the
nutrient-deplete open ocean environments, such as gyres in the Atlantic and Pacific oceans, at
lower abundances (1-4 x 104 cells mL-1) (Stockner and Anita, 1986; Partensky et al, 1999).
Picoeukaryotic phytoplankton often co-occur with picocyanobacteria, and their abundances
worldwide range from 5 x 103 to 3.2 x 105 cells mL-1, with the highest abundances occurring in
coastal areas (Worden and Not, 2008; Berry et al, 2015). PicoP may impact the behavior and
survival of co-occurring micro- and macro-organisms based on capabilities of PicoP isolates that
negatively impact fish behavior and can produce allelopathic compounds and toxins, such as
microcinC which inhibits growth of other strains of Synechococcus (Paz-Yepes et al, 2013;
Hamilton et al, 2014; Berry et al, 2015; Jakubowska and Szelag-Wasielewska, 2015)
When studying PicoP populations, it is important to consider the impact of cell lysis from
viruses and grazing mortality as can be selective killers reducing PicoP abundances and
impacting community structure and food webs in estuaries (Partensky et al, 1999; Chen et al,
2004; Pan et al, 2007; Patten et al, 2018). Viruses, cyanophages, can impact PicoP abundances
and diversity can reach high abundances, around 105 viruses mL-1, in the Summer and exhibit a
covariation with Synechococcus in a similar estuary system, the Chesapeake Bay, (Wang et al,
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2011). PicoP are an important food source in the marine food web for nanoflagellates, ciliates,
and larger heterotrophic flagellates (e.g. dinoflagellates) (Hall et al, 1993, Christaki et al, 1999,
Hirose et al, 2008; Bemal and Anil, 2019). These grazers are a trophic link between PicoP to
organisms higher up the food chain, and have been shown to be a connection between the
microbial and classic food webs for PicoP, ciliates (PicoP consumers) and wild oysters (ciliate
consumers) (Le Gall et al, 1997; Hirose et al, 2008; Bemal and Anil, 2019). Selective grazing
may impact PicoP diversity and phenotypes (size), when Synechococcus is preferred over
Prochlorococcus, another marine picocyanobacteria genus, by some nanoflagellates in marine
waters (Hall et al, 1993, Christaki et al, 1999, Hirose et al, 2008; Bemal and Anil, 2019). An
impact of grazing pressure is when PicoP cell diameter decreases, and cells within the smaller
size range (1-2 µm) are grazed at a lower rate than larger ones (2-3 µm) (Kuipers and Witte,
1999). While this study did not examine viral lysis or gazing impacts on PicoP in the NRE,
theses removal processes are an important consideration when examining PicoP dynamics.

PicoP in estuaries
Estuaries are coastal areas where fresh riverine water meets salty oceanic water, and
depending on the resulting mixing of the two waters and local conditions, regional plankton
composition can be unique (Pinckney et al, 1998). PicoP persist in diverse environmental
conditions in estuaries and can contribute significantly to the total phytoplankton biomass and
primary productivity in multiple estuaries, including the Chanjang Estuary off the coast of Japan,
the Pearl River Estuary off southeast China, Ebro River off Spain, the San Francisco Bay and the
Chesapeake Bay in the eastern-southeastern USA (Ray et al, 1986; Ning et al, 2000; Pérez and
Carrillo, 2005; Pan et al, 2007; Hirose et al, 2008; Cai et al, 2010). The PicoP present in the

2

Chesapeake Bay is a good comparison for the NRE, because it is a temperate estuary that has
long residence times where PicoP has been studied and data is available (i.e Synechococcus
genetic diversity, counts) (Chen et al, 2006; Cai et al, 2010; Xu et al, 2015). Picocyanobacteria
range from 1x103 cells mL-1 to 1x106 cells mL-1 within temperate estuaries (Wang et al, 2011;
Chen et al, 2004; Xu et al, 2015). PicoP abundances are shown to be highest in the Summer and
lowest in the Winter, with the highest picocyanobacteria abundances in the Summer and highest
picoeukaryotic abundances in the Spring (Chen et al, 2006; Pan et al, 2007; Hirose et al, 2008).
Temperature and salinity are considered key environmental factors that impact changes in
PicoP abundances within estuaries (Cai et al, 2010; Xu et al, 2015). In the Chesapeake Bay, PCrich strains and PE-rich strains of Synechococcus are present year-round, but populations shift
from Summer to Winter based on temperature tolerance (Cai et al, 2010; Xu et al, 2015). PicoP
abundances are higher in warmer waters, thus PicoP are more prevalent at low to mid latitudes
(below 45°N) compared to higher latitudes (above 60°N) (Partensky et al, 1999; Wright et al,
2009; Morán et al, 2010; Partensky and Garczarek, 2010). Synechococcus abundances increase
with temperature and were found to grow better in warmer waters at approximately the same
latitude of 43°N (Morán et al, 2010). PicoP in artic waters, at higher latitudes, are dominated by
picoeukaryotes with picocyanobacteria contributing a small percentage (~2%) to total PicoP
abundances (Wright et al, 2009). For salinity PicoP numbers generally are lower within the
fresher portions of temperate estuaries (Cai et al, 2010; Xu et al, 2015; Pérez and Carrillo, 2005).

The Neuse River Estuary (NRE) and NRE PicoP
The Neuse River Estuary (NRE) is a major tributary for the Pamlico Sound and part of
the Albemarle Pamlico Estuary System (APES) on the North Carolina coast (Mallin et al, 1991).
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The APES is the second largest estuarine system in the lower 48 states of the United States, and
a valuable resource for North Carolina commercial and recreational fisheries (Mallin et al, 1991;
Peierls et al, 2010). This area is an important nursery for juveniles and adults of many species of
finfish and shellfish that contribute to the commercial and recreational fishing industries (Eby
and Crowder, 2002). In the NRE, salinity ranges 0 to 25 and water temperature ranges from 1030°C from July to September (Gaulke et al, 2010). The circulation patterns are driven by wind
and river discharge, with the residence time ranging from weeks to over 4 months, depending on
the riverine input (Gaulke et al, 2010; Peierls et al, 2010). Traditionally riverine input enriches
the Neuse River in nitrogen and phosphorus and is attributed to agricultural activities within the
greater (14,500 km2) watershed (Pinckney et al, 1998). Nutrient loading from runoff increases
after high precipitation storms (e.g. hurricanes), and contributes to nuisance algal blooms that
can cause hypoxic conditions and fish kills in the estuary (Pinckney et al, 1998; Peierls et al,
2010).
Phytoplankton abundances and community structure in the NRE is dependent on seasonal
changes of wind driven upwelling, hurricanes, tide cycles and salinity gradients (Paerl et al,
2018). Mid-estuary peaks in PicoP biomass and C-fixation are known to occur in the NRE
depending on salinity gradients and nutrient availability (Gaulke et al, 2010). A study in the
NRE found the impact that high river discharge in the Summer and Fall from large rainfall
events (i.e. storms) freshened the system, which caused elevated PicoP abundances and biomass
to move further downstream to where it was less fresh (Wetz et al, 2011). Nitrogen availability is
important with the NRE, with NH4+ ion higher in the riverine portion of the estuary (Mallin et al,
1991).
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High performance liquid chromatography (HPLC) analysis of phytoplankton pigments
indicated cyanobacteria and picoeukaryotes (e.g. Cryptomonads and Chlorophytes) as the
predominant PicoP in the NRE (Pinckney et al, 1998). More recent microscopic data indicated
that small cyanobacteria, Synechococcus-like cells, are present in the NRE in significant
abundances (maximum of 4.3 x 106 cells mL-1) (Gaulke et al, 2010). The more recent study also
examined the percent contribution of PicoP to total phytoplankton biomass, and found PicoP to
make up 35-44% of total chlorophyll a in the Summer (Gaulke et al, 2010). PicoP contributed
approximately 42-55% of primary production occurring in the NRE in the Summer (Gaulke et al,
2010; Pinckney et al, 1998). Further, PicoP are thought to make up at least 25% of the PicoP in
the NRE throughout the year (Gaulke et al, 2010). Synechococcus-like cell abundances varied
from 3.3 x 103 (cell mL-1) to 4.3 x 106 (cells mL-1) in a survey of NRE stations from 2007-2008
(years), with highest values occurring in the Summer and greatest changes in abundances
occurring during the transition from Spring to Summer (sampled biweekly) (Gaulke et al, 2010).

PicoP Pigments
PicoP vary in their abilities to harvest light, with many using accessory pigments (e.g.
phycobilin) to effectively use different colored light for energy (Haselkorn, 2006; Zheng et al,
2013). There are many different variations of pigment phenotypes within the Synechococcus (i.e.
pink, red, blue green) (Haverkamp et al, 2009). Green pigments (e.g. phycocyanin (PC)) are
better at harvesting predominantly red light, while red pigments (phycoerythrin (PE)) are better
at harvesting green and blue light (Haverkamp et al, 2009). Several studies report that PE-rich
strains occur in more saline and oligotrophic waters (where green light is more prominent), and
phycocyanin-rich (PC-rich) strains occur in fresher and eutrophic waters (where red light is
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prominent) (Zhang et al, 2013). In some coastal habitats, phycoerythrin-rich (PC-rich) and
phycocyanin-rich (PE-rich) strains of Synechococcus can co-occur, indicating that both pigment
types can utilize different light niches within the same water column and generally emphasizing
both pigment types are ecologically important (Haverkamp et al, 2009; Liu et al, 2014).
Pigment can be used to distinguish between morphotypes with the careful use of specific
epifluorescent microscopy light filters, cell shape inspection, and per cell fluorescence detection.
Flow cytometry (FCM) is now widely used method to distinguish different PicoP morphotypes
(populations distinguished based on size and autofluorescence) in aquatic samples (Pan et al,
2007; Valdes-Weaver et al, 2006; Liu et al, 2014). FCM is capable of counting low cell
abundances (in principle single cells), which is challenging to accomplish by microscopy (Liu et
al, 2014: Valdes-Weaver et al, 2006). FCM is yet to be used to describe PicoP in the NRE – but
was used to enumerate PicoP in other estuaries (Chesapeake Bay, Pearl River Estuary) (Liu et
al.2014; Xia et al., 2015).

PicoP Extracellular Enzyme Activity (EEA)
Focusing on extracellular enzyme activity (EEA), PicoP Synechococcus isolates can
exhibit diverse EEA activity, such as aminopeptidase, glucosidase, and chitinase activity
(Martinez and Azam, 1993). EEA activity can be highly informative because it describes the
activity of extracellular enzymes that transform organic matter down to a smaller size – often
making the material more accessible to microbes for membrane transport (Williams et al, 2009).
The organic matter that is lost to the environment, due to inefficient uptake by PicoP cells, is
available for other organisms to use within the microbial community, and the variety of nutrients
can differ based on the extracellular enzymes that are being used in the system (Williams et al,
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2009; Bullock et al, 2017). EEA rates can be higher in estuaries compared to open ocean
environments, and be influenced by environmental factors, such as phosphorus or nitrogen
limitation and the freshwater input (Williams and Jochem, 2006). Synecococcus is associated
with chitinase activity within cultures in laboratory experiments, but not studied in
environmental samples (Christie-Oleza et al, 2015). In the Florida Bay, Synecococcus blooms
were associated with higher EEA rates of β-glucosidase and alkaline phosphate activity
(Williams and Jochem, 2006). EEA analysis provides a possible connection between
Synecococcus in the NRE and EEA shown previously in lab isolates and blooms.

Thesis Research Goal and Hypotheses
While the significant contribution of PicoP to NRE phytoplankton biomass and primary
productivity (PP) has been described (Gaulke et al, 2010), the diversity of NRE PicoP is not
known and the use of flow cytometry can provide insight to the types of PicoP present. The
broad goal of this study is to characterize the PicoP morphotypes present in the Neuse River
Estuary and to determine what factors are affecting their distribution and abundances. Several
hypotheses serve as motivation for the performed work:
1) Multiple morphotypes are present in the NRE representing the picoeukaryotic and
picocyanobacteria morphotypes, with the picocyanobacteria being the most abundant.
2) Salinity and temperature are major drivers of the abundances of the different NRE
PicoP morphotypes, similar to the Chesapeake Bay which is brackish, temperate, and
has a long water residence time (Zhang et al, 2013).
3) Abundances of picocyanobacteria are positively correlated with alkaline phosphatase
and chitinase activity in the NRE – based on prior reports of connectivity between
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picocyanobacteria and activity of chitinase, alkaline phosphatase and β-glucosidase
in culture and Florida Bay (Martinez and Azam, 1993).

These hypotheses were tested using FCM PicoP data (Pan et al, 2007; Liu et al, 2014),
environmental data collected in parallel by the Neuse River Estuary Modeling and Monitoring
Project (MODMON) program run by UNC IMS (Peierls et al, 2010; Hall et al, 2013), and
extracellular enzyme assay data (Hoppe et al, 1983; Montgomery et al, 2019) using freezerstored whole water also collected in parallel during NRE sampling runs.
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Methods
Collection
Surface water samples for this study were collected with a water pump from 11 stations on
the Neuse River Estuary from the riverine portion (station 0) to the river mouth (station 180) in
collaboration with the Neuse River Estuary Modeling and Monitoring Project (MODMON)
monitoring program (Figure 1) (Gaulke et al, 2010). The water was collected from July 2017 to
December 2018 to capture temporal dynamics, with Hurricane Florence making landfall in
September of 2018. Water was collected twice a month for the Spring, Summer and Fall months
(March to October) and once a month in the Winter months (December to February) (n=317) .
The surface water was transported in the dark on ice (~4ºC) to Jordan Hall, Raleigh, NC and
processed the following day. The physicochemical data (temperature, salinity, turbidity, NH4+ ,
NOX, PO43-, TDN, DIN, DON, CDOM), pigment data (HPLC, zeaxanthin) , and primary
productivity data (Chl a, primary productivity (PP)) from MODMON will be used in the analysis
for this study (Table 1) (Gaulke et al, 2010).
Nutrient and hydrologic data from July 2017 to December 2018 were obtained via the
MODMON program (K. Rossingnol). The environmental factors were recorded with the YSI
meter (Model 6600) (Hall et al, 2013). Nutrients were measured according to the MODMON
protocols (Gaulke et al, 2010) The nutrient variables were measured through lab testing, with a
focus on carbon and nitrogen (Gaulke et al, 2010). The chlorophyll a was measured as detailed
in the MODMON protocols and used for the correlation and multivariate analysis (Gaulke et al,
2010; Wetz et al, 2011).
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Flow Cytometry (FCM)
Flow cytometry samples were fixed with 25% glutaraldehyde and let to sit for at least 15
minutes in the dark before storage at (-80°C) (Liu et al, 2014). Thawed sampled were run in the
Guava EasyCyte HT flow cytometer and analyzed with the guava easyCyte software program.
Initial tests were completed to analyze the background noise and potential coincidence that can
impact counting (e.g. too many events per sampled volume; Millipore recommends not
exceeding 500 events µL-1) (EMD Millipore, 2014). From initial tests, samples were diluted
down 1:20 with filtered (0.2 µm filter) DI water. The fluorescence from the events recorded
allowed for distinct morphotypes to be identified based on accessory pigments and size of the
cells. These morphotypes were grouped with a gate over the group of cells, using a consistent
gates for all morphotypes, and the number of cells in each morphotype was calculated using the
gates for each morphotype in the guava easyCyte software program (Figure 2). The samples
were run in triplicate to duplicate the averages. The limit of detection for the flow cytometry
samples was 1.11 x103 cells mL-1, which is the lowest abundance value that can reliably be
determined through flow cytometry (EMD Millipore, 2014). The limit of detection was
calculated by calculating the limit of detection for Summer and Winter samples and averaging
them together. The morphotype abundances below the limit of detection were removed for the
statistical analysis and shown as the limit of detection in abundance plots.
Reference beads of known size (0.5 - 16.5 µm) were run and the forward scatter values (FSC
values) were used to examine the relationship between FSC values and diameter. The linear
relationship (y = 1997.8x-1777.7; r2 = 0.9298) was used to calculate the median cell diameter of
cells in the NRE samples (Appendix A). The effect of preservation on cell abundances and
median cell diameter size was examined, and abundances were not impacted by glutaraldehyde
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preservation; however, PEUK median cell diameter was impacted by the preservation process
with preservation making the cells slightly larger which has been reported previously (Appendix
B) (Booth, 1987).
Size and fluorescence data were collected from each sample based on the blue and red
excitation lasers. An event was triggered when an excitation laser (red or blue) caused a
fluorescent signal within a certain wavelength (i.e red (488 nm) , yellow (640 nm) , etc) or
scattering pattern of light based on size (forward scatter) or texture (side scatter) due to the
photopigments within the cell (Liu et al, 2014). The events appeared in a dot plot, as seen in
Figure 2, where distinct morphotypes, can be identified. Red fluorescence from the blue light
excitation laser was used as the trigger for recording events. Of the cells that were triggered, the
fluorescence and scattering under different excitations were recorded to find different distinct
morphotypes of cells based on the presence of accessory pigments and size. The first accessory
pigment was phycoerythrin (PE), based on a yellow fluorescence from the blue laser excitation
(Figure 2A). The second accessory pigment that was used was phycocyanin (PC), based on a red
fluorescence from the red laser excitation (Figure 2B). Cell size (represented by forward
scattering of blue excitation light (FSC)) was the third factor used distinguish morphotypes
(Appendix A). PE-rich cell diameter size is harder to determine confidently since the
abundances were close to the limit of detection and debris might have had the same fluoresce
signature as the PE-rich cell morphotype.

Extracellular Enzyme Assays(EEA)
Previously established extracellular enzyme activity (EEA) assays were run for a total of six
enzymes (Hoppe et al,1983; Montgomery et al, 2019). A fluorescence-label was attached to the
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substrates that fluoresced when the substrate is used by the enzymes in the water sample. This
fluorescence was measured over 7 hours to find the rates of the extracellular enzymes in each
water sample. Fluorescent compounds bound to the enzyme substrates are: MUF (4methylumblliferone) or AMC (2-aminomethylcoumarine). The phenol oxidase enzyme did not
utilize a fluorescent substrate rather, when oxidation occurs the compound (purpurogallin)
transforms and becomes fluorescent. The water that was used is raw water (unfiltered) which
was previously stored at -20°C freezer after collection and thawed to room temperature prior to
analysis. Triplicate reaction wells were run per sample. Substrates for EEA assays were
synthesized by Sigma-Aldrich. Table 2 shows the substrate (MUF (4-methylumblliferone) or
AMC (2-aminomethylcoumarine)), targeted enzyme, function of each enzyme studied in this
procedure, and reference to previous activity (Table 2).

Chlorophyll a (Chl a)
Plankton biomass (whole water) and PicoP biomass (Pre-fractionated water for cells <3 µm)
were filtered on GF/F filters and Chl a was extracted from those filters (Welschmeyer, 1994;
Gaulke et al, 2010). This way size fractionated phytoplankton biomass was determined (< 3 µm)
at each station for the PicoP biomass. Triplicates of the whole water and triplicates of pre-filtered
water (3 µm filter), were filtered using ~100 mL of water with each filter. The filters were stored,
by wrapping them in foil, and kept in a -20°C freezer. Water was filtered from NRE stations: 30,
50, 70, 100, 120, and 180. The samples were stored in a freezer (-20°C) between collection and
analysis. The extraction method used is a non-acidification Chl a extraction method that uses
acetone (100%) and sonification (Welschmeyer, 1994).
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Data Analysis & Graphing
Contour plots of data were generated using Ocean Data View software. Excel was used to
create the box plot for cell median size. The comparison of FCM tests (impact of preservation,
concentration, size correlation) were made in Excel. The data was normalized through Z-score
and square root transformations. R analysis was used to generate scatter plots showing the linear
relationship between PicoP morphotypes and different environmental factors. The normalization
was confirmed by checking with the Shapiro-Wilk normalization test in R. The relationship
between PicoP abundances and cell size was studied by redundancy analysis (RDA) in R
analysis with the ‘Vegan’ package to run the analysis and produce plots.
R analysis was used to compute the correlation analysis of the environmental and nutrient
variables. Pearson’s correlation coefficient was used, because the data was normalized through
square root and z-score transformations. Variables with large order of magnitude changes were
log transformed. The ‘Hmisc’ package was used to create a correlation matrix, while the
ggcorplot package was used to visually represent the correlation data. The FCM cell abundances
under the limit of detection (1.11x103 cells mL-1) were not included in the analysis.
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Results
Hydrologic Conditions and Physicochemical Factors
Surface temperature varied seasonally within the NRE during the 525-day sampling
period (p < 0.0001), with the highest temperatures recorded in the Summer months at 30ºC and
the lowest temperatures in the Winter months at 5ºC (Figure 3). Seasonal temperature ranges
were defined as 25ºC to 30 ºC in the Summer, 11ºC to 24 ºC in the Fall, 0ºC to 10 ºC in the
Winter and 11ºC to 24 ºC in the Spring (Figure 3). The surface temperature varied minimally at
NRE stations during a single sampling trip (Figure 3). Surface salinity increased with distance
downstream in the NRE and ranged from 0 to 5 consistently from stations 30 to 50 (Figure 3).
From days 350 to 525 in the sampling period there was higher precipitation, from Hurricane
Florence and daily precipitations, causing higher flow rates in the Neuse River (measured at Fort
Barnwell), with an average of 51. 3 m3 s-1 in 2017 (± 34.14 m3 s-1) and 152.3 m3 s-1 in 2018 (±
34.14 m3 s-1) (Figure 4; Appendix C). The NRE was fresher in 2017 with salinity value of 5 at
~20km downstream, while in 2018 the salinity value of 5 was ~30km downstream (Figure 3).
Turbidity ranged from 0.2 NTU to 24.1 NTU, with higher values from stations 0 to 50 (Figure
3). CDOM ranged from 32.6 QSU to 193.6 QSU, with higher values from the inner estuary at
stations 30 to 100 (Figure 3).
The PO43- concentration was highest in the Summer months, with a maximum value of
125 µg L-1 (Figure 5). DON concentrations ranged from 229.2 µg L-1 to 771.1 µg L-1, with the
highest concentrations in the inner estuary from stations 0 to 100 (Figure 5). TDN
concentrations ranged from 239 µg L-1 to 1430 µg L-1, with the highest concentrations in the
inner estuary from stations 0 to 100 (Figure 5). NH4+ concentrations ranged from 3.62 µg L-1 to
457.00 µg L-1 with the high concentrations in Fall months in the inner estuary and lowest
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concentrations in the Summer months (Figure 6). The NOX concentration ranged from 0.8 µg L-1
to 937.0 µg L-1, with the highest in the Winter and Spring months and lowest in the Summer
months, where the NOX concentration was below detection (Figure 6).
Hurricane Florence made landfall in September of 2018 (approximately, day 450 of the
study period) and notably altered the environmental conditions in the NRE. The NRE was
freshened with the salinity range from values of 0 to 5 extending from stations 0 to 50 before the
Hurricane to stations 0 to 120 after the Hurricane (Figure 3). Turbidity also increased from 5 to
10 NTU from station 0 to 140 and remained high until day 525 (Figure 3). CDOM in the NRE
after the Hurricane was around 175 µg L-1, increasing from 100 µg L-1 before the storm and
remained high for the rest of the sampling period (day 525) (Figure 3). The PO43- concentration
increased ~2-fold relative to pre-storm conditions, reaching ~100 µg L-1 from stations 0 to 160
following landfall of Hurricane Florence (Figure 5). Nitrogen, in the form of TDN, DON, NOX,
and NH4+ all increased (~2-fold) at all NRE stations following Florence landfall and remained
high for the rest of the sampling period (day 525) (Figure 5; Figure 6).

PicoP Morphology and Fluorescence
Three distinct PicoP morphotypes occurred at NRE stations based on their autofluorescence and forward scatter patterns (Table 3), resembling populations previously reported
in coastal and estuarine waters based on flow cytometry (Xia et al. 2015; Liu et al. 2014; Pan et
al, 2007). The phycoerythrin-rich (PE-rich) morphotype showed high yellow fluorescence with
blue light excitation (yellow-B), while the phycocyanin-rich (PC-rich) morphotype and putative
picoeukaryotic morphotype (PEUK) showed high red fluorescence with blue light excitation
(red-B) (Table 3). The PEUK morphotype showed highest red fluorescence with red excitation
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light excitation due to high levels of the accessory pigment phycocyanin (Liu et al. 2014) (Table
3).

PicoP Distributions
Total PicoP abundances ranged from 2.73 x 103 cells mL-1 (± 4.77 x 105 cells mL-1) to
2.13 x 106 cells mL-1 (± 4.77 x 105 cells mL-1), with the highest abundances in the Summer
months (June to August) and lowest abundances in the Winter months (December to February)
(Figure 7). Total PicoP numbers were generally highest between stations 30 and 180, with
lowest numbers occurring at the most riverine station 0 (Figure 7). The PC-rich cell abundances
followed the same seasonal trend as the total PicoP abundances (Figure 7). PC-rich cells were
numerically dominant from March to October, with abundances that ranged from 1.11 x103 cell
mL-1 in the Winter to 1.99 x 106 cells mL-1 in the Summer (Figure 7). The PE-rich cell
abundances ranged from below the limit of detection (1.11 x 103 cells mL-1) in the Winter to 4.06
x 105 cells mL-1 in the Summer months (Figure 7). PEUK abundances ranged from 1.11 x103
cells mL-1 in Winter to 9.78 x 104 cells mL-1 in Summer (Figure 7). Highest abundances of PErich cells occurred from station 70 to 180, while PC-rich and PEUK cells reached highest
abundances over a broader area of the estuary, station 50 to 180 (Figure 7).
The PicoP contribution to particulate organic carbon (POC) was estimated using the
published conversion factor of 237 fg C per µm-3 using PicoP biovolume (Worden et al, 2004),
measurements of NRE PicoP biovolume (based on cell diameter and assumed spherical shape)
and chemical measurements of total POC. Total POC ranged from 2.2 µg L-1 to 3.9 µg C L-1 and
was highest in the Summer and Spring months (Figure 3). The PicoP carbon contributions to
overall POC was highest in the Summer and Fall months, contributing a maximum value of 10%
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(Figure 8). In the Summer months, the carbon contribution was mainly from PC-rich cells, with
contributions from 80 % to 100% (Figure 8). In the Winter months, the carbon contribution was
mainly from the PE-rich cells, with contributions from 60% to 80%, and the remaining
contributions from the PEUK cells, 0% to 20%, and the PC-rich cells, 0% to 20% (Figure 8). In
the Spring months, the carbon contribution was mainly from the PEUK cells, with contributions
from 60% to 80%, and the remaining contributions from the PE-rich cells, 0% to 20%, and the
PC-rich cells, 0% to 20% (Figure 8). Similarly, the contribution of each PicoP morphotype to
total PicoP biovolume in the NRE was mainly PC-rich cells (60% to 100%) in the Summer, PErich cells (40 % to 100 %) in the Winter and PEUK cells 40 % to 100 %) in the Spring (Figure
9).

PicoP Cell Size
The cell diameter for all three PicoP cells (all <3 µm) ranged from 0.89 µm to 2.29 µm
for PC-rich, 0.89 µm to 2.99 µm for PE-rich, and 0.96 µm to 1.69 µm for PEUK (Figure 10).
The PC-rich cells were the smallest PicoP morphotype, with a median cell size of 1.01 µm (±
0.21 µm), compared to the PE-rich cell diameter of 1.70 µm (± 0.48) µm and the PEUK cell
diameter of 1.70 µm (± 0.71 µm) (Figure 10). The PC-rich morphotype cell diameter was
similar from stations 30 to 180 of the NRE, expect from the Winter months (days 190 to 250)
where the cell diameter increased to ~1 µm (Figure 11). The PE-rich and PEUK cells were larger
in the fresher stations (stations 0 to 50) from days 0 to 100 (Figure 11). PE-rich cells were larger
in 2018 (2.39 µm ± 0.74 µm), compared to 2017 (1.59 µm ± 0.77 µm) (Figure 11). PEUK cells
were larger in 2018 (1.83 µm ± 0.55 µm), compared to 2017 (1.48 µm ± 0.31 µm) (Figure 11). In
2018 the NRE was fresher, shown with increased flowrate due to increased precipitations and
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large storm events, when the PE-rich and PEUK cell diameter was significantly ( p= <0.0001)
larger (Figure 4). PicoP cells (all three types) with larger cell diameters were found in the
fresher portion of the NRE (salinity 0 to 10), with the cell diameter size decreasing as salinity
increased in the estuary (Figure 12). For example, PC-rich cells had diameters of 0.90 to 1.30 µm
with waters of salinity 0 to 10, and 0.70 to 0.90 µm in waters of 10-20 salinity (Figure 12). PErich cells had a diameter of 1.50 µm to 3.00 µm in the waters of salinity 0-10 and 0.7-1.5 µm in
the waters of 10-20 salinity (Figure 12). PEUK cells had a diameter of 1.50 to 3.00 µm in the
waters of salinity 0-10 and 0.70-1.20 µm in the waters of 10-20 salinity (Figure 12).

Size Fractionated Chl a
Total Chl a ranged from 0.56 µg L-1 to 100.68 µg L-1, with an average value of 15.93 µg
L-1 recorded over the sampling period (Figure 13). Total Chl a concentration varied over the
sampling period, with a significant decrease of values in the Winter months (p=0.0008) (Figure
13), as previously reported (Gaulke et al, 2010). The highest total Chl a value recorded was
100.68 µg L-1 in the Spring and the lowest total Chl a value was 0.56 µg L-1 in the Winter (Figure
13). Chl a values over 10 µg L-1 occurred throughout all stations in the NRE during the Spring,
Fall and Summer months (Figure 13). Primary production was highest (e.g. 337 (µg C m-3 h-1))
in the Spring and largely followed total Chl a concentrations (Figure 13).
PicoP Chl a (Chl a in the <3µm size-fraction) was highest in the Spring, Summer, and
Fall and lowest in the Winter months (Figure 13). High PicoP Chl a and high values of total Chl
a concentration occurred simultaneously in the NRE (Figure 13). PicoP Chl a contributed on
average ~45% of the total Chl a across sampling, and ranged from 20% to 70% with the lowest
percentage in the Winter months (Figure 13; Figure 14). PicoP Chl a and total Chl a showed a
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positively correlated linear relationship (Figure 14, r2 = 0.6133, p= <0.0001), while the percent
PicoP contribution and total Chl a no significant relationship (p= 0.2395) (Figure 14; Figure 16).
Zeaxanthin is an accessory pigment that can harvest light and is used as an indicator of
cyanobacteria and cyanobacterial biomass (Scanlan et al, 2009; Gaulke et al, 2010). Zeaxanthin
concentrations ranged from 0.0 to 2.9 µg L-1 in NRE surface waters (Figure 15). Zeaxanthin
concentration was highest in the Summer months and lowest in the Winter months, following the
distribution for total Chl a, PicoP abundances and PicoP biomass (Figure 13; Figure 15). The
concentrations decreased in the Fall months (September to October) and increased in the Spring
months (March to May) (Figure 15). Zeaxanthin has a positive correlation with certain
environmental factors (temperature ( r = 0.39) and salinity ( r =0.35) ) and a negative correlation
with other factors (NOX ( r= -0.36), NH4+ ( r= -0.49), TDN ( r= -0.46) , turbidity ( r = -0.29),
flowrate ( r = -0.25)) (Figure 16; Table 4) (Christaki et al, 1999; Gaulke et al, 2010). A linear
relationship between the PC-rich morphotype and zeaxanthin concentration was found in this
study (r2 = 0.2671, p= < 0.0001), as other studies have also found a linear relationship between
PicoP abundances and zeaxanthin concentrations in the NRE (r2 = 0.57) and Pensacola bay (r2 =
0.5) (Christaki et al, 1999; Gaulke et al, 2010) (Figure 17). Overall, NRE data points to
zeaxanthin as a good indicator for the presence of PC-rich cells.

Extracellular Enzyme Activity (EEA) Rates
Alkaline phosphatase rates ranged from 0.38 to 6.46 µM h-1, with the lowest value from
the Winter of 2017 (days 150- 215) and the highest values in the Fall of 2018 after Hurricane
Florence (Figure 18). Chitinase rates ranged from 0.38 to 63.93 µM h-1, with the lowest values
from the Winter of 2018 and the highest values in the Spring of 2018 (Figure 18). β-
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Glucosidase rates ranged from 1.03 µM h-1 (± 0.53 µM h-1) to 4.25 µM h-1 (± 0.53 µM h-1), with
the lowest values occurring in the Winter and higher values occurring in Spring to Summer of
2017 (Figure 18). Leucine-aminopeptidase rates ranges from 0.02 to 0.51 µM h-1, with the lower
values from the Winter of 2017 and the higher values from the Summer of 2018 (Figure 18).
Tyrosine-aminopeptidase rates ranged from 0.004 µM h-1 to 0.84 µM h-1, with the lower values
from Winter of 2018 and the higher values from the Summer of 2018 (Figure 18). Phenoloxidase rates ranged from 0.0003 to 0.01 µM h-1, with values the lowest values from the Spring
of 2018 and the highest values from the Summer of 2018 (Figure 18).
The EEA rates were notably impacted by Hurricane Florence, where the activity rates of
β-glucosidase and alkaline phosphatase increased, while the activity rates of chitinase, tyrosineaminopeptidase, leucine-aminopeptidase and phenol-oxidase decreased (Figure 18). Highest
rates of β- Glucosidase rates (17, 930 µM h-1) occurred following Hurricane Florence in October
of 2018 (Figure 18). Alkaline phosphatase activity increased by multiple orders of magnitude
(Figure 18). Pre-Florence the important factors impacting EEA activity were temperature,
primary productivity, CDOM and nutrients (NH4+, TDN, NOX) (Figure 19). Considering all data,
including post Florence data, the important influential factors were altered, specifically after
Hurricane Florence the important negative factors of PO43- and DON, and positive factors of
salinity (Figure 19).

Relationships between PicoP and environmental variables
Abundances of PC-rich cells were positively correlated, where Pearson’s correlation
coefficient is represented as r, with temperature ( r = 0.38), salinity ( r = 0.45 ), while negatively
correlated with NH4+ ( r = -0.32 ) and NOX ( r = -0.40 ) (Figure 20; Table 5). PE-rich cell
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numbers positively correlated with salinity ( r = 0.39 ), while negatively correlated with NH4+ ( r
= -0.19 ) and NOX ( r = -0.29 ) (Figure 20; Table 5). Abundances of PEUK cells positively
correlated with temperature ( r = 0.21 ), while negatively correlated with NH4+ ( r = -0.26 )
(Figure 20; Table 5).
PicoP morphotype abundances were significantly positively correlated with temperature
(Figure 21). There was a significant positive relationship between temperature and the PC-rich (
r = 0.38; p= 0.0000) and PEUK morphotypes ( r = 0.21; p=0.0003 ) (Figure 20; Table 5). PicoP
morphotype abundances were significantly positively correlated with salinity (Figure 21). There
was a significant positive relationship between salinity and the PC-rich ( r = 0.45; p= 0.0000)
and PE-rich morphotypes ( r = 0.39; p= 0.0000 ) (Figure 20; Table 5).
Diameter of PC-rich cells positively correlated with NOX (r = 0.22 ) and NH4+ ( r = 0.37
), while negatively correlated with temperature ( r = -0.12 ), salinity ( r= -0.12 ) and zeaxanthin (
r = -0.34 ) (Figure 22; Table 5). In contrast, diameter of PE-rich cells showed and a positive
correlation with salinity ( r = 0.35 ), temperature ( r = 0,23 ), and zeaxanthin ( r = 0.15) while
negatively correlated with NOX ( r = -0.29 ) and NH4+ ( r = -0.19 ) (Figure 22; Table 5).
Diameter of PEUK cells negatively correlated with salinity ( r = -0.29 ), temperature ( r = -0.17)
and zeaxanthin ( r = -0.20 ), while positively correlated with NH4+ ( r = 0.12 ) (Figure 22; Table
5). Cell diameters for PC-rich and PEUK cells were significantly negatively correlated with
salinity and significantly positively correlated with DON (Figure 23). Cell diameters for PE-rich
cells were significantly negatively correlated with DON and significantly positively correlated
with salinity (Figure 23).
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Chitinase activity was negatively correlated with PE-rich cell abundances ( r = -0.26 )
and PC-rich cell abundance ( r = -0.12). Alkaline phosphatase (AP) activity was found to be
significantly negatively correlated with PEUK cell abundances ( r = -0.16 ) (Figure 20; Table
5). Alkaline phosphatase (AP) activity was significantly positively correlated with PC-rich cell
diameter ( r = 0.16) and PEUK cell diameter ( r = 0.21), while negatively correlated with PE-rich
cell diameter ( r = -0.26) (Figure 20; Table 5).
PicoP Chl a was positively correlated with temperature ( r = 0.20 ) and salinity ( r = 0.15)
, while negatively correlated with NOX ( r = -0.14 ), NH4+ ( r =-0.18 ) and TDN ( r = -0.16 )
(Figure 16; Table 4). Chl a was negatively correlated with NH4+ ( r = -0.35 ) and TDN ( r = 0.20) (Figure 19; Table 4). Primary productivity (PP) was positively correlated with temperature
( r = 0.33 ) and salinity ( r = 0.34 ), while negatively correlated with NOX ( r = -0.27 ), NH4+ ( r
= -0.39 ), PO43- ( r = -0.24 ), flowrate ( r = -0.24) and turbidity ( r = -0.23 ) (Figure 16; Table 4).
CDOM was positively correlated with temperature ( r = 0.19 ), flowrate ( r = 0.37 ), NH4+ ( r =
0.17 ), and TDN ( r = 0.10 ) (Figure 16; Table 4). PicoP contribution to phytoplankton biomass
(Chl a) was positively correlated with temperature ( r = 0.21 ) and PO43- ( r = 0.18 ) (Figure 16;
Table 4).
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Discussion
PicoP morphotypes
Three PicoP morphotypes are prevalent in the NRE, based on flow cytometry, PE-rich
Synechococcus-like cells, PC-rich Synechococcus-like cells and picoeukaryotic phytoplankton
(PEUK) (Figure 2; Figure 7). These morphotypes occur in other temperate and subtropical
estuaries (e.g. Chesapeake Bay, Pearl River Estuary) (Pan et al, 2007; Zhang et al, 2013; Liu et
al, 2014; Xu et al, 2015). Maximum PicoP cell abundances reported here, 2.13x106 cells mL-1
were comparable to those reported previously in the NRE for Synechococcus-like cells (4.3x 106
cells mL-1) (Gaulke et al., 2010), but also Synechococcus numbers from Chesapeake Bay and
Pensacola Bay, FL (Figure 7) ( Murrell and Lores, 2004; Chen et al, 2006).
The PicoP community composition changed seasonally through much of the NRE (Figure
24)- with PC-rich cells being numerically dominant in summer. The composition of total PicoP
across the seasons shifts from PC-rich cells shifting to more PEUK and PE-rich cells depending
on the conditions indicating that different populations may be present based on their adaptability
(Figure 24) (Cai et al, 2010). PC-rich cells contribution to total PicoP in terms of biomass and
carbon contribution was most important in the Summer, while PE-rich cells contribution was
most important in the Winter. PUEK cells co-occur with PC-rich cells and their contribution to
total PicoP in terms of biomass and carbon contribution is most important in the Spring and
following Hurricane Florence. Seasonal change in PicoP community composition (based on
genetics and pigmentation) occurs in other temperate estuaries as well, including Chesapeake
Bay and Pearl River Estuary (Cai et al, 2010; Xu et al, 2010; Zhang et al, 2013; Liu et al, 2014).
Data presented here confirms PicoP as an important primary producer in the NRE where,
PicoP Chl a on the average contributed ~40% of the total Chl a. Work done nearly a decade
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earlier also found PicoP Chl a on average contributed ~ 45% of total Chl a (Figure 13) (Gaulke
et al, 2010). The positive linear relationship between PicoP Chl a and total Chl a ( r2 =0.6133 p =
<0.0001) also suggest PicoP are not overly outcompeted by co-occurring larger phytoplankton in
the NRE. (Figure 14).
Significant negative correlations between salinity and cell diameter of PC-rich and PEUK
cells suggests an input of larger freshwater populations to the upper estuary (Xia et al, 2015).
The case of PUEK cell diameter changed markedly from ~1 µm in 2017 (day 0 to day200) to
~1.5 - 2 µm during 2018 (day 210 to day 525). The smaller PEUK population might be an
Ostreococcus, Bathyococcus or Micromonas cells, which have cell diameters around 0.75 µm
(Worden et al, 2004). The larger PEUK population might be an Imantonia or Phaeocystis cells,
which have cell diameters around 2.5 to 3 µm (Worden et al, 2004), but also Pycnococcus or
Picochlorum cells are also possible. Transcripts (mRNA) from the latter two have been detected
previously from the NRE (Gong et al. 2017). PEUK cells accounted for a greater percentage of
PicoP biomass (based on µg C L-1) during Spring in mid-estuary, but also after increased
freshwater inputs. PEUK diameters increased during these periods of increased contribution by
PEUK to total biomass – for example in 2018 when precipitation was higher, shown by a higher
flowrate into the Neuse River (Figure 4), these larger PEUK cells increased in prevalence during
rainy periods before Hurricane Florence, but then also approximately a month after extreme river
inputs due to landfall of the hurricane. This evidence suggests that increased precipitation and
river inputs may shift PicoP composition to PEUK cells, which may impact the NRE plankton
food web as grazers exhibit different preferences for PicoP populations (cyanobacterial and
picoeukaryotic) (Christaki et al, 1999; Worden and Not, 2008). The reason why these larger
PEUK cells increase under freshened conditions could be because of increased nutrient
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concentrations (DIN, NOX, and NH4+), light quality and intensity (turbidity and CDOM), or
reduced grazing pressure.
PC-rich cells numerically dominated the NRE reaching ~106 cells mL-1, confirming the
hypothesis that picocyanobacteria are most abundant in the NRE. PC-rich picocyanobacteria
occur in diverse estuaries (Chen et al, 2006; Xia et al, 2015) and some data suggest they could
outnumber PE-rich picocyanobacteria when salinity is <25 (Figure 7) (Murrell and Lores, 2004).
In the NRE the PC:PE ratio is ~10 for most of the estuary highlighting the dominance of PC-rich
cells within the NRE PicoP (Figure 25). In Pensacola Bay, FL, the ratio of PC:PE is maximally
10 as opposed to the Pearl River Estuary where the PC:PE is at most 100 (Murrell and Lores,
2004; Xia et al, 2015). However, the of PC:PE ratio is different in the NRE from the Pensacola
Bay since the ratio does not decrease as the salinity increases and consistently remains ~10
(Murrell and Lores, 2004) (Figure 25). The ratio is not well resolved for the PC:PE ratio in
fresher salinities, as the PC-rich cell abundances are clustered together at a salinity of 0 (Figure
25). Notably through some blooms of PC-rich cells have been reported off the FL coast in full
salinity water, suggesting PC-rich cells are not strictly bound to brackish waters (Phlips et
al,1999). Reports of Synechococcus blooms off FL describe PC-rich cells that are larger (2 µm
diameter) that the predominant PC-rich cells in the NRE; so speculatively the PC-rich cells in the
NRE are a distinct population, but this requires further investigation.
PE-rich cells were a minor contributor to PicoP abundance and biomass in the NRE. PErich Synechococcus-like cells are known to occur in estuaries in the marine portion of estuaries
and coastal waters (Figure 7) (Murrell and Lores, 2004; Liu et al, 2014; Xia et al, 2015). While
less abundant and limited to the largely marine waters of the NRE, PE-rich cells may be capable
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of unique metabolisms relative to PC-rich cells which are wroth further study- for example
production of allelopathic compounds (Paz-Yepes et al, 2013).
PEUK cells are present in the NRE, however in lower abundances than PC-rich cells
(Figure 7). In coastal ocean waters PEUK cells can account for a majority of PicoP biomass,
despite being outnumbered by picocyanobacteria (Worden et al. 2004). In the NRE, PEUK cells
contribute less to biomass than picocyanobacteria for a majority of the year. Similarly, PEUK
cells are less abundant in other estuaries – e.g. the temperate Pearl River Estuary (Zhang et al,
2013) and tropical Zuari estuary (Mitbavkar et al, 2012). Thus, PEUK biomass appears to less
than picocyanobacteria in several tropical to temperate estuaries. Notably though, their relative
contribution to sustaining microbial food webs depends on how quickly they are grazed relative
to picocyanobacteria. PicoP-specific grazing rates are unavailable from the NRE, only estimates
of bulk grazing of PicoP (Wetz et al, 2011).

Hurricane Florence
Hurricane Florence occurred during the sampling period in September of 2018 (day 435)
freshening the system, increasing nutrients, and reducing phytoplankton biomass as well as
PicoP abundances in the NRE (Figure 7). The response of phytoplankton morphotypes was
similar to other wet hurricanes that have hit the NRE, such as Hurricane Dennis, Hurricane Floyd
and Hurricane Irene, with nutrient loading of nitrogen and phosphorus in the NRE, and an
increase in terrestrial carbon from precipitation runoff (Valdes-Weaver et al, 2006; Paerl et al,
2018). Phytoplankton responses post hurricane landfalls within the NRE are thought to be
complex, depending on local wind and precipitation as a dry windy storm or a high precipitation
storm (Paerl et al. 2018). Cyanobacteria abundances respond based on the type of hurricane,
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with an increased numbers following with dry windy storms and decreased numbers following
wet (high precipitation) storms (Paerl et al, 2018).
Hurricane Florence was classified as a high precipitation storm-setting records for precipitation
in much of eastern NC (Martinez, 2018), and PC-rich cells, the numerically dominant
cyanobacteria in the system, were negatively impacted by Hurricane Florence (Figure 7) (Paerl et
al, 2018). Prior work reports negative correlation between salinity and picocyanobacteria
numbers (Murrell and Lores, 2004; Xia et al, 2015), which suggests high precipitation storms
could negatively impact picocyanobacteria; the data presented from the NRE directly shows this,
post landfall of high precipitation storm Hurricane Florence. Hurricane landfalls off the coast of
NC appear more frequent (Paerl et al. 2018), thus potentially in the future phytoplankton and
especially picocyanobacteria cells will be less available to local food webs, and certainly more
frequently disturbed by freshwater inputs. Notably PEUK cells recovered post-Florence to
abundances found pre-Florence (day 482 to 525). ). In regard to the NRE, it is suggested that
green algae (e.g. PEUK cells) are capable of higher maximum growth rates under turbid
conditions relative to cyanobacteria (Paerl et al. 2018). However, eukaryotic phytoplankton also
have a higher tolerance for trace metals, especially copper and cadmium (Figure 7) (Brand et al,
1986). Trace metal concentrations in the NRE putatively increased following Florence, given the
notable increases in terrestrial material to the system – indicated by CDOM (Figure 5). This
tolerance may have allowed for PEUK cells to respond better post-Florence, while
cyanobacteria, which are very sensitive to trace metals, cell abundances would decrease (Brand
et al, 1986). Alternatively changes in other environmental factors may have impacted PEUK
response after Hurricane Florence, such as turbidity, salinity, nutrients or a combination of these
factors (Paerl et al, 2018).
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Environmental Drivers of PicoP Abundances in the NRE
The positive significant correlation of salinity with the PicoP abundances (PE-rich and
PC-rich) and as an explanatory variable to PicoP abundance, confirms the importance of salinity
in shaping NRE PicoP abundances (Figure 20; Figure 23). PicoP numbers generally are lower
within the fresher portions of temperate estuaries (Pérez and Carrillo, 2005; Cai et al, 2010; Xu
et al, 2015), which matched the results found in this study of lower PicoP abundances at the
fresher NRE stations (Pérez and Carrillo, 2005; Cai et al, 2010; Xu et al, 2015). The explanation
for this is unclear – potentially populations grow slower in lower salinity water due to the lack of
key ions (salt), or covarying factors could be at play, especially amounts of trace metals such as
copper (Brand et al, 1986). In the fresher portion of the NRE trace metal levels could be at toxic
levels to PicoP, inhibiting their cell function as Synechococcus strains are known to be sensitive
to copper in the North Atlantic and in laboratory experiments (Debelius et al, 2009).
Temperature showed a significant positive correlation with all the PicoP abundances (PCrich and PEUK), confirming the hypothesis that temperature is an important driver of PicoP cells
(Figure 20; Figure 23) – but less important than salinity. Further, the PC-rich cell abundances
may increase more with increases in temperature than PE-rich and PEUK numbers since there is
a stronger correlation between temperature and PC-rich cells. PC-rich strains are thought to be
resistant to grazing through production of extracellular polysaccharides or a predator prey size
mismatch by forming chains (although NRE PC-rich cells appear to be largely unicellular based
on flow cytometry) (Berry et al, 2015), which lowers trophic transfer of nutrients up the food
chain. Another phenotype that could explain how temperature increases lead to increased
abundances of PC-rich cells is that in some cyanobacteria exopolymer production increases with
temperature and increased exopolymer can serve to protect bacterial cells from viral infection
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and lysis (Liu and Buskey, 2000). Based on the 2014 IPCC report (Pachauri et al, 2014)
warming in the southeastern US on the whole has not increased as rapidly as other areas of the
continent, however, localized warming is possible and cumulatively temperature increases are
still expected within this century (Valdes-Weaver et al, 2006; Tollefson, 2018). Higher PC-rich
picocyanobacteria may be a concern in the NRE in the future as is the case in high residence time
FL bays where blooms (5 x106 cells mL-1) of PC-rich cells (Phlips et al, 1999) are blamed for
declines in water quality and key species (e.g. seagrasses, lobster) (Berry et al, 2015). There is
limited knowledge about the ecology of estuarine PC-rich cells in estuaries, though recent work
with isolates from Chesapeake Bay suggest some may be more tolerant to stressful conditions,
e.g. increased trace metal concentrations and high light (Marasan et al, 2016). Overall much is
left to be understood about how they persist, are successful, and potentially influence cooccurring micro and macro-organisms in the NRE.
Nutrients concentrations in the NRE may also influence PicoP abundances. The negative
correlation between multiple PicoP morphotypes with NOX (PC-rich and PE-rich) and NH4+
(PC-rich, PE-rich and PEUK), supports the idea that PicoP are strong competitors under low
nutrient conditions (Chisholm et al., 1992). NRE PicoP are more abundant and smaller at the
saline stations with less nutrients indicating a possible connection between nutrient availability
and size for population growth, or possibly a covarying factor (e.g. salinity) (Figure 20; Table 4).
Within the Chesapeake Bay, the abundance of certain picocyanobacteria strains is thought to be
driven by different factors (i.e. salinity, temperature, NOX, NH4+ (Cai et al, 2015). This may also
be true for the NRE but requires a future genetic investigation.
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Rates of Extracellular Enzyme Activity (EEA)
A significant negative correlation between abundances of PicoP and chitinase activity
and alkaline phosphatase activity refutes the hypothesis that increased chitinase activity and
alkaline phosphatase activity will occur with increased PicoP abundances (Figure 20; Table 5).
Lower β-glucosidase and alkaline phosphatase activity in Winter in the NRE is similar to the
results previously found in the freshwater Neuse and Tar-Pamlico Rivers with the lowest rates in
January and February (Bullock et al, 2017). Alkaline phosphatase activity at all NRE stations
increased after Hurricane Florence (Figure 18) which is similar to reported increases in activity
in the Neuse and Tar-Pamlico Rivers after Hurricane Irene (Bullock et al, 2017). Given the low
numbers of PicoP and phytoplankton post Florence (Figure 7; Figure 13), it is presumed
heterotrophic microplankton (esp. bacteria, but potentially protists as well) were the source of
high alkaline phosphatase activity. Cells (estuarine or terrestrial) that produce alkaline
phosphatase may be activated through interaction with substances (soils, etc,) brought into the
NRE from elevated runoff after the hurricane as indicated by CDOM increases with the storm
event (Bullock et al, 2017).
The negative correlation between alkaline phosphatase activity and the PC-rich cell
abundance may be impacted by covarying factors, such as TDN, NH4+ NOX, and PO43-, which
are important environmental factors that have a negative correlation with multiple extracellular
enzyme activity rates (Figure 16; Figure 19). Blooms of Synechococcus have been shown to
increase rates of alkaline phosphatase and β-glucosidase within coastal systems such as the
Florida Bay (Williams and Jochem, 2006), which did not occur in the NRE when abundances of
Synechococcus like cells (PC-rich cells) are high. Difference between the Florida Bay and the
NRE are that cell abundances during the bloom were in higher abundances, ~ 107 cells mL-1, and
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concentrations compared to the highest abundances in the NRE, ~ 107 cells mL-1 (Figure 7). The
Synechococcus present in the Florida Bay might be a different strain than the Synechococcus-like
cells that were dominant in the NRE. The different strains might have different activity rates of
alkaline phosphatase and β-glucosidase, causing one strain have higher activity rates that the
other strain in high abundances.
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Conclusion
Results from this study show that the PicoP community in the NRE is made up of at least
three distinct morphotypes based on pigmentation and size, Synechococcus-like PC-rich,
Synechococcus-like PE-rich cells and picoeukaryotes phytoplankton (PEUK). This agrees with
studies of temperate estuaries with similar conditions of temperature and residence time where
these morphotypes are present, such as the Chesapeake Bay and Pearl River Estuary (Pan et al,
2007; Zhang et al, 2013; Liu et al, 2014). Multiple environmental factors may impact PicoP
abundances, however covarying factors (salinity, temperature, NOX, PO43-, NH4+) may also be
important in driving PicoP abundances in the NRE (Pan et al, 2007; Zhang et al, 2013; Liu et al,
2014; Xu et al, 2015). The cell diameter of PicoP cells in the NRE decreased notably with
salinity possibly due to differently sized populations, with organisms of freshwater origin in the
fresher stations and marine origin in the outer estuary or a response to grazing pressure (Kuipers
and Witte, 1999; Berry et al, 2015). PC-rich cells showed a negative correlation with chitinase
and a negative correlation with alkaline phosphatase. This indicated that certain strains of
Synechococcus strain might be better at utilizing certain extracellular enzymes (alkaline
phosphatase, β-glucosidase, and aminopeptidase) or high abundances in a bloom like state are
necessary for PicoP to impact extracellular enzyme activity (Williams and Jochem, 2006;
Bullock et al, 2017). Further characterization of PicoP morphotypes can be done in the NRE
with a genetic study to identify the subclades and strains of picocyanobacteria and
picoeukaryotes present in the PicoP. From there strain specific measurements for the activity and
physiology of those cells can be studied to see how they respond to changes in the NRE,
including frequent continued hurricanes and the warming of the coastal system (Valdes-Weaver
et al, 2006; Gaulke et al, 2010).
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TABLES
Table 1. Abbreviations for the environmental and nutrient parameters in the NRE.
Abbreviation

Explanation

TDN

Total dissolved nitrogen

DIN

Dissolved inorganic nitrogen

DON

Dissolved organic nitrogen

CDOM

Colored dissolved organic matter

HPLC

High-performance liquid chromatography

PP

Primary productivity
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Table 2. Extracellular enzyme assays (EEA) performed using NRE surface water.
Enzyme Target
β-D-glucosidase
(GLU)

Fluorescent Substrate
MUF (4methylumblliferone)

Activity Details
hydrolysis of glucose
from polymers

References
Bullock et al, 2017
Williams and Jochem,
2006

Leucineaminopeptidase
(LEU)

AMC (2aminomethylcoumarine)

hydrolysis of the Nterminal leucine from
polypeptides

Phosphatase
(PHOS)

MUF (4methylumblliferone)

Tyrosineaminopeptidase
(TYR)

AMC (2aminomethylcoumarine)

hydrolysis of organic
phosphate bonds,
phosphomonoester
bonds
hydrolysis of tyrosine
from polypeptides

Williams and Jochem,
2006
Martinez and Azam,
1993
Bullock et al, 2017
Williams and Jochem,
2006

Phenol oxidase
(POX)

No substrate

chitodextrinase
(CHIT)

MUF (4methylumblliferone)

oxidation of odiphenols to oquinones
hydrolysis of chitin

Williams and Jochem,
2006
Martinez and Azam,
1993

Christine-Oleza et al,
2015
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Table 3. Gating criteria for NRE PicoP. Yellow fluorescence from the blue excitation laser is
represented as yellow-b. Red fluorescence from the blue laser excitation is represented as red-b.
Red fluorescence from the red laser excitation is represented as red-r.
Morphotype
Phycoerythrin (PE)-Rich
Phycocyanin (PC)- Rich
Picoeukaryotic (PEUK)

Gating Description
High relative yellow-b fluorescence,
High relative red-r fluorescence
High relative red-b fluorescence, lower
relative red-r fluorescence
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Table 4. Relationship between PicoP select environmental parameters collected. Shown are the Pearson’s correlation coefficient and
significance level. Values that were determined significant are in bold with the significance level of p < 0.05. The values that were
below the limit of detection (1.11x 103 cells mL-1) were not included in this analysis.

Primary
Productivity
(µg C m-3 h-1)
Chl a
(µM L-1)
PicoP Chl a
(µM L-1)
Zeaxanthin
(µg L-1)
PicoP
Contribution to
Chl a biomass
(%)
CDOM
(QSU)

Temperature
(ºC)

Salinity

Flowrate (m3
s-1)

Turbidity
(NTU)

NOx
(µg L-1)

NH4+
(µg L-1)

PO43(µg L-1)

TDN
(µg L-1)

Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n

0.33
< 0.0001
316
0.03
0.0047
313
0.20
0.0072
172
0.39
< 0.0001
315
0.21
0.0047
172

0.34
< 0.0001
316
0.03
0.6412
313
0.15
0.0492
172
0.35
< 0.0001
315
0.00
0.9546
172

-0.24
< 0.0001
316
-0.07
0.2158
313
-0.14
0.0584
172
-0.25
< 0.0001
315
0.00
0.9570
172

-0.23
< 0.0001
316
-0.07
0.4131
313
-0.06
0.4698
172
-0.29
< 0.0001
315
0.00
0.1954
172

-0.27
< 0.0001
316
-0.08
0.1595
313
-0.14
0.067
172
-0.36
< 0.0001
315
-0.05
0.5555
172

-0.39
<0.0001
316
-0.35
< 0.0001
313
-0.18
0.0160
172
-0.49
< 0.0001
315
-0.08
0.2873
172

-0.24
< 0.0001
316
-0.01
0.8815
313
0.14
0.0750
172
-0.11
0.0567
315
0.18
0.0160
172

-0.46
< 0.0001
316
-0.20
< 0.0001
313
-0.16
0.0160
172
-0.46
< 0.0001
315
-0.04
0.5802
172

Corr. Coeff.
Sign.
n

0.19
0.0054
214

-0.09
0.1746
214

0.37
0.0000
214

0.37
0.2624
214

0.10
0.1295
214

0.17
0..0109
214

-0.05
0.4667
214

0.10
0.0109
214
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Table 5. Relationship between PicoP cell abundance and cell diameter with select environmental parameters collected. Shown are the
Pearson correlation coefficient, significance level and sample size. Values that were determined significant are in bold with the
significance level of p < 0.05. The values that were below the limit of detection (1.11x 103 cells mL-1) were not included in this
analysis.

PC-rich

Corr. Coeff.
Sign.
n

Temperatu
re
(ºC)
0.38
0.0000
302

PC-rich
cell
diameter
PE-rich

Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n
Corr. Coeff.
Sign.
n

-0.12
0.0317
302
0.01
0.8790
289
0.23
< 0.0001
289
0.21
0.0003
297297
-0.17
0.0024
297

PE-rich
cell
diameter
PUEK

PEUK cell
diameter

Salinity

NOx
(µg L)

NH4+
-1)
(µg L

Zeaxanthin
(µg L-1)

PO43(µg L-1)

Chl a
(µM L-1)

PicoP Chl a
(µM L-1)

Phosphatase
(µM h-1)

Chitinase
(µM h-1)

0.45
< 0.0001
302

-0.40
< 0.0001
302

-0.32
< 0.0001
302

0.50
<0.0001
302

-0.01
0.9167
302

0.12
0.0354
302

0.21
0.0059
172.

-0.06
0.2609
302

-0.12
0.0366
302

-0.41
< 0.0001
302
0.39
< 0.0001
289
0.35
< 0.0001
289
0.08
0.1761
297
-0.29
< 0.0001
297

0.22
0.0002
302
-0.29
< 0.0001
289
-0.29
<0.0001
289
0.04
0.5033
297
-0.07
0.1047
297

0.37
< 0.0001
302
-0.19
0.0010
289
-0.19
0.0008
289
-0.26
< 0.0001
297
0.12
0.0359
297

-0.34
< 0.0001
302
0.15
0.0126
289
0.15
0.0088
289
-0.34
< 0.0001
297
-0.20
0.0003
297

0.31
< 0.0001
302
-0.04
0.4745
2890.0
0.08
0.1365
298
0.03
0.6198
297
0.034
0.5226
297

-0.21
0.0002
302
-0.01
0.8358
289
0.00
0.9542
298
0.14
0.0131
297
0.17
0.0030
297

-0.07
0.3414
172
0.06
0.4147
172
0.07
0.3293
172
0.15
0.1963
172
-0.07
0.3634
172

0.16
0.0038
302
-0.10
0.1018
298-0.10
-0.26
< 0.0001
298
-0.16
0.0072
297
0.21
0.0001
297

-0.01
0.7950
302
-0.26
< 0.0001
298
-0.02
0.6953
298
0.01
0.8547
297
0.05
0.3782
297
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FIGURES

Figure 1. Sampling stations used for collecting of samples from July 2017 to December of 2018
in the Neuse River Estuary (NRE). The map is provided by the MODMON sampling project
through UNC-IMS.
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A

Yellow-B

PE-rich

B

Red-B

Red-R

PC-rich

PEUK

Red-B
Figure 2. An example flow cytogram showing the morphotype gating used to count PE-rich, PCrich and PEUK morphotypes. In (A) PE-rich cells are distinguished based on yellow-B versus
blue-B fluorescence. In (B) PC-rich and PEUK cells are distinguished based on Red-R vs. Red-B
fluorescence. Yellow-B = yellow emitted light after blue excitation; Red-B = red emitted light
after blue excitation; Red-R = red emitted light after red excitation.
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Figure 3. (A) Temperature (ºC), (B) Salinity, C) Turbidity (NTU), and (D) CDOM (QSU) in the
NRE in the sampling period. The blue line shows when Hurricane Florence made landfall in
September of 2018.
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Figure 4. (A) Average flowrate (m3 s-1) measured at the USGS Ft. Barnwell Neuse River gauge
prior to Hurricane Florence in 2018. (B) Average yearly flowrate (m3 s-1) at Ft. Barnwell for
2018 (including data post Hurricane Florence).
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Figure 5. (A) Dissolved organic nitrogen (DON) concentration (µg L-1), (B) total dissolved
organic nitrogen (TDN) concentration (µg L-1), (C) particulate organic carbon (µg L-1), and (D)
PO43- ( µg L-1) in the NRE in during the sampling period. The blue line shows when Hurricane
Florence made landfall in September of 2018.
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Figure 6. (A) Ammonium (NH4+) concentration (µg L-1) in the NRE in sampling period. (B)
NOX concentration (µg L-1) in the NRE in the sampling period. The blue line shows when
Hurricane Florence made landfall in September of 2018.
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Figure 7. PicoP cell abundances (cells mL-1l) for the (A) PC-rich morphotype, (B) PE-rich
morphotype, and (C) PEUK morphotype, and (D) Total PicoP in the NRE. The white contour
lines represent the limit of detection (1.11 x103 cells mL-1). The blue line shows when Hurricane
Florence made landfall in September of 2018.
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Figure 8. (A) PicoP contribution (%) to the particulate organic carbon (POC) present in the
NRE. (B) PC-rich cell contribution (%) to the total PicoP POC present in the NRE. (C) PE-rich
cell contribution (%) to the total PicoP POC present in the NRE. (D) PEUK cell contribution (%)
to the total PicoP POC present in the NRE. The blue line shows when Hurricane Florence made
landfall in September of 2018.
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Figure 9. Biovolume (BioVol) contribution (%) of (A) PC-rich cells (B) PE-rich cells and (C)
PEUK cells in the NRE. The blue line shows when Hurricane Florence made landfall in
September of 201
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Figure 10. Box plot representing the median cell diameter (µm) range for each morphotype
present in the NRE across all samples.
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Figure 11. Cell diameter size of (A) PE-rich, (B) PC-rich, and (C) PEUK morphotypes of the
PicoP in the NRE. The blue line shows when Hurricane Florence made landfall in September of
2018.

48

A

B

C

Figure 12. Box plot representing the median cell diameter (µm) range for each morphotype
present in the NRE across the salinity gradient in the estuary.
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Figure 13. (A) Total chlorophyll a (µg L-1) present within the NRE. (B) PicoP Chl a (µg L-1)
present in the NRE. (C) Contribution of PicoP Chl a (%) to the total chlorophyll a. (D) Primary
production (PP) (µg C m-3 h-1) within the NRE during the sampling period. The blue line marks
Hurricane Florence landfall in September of 2018.
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Figure 14. Linear regression between (A) PicoP Chl a versus the total Chl a and (B) percent
contribution of PicoP Chl a versus total Chl a. Chl a data was square-root transformed and
passed a normality test (Shapiro-Wilks).
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Figure 15. Pigment concentration of zeaxanthin (µg L-1) present within the NRE. The blue line
shows when Hurricane Florence occurred in September of 2018.
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Figure 16. Correlation coefficients for the environmental, nutrient and primary production
parameters in the NRE during the study. Blank cells represent no relation and the significance of
the correlations are not shown.

53

Log PC-rich Cell Abundances (cells
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Figure 17. Zeaxanthin concentration (µg L-1) data plotted against abundances of PC-rich cells.
Zeaxanthin and PC-rich cell abundance data was square-root transformed and passed a normality
test (Shapiro-Wilks).
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Figure 18. Activity rates of extracellular enzyme activity for (A) chitinase (µM h-1) (B) alkaline phosphatase (AP) (µM h-1) (C)
tyrosine-aminopeptidase (TYR) (µM h-1) (D) leucine-aminopeptidase (LEU) (µM h-1) (E) β-glucosidase (β-GLU) (µM h-1) and (F)
phenol-oxidase (POX) (µM h-1). The blue line shows when Hurricane Florence made landfall in September of 2018.
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Figure 19. RDA analysis depicting the relationship between environmental factors (blue text and
vectors) and extracellular enzyme activity rates (red text) (A) from before Hurricane Florence
and (B) with Hurricane Florence. The PicoP cell diameter and environmental parameters were zscore normalized. Significant relationships (based on Pearson’s correlation) between EEA
activity and environmental factors are indicated by colored symbols.
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A

C

B

Figure 20. Pearson’s correlation coefficients for the (A) environmental and nutrient parameters and PicoP cell abundances, (B)
primary production and pigment parameters and PicoP cell abundances, and (C) extracellular enzyme activity and PicoP cell
abundances in the NRE during the study. Blank cells represent no relation and the significance of the correlations are not shown.
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Figure 21. RDA analysis depicting the relationship between environmental factors (blue text and
vectors) and PicoP cell abundances (red text). The PicoP cell abundances were square root
transformed and the environmental parameters were normalized to a z-score. Significant
relationships (based on Pearson’s correlation) between PicoP abundances and environmental
factors are indicated by colored symbols.
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Figure 22. Pearson’s correlation coefficients for the (A) environmental and nutrient parameters and PicoP cell diameter, (B) primary
production and nutrient parameters and PicoP cell diameter, and (C) extracellular enzyme activity and PicoP cell diameter in the NRE
during the study. Blank cells represent no relation and the significance of the correlations are not shown.
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Figure 23. RDA analysis depicting the relationship between environmental factors (blue text and
vectors) and PicoP median cell diameter (red text). The PicoP cell diameter were square-root
transformed and the environmental parameters were z-score normalized. Significant relationship
between PicoP median cell diameter and environmental factors are indicated by colored symbols.
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Figure 24. Seasonal composition of PicoP community in the core NRE (stations 70 - 180;
distance 40km – 80km down stream), based on biovolume contribution of each morphotype to
total PicoP.
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Figure 25. (A) Ratio of PC-rich to PE-rich PicoP cell abundances versus salinity in the NRE
from July 2017 to December 2018. (B) Relationship between salinity and abundances of PC-rich
PicoP. Data used in these figures is not normally distributed.
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Appendix A
Table 6. Linear relationship between the forward scatter value and known reference bead sizes
to determine the cell diameter size of each morphotype identified within the NRE.
Reference Bead Size (µm)
0.5
2
3.3
5.11

Mean FSC Value
89.31
656.45
5286.45
8652.45

Cell Diameter (µm)
0.93
1.22
3.54
5.22
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Figure26. There is a linear relationship between the forward scatter value and known reference
bead sizes (~5 µm and smaller). The linear fit equation was used to determine the cell diameter
of PicoP based on their measured forward scatter values (FSC). Linear regression details are
provided in the figure.
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Appendix B
Table 7. Comparison of PicoP morphotype cell abundances and cell diameters with fresh and
preserved samples from the NRE. Samples were from the inner-estuary (Station 50) to the outerestuary (Station 180).
Preserved or

Morphotype Station

Cell Abundance (cells mL-

Cell Diameter (µm)

1

Fresh

)

Fresh

PC-rich

50

2.11 x 104

1.22

Preserved

PC-rich

50

5.97 x 103

1.01

Fresh

PC-rich

100

8.34 x 104

0.97

Preserved

PC-rich

100

6.49 x 104

0.96

Fresh

PC-rich

180

5.40 x 104

0.95

Preserved

PC-rich

180

4.99 x 104

0.95

Fresh

PE-rich

50

2.5 x 102

0.92

Preserved

PE-rich

50

1.32 x 103

0.93

Fresh

PE-rich

100

1.09 x 104

0.93

Preserved

PE-rich

100

3.53 x 103

0.97

Fresh

PE-rich

180

3.02 x 103

0.97

Preserved

PE-rich

180

1.5 x 105

0.92

Fresh

PiEuk

50

9.03 x 103

1.43

Preserved

PiEuk

50

4.44 x 103

3.17

Fresh

PiEuk

100

2.73 x 104

2.33

Preserved

PiEuk

100

2.90 x 104

3.21

Fresh

PiEuk

180

2.20x 104

1.99
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PiEuk

180

2.00 x 10 4
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Appendix C

Figure 27. Location of Fort Barnwell on the Neuse River where the flowrate data was collected
for the sampling period. The flow rate of the five days prior to each sampling date was averaged
to find the flow rate used. The USGS and North Carolina Department of Environmental Quality
(NC DEQ) collected this data and the image below.
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