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ABSTRACT

ELIZABETH SAUNDERS CALANDRINO: Determining the Invasion Potehfiar the

Harmful Blue-green Alga (Cyanobacteriu@ylindrospermopsis raciborskit the

Currituck Banks NERRS Site, Currituck Sound, North Carolina
(Under the direction of Dr. Hans Paerl)

Cylindrospermopsis raciborskis an invasive, toxin-producing, filamentous-
heterocystous, Nfixing cyanobacterium that has recently expanded its range to
temperate waterways. Because it is tolerant of a range of environmerdgicrts,
brackish systems like Currituck Sound in northeastern NC, may be susceptible to
invasion. Two key research questions were addressedClydsiborskiicurrently
present in Currituck Sound? and 2) What conditions would favor its growth and
expansion? In 2007, microscopic analysis confirmedGhaaciborskiiwas present in
Currituck Sound. Metagenomic analyses demonstrated that it has the genetialgotent
produce the cyanotoxin cylindrospermopsin. In 2008, salinity in Currituck Sound had
risen significantly aneC. raciborskiiwas no longer present in Currituck Sound. The
ability of C. raciborskiito grow in Currituck Sound water was assessed using a series of

nutrient addition bioassay experiments and demonstrate@ tihatiborskiican grow in

this water and nitrogen additions increase its growth potential.
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|. EXTENDED ABSTRACT

Opportunistic invasive species can negatively impact an ecosystemltiple ways,
and estuaries that have been significantly altered by anthropogieats like nutrient
enrichment may be particularly susceptible to invasi@plindrospermopsis raciborskis an
invasive, toxin-producing, filamentous-heterocystous;fiing cyanobacterium that has
recently expanded its range to temperate waterways, includirfgt.tdehns River, FL, and
rivers and estuaries in NC. Because it is tolerant ohgeraf environmental conditions,
including oligohaline waters experiencing nutrient enrichment, ih®pg brackish systems
like Currituck Sound in northeastern NC, to potential invasion. The gdlisafesearch was
to assess the susceptibility of Currituck Sound to the proliferati@h cdciborskii utilizing
the Currituck Banks NERRS site as the main study site, thuseangwwo main research
qguestions: 1) I<. raciborskii currently present in Currituck Sound and 2) What conditions
would favor its growth and expansion? In 2007, the presenCe mafciborskiiin Currituck
Sound was established using microscopy, metagenomic and diagpbstiepigment
analyses, which showed that it is not only present, but also hagettetic potential to
produce the cyanotoxin cylindrospermopsin. This toxin has been linked ssillméumans
and domesticated animals in other parts of the world, and therdéferprésence o€C.
raciborskii with the genetic potential for producing toxin is of particulaenast to water
quality managers. In 2008, salinity in Currituck Sound had risen signifjc due to a

severe drought in North Carolina, a@d raciborskii was no longer present in Currituck



Sound. The ability o€. raciborskiito grow in Currituck Sound water was assessed using a
series of nutrient addition bioassay experiments, in which cult@recciborskii was be
added to surface sound water, in a series of nutrient treatraadtécubated up to 8 days.
Primary productivity, nitrogen fixation rates and chloroplaylineasurements, made every
other day for the length of the experiment, were used to quanafyobwcterial growth and
demonstrated th&. raciborskiican survive in this water and that nitrogen additions increase
its growth potential. Salinity is the main factor influenct@graciborskiigrowth, with high
salinity significantly limiting biomass accumulation and growdnd production rates.
Nitrogen additions can enab(@. raciborskii to withstand high salinities and increases its
competitive success within the existing phytoplankton community wifitGck Sound.
Water quality managers of Currituck Sound are therefore encoutagédit nutrient,
particularly nitrogen enrichment of this area in order to prevhat expansion ofC.
raciborskii in this area, thereby protecting this unique low salinity esteiaand barrier
island habitat for the native species, especially submergediayagetation, fisheries,

migrating waterfowl, and humans that rely on this ecosystem.



II.RESEARCH MOTIVATION

| ntroduction:

Invasive species, i.e. species that have had a minor presence within an egdayiste
because of some perturbation have increased their dominance and impact on therecosyste
(Colautti and Maclssac 2004), are among the most important challengestif@cing
protection, conservation and management of aquatic ecosystems. This is gdpeeiall
estuaries that are influenced by watershed land use changes, and assutiaipdgenic
stressors (nutrient, sediment and contaminant pollution, alteration of naturaflewajer
potentially causing ecosystem-level changes (Allen et al. 2006). Invasivessgec
negatively impact ecosystems in many ways, including out-competing marabtkegative
species, reducing biodiversity, altering physical habitats and food webs, ansehdve
affecting human use of local habitats (Allen et al. 2006).

One microorganism that is currently on the rise in temperate to tropical nutrient
enriched waters is the toxin-producing, filamentous-heterocystetfssihg cyanobacterium
Cylindrospermopsis raciborskfiVoloszynska) Seenayya et Subba R@juaciborskiihas
two distinct morphological phenotypes in which the filament, typically betweenr2-Bide
and 10-12Qum long, is straight or coiled (Padisak 19BYGURE 1), and it is characterized

by terminal heterocysts utilized by the filament ferfiXation (Seenayya and Raju 1972),



the enzymatic process by which “inert” atmospheric dinitrogen is convettethe
biologically-available form of N, ammonium (Postgate 1998).

Cyanobacteria, which are among the planet’s oldest known photosynthetic organisms
(~2 bya; Schopf 2000), have demonstrated, over millions of years, a remarkabteabili
adapt to environmental change, both natural and anthropogenic, which allows them to be
highly successful invaders (Paerl and Fulton 2006, Paerl and Huisman 2009). Singalits init
documentation in tropical and subtropical habitats (Seenayya and Raju@9#)iborskii
has significantly expanded its range over the last decade in diverse agoatistems,
including lakes, reservoirs, rivers, and estuaries in Australia, Europe, Soutlond N
America (Branco and Senna 1994, Dokulil and Mayer 1996, Hawkins 1996, Chapman and
Schelske 1997, Padisak 1997, Wood and Stirling 2003, Codd et al. ZD0O%Bciborskiiis a
particularly-aggressive invader in Southeast US waters (Chapman ank&di$€lg, Dyble
et al. 2002, Paerl and Fulton 2006).

Today, many aquatic environments are facing large-scale changes due te human
induced nutrient over-enrichment and global climate change, and researchess thagge
over time, both of these changes may favor the growth and expansion of cyanobadatdria (Pa
et al. 2001, Paerl and Husiman 2009). In particular, the combination of eutrophication and
global warming may specifically increase the invasion potentidl feaciborskiiin many
areas, due to its efficient unique nutrient and light uptake and utilizatiorgggsaBaerl and
Huisman 2009).

C. raciborskiiis of water quality and human health concern because it can be toxic. It
produces the cyanotoxin tri-cyclic alkaloid cylindrospermopsin (CYN; Hawkiak é885,

Saker and Neilan 200E] GURE 2), which has been linked to illness in humans (Byth 1980,



Bourke et al. 1983, Hawkins et al 1985, Hayman 1992) and animals (Thomas et al. 1998,
Saker et al. 1999). CYN adversely affects liver, lung and kidney function, and caeaden |
to death at high doses (Hawkins et al. 1985, Falconer and Humpage 2006). The most
significant instance df. raciborskiitoxicity was a large-scale outbreak of Palm Island
Mystery Disease (Byth 1980) in November 1979 in Palm Island, Australia. 138aohadd
10 adults were sickened about 3 days after the main water supply, which was expgeaenc
persistent algal bloom, was treated with copper sulfate (Griffiths and Za0®@). After
many studies, it was determined tRatraciborskiiwas responsible for the bloom, and that
the copper sulfate had caused cell lysis and the release of CYN into the weabtgly di
leading to ilinesses (Griffiths and Saker 2003). New evidence has also suggestatNthat
may be bioaccumulated in invertebrates, including crayfish (Saker and EagE3$@nand
mussels (Saker et al. 2004), illustrating that there may be significdtit belacerns from
human consumption of shellfish. Little is yet known about what triggers toxin-produrct
C. raciborskii though there is some evidence of a negative correlation between ammonium
concentration and toxin production (Saker and Neilan 2001, Griffiths and Saker 2003), and
that environmental stress, particularly grazing pressure, may be respéosibteeased
toxicity (Fabbro et al. 2001). This limited knowledge makes it difficult to predathich
environment<. raciborskiiwould pose the most significant human-health threat, but it is
clear that toxic blooms could have far reaching effects on the native aquatjc flor
commercial and recreational fisheries, water use for bathing, and otreati@utal/tourist
activities.

C. raciborskiihas several physiological attributes that contribute to its ability to

invade aquatic habitat<. raciborskiidominance is favored by high temperatures and low



incident irradiation (optimum growth at 3D and about 10% full light, or 130mol photons
m? s’ Shafik et al. 2001), high pH, environmental consistency, long residence time, and a
thermally stratified water column (Dokulil and Mayer 1996, McGregor and Fabbro 2000,
Briand et al. 2002, Briand et al. 2004). Despite these optimum growing condgions,
raciborskii tolerates a wide range of environmental conditions, and can form blooms under
varying light, temperature and nutrient regimes (Isvanovics et al. 2000, Sprob&0&3l
Briand et al. 2004). It can compete in nitrogen poor waters by fixing atmospheygenit
(N2), while in nitrogen-enriched waters it effectively competes for condbMeources
(Bouvy et al. 2000, Paerl and Fulton 2006). It also has a high affinity and storage capacity
for phosphorous (Isvanovics et al. 2000). While its preferred habitat is fresh toyslightl
brackish waters, it tolerates elevated dissolved minerals (Briand et al, R@D2Jing low
levels of salinity (4 g I'; Moisander et al. 2002).

Light utilization may play a key role i@. raciborskii’scompetitive success within
the phytoplankton community. Whereas many other cyanobacterial species Inégjuire
irradiance to reach their maximum growth potential and therefore form suntzams C.
raciborskiiis unique in that it forms subsurface blooms (Padisak 1997). Research has in fact
shown thaC. raciborskiireaches its maximum photosynthetic ratq.{@ at low light levels
(30 to 400umol photons 7 s*, Briand et al. 2004) enabling this species to bloom beneath
other algal species or to form blooms in areas where water clarity is @ipBIGURE 3
demonstrates this fact withPhotosynthesis vs. Irradiance (PE) curve for a cultu@ of
raciborskii,Cyl L. Several PE experiments with Cyl L, as well as oteamaciborskii
cultures were performed throughout the duration of this experiment using the

photosynthetron method described by Lewis and Smith (1983). Photosynthetic patameters



including Pmax @, or the light limited slop of the PE curve, apgthe irradiance level at
which light saturated photosynthesis is reached, were determined from the bguitting
the data with a curve using the hyperbolic tangent function proposed by Jasshgtind Pl
(1976,FIGURE 3). In this case, a very typical example of the outcome of these
experiments, the Raxfor Cyl L is reached at about 2p&insteins rif s* after which
saturation and photoinhition set in. This lofw&and highe makeC. raciborskiian
effective competitor in areas where light availability is limited eitheexisting algal
populations or by high suspended sediment loads.

One other potential key 0. raciborskii'sinvasion success, particularly its expansion
into northern waters, is its ability to produce akinetes (Briand 2004). These thiekiw
spore-like reproductive structures have long been recognized as playingodekiay
cyanobacterial dominance (Rother and Fay 1977, Paerl 1988, Hansson 1996, Baker and
Bellifemine 2004) and can ensure survival during adverse growth conditions by providing a
resting stage fo€. raciborskii(Moore et al. 2005). For instance, in northern water bodies,
these akinetes can over-winter in the sediments and germinate only when terepeeatch
22-23C (Padisak 1997, Moore et al. 2005). In addition, akinetes may be the ve&or for
raciborskii invasions, as they may be transported to new aquatic habitats by migrating birds
and fish (Padisak 1997). As global climate change continues, and periods of setteee wea
increase in frequency, duration, and degree, akinetes may provide a signdicartage for
cyanobacteria an@. raciborskiito increase their presence and dominance in phytoplankton
communities.

Many studies have demonstrated tGataciborskiican be a highly successful

competitor within the phytoplankton community and its invasion success often results in



communities shifting t&. raciborskiidominance from other, native cyanobacterial species
includingMicrocystis sppand other diazotrophic, or,Nixing, cyanobacteria likdnabaena
spp.andAphanizomenon spfChapman and Schelske 1997, Saker and Griffiths 2001,
Dobberfuhl 2003). In addition, & raciborskiidominance increases, species richness and
diversity within phytoplankton communities decreases (Dobberfuhl 2003). One of the mos
documented cases of this is in St. Johns River, FL, wheraciborskiiwent from a very

minor to the dominant player in the phytoplankton community, dramatically out-competing
the nativeAnabaenafollowing a steep increase in nitrogen and phosphorus enrichment of
this waterway in the latter part of the™€entury (Chapman and Schelske 1997). The effect
of C. raciborskiion phytoplankton community dynamics may have far-reaching
consequences, particularly on food webs. Though some studies have found that bldoms of
raciborskii can be effectively controlled by grazing (Fabbro et al. 2001), other studies have
shown thatC. raciborskiiis toxic or unpalatable to most common zooplankton grazers
(Padisak 1997), and the presenc€ofaciborskiican significantly change the composition

of the zooplankton community (Leonard and Paerl 2005).

In North CarolinaC. raciborskiihas already shown a widespread ability to
proliferate. Routine monitoring by the North Carolina Department of Environment a
Natural Resources (DENR) Division of Water Quality (DWQ) has indicatddspread
presence o€. raciborskiiin many of the State’s waterways, including reservoirs (e.g., Falls
of the Neuse reservoir) and rivers making up the headwaters of the Pamlicthama&wie
Sounds (E. Fensin, pers. comm.). Researchers suspect that other waterways ntigt curre
monitored, could contai€. raciborskiior could be susceptible to future invasion in response

to changing environmental conditions, especially anthropogenic nutrient enmichme



One area that could be susceptible to invasio@.aciborskiiis the brackish
Currituck Sound, in northeastern North CaroliRBGURE 4). Currituck Sound receives
discharge from the State’s northernmost riverine tributaries (Chowan, Roantad®ahe,
and local systems) and drains into the Albemarle-Pamlico estuarine systdargest
estuary-lagoon system in the United States. Currituck Sound encompasses 39,600 ha with
1.6 m mean depth (Davis and Brinson 1983, Wicker and Endres 1995). Itis a unique
estuarine environment due to its low salinity, usually ranging from fresh JQgsu
oligohaline (~3.5 psu; Caldwell 2001). This low salinity range, in particular, makes
Currituck Sound a habitat in whi¢h raciborskiicould thrive, given that it is a fresh water
species and has been shown to invade fresh water habitats, like St. Johns Riversin the pa
Currituck Sound supports both commercial and recreational fisheries, numerous important
plant species, including submerged aquatic vegetation (SAV), and is a cribitat fa
migrating waterfowl. Currituck Banks is a National Estuarine Resd@eserve System
(NERRS) site located on a barrier spit separating Currituck Sound fromlémti@dOcean.
It supports a diverse array of waterfowl, fish and shellfish, including eerdethgr
threatened species. The combined effect of low salinity and increasirgnhetririchment
associated with increasing coastal development in N.E. North Carolina nkayGugituck
Sound susceptible to invasion By raciborskii In fact, Currituck Sound, in addition to
having optimal salinity for growth df. raciborskij possesses the necessary light,
temperature, and nutrient conditions to support the invasion or significant expansion of
existing populations of this specieEherefore, | hypothesize that C. raciborskiiis present

and that the environmental conditions of Currituck Sound are suitable for invasion.



Resear ch Questions and Goals:

Having made the hypothesis above, | determined to test this hypothesisryytaski

main questions:

1.

Is C. raciborskiicurrently present in Currituck Sound?

Prior to my beginning this work, no one had lookedGoraciborskiiin Currituck

Sound, and very little information about the existing phytoplankton community

was available (Caldwell 2001). In addition to determining the presence or

absence o€. raciborskiiin Currituck Sound, | will answer other basic questions

including:

. What is the abundance 6f raciborskiiin this system?

. Are C. raciborskii’'smain N-fixing cyanobacterial

competitors, includind\nabaena sppAphanizomenon spp,
andAnabaenopsis sppresent or absent in Currituck Sound?
Is C. raciborskiiin Currituck Sound able to produce the CYN
toxin? If so, what are the current levels of CYN toxin, as well
as other cyanobacterial toxins saxotoxin and microcystin, in

this system?

. What is the relatedness of tBeraciborskiistrain in North

Carolina to the strain extensively studied in the St. Johns River,

FL?

In order to answer these questions, | used pigment analysis, microscopyiyextens

metagenomic work, and toxin analysis.
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2. What conditionswould favor theinvasion or expansion of this species?
Without knowing, at the start of this experiment, wheteraciborskiiwas
already present in Currituck Sound, | set out to investigate its ability toigrow
Currituck Sound water. To do this, | conducted a series of nutrient addition
bioassays designed to determin€ ifraciborskiicould grow in the water itself,
i.e., if the environmental conditions, including salini@ ¢(aciborskiihas been
shown to tolerate salinity up to 4 g"LMoisander et al. 2002), are adequateCor
raciborskii growth, whetheC. raciborskiican adequately compete with the
existing phytoplankton community, and under what nutrient conditions it grows
best. This last question is aimed at identifying nutrient conditions and
concentrations that will need to be avoidedituto prevent problems with this
species in Currituck Sound. In addition to the nutrient addition bioassays, the
salinity threshold foC. raciborskiiwas examined using a growth chamber
salinity experiment to further evaluate the susceptibility of Currituck Sowhd an
other water bodies with similar salinity conditions to invasion or expansiGn of
raciborskii, considering both current salinity conditions and projected conditions

based on different climate change scenarios.

In addition to answering these two main research questions, this work had an
additional research goal. A Graduate Research Fellowship (GRF) fretR8lrimarily
funded this research, and the Currituck Banks NERRS site served as the maingsanepli
for this study. Therefore, a main goal was to use the data obtained from thitostud

formulate long-term nutrient and water quality management strategi€sifiotuck Sound

11



that can be used by NERRS and North Carolina (DENR-DWQ) to minimize potential
invasions ofC. raciborskii Results will be used to formulate a management plan to
minimize the invasion and proliferation of this and possibly other harmful, toxifixiNg
cyanobacterial species, with the goal of preserving water quality of the Sountivfer na
species, especially SAV, fisheries, migrating waterfowl, and humans Whanréhis
ecosystem. When completed, this research will be useful in formulating sindagies to
protect other estuarine systems susceptib& t@aciborskiiinvasion, both in North Carolina

and the nation.

12



1. MATERIALSAND METHODS:

Study Site:

The main study site was the North Carolina NERRS site of Currituck Banks
(FIGURE 5). This 950-acre reserve is located just north of the town of Corolla, and about
ten miles south of the Virginia border. It separates the Atlantic Oceartlirast of
Currituck Sound, and is characterized by its low salinity estuarine andrlislarel habitat.
Other sampling sites throughout the Currituck Sound and North Carolina were used to
complement the work done at Currituck Banks, and to broaden application of research
findings. All experimental work was conducted in an outdoor circulating researchtpond a
the University of North Carolina — Chapel Hill’s Institute of Marine Scen(UNC-IMS),

Morehead City, NCKI GURE 6).

Determining C. raciborskii’'spresence in Currituck Banks:

Sample Collection Surface water was collected from several locations within Currituck
Banks and the surrounding Currituck Sound in summer 2007 and throughout eastern North
Carolina in summer 2008 using pre-cleaned (stored in dilute HCI, followed by séwseal r

of deionized water and a sample rinse) polyethylene bd®&IERJRE 7 andTABLE 1 show



the locations of each sampling. Water was then transported back to IMS under agproxima

ambient temperature and light conditions for analysis.

Microscopy At each location, sub-samples for species identification were colliec8& ml
glass vials and preserved immediately with 1% acid Lugol’'s solution. Tingeawere
then allowed to settle and viewed at 400x (10x eyepiece and 40x objective) mégnifica
under an inverted microscope (Leica M-20), and the presence and abund@nce of

raciborskiiwas estimated by counting filaments and heterocysts.

Pigment AnalysisDiagnostic photopigment analysis was conducted on each water sample,
using high performance liquid chromatography (HPLC) described by Pinckney20Gil).
Water samples were filtered onto 4.7 cm diameter glass fiber filt€7$(B.6-0.8 um

porosity), placed in 100% acetone, sonicated and extracted®@te28rnight. 20Ql

aliquots of filtered extracts were injected into the HPLC system, equipplec wolumn
configuration designed to separate structurally different photopigments. Tdrptairs

spectra and chromatograms of each pigment were then analyzed to identify arfgt theanti
pigments present (Pinckney et al. 2001). Although species-specific ideittifiohC.
raciborskiiis not possible, the pigments zeaxanthin and myxoxanthophyll are diagnostic for
cyanobacteria. High concentrations of myxoxanthophyll in particular indigafi@ing
cyanobacteria lik€. raciborskiiand its N-fixing cyanobacterial competitors, likenabaena

spp andAnabaenopsis spp
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Metagenomic Analysedvietagenomic techniques were used to confirm microscope analysis.
Deoxyribonucleic acid (DNA) was extracted from Millipore, 0.7um poragags fiber

filtered samples using an UltraClean soil DNA purification kit (MO B&boratories Inc).

We targeted the Nfixing genenifH, utilizing primers designed by Dyble et al. (200R)ifH
encodes dinitrogenase reductase, which is an iron protein subunit of nitrogenaseyrttee enz
used in nitrogen fixation. It is highly conserved amongikers, but has enough variable
regions that species distinction is possible (Zehr and Paerl 2008). DNA saveptes

amplified with the cyanmifH primer using polymerase chain reaction (PCR). The PCR was
prepared using PCR reagents (Fisher Biotec Index) and the following: re&@gl reaction
volume containing 1@l manufacturer’s buffer, 5l MgCl,, 1 ul dNTPs, 1ul BSA, 1 ul of

forward and reverse primer, QuiTaq, 28.6ul sterile water, and gl purified DNA. The

PCR was done using a Techne TC-512 thermal cycler and the amplification pasanere

94°C for 5 minutes, followed by 30 cycles of 94°C for 10 seconds, 55°C for 20 seconds, and
72°C for 1 minute, followed by an extension at 72°C for 7 minutes. Results were visualized
using gel electrophoresis and used to determine the presengéixdis. The more specific
cylindro-nifH was then used to determine whether orGataciborskiiis present in the

sample, using the same amplification parameters as above.

In addition to determining the presence or absen€e adciborskiiat each site, the
ability of theC. raciborskii when present, to produce CYN toxin was evaluated using a suite
of primers designed by Wilson et al. (2000) and Schembri et al. (2001) and a multiplex
method described by Fergussen and Saint (2003). Three main genes in the patheedg to cr
CYN were targetedyyl, which, like the cylindraaifH gene, is specific fo€. raciborskiiand

psandpks both of which code for necessary proteins in CYN synthesis. If a sample was
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positive for all three genes, it was determined to be positiv@.foaciborskiicapable of
producing CYN. The PCR was prepared using PCR reagents (Fisher Bi@erdnd the
following recipe: a 5Qu reaction volume containing 10 manufacturer’s buffer, bl

MgCl,, 1 ul dNTPs, 1ul BSA, 1ul of forward and reverse primer, QuiTaq, 28.6ul sterile
water, and 2u purified DNA. The PCR was done using a Techne TC-512 thermal cycler
and the amplification parameters for this suite of primers were 94°C for 10 mifallewed

by 30 cycles of 94°C for 30 seconds, 45°C for 30 seconds, and 72°C for 1 minute, followed

by an extension at 72°C for 7 minutes.

Phylogenetic AnalysisThe PCR results using the cyanokhirimers were further used for
sequence analysis. The PCR product was run on a 1.5% agarose gel and the visible bands
were cut out and extracted using a QIAquick gel extraction kit (Qiagen).

The purified DNA was then cloned, by first ligating the DNA and transforming bgl|
introducing the DNA to competeBt colicells (Invitrogen TOPO TA 2.1 cloning kit). After
transformation, the cells were grown on LB plates and individual colonies wecteddier
sequencing. Forward and reverse sequencing was performed by the Biotedm&mypat

the University of Florida. The sequences were aligned and trimmed bsiBgoEdit

program. Also, using BioEdit as an interface, a phylogenetic treeemasaged with the

Dayhoff PAM matrix and neighbor-joining algorithm using the ProtDist apjdicaf

PHYLIP (Felsenstein 1989).

Toxin Analysis: For water samples collected in summer 2008, concentrations of CYN, in

addition to other cyanobacterial toxins including microcystin and saxotoxin, wereuhete
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using ELISA kits (Abraxis LLC). These kits utilize immunoassays to quathi&y
concentrations of these toxins using antibodies and color solutions, which generate an
intensity of color based on the concentration of toxin. The kits were read usingskaful
Spectrum Spectrophotometer (ThermoFisher Scientific) and the exachtratioas
determined using a standard curve. The detection limit for the Abraxisd@dpermopsin
ELISA is 0.040 ppb (g/L), for the Abraxis Microcystins-ADDA ELISA kit it is 0.10 ppb

(g/L) and for the Abraxis Saxotoxin (PSP) ELISA it is 0.015 ng/mL.

Determining C. raciborskii’'sgrowth potential in Currituck Banks:

A series of nutrient addition bioassay experiments, similar to those perfoymed b
Moisander and Paerl (2000) was completed during a two-year period (2007-2008).
Bioassays were conducted in June and September of each year to capture themraxim

situ growth and bloom periods @f. raciborskii

Water Collection In June 2007, surface water was collected from two representative
locations, one within the Currituck Banks reserve, and one from the surrounding ®urrituc
Sound FIGURE 7). For the remaining three experiments, water from the site within the
reserve was used. Water was filtered through @nd3litrex mesh onsite to remove any
large grazers from water samples. At each sampling site, vertigaétature, salinity,
dissolved oxygen and photosynthetically-active radiation (PAR) profilesamailgzed using

a YSI 6600 sonde. The water was then transported from the reserve to INFBGEHRE 6)

under approximate ambient light and temperature conditions.
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Filter treatments The water from each site was divided into two treatments. For the
unfiltered treatment, 40 L of water was left completely un-manipulated.h&diltered

treatment, 40 L of water from each site was filtered through pre-combustgobMi GF/Fs.

Nutrient TreatmentsOnce the filtration was complete, the 40 L of both filter treatments
were divided into the incubation vessels, with a water sample reserved foronial
measurements. 2.5 L of water was dispensed into each acid-washed, 3.8-L migethyl
Cubitainers (Hedwin Corporation; Moisander and Paerl 2000) to make up the nutrient
treatments. Cubitainers are chemically inert, 85% transparent to PARaalyddeployed in
the outdoor ponds. Dissolved inorganic carbon (DIC) solution (Naf$@0k solution, 2
mg C/L ending concentration) was added to each Cubitainer to ensure that grdwth a
production in the vessel was never limited by DIC. In June 2007, there were 2 sites, each
with a filtered and an unfiltered treatment, and each filter treatmerfuwher divided into 4
nutrient treatments, done in quadruplicate: Contolno nutrients added), Nitrathl{ KNO3
stock solution, 1M final concentration), Phosphate; (KH.PO, stock solutionS puM final
concentration), and Nitrate and PhosphhteR; KNO3; andKH,PQO, stocks added, 10M
and5 uM final concentrations respectively). For the September 2007 and both 2008
bioassays, there was only one sampling site, with a filtered and unfilteredem¢aivided
into 8 nutrient treatments, each done in quadrupli€atdt, Ammonium A; NH,Cl stock
solution, 10uM final concentration)P, N+P, Ammonium and Phosphata<€P, NH,Cl and
KH,PO, stocks added, 10M and5 puM final concentrations respectively), Nitrate and

Ammonium N+A; KNOs3 (5 uM) andNH4CI (5 uM) stocks added, 10M total nitrogen final
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concentration), and Nitrate, Ammonium, and Phospitd\ ¢P; KNOs (5 uM), NH4CI (5

uM) and KH,POy stocks added).

Inoculation: After nutrient additions, an inoculum of a representd@iveaciborskiistrain
was then added to each Cubitainer. The inoculuth raciborskiistrain Cyl L (maintained
at the UNC-IMS). This strain was originally isolated from Lake Grjffilorida, and was
purified by Dr. P. Moisander (pers. comm.). Inocula were grown in batch cultures in Z8
medium (Rippka 1988) in a growth chamber (23-28°C, 15:9 L:D light cycle), and
experiments were conducted 10 days into the inocula’s growth cycle, just asdti¢heer

exponential growth phase. 50 mL of Cyl L was added to each Cubitainer.

Controls In addition to the estuarine water treatments, each bioassay also includd@da Me
control, consisting of 4 Cubitainers containing 2.5 L Z8 media. These Cubitainevedece
DIC (NaHCQ;, 2 mg C/L or 0.17 mM final concentration), but no nutrients were added. In
the 2008 bioassays, a second Media control was added, consisting of 4 Cubitainers
containing 2.5 L Z8 media with additional nitrate added (MOKNO3). Starting in

September 2007, an additional control was added consisting of unfiltered water with no Cyl

L added.

Incubation: Once the Cubitainers were set up, they were incubated in large corrals covered
with a layer of neutral density screening under natural light and tempgecatuitions in a
circulating seawater research pond located behind IMS. Every other day & @4d,,

Te, and E), the Cubitainers were sub-sampled at 8 a.m., with 300 to 500 mL removed, to
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track the progress of the bioassay. These samples were analyzed fiy; palinchlorophyll
a, diagnostic pigments, primary productivityp-Kixation (using acetylene reduction), DIC,
CHN (carbon, hydrogen and nitrogen concentrations), nutrient (particulagy Ni€", and
PO,*") concentrations, and. raciborskiiabundance. Ambient light and temperature data

were also recorded.

Laboratory AnalysesAs indicators of cyanobacterial growth, primary productivity apd N
fixation were assayed. Subsamples were incubated for 4 hours in a small caratl senh
a layer of neutral density screening in the research pond. Primary pvagyBt) was
measured using the N&f€O; incorporation method originally described by Parsons et al.
(1984) and modified by Rudek et al. (1991). DIC was measured on acidified samples using a
LI-COR CG, model 6252 infrared gas analyzer,-fixation rates were estimated using the
acetylene reduction (AR) assay as described by Burris (1972) and modifieéitby1@98)
with a 30 mL sample volume and 3.5 mL acetylene addition. As a measure of algal biomass
and growth, chlorophyk concentration (Chd) was determined in parallel with activity
measurements. The fluorometric technique detailed by Welschmeyer (139d3edafor
determining Chh, using a Turner TD-700 fluorometer. Growth rates were then calculated
based on Chd data using a best curve fit for exponential growth, using the following
equation, described by Slater (1988):

X = Xo€"
where xis the Chla concentrationy(g/L) at a specific time-point,oxs the initial Chla
concentration, t is the time-point of interest (d), aris the growth rate (). For all

bioassays, growth rate was calculated considering that first 6 days ohdte@)t because
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cell die-off within the incubation vessels usually began after this point. Disisiolesganic
nutrients (NQ, NH4, PQ,, Si0,) were measured using an autoanalyzer (Lachat Quick Chem.
IV, Lachat Inc.). Diagnostic photopigment analysis was conducted using&itprmance
liquid chromatography (HPLC) described by Pinckney et al. (2001)aciborskii

abundance was determined from subsamples of water collected in 80 ml glassdvials a
preserved immediately with 1% acid Lugol’s solution. The samples were titled s&d

viewed at 400x magnification under an inverted microscope (Leica M-20), and the
abundance of. raciborskiievaluated. The concentrations of carbon, hydrogen and nitrogen
were assessed using a 2400 Series Il CHN analyzer (Perkin Elmim)ty 8&the water was
evaluated at the start of the experiment using the YSI 6600 sonde and modem, and was
confirmed throughout the course of the experiment using a hand-held refractometeas pH

determined using a BASIC pH meter (Denver Instruments).

Statistical AnalysesAll statistical analyses were performed using MATLAB (MathWépr
Differences in Chh concentration, growth rate and productivity in different treatments
between water from Currituck Sound and artificial medium across eatinérgavere
analyzed using a repeated-measures analysis of variance (AN@WAyater (Z8 medium
or water from different sites) as the between-subject factor. P vaksethbhn 0.05 were

used to indicate statistical significance.

Salinity Experiment:To investigate the salinity threshold®©f raciborskij a growth

chamber experiment was performed in the July 2008. 4 L of Z8 media was preparedi, filt

through a 0.2um filter, and divided into 4 salinity treatments, O psu, 3 psu, 6 psu, and 9 psu.
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Salinity was manipulated using NaCl. Each salinity treatment wdsefudtvided into two
nutrient treatments, Control (no nutrients added) and Nitratg @tded). For each
treatment, quadruplicates of 250 ml of media were placed in glass Pyrexwldsksam

caps, inoculated witle. raciborskii(Cyl L strain) and were incubated in a growth chamber
(23-28°C, 15:9 L:D light cycle) for 14 days. Chlorophg/ttoncentration, used as a proxy for
C. raciborskiibiomass, was analyzed every other day throughout the course of the

experiment.
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V. RESULTSAND DISCUSSIONS:

2007 vs. 2008:

As mentioned above, this project took place over two consecutive summers, 2007 and
2008. Due to hydrological conditions in North Carolina during this period, mainly a
prolonged severe drought and the resulting salinity regime in Currituck Sound, tbhese tw
years had markedly different results, both in termS.afaciborskils presence in Currituck
Sound and its growth potential once introduced. This difference makes it very tiéicul
draw comparison between these two summers, but instead offers the opportunity to examine
this issue under these two very different set of conditions. For this reasdirhd wi
presenting the results from each year of this study separately. Fostipertion of the
study, determining the presencefraciborskiiin Currituck Sound, the 2007 results will
encompass results from sampling sites 1-6 and 2008 will encompas3 ABBHK 1). For
the second portion of this study, determinfgaciborskii’'sgrowth potential in Currituck
Sound, the 2007 results will encompass the June and September 2007 bioassays and the 2008

will encompass the June and September 2008 bioassays.



North Carolina Drought Conditions:

According to the North Carolina Division of Water Resources Drought Management
Advisory Council, North Carolina began experiencing moderate drought conditiots in la
May 2007 (W. Yonts, pers. comm.). These conditions became severe in August, and were
extreme or exceptional until March 2008. Despite periods of renewed precipitation
throughout 2008, moderate drought conditions have persisted into early 2009, making this
the worse drought in North Carolina on record (W. Yonts, pers. comm). For the purpose of
this study, | visited the main study site at Currituck Banks 4 times to coliet samples,
and the effect of the drought on the salinity regime in Currituck Sounds could be seen
(TABLE 2). A lag effect in the salinity in Currituck Sound, produced by the severity of the
drought from May 2007 until March 2008, caused the salinity at the study site to steadily
increase throughout the course of the study. This, in turn, had large implications for the
phytoplankton community composition, especially as the salinity in September 200d8&was t
highest on record for Currituck Sound, based on historical records (Caldwell 2001) and

recent YSI deployments by NC-DENR (J. Fine pers. comm).
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Determining C. raciborskii’'spresence in Currituck Banks:

2007

Pigment Analysistn both June 2007 and September 2007, HPLC analysis of water samples
both from within the Currituck Banks reserve (Sites 2, 3, and 6) and from Currituck Sound
(Site 1) had high concentrations of myxoxanthophyll and zeaxanthin (ranging from about 3
to 10ug/L of zeaxanthin and 6 to 2@/L of myxoxanthophyll). Though species-level
distinction is not possible with this analysis, the combination of these two piggesr@sally
indicates the presence of-fixing cyanobacteria (Rowan 1989), like raciborskiiand its

direct competitors. The pigment analysis from the other sampling sites 4Sand 5) did

not indicate cyanobacterial presence (less thagy/ll for both myxoxanthophyll and

zeaxanthin).

Microscopy: Microscopic analysis of these water samples confirmed the HPLCstesult

Both in June and September 2007, the phytoplankton community at the sampling sites with
high myxoxanthophyll and zeaxanthin concentrations was very rich-fixiNg

cyanobacteriaFI GURES 8 and 9 shows examples of phytoplankton community for both
Site 1 (outside the reserd,GURE 8) and Site 2 (inside the reser@ GURE 9). These
samples confirm the presencefraciborskiiin Currituck Sound. raciborskii

concentrations ranged from 910 to 1500 cells/mL), in addition to several of its key
competitors, includind\nabaena sppAphanizomenon sppandAnabaenopsis spp These
results confirm that Currituck Sound, at least in 2007, was a suitable hab{@at for

raciborskii, having the necessary environmental condition€faaciborskiito survive.
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Despite its presence in the phytoplankton commu@ityaciborskiiwas by no means
the dominant player, having concentrations of 910 to 1500 cells/mL, very low compared with
Anabaena spp This makes the current state of Currituck Sound similar to the situation in St.
Johns River, FL a few decades ago, before the nitrogen and phosphorus over-enrichment of
this system triggered a shift in dominance within the phytoplankton community from
Anabaena sppo C. raciborskii(Chapman and Schelske 1990. raciborskiiin the St.
Johns River today can in fact have concentrations up to ten times what was found to be in
Currituck Sound in 2007. The cause of this shift is still largely unknown, but while superior
nutrient uptake and utilization strategies may be responsible for this shift, agi@uns light
regimes may have also help&draciborskiiout-competéAnabaena sppn this system.C.
raciborskii, as previously mentioned, reaches ftg.Rat low light levels, enabling this
species to form blooms in areas of reduced water clarity. It is possiefotiee that
Anabaena spps being out-competed I§y. raciborskiiin the St. Johns River now because of
the increased available nitrogen and phosphorus in the system, both of which also
significantly decrease the water clarity, thereby allowing an oppaotitusecies likeC.
raciborskii to take advantage of changes to an environment.

The similarity between Currituck Sound now and the St. Johns River system of a few
decades ago is interesting, and may serve as a cautionary tale fatehguality managers
of Currituck Sound. Currently, the water quality of Currituck Sound is good, especially
compared with other impaired estuaries like Chesapeake Bay. Currituck Sound not only
currently supports thriving commercial and recreational fisheries bt pemgulations of
SAV, which are often seen as a barometer for estuarine health because of hibve hsi

are to changes in water quality and clarity. Nutrient and suspended solid emtidtan
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been minimal in this area (Caldwell 2001), and large stretches of the land surrounding
Currituck Sound, especially around and north of the Currituck Banks reserve is currently
undeveloped. The Outer Banks area of North Carolina, however, is expanding and
developing, and therefore the anthropogenic effects, including increased runoff due to
impervious surfaces, increased recreational use of waterways, andedaneggent and
sediment loads to Currituck Sound, on this area are increasing dramaticallyewtlyear
(Frankenberg 1995). If nutrient inputs, both nitrogen and phosphorus, in this area were to
increase significantly, conditions in Currituck Sound could come to resemble thheeSn t
Johns River now, mainly that water clarity would decrease. This could potepta#ytwo
significant problems for the area, the first being that the populations of SAV, afishthed
migrating waterfowl that rely on them, would be in jeopardy, greatly inmggihe

ecosystem services that Currituck Sound currently provides. The second could liesthat t
increased nutrients and decreased water clarity might &laaciborskiito expand its
dominance within this phytoplankton community as it did in St. Johns River, and all the
potential problems that might come with this expansion would follow, particulaHg @ t
raciborskiiin Currituck Sound had the potential to be toxic, which will be covered in the
next section. This eventuality may serve to motivate managers as one flatioer tiee limit

the human impact on this waterway.

Metagenomic AnalysisMetagenomic analysis was used to further confirm the results from
the pigment and microscopic analysis. DNA samples were collected andspb&esn all
water samples, and all results were visualized using gel electroighdrast we targeted

cyanonifH gene to determine the presence or absence-bhkiNg cyanobacteria (Dyble et
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al. 2002). As previously determined by the pigment and microscopic analysis, the gel
electrophoresis, shown Fl GURE 10, confirmed the presence opdfixing cyanobacteria at
sites 1, 2, 3 and 6 with dark bands at 324 base pairs (bp). There were also faint bands for
sites 4 and 5, though neither the pigment nor microscopic analysis sheyigohé\
cyanobacteria at these sites. This demonstrates that metagenogssasa much more
sensitive tool for evaluating the presence of these organisms, but also that the most
significant limitation of this tool is that it is not quantitative and can tetiathing about the
abundance of cyanobacterial-fikers. Since they were not apparent in the microscopic
analysis of these samples, we can assume they comprise a very snaail gidtie
phytoplankton community at these sites, whereas they made up the majority of the
community at sites 1, 2, 3 and 6.

Next, the more specific cylindnofH gene was targeted to determine whether or not
C. raciborskiiis present in each sample (Dyble et al. 2002). Again, microscopic analysis had
shownC. raciborskiipresent in sites 1, 2, 3, and 6, but not in 4 and 5, but because
identification of species is not always an exact science, the resultshioRCR were
important to determin€. raciborskils presence without a doubt. The results are shown in
FIGURE 11, with bands at 224 bp clearly visible for sites 1, 2, and 6, a faint band for site 3,
and no bands for sites 4 and 5. These results demonstrate without a daQbtabagorskii
is a player in the phytoplankton community within, locally, Currituck Banks (sites Bd3, a
6), and more broadly in at least some locations in Currituck Sound (site 1).

Next it was necessary to determine if @eraciborskiistrain present in Currituck
Sound has the potential to produce the CYN toxin and therefore pose a significant human or

animal health threat. Metagenomic analysis can identify the potential to produnckytox

28



targeting three main genes in the pathway to create CYN (Wilson et al. 2000, Sateahbr
2001, Fergussen and Saint 2003). These three genes, inadylimbich, like the cylindro-
nifH gene, is specific fo€. raciborskii andpsandpks both of which code for necessary
proteins in CYN synthesis, when present in one sample, establish that that sampis Conta
raciborskii capable of producing CYN (Fergussen and Saint 2003). The results from these
three PCRs are shownihGURE 12, with bands focyl at 308 bp, bands f@asat 597 bp
and bands fopksat 422 bp. The results from this suite of PCRs show th&.thaciborskii
at sites 1, 2, 3, and 6 all have the potential to produce the CYN toxin.

Metagenomic analysis, however, can only identify the potential to produce toxin, and
does not necessarily indicate the cells in Currituck Sound are currently prodhatibaxin.
In order to establish actual CYN production and quantify ambient toxin concens;atxin
analysis is needed. Unfortunately, due to lack of equipment and supplies, thissamadysi

not performed on the samples from 2007, but was available and used on samples from 2008.

Phylogenetic AnalysisSequences of if were analyzed from Currituck Sound (NC Sites 1,

2, 3,5, and 6FIGURE 7 andTABLE 1), cultures ofC. raciborskiiisolated from Florida

and maintained at IMS (Cyl D, Cyl F, and Cyl L), and randomly selected satop&tions
throughout St. Johns River, FL (SJR 1-4). GenBank BLAST searches showed that some of
theC. raciborskiisequences from North Carolina matched 100% with sequences from
previousC. raciborskiigenetic studies utilizing samples from St. Johns River, FL (Dyble et
al. 2002, Moisander et al. 2002). These results suggest ti@t theiborskiistrains in

Currituck Sound are very closely related to the Florida strains that havexteesively

studied in the past-l GURE 13 shows a phylogenetic tree based upoH sgquences of the
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C. raciborskiistrains, with a culture dinabaena aphanizomenoid@saintained at IMS, as

an out-group. The similarity between the Florida and the North Carolina strappaieat.

The main cluster contains many of the samples from North Carolina (NC 1A, 1B, 5 and 6
all of theC. raciborskiicultures, and two of the samples from Florida (SJR 2 and 3), all
almost 100% similar to each other. Additionally, a smaller cluster shovesidaFsample

(SJR 4) and two North Carolina samples (NC 2 and 3), again matching with 100%tsimilar
These results indicate that there is no significant difference betwestnaimes ofC.

raciborskiiin Currituck Sound and St. Johns River, FL, at least in terms of tHeyaiie.

Conclusions from 2007

From the results of these analyses, | can conclud€thaciborskiiis present in the
phytoplankton community in Currituck Banks and Currituck Sound. At the time that these
samples were collected, the abundandg.abciborskiiin the samples ranged from 910
t01500 cells/mL, making it a minor player within a community constituted by ma@y of
raciborskii's main competitors, including the,Nixing Anabaena sppAphanizomenon spp
andAnabaenopsis spp In addition, these results show that @heaciborskiistrain in
Currituck Sound has the genetic potential to produce CYN, and that the str@ins of
raciborskii present in Currituck Sound are very closely related, it terms of tHegeifie, to

those in St. Johns River, FL

2008

Pigment Analysis:The pigment analysis from 2008 was markedly different from that of

2007. While some of the sites from the greater North Carolina area contained taetpigm
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myxoxanthophyll and zeaxanthin (sites 9 andTI®ABLE 1), the samples taken directly from
Currituck Sound (sites 15, 16, 25, and 26) did not. This suggests that in 2a60&)dN
cyanobacteria did not make up a large portion of the phytoplankton community in Currituck
Sound. This is, of course, in contrast to the 2007 findings, whéxiNg cyanobacteria

were the key phytoplankton players. The pigment analysis from these samipies|apky

the concentrations of fucoxanthin and lutein suggested a phytoplankton community similar t
that of other estuaries in North Carolina, particularly the Neuse River (NWRiE)e the
community is more influenced by coastal or oceanic species. The dramegi@se in the

salinity of Currituck Sound within the period of this study (0 psu to 8.4TABLE 2) is

probably responsible for this shift in pigments and therefore the phytoplankton casnmuni

composition.

Microscopy: The microscopic analysis of the 2008 water samples again confirmed the
results from the pigment analysis. In the samples from Currituck Sound, none ofygrs pla
from 2007, includindC. raciborskij Anabaena sppAphanizomenon spmndAnabaenopsis
spp were visible. In the place of these cyanobacterial species were prispadlies of
diatoms and dinoflagellates, includimgalassiosira sppandProrocentrum spp In the
greater North Carolina area, there were a few samples, including sites10 that contained

Anabaena sppbut no sample had. raciborskii.

Metagenomic and Phylogenetic AnalysBased on the pigment and microscopic analysis, it

was unlikely that metagenomic analyses would indicate that any of these g{f}8ssa

would be positive fo€. raciborskii The PCR assay for cyamifH gene to determine the
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presence or absence of-fiking cyanobacteria was negative for all but 3 sites in 2008 (site
9, 10, and 17), none of which was located in Currituck Sound. As such, phylogenetic
analysis was not possible for these samples. The PCR assay for more spkudio-nifH
gene was further used to determine thataciborskiiwas not present in any of the samples,
which was again shown by negative results forGheaciborskiitoxin suite ofcyl, psand

pks The metagenomic analyses confirm that the phytoplankton community in Currituck

Sound in 2008 was drastically different from that in 2007.

Toxin Analysis:While unavailable to us in 2007, in 2008 we had the ability to test all water
samples for concentrations of cylindrospermopsin, microcystin, and saxotaxgnEIdSA

kits. All samples collected (sites 7-26) were assayed for all threesf@nd while a few

sites had detectable levels of microcystin (site 8) and saxotoxin (sitedsd) |&vels were

very low and within water quality standardsu@/L concentration in water for microcystin,

40 to 80ug per 10Qug of fish flesh for saxotoxin). Not surprisingly, cylindrospermopsin
was undetectable at all sites, considering @hatciborskiiwas not present in 2008. Toxin
analysis of Currituck Sound in particular should be completed at some point in the future
whenC. raciborskiiis present within the phytoplankton community in order to determine
whether the cells, which have the genetic potential to produce toxin, are produdiisg in t

environment (See Future Work).

Conclusions from 2008

From the results of these analyses, | can conclud€thaciborskiiwas not present

in the phytoplankton community in Currituck Banks and Currituck Sound in 2008. The
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difference between the results of 2007 and 2008 were in very stark contrast. While in 2007,
C. raciborskiiwas a minor player (910 to 1500 cells/mL) within the phytoplankton
community very rich in BHixing filamentous cyanobacteria, pigment and microscopic
analysis of the 2008 samples showed virtually no diazotrophic cyanobacteria. FEldse re
were affirmed by negative results in PCR assays for cyéhip-cylindroifH, cyl, pks and
psand the cylindrospermopsin toxin analysis. From these results, | suspect teatettiisy

of drought that North Carolina experienced throughout 2007 and 2008 produced a salinity
regime that was inhospitable bothGoraciborskiiand its competitors. This led to a
phytoplankton community shift to species more tolerant of the elevated salinitgs
disappointing for this study to find that this shift had occurred, but since many of tiesspec
lost, includingC. raciborskij Anabaena sppand other cyanobacterial species, have the
ability to produce akinetes, and the ability of these akinetes to survive adveds#ons
including significant salinity increases (Baker and Bellifemine 200&}pkct that these
species will return to Currituck Sound when favorable conditions return. | will dislciss

further in Overall Conclusions and Future Work.
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Determining C. raciborskiigrowth potential in Currituck Banks:

Filtered vs. Unfiltered:

As mentioned above, | will be presenting the results of the 2007 bioassays separate
from those in 2008 due to the drastic difference in the salinity conditions betweeitvtbes
years. In addition, | will also be separating the results from theefiltieeatments and the
unfiltered treatments. These two treatments were designed to answdiffeeeyt research
guestions. The filtered treatments, in whi@hraciborskiiculture was added to Currituck
Sound water that had been filtered through GF/F filters to remove all exisytapfankton,
were used to determine whetl@rraciborskiican grow in Currituck Sound water when
added in isolation, without the added pressure of competing for light, nutrients, and space
with other species. As a result, this treatment will determine whéthentironmental or
chemical conditions of Currituck Sound water, in particular the salinity regime, ar
satisfactory forC. raciborskiigrowth and will also be used to speculate under what nutrient
conditionsC. raciborskiigrowth is favored. The unfiltered treatments, in witich
raciborskiiadded to unmanipulated Currituck Sound water, were used to determine whether
C. raciborskiicould effectively compete within the existing phytoplankton community of

Currituck Sound, and what nutrient conditions would increase its competitiveness.

Bioassay Results from the Filtered Treatments:
Summer 2007
The first bioassay took place in late June of 2007. Water was collected from 2 sites

one inside the Currituck Banks reserve and one from Currituck Sound outside of the reserve.
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The water from both sites was 0 psu at the time of collecli&éB(_E 2). For each of the

two sites, filtered and unfiltered treatments were prepared. For thedilteatment, a Z8
media control was used. Z8 media is designed specifically for culturifxiNg

cyanobacterial and should provide these organisms with an ideal growth media, containing
all necessary nutrients except nitrogen (therefore the filaments wouldonedtmospheric
nitrogen in this media in order to grow). This control allowed us to establish wikther
raciborskii preferred to grow in the media or within the Currituck Sound water. My initial
hypothesis here was th@t raciborskiiwould grow better in the media as compared with the
water treatments. Four nutrient treatments were used in this firsséyo&ontrol C),

Nitrate (N), PhosphateR) and Nitrate and Phosphaté+P).

Chl a and AR FIGURE 14 shows the results of Ch) used here as a proxy fGr

raciborskii biomass, for Site 1 (outside the reserve) and Site 2 (inside the reserve). tThe firs
noticeable element of these figures is that contrary to my initial hypstties adde.
raciborskii thrived in the Currituck Sound water from both sites. Biomass increases were
significantly lower in the mediaV() treatments.FI GURE 15 may demonstrate why this was
the case. It shows the acetylene reduction (AR) rates for these sampbkas a proxy for
nitrogen fixation (Burris 1972, Paerl 1998). As mentioned above, the Z8 media does not
contain nitrogen, so nitrogen fixation is required to grow in this media. As suchpfiixati

rates inM were high throughout the course of the bioassay. Because nitrogen fixation is an
expensive process, the necessity of maintaining such high nitrogen fixatiesmay have
resulted in decreased growth and thereby decreased biomass and loaas Cbimpared

with the control C) treatments, Currituck Sound water with no nutrients added, as seen in
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FIGURE 14. Because the Currituck Sound water contained nitrogem@MN3NO/L for
both sites, but 34.3g N-NH,/L for Site 1 and 40.4g N-NH//L for Site 2), theC.
raciborskiiadded could suspend nitrogen fixation and switch to uptaking ambient nitrogen
and utilizing it for growth and building biomass. In fact, even in the later dape of t
bioassay (&, Ts), AR rates were low across all the nutrient treatments, suggesting that
ambient nitrogen levels were sufficient to supg@rtaciborskiigrowth even in th€ andP
treatments, where no additional nitrogen was added. These results suggestrituetk
Sound water in 2007 had the necessary environmental factors, including salinity and
nutrients, not only to sustain the growthGfraciborskii but also to provid€. raciborskii
with a very favorable growth environment where large increases in biomaspogsible.

Looking atTABLE 3 and more closely &l GURE 14, we can evaluate the
differences between Site 1 (outside the reserve) and Site 2 (insidsahee)e Initially,
prior to filtration and bioassay set-up, the @loncentrations for the two sites were very
similar (TABLE 3; 17.2ug/L for Site 1, 14.1ug/L for Site 2), with a slightly higher
concentration outside the reserve. During the course of the bioassay, there \gasgicans
difference between the two sampling sites, at least for first time @@)nof the bioassay
(FIGURE 14). In T, and T, Site 1 had a significant increase in @ldoncentration before a
rapid die-off in &, whereas Site 2 seemed to repeat this pattern but with a slight lag behind
Site 1, in T and k. There was also no significant difference between Site 1 and Site 2 in
terms of the AR rates~(GURE 15).

Across the different nutrient treatments, it was clear that for both sitea, Chl
concentration was limited by nitrogen. In both cases, across all time poirtteatineents

with nitrogen additionsN andN+P) had a significantly higher increase in @hl
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concentration.TABLE 4 shows an example of this for both sites gtith nitrogen
additions statistically significant (P value 0.0071). This suggests that@hexiborskiiis
alone, removed from competition with other phytoplankton species, that nitrogemasgmic

would favor an increase in its biomass.

GR Growth rates were calculated using the &tata, by fitting a curve for exponential
growth (Slater 1988). The growth rates reported are for the first 6 days of thsayioaith
the T8 time-point eliminated due to the fact that by this point in the bioasdayieeeff had
begun within the incubation vessels. As expected, these results mimic thoseaofiChl
June 2007, growth rates in the Currituck water treatments were signifibayitsr than the
media treatment. In addition, growth was limited by nitrogen at both sitagythout the
course of the bioassay:ABL E 5 shows an example of this for both sites, with nitrogen
additions statistically significant (P value 0.0012). There was no signifidéeredice in GR
between Sites 1 and 2. These results suggest, again, thaCwiagiborskiiis in isolation,

nitrogen enrichment favors its growth.

PP: Primary productivity (PP) was measured using the )&6%; incorporation method
(Parsons et al. 1984, Rudek et al. 19RI)GURE 16 shows the results from the PP analysis.
PP was very low itM, probably due to the fact that all energy was being utilized by the
filaments for nitrogen fixation instead of productiéit GURE 15). Like Chlaand GR,
primary production appeared to be limited by nitrog€ABL E 6 shows an example of this
for both sites at 4, with nitrogen additions again statistically significant (P value 0.0348).

While there was no statistically significant difference betweentbesampling sites in Chl
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a, AR, or GR (P values 0.7662, 0.8224, and 0.8483), Site 1 did show higher production rates
than Site 2. PP was in fact the only factor measured in which the two sitesbigticea

differed, though still not statistically significant (P value 0.1144), makiddficult to

ascertain the reason. Despite the differences in the magnitude of the produesiotiheat

pattern remained was the same, with PP greater in the treatments with adagehniThese
results again seem to indicate that isol&edaciborskiiis limited in its biomass, its growth,

and its production by nitrogen and that nitrogen enrichment would significantlyifavor

expansion in this area.

Fall 2007:

Based on the results from the first bioassay, in which for all of the parameter
analyzed Site 1 and Site 2 did not differ significantly, the second bioassagdniater from
only one sampling site, within the Currituck Banks reserve. In order to make ugsfor thi
additional treatments were added. For the filtered treatments, Z8 mathial evas again
used to establish wheth€r raciborskiipreferred to grow in the media or within the
Currituck Sound water. The nutrient treatments were increased from fouhtoimetuding
C, N, Ammonium A), P, N+P, Ammonium and Phosphat&+{P), Nitrate and Ammonium
(N+P), and Nitrate, Ammonium, and PhosphateA+P). For this bioassay, conducted in
September 2007, the salinity of the Currituck Banks sampling site had increasel ffsu
to 4.7 psuTABLE 2). While this salinity is significantly higher than that of the first
bioassay, it is on the cusp of the salinity toleranc&faaciborskiireported by Moisander

(2002) and microscopic analysis of the existing phytoplankton community confirmed the
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presence o€. raciborskiiin Currituck Sound before the start of the bioassay, suggesting that

this salinity may be tolerated I8 raciborskii in situ

Chl a: FIGURE 17 shows the results from the Ghanalysis for the filtered treatments of

the Fall 2007 bioassay. An immediate difference from the previous bioassay r&.evide
Here, the adde@. raciborskiigrew better in the media than it did in the sound water. This is
probably an affect of the high salinity of the water, which shocked the cu@ured

raciborskii, preventing it from growing well in any of the treatments, especially when
compared with the summer bioassay. Another potential contributing factor was podoemwe
conditions resulting in low light for the first two days of incubation, which made prioduct
rates lower and inhibited growtRI(GURE 18). Still, the sound water treatments, even with
significant nitrogen additions, had lower biomass than the Z8 media which has nomitroge
indicating that the water was inhospitable at this salinity level. The edi@rraciborskii

was able to bounce back and accumulate some biomass by the conclusion of the bioassay
(Tg), particularly in the nitrogen treatmen®SABLE 7). This indicates that no only is te
raciborskii biomass limited by nitrogen (P value for nitrogen additions 0.0458), as shown by
the first bioassay, but that nitrogen may in some way Gelpciborskiifunction in higher
salinity environments. Within the nitrogen treatments, there didn’t seemataoytstatistical

difference between nitrate and ammonium as the nitrogen source.

PP: Results were similar for primary production, showkliGURE 18. Initially, the media

treatment seems to do better, though production rates were very low, proba&ohngthe

low light levels experienced during the first two time points. The Currituck Souted wa
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treatments had virtually no significant production ungil Most likely due to a combination

of low light and the shock of the high salinity. By TheC. raciborskiiin the water
treatments did begin to recover, at least in terms of primary production. The production i
the nitrogen treatments outpaced that in the media treatm&BiL(E 8). Production did
appear to be limited by nitrogen, with neither nitrate nor ammonium beintydasred (P
value for nitrate additions 0.0213, P value for ammonium additions 0.0066), and phosphorus
additions also seem to increase productiongiiTRBLE 8). These results combined with
those from Chh seem to indicate that isolat€d raciborskiiis limited in its biomass and
production by nitrogen, with phosphorus limitation of production also indicated,
demonstrating that dual nutrient enrichment would significantly f@vaaciborskiis
expansion in this area. Nutrient enrichment, by increasing the bioavaylabititrogen in
particular, may further enab&. raciborskiito expand into areas that would have previously

been protected by higher salinity regimes.

Summer and Fall 2008:
Based on the results from the first two bioassays, both bioassays in 2008 had the same
procedure, using just one sampling site within the Currituck Banks reserve wsidmtlee
nutrient treatments as described for Fall 2007. For the filtered treat@8ntsedia control
was again used to establish whetGeraciborskiipreferred to grow in the media or within
the Currituck Sound water. Additionally, a second Z8 media control was introduced in
which nitrate was added to the media. This control was used to determine if tretpetes
fixing nitrogen when in the Z8 media had a significant effect on the abili@y cdciborskii

to grow. In June 2008, the salinity of the Currituck Banks site had increased to 7.4 psu, and
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increased further in September 2008 to 8.4 pPABLE 2). This is significant because these
salinities are well beyond the excepted salinity toleran€& adciborskii In addition, these
bioassays also differed from the 2007 bioassays irCthiciborskiiwas not present in the
existing phytoplankton community before beginning this bioassay, suggesting that the

salinity had become prohibitive @. raciborskiigrowthin situ.

Chl a and GR The added. raciborskiiwas shocked when added into these very high
salinity environmentsFI GURE 19 shows the Chh concentrations for June 2008. Like the
results from Fall 2007, hefe. raciborskiibiomass was lower in the Currituck Sound water
treatments than the media treatment earlier in the bioassay, but it did dyeppdsr & the
addedC. raciborskiihad recoveredT ABL E 9A shows the Chh concentrations forgl’ The
results indicate nitrogen limitation, though this was not statisticaliyfgignt (P value
0.1705) and further show that by the conclusion of this bioassa@, tiaeiborskiibiomass
in the nitrogen treatments had surpassed that in the media treatments.

The growth rate analysis further suggests nitrogen limitaflghBL E 10A shows
the GR results, and displays that with the exception dl#t#e+P treatment, the nitrogen
treatments had higher growth rates than both the media treatments and thentseaith no
nitrogen added. The results of these two analyses may indicate tlaaiborskiimay have
a higher salinity tolerance that previously reported or that high nitrogen batmaiy may
increaseC. raciborskiiability to withstand high salinity conditions. | will discuss this further

in Overall Conclusions and Future Work.
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FIGURE 20 shows the Chh results for September 2008. Hete raciborskii
biomass was highest in the media treatments throughout the course of the bitatsay
Currituck Sound water treatments, @hias very low throughout, not even reachingug(L
in any of the treatments by, Tas shown iMTABLE 9B. There was no significant evidence
that theC. raciborskiihad recovered from salinity shock, though the nitrogen treatments did
have higher biomass than the treatments without added nitrogen. This was partizdarl
for ammonium (P value for ammonium additions 0.0058).

Growth rates in September 2008, particularly in the N treatments, wenreeajslow
as compared with the 3 other bioass&$SURE 21). TABLE 10B shows the GR results,
and demonstrates that for the most part, there was no real nutrient limitatiomvtf.giThe
A+P, N+A, andN+A+P treatments were slightly higher than the other treatments, but no
additions were statistically significant. In general GR was veryiais bioassay, and

seem to indicate the strugdle raciborskiihad in this 8.4 psu salinity water.

PP: In both June 2008 and September 2008, primary production rates were very low
throughout the course of the bioassays, as showWhGWRE 22 andFIGURE 23. For both

of these bioassays, several days of the bioassay incubation were cloudy,ightlavay

have been responsible for the low productivity. This is further evidenced by the low
production in the media treatments in both bioassays. The &ldadiborskiiseems to

have had difficulty ramping up production and growth even in the media, especially in June
2008 FIGURE 22). Beyond that, the low production rates in the rest of the treatments

suggest that th€. raciborskiiwas, again, inhibited at the high salinity treatments.
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In June 2008, th€. raciborskiiin some treatments was able to outpace the media
treatments by d; but in September 2008, media treatments did better than the Currituck
water treatments throughout the course of the bioa8$&URE 23). This is consistent
with the results from the Clalanalysis which showed highest biomass in the media
treatments. Across all bioassays, a pattern has eme@eadciborskiigrowth is slower in
high salinity water, and added nitrogen does make a difference in en@bliagborskiito
withstand higher salinitie$~{ GURE 21).

TABLE 11A shows the production rates fog df the June 2008 bioassay. Here, we
see an additional indication that ammonium may be the favored nitrogen soutce for
raciborskii. Ammonium additions triggered a stronger response than nitrate additions in
increased production, shown by the higher production rates /&, theP, N+A, andN+A+P
treatments (P value 0.0437). September 2008 had a similar result, asBA&L & 11B,
with the highest production rates in the same 4 treatments, all of which featured an
ammonium addition (P value 0.0062). In the 2007 bioassays, nitrogen limitation of primary
production was clear, but no favored nitrogen source was indicated by the data. In the 2008
bioassaysC. raciborskiiproduction appears to be favored not by nitrogen additions, but
specifically by ammonium additions. This may be due to the fact that thatitiiof
nitrate as a nitrogen source is more energetically costly to thia@elammonium, as nitrate
first needs to be reduced to ammonium before it can be used. This reduction is a two part
process in which the nitrate is first reduced to nitrite, catalyzed by thenerfeyredoxin-
nitratereductase, and then to ammonium, catalyzed by ferredoxin-nitrite reductpsenge
a substantial amount of energy (Syrett 1981, Herrero et al. 2001). Ammonium has long been

recognized as the preferred nitrogen source for most cyanobacteria and othglapkian,
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and the presence of ammonium has been shown to inhibit the uptake of nitrate in
cyanobacterial species liksmabaenaandNostoc(Flores et al. 1980). These energy costs

may have proved prohibitive whéh raciborskiiwas already stressed by high salinities, as
experienced in the 2008 bioassays, thus causing low production rates except anteeatm
where ample ammonium was added. This indicates that high ammonium additions may be
necessary fo€. raciborskiito subsist in habitats with salinities ranging from 5 to 9 psu, and
that limiting nitrogen, specifically ammonium inputs, may protect these &ve@.

raciborskii invasion.

Conclusions from the Filtered Treatments

The filtered treatments were designed to determine whethenti®nmental
conditions of Currituck Sound water, in particular the salinity regime, wéstagdory for
C. raciborskiigrowth when the added pressures of grazing and competing with other species
for light, nutrients, and space were removed. They were also designedoinetender
what nutrient condition€. raciborskiigrowth is favored. When looking at the results across
all four bioassay, some interesting patterns emerge. First and forenmasgtsalinity plays a
large role in determining wheth€r. raciborskiican grow in Currituck Sound. When the
salinity was near 0 psu, as in the June 2007 bioassay, Currituck Sound was a very good
habitat forC. raciborskii providing an even better medium for growth than Z8 media,
probably because of the available nitrogen. As salinity increased from 0 psu to 4.7 psu
(September 2007), 7.4 psu (June 2008), and 8.4 psu (September2G@8horskii's
growth potential in Currituck Sound was reduced, resulting in lower biomass, groegh rat

and production rates in the Currituck Sound water treatments as compared to the Z8 media
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treatments. These results suggest that during periods when salinity iskieigieriods of
drought such as was seen during the course of this study, Currituck Sound may lbedprotec
from the invasion or increased expansioilCofaciborskii simply because the high salinity

is prohibitive to its growth. This finding has interesting implications for the laased on

the time in which we now live. Climate change is occurring, and severakdiffdlimate
change scenarios have been suggested for eastern North Carolina which magenfiae
salinity regime in Currituck Sound. These scenarios and their implicatidnsevdiscussed

in Overall Conclusions.

Across all bioassays, a second pattern related to salinity also emérgetiborskii
growth, as mentioned above, was slower in high salinity water, and in these ddsds, a
nitrogen did make a difference in enabli@graciborskiito withstand higher salinities. Even
in O psu water, nitrogen limited biomass accumulation, growth, and productian of
raciborskii. As salinity increased, added nitrogen greatly incre@sedciborskii’'sability to
recover from salinity stress and achieve high &tbncentrations and primary production
rates. Nitrogen additions allow€H raciborskiito grow at salinities higher the salinity
tolerance folC. raciborskiireported in the literature (Moisander 2002). At the highest
salinities of this study, nitrogen limitation became ammonium limitatiohdutuggesting
that withstanding high salinities had a significant energetic co&l.faaciborskij eventually
requiring that it stop reducing nitrate and switch to solely utilizing ammoaaiits nitrogen
source. This has significant implications for Currituck Sound. Although the areaastburr
close to pristine, especially compared with other water bodies in North Catbéna
development in the area surrounding it is increasing every day, increasing titeapfue

human-induced nutrient enrichment. If nitrogen enrichment was to significactgase in
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the coming years, these results of the filtered treatments suggest thatborskiimay
become a more significant problem for the area and may @llaaciborskiito persist even
in periods of increased salinity. These results further suggest thatdimitrogen inputs

may be the most successful tool for controli@gaciborskiigrowth in Currituck Sound.

Bioassay Results from the Unfiltered Treatments

The unfiltered treatments of the bioassays, in wRichaciborskiiadded to
unmanipulated Currituck Sound water, were used to determine wiaktraiborskiicould
effectively compete within the existing phytoplankton community of Currituck Sowmad, a
what nutrient conditions would increase its competitiveness. Sin@iborskiiwas added
to the existing phytoplankton community, many of the analyses used in fordfiltere
treatments, like Ch, PP, GR and AR, were not as useful in determifQingaciborskii’'s
growth potential. This was due to the fact that it was impossible to teas¢hapsffect of
different nutrients oi€. raciborskiifrom the effect these nutrients had on the phytoplankton
community as a whole.

As an example of thi;l GURE 24 shows the Ché results for the unfiltered
treatments of the June 2007 bioassay, in which the existing phytoplankton community was
dominated by BHixing cyanobacteria includin@. raciborskii(FIGURE 8). FIGURE 24
shows that, for both sampling sites, the phytoplankton community was initiathgetr
limited, with the § and T, treatments with nitrogen additions having higher £hl
concentrations than the other treatments (P value 0.002). Tlec@htentrations atslare
shown iINTABLE 12. Between Tand F, there was a switch, and the phytoplankton

community became phosphorus limited. This is due to the fact that, by that time,iomas
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and growth had increased so much that nutrient stores had been depleted, and while nitrogen
fixation could provideC. raciborskiiand the other Nfixing cyanobacteria within the
phytoplankton community with nitrogen, there was no other source of phospRkb@GIIRE

25 andTABLE 13 show similar results for primary production (P value 0.0031). While

these results show the effect of different nutrients on the phytoplankton comuasiaity

whole, they are unable to distinguish between phytoplankton species and therefore cannot

provide any insight into the effect of these nutrient€oraciborskii

C. raciborskii filament counts:

There is one analysis that can provide insight into wh&heaciborskiican
effectively compete within the Currituck Sound phytoplankton community and what nutrient
conditions increase its competitivenes€x. raciborskiiflament counts were done before the
beginning of the bioassay{)Tand at the end of the bioassay)(fbr all the treatments. In
addition, for each sample, qualitative assessment was made about the other srg@assnt
within the phytoplankton community and their general abundance as compared with that of

C. raciborskii The results from each bioassay will be discussed below.

Summer 2007The T samples from the June 2007 bioassay were richHinxixg
cyanobacteria. For both sitésabaenaspp. andAnabaenopsispp. appeared to be the
dominant players, but also present wereaciborskij Aphanizomenospp.,Nostocspp. as

well as other phytoplankton likdicrocystisspp. and numerous species of filamentous green
algae. FIGURE 26 shows the results of tl& raciborskiicounts. All filaments counted had

at least one terminal heterocyst. For both sites, the pattern is the samgaré&bwith the
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To samples, th&l treatment had a far higher abundanc€ ofaciborskiithan any of the
other treatments. In fact, for both sites, th#eatments were dominated Apabaenaspp.
andAphanizomenospp., with feweC. raciborskiifilaments than seen in,.T TheN
treatment favore@. raciborskii as this was the only treatment in which @eaciborskii
abundance seemed to surpass thainatbaenaspp. TheP treatment was very interesting, as
it clearly favoredAnabaenaspp. to the point that very fe@. raciborskiiwere visible. The
N+P treatment was the most mixed, with several different species, inclirdiridgimentous
green algae, being favored by the dual nutrient additions. The relative abunddbces of
raciborskii, Anabaenaspp.,Aphanizomenospp. andAnabaenopsispp.were all very

similar in this treatment. The only clear difference between Site 1 an? Bds that Site 2
was less dominated nabaenaspp., contained more diatoms, and that the initial
abundance of. raciborskiiwas higher, but the general pattern was the saieBLE 14
shows the results of th@. raciborskiifilament counts for both sites. Here it is again clear
that nitrate addition alone favor€d raciborskiiwhile coupling nitrate and phosphate
favored many species, resulting in more competitioiCtaiaciborskii No nutrient additions
favored the more dominantNixing cyanobacterial species, liknabaenaspp., suggesting
that these species may be more efficient tharaciborskiiin either nutrient uptake or
nitrogen fixation. The fact that phosphate additions also favamedaenaspp. further

supports this point.

Fall 2007: FIGURE 27 shows the results for the September 2007 bioassay. ([dample

from this bioassay showed higher abundandg. aaciborskii Anabaenapp. and other N

fixing cyanobacterial species as compared with the June 2007 bioassay, probalihisince

48



bioassay was completed at the end of the optimal growth period for theses spbdeethe

June 2007 bioassay was right at the beginning, before the most significant growtkehad ta
place. C. raciborskiiseemed to play a more dominate role in the phytoplankton community
at this time, though there was also a lot of filamentous green algae and diatomsngpmpe

for dominance. Theglsamples showed results similar to those from the June 2007 bioassay,
but with more treatments. In tiC treatment, a control in which . raciborskiiwas

added, the phytoplankton community was very similargtavlth some die-off that is

expected due to the absence of nutrient additions.CTtheatment had higher abundances of
both C. raciborskiiandAnabaenapp. as compared withy.T Again, theN treatment clearly
favoredC. raciborskii as did theA treatment, though this treatment also seemed to favor
Anabaenaspp. andAnabaenopsispp. TheP treatment again favoredhabaenapp. and it
dominated the community in this treatment. N¥d® andA+P treatments were very mixed,

with fairly equal distributions of. raciborskij Anabaenaspp.,Anabaenopsispp.,

filamentous green algae, and diatoms. Nh& treatment had very interesting results,
favoringC. raciborskiiand filamentous green algae, with the abundanémalbaenaspp.
decreasing sharply in this treatment. InMeA+P treatment, the abundance of all the N

fixers was decreased with the phytoplankton community being dominated beémeaigae

and the diatomsTABLE 15 shows theC. raciborskiiabundances for each treatment, again
demonstrating that the treatments in whithraciborskiiwas most competitive were the

and theN+A treatments, while phosphate or dual nutrient additions favored other species that

then outcompete@. raciborskii
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Summer 2008The salinity difference between 2007 and 2008 were visible i@ the
raciborskii filament counts and the phytoplankton community composition. The results from
the June 2008 bioassay are showRIIBURE 28. As seen with the microscopic and
metagenomic analyses from this bioassay, there w&s raxiborskiiin the Ty sample
(TABLE 16). The phytoplankton community was dominated by filamentous green algae,
diatoms and dinoflagellates. There was the occasionak®t, primarily Anabaenaspp.,

but the phytoplankton community was very different from that seen in 2007CCQhe
treatment again had @ raciborskii but did demonstrate some growth of the other N
fixers, with moreAnabaenaspp. than was seen ip. TTheC treatment had even more-N
fixers, all with prominent heterocysts, includiAghanizomenospp. There was sont&
raciborskii, but not much, indicating that the addedraciborskiiwas struggling to exist in
the high salinity water without added nutrients. Rhigeatment was very dense with
phytoplankton, and had a higher abundandg.afciborskiicompared with other Nixers.
The abundance of diatoms and green algae was also higher in this treatment than in the
previous treatments, with these being the dominant players of the phytoplanktooragmm
TheA treatment was very similar to thetreatment, with high phytoplankton biomass of
mostly green algae, diatoms, and somdikérs, includingC. raciborskii Anabaenaspp.,
Anabaenopsispp., andAphanizomenospp. TheP treatment had mostly Nixers,

primarily Anabaenapp. andAphanizomenospp., with very littleC. raciborskii TheN+P
andA+P treatments very both very mixed, having good distributions,didérs, green

algae, diatoms, and dinoflagellates. TeA treatment favore@. raciborskiithe most,

with noticeably higher abundance@f raciborskiiin this treatment as compared with all

others. Th&N+A+P treatment had a decreased abundance-fikBrs as the other
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phytoplankton players outcompeted them, with the green algae becoming the dominant
player in this treatment. These results, shown quantitativdABL E 16, show the same
pattern as seen in 2007, with raciborskiibeing most competitive in tié+A treatment,

while phosphate or dual nutrient additions favored other species that then outcdthpeted
raciborskii, like green algae and diatoms. There is a clear difference in the magnitude of the
C. raciborskiiabundances between the two years of the study, showing again the difficulty

C. raciborskiihad with remaining competitive in the higher salinity water.

Fall 2008: FIGURE 29 shows the results from the September 2008 bioassay. Again there
was noC. raciborskiiin the Ty sample TABLE 17). There were a small number of-N

fixers, including onéAnabaenaspp. filament and a few filaments Aphanizomenospp.,

but the community mainly consisted of diatoms and filamentous green algaerkBeama

the pattern o€. raciborskiiabundance across the remaining treatments was very similar to
that seen in the previous bioassay. Tl@:treatment again had 1@ raciborskii since the

To sample had none, and none was addetteatment had sont@. raciborskii but the
abundance was very limited, even as compared with the abundance of gfixers\ like
Aphanizomenon spprhich was more abundant here than in theample. This suggests

that the adde@. raciborskiihad significant difficulty growing and reproducing in the high
salinity water. ThéN treatment favore@. raciborskiigrowth, indicated by a higher
abundance of. raciborskiicompared with other Nixers. Despite this, diatoms and green
algae remained the dominant players of the phytoplankton community in this treatment.
Similarly, theA treatment had high phytoplankton biomass of mostly green algae, diatoms,

and some Bfixers, includingC. raciborskiiandAphanizomenospp. TheP treatment most
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significantly favored the Nfixers, with Anabaenaspp. andAphanizomenospp. dominating

in this treatment and effectively outcompet@graciborskii The abundance &.
raciborskii was the lowest in this treatments, indicating significant competitivesstiehe

N+P andA+P treatments very both very mixed, with equal distributions sfiXérs, green
algae, diatoms, and dinoflagellates, all competing for dominance. As seen in June 2008, the
N+A treatment was the treatment that most fav@erhciborskii This suggests that.
raciborskiimay be more efficient that the othesfiking cyanobacterial species at uptaking
nitrogen when it is bioavailable. It is also possible Gataciborskiimay be able to more
efficiently switch between fixing nitrogen when this nutrient is absent an#inogté when it
becomes bioavailable, as has been indicated in other studies (Bouvy et al. 2000, Burford et
al. 2006, Paerl and Fulton 2006). TWeA+P treatment significantly favored the non-N
fixing phytoplankton, especially the fast-growing green algae. With amplelaleaila
nutrients, green algae were able to effectively out-competestfigexs, includingC.
raciborskii for nutrients. Again the results from this bioassay, shown quantitatively in
TABLE 17, show the same pattern as seen in all other bioassay<; wahiborskiibeing

most competitive in thBl+A treatment. Again, it appeared that phosphate or dual nutrient
additions favored other species that then out-comp&teaciborskij like green algae and
diatoms. The Fall 2008. raciborskiiabundance results also reflect the conclusionGhat
raciborskii had significant difficulty remaining competitive in the higher salinityexa This

is especially evident when comparing @eraciborskiifilament counts for all four

bioassays, as seenkfhGURE 30. The difference in the magnitude of the abundances from
2007 and 2008 demonstrates the effect of the salinity chan@eraniborskii'sability to

grow and compete in Currituck Sound water.
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Conclusions from the Unfiltered Treatments

The unfiltered treatments of the bioassays were used to determine whether
raciborskii could effectively compete within the existing phytoplankton community of
Currituck Sound, and what nutrient conditions would increase its competitiveDess.
raciborskii abundance was the main tool used to determine this, in that the relative
abundance of. raciborskiias compared with other species within the phytoplankton
community in the different treatments demonstrated its competiveness unelemdiff
nutrient conditions. The results were very similar across all four bioasSayaciborskii’'s
abundance was highest in the treatments with nitrogen, either nitrate or ammonium,
additions. It was within these treatments thataciborskiiwas most able to compete with
other N-fixers and other phytoplankton. In cases where no nitrogen was added or when
phosphate alone was added, it appeared that the domipireNn Currituck Sound,
Anabaenaspp., continued to out-compeie raciborskiiand maintain its dominance within
the phytoplankton community. In cases where both nitrogen and phosphorus were added,
other, non-N-fixing phytoplankton, like green algae, were most competitive, probably
because they are fast growing, especially when nutrient limitatir@misved. These results
suggest that nitrogen inputs would be most benefici@l t@ciborskiigrowth, in part
because it would make it more competitive within the phytoplankton community. These
results also show thé&. raciborskiiabundance is clearly influenced by salinity but that
nitrogen availability significantly increases its ability to survind aaintain
competitiveness in these conditions. The effect of salinit@.amciborskiiwill be further

discussed below with the results of the salinity experiment.
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Salinity Experiment:

The salinity experiment was to designed to provide more insigh€Cintaciborskii’s
salinity tolerance and to examine the effect that added nitrogen had on this &leFarc
experiment was performed using Z8 media that was adjusted to desired salimgtyNaCl.
Four different salinity treatments and two nutrient treatments were Qgsdi, 3 psu, 6 psu,
and 9 psu, each with control and nitrate add@draciborskiibiomass throughout the course
of the experiment was tracked, using @ldoncentration as a proxy for biomass. The results
are shown iFl GURE 31. The results are what | would have expected, witlCthe
raciborskii biomass highest in the 0 psu Z8 media, followed by 3 psu, 6 psu, and finally 9
psu. In each salinity, the addition of nitrate lead to higher biomass. The fesulthe
final sub-sampling point, 15, are shown iTABLE 18. It appears that the salinity tolerance
of C. raciborskii according to these results, is between 3 and 6 psu, with very little growth
beyond that salinity. These results are very consistent with the sadieitgrice ofC.
raciborskii reported in the literature (Moisander 2002), although my bioassay results
indicated thaC. raciborskii when given enough nutrients, was able to survive and grow in
salinities slightly higher than 6 psu in Currituck Sound water. This may be due tetthe fa
that Currituck Sound water may contain higher concentrations of organic matetjass
nutrients and trace metals than are available in Z8 media, making itfea§ieraciborskii
to survive in this water than the media when the salinity is the same. Orgdt@cima
particular has been shown to favor cyanobacterial growth (Stewart 1974), anglstebm
absent from Z8 media. This hypothesis could be tested by performing a sa{petyment

using 0 psu Currituck Sound water as the medium and adjusting the salinity of it, lxdghis
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not possible during this study as Currituck Sound was only O psu at the beginning of the
study. This will be discussed further in Future Work. Regardless, this expedagsnshow
that higher salinity can greatly decre&eaaciborskii’'sgrowth potential, and that nitrogen
inputs may increase its ability to withstand these conditions. This is additiodehee that

nitrogen inputs need to be limited to prohiBitraciborskii’'sexpansion in Currituck Sound.
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V.OVERALL CONCLUSIONS

The purpose of this study was to answer two main research questions.

1. IsC. raciborskiicurrently present in Currituck Sound?
Before beginning this worlC. raciborskiihad not been identified in Currituck
Sound, NC, due mostly to the fact that very little information about the existing
phytoplankton community was known (Caldwell 2001). In the course of this
study, | identifiedC. raciborskiiin Currituck Sound in both June and September
of 2007. The abundance ©f raciborskiiat that time ranged fro®10 t01500
cells/mL, making it a minor player within a phytoplankton community vety ric
in No-fixing filamentous cyanobacteria, likenabaenapp.,Anabaenopsispp.
andAphanizomenorpp. Although toxin analysis was not available to me in
2007 and therefore | was unable to quantify the concentration of toxin in
Currituck Sound, | was able to confirm, using the toxin prirogkgks andps
that theC. raciborskiiin Currituck Sound was able to produce the
cylindrospermopsin toxin at that time. Additionally, phylogenetic analydiseof
C. raciborskiistrain in Currituck Sound showed that this strain was very closely

related to the strain previously isolated and studied from St. Johns River, FL.



In 2008, the results were very different. In this year, pigment and microscopic
analysis of Currituck Sound water samples showedZhedciborskiiwas not a
member of the phytoplankton community at that time, and these results were
affirmed by negative results in PCR assays for cyaftd- cylindro-ifH, cyl,

pks andpsand the cylindrospermopsin toxin analysis. Between September 2007
and June 2008, the entire phytoplankton community had shifted away from N
fixing filamentous cyanobacteria to species more tolerant of the etesalinity

like green algae, diatoms and dinoflagellates. | concluded that the severity
drought that North Carolina experienced throughout 2007 and 2008 resulted in
high salinities (7.4 psu in June 2008, 8.4 psu in September 2008) that were
inhospitable both t€. raciborskiiand its competitors, and proved prohibitive to

their growth.

2. What conditionswould favor theinvasion or expansion of this species?
To answer this question, | conducted a series of nutrient addition bioassays
designed to determine if the environmental or chemical conditions of Currituck
Sound, including salinity, were adequate@raciborskiigrowth, whethel.
raciborskii can adequately compete with the existing phytoplankton community,
and under what nutrient conditions it grows best, though it did not determine
whether the physical or hydrological conditions or the grazing pressures of
Currituck Sound were suitable f@r. raciborskiigrowth. The bioassay results
confirmed a major result from above, namely that salinity the playseralgin

determining whethe€. raciborskiican grow in Currituck Sound. In 2007, when
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C. raciborskiiwas a player within the phytoplankton community in Currituck
Sound, water from the sound was also a very good habitat for the c@ltured
raciborskii added for the bioassays. In fact, in June 2007 when the salinity of
Currituck Sound was 0 psu, the water providedGheaciborskiiwith an even

better medium for growth than the nitrogen-deficient Z8 media. As salinity
increased from O psu to 4.7 psu (September 2007), 7.4 psu (June 2008), and 8.4
psu (September 2008}, raciborskii'sgrowth potential in Currituck Sound was
further and further reduced, resulting in lower biomass, growth rates, and
production rates in the Currituck Sound water treatments as compared to the Z8
media treatments. These results show that salinity is a major deternfiGant o
raciborskii's invasion potential in any waterway and that the fresher the water, the
more likely it is thalC. raciborskiiwill be able to invade or increase its

dominance within an aquatic habitat

C. raciborskiiabundance was used to determine whether it can adequately
compete with the existing phytoplankton community of Currituck Sound. Based
on the initial abundances Gf raciborskiiin Currituck Sound (910 cells/mL in
June 2007, 1500 cells/mL in September 20Q7Yaciborskiiwas able to compete
within the phytoplankton community, but only to the extent of maintaining a
minor role as compared to the more significant playersAik@baenapp. The
nutrient addition bioassays demonstrafedaciborskii’'scompetiveness under
different nutrient conditions, showing what conditions would m@keaciborskii

most competitive within the phytoplankton community. All four bioassays
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showed tha€C. raciborskii’'sabundance was highest in the treatments where
competition for nitrogen was eliminated by nitrogen, either nitrate or ammonium,
additions, and that it was within these treatments@haaciborskiiwas able to

grow with other N-fixers and other phytoplankton. These results suggestthat
raciborskiiis most competitive within the phytoplankton community when
concentrations of nitrogen are high, and that increased nitrogen availability

through nitrogen inputs would be most beneficial to its growth.

The bioassay results also suggest that increased nitrogen availability may
significantly increas€. raciborskii'sability to survive in high salinity conditions,
though the direct test of this had ambiguous results. Even in June 2007 in fresh
water, nitrogen limited the biomass accumulation, growth, and product©n of
raciborskii. As salinity increased over the three remaining bioassays, added
nitrogen greatly increased. raciborskii’'sability to recover from salinity stress
and achieve high Clal concentrations and primary production rates. Nitrogen
additions also allowe@. raciborskiito grow at salinities higher the salinity
tolerance folC. raciborskiireported in the literature (Moisander 2002). At the
highest salinities of this studg, raciborskiigrowth was limited not by nitrogen,
but by ammonium, further suggesting that withstanding high salinities had a
significant energetic cost f@. raciborskii These costs became so greatin 7.4
psu and 8.4 psu salinity water ti@traciborskiicould no longer expend energy
to reduce nitrate and was forced to switch to solely utilize ammonium as its

nitrogen source. The salinity experiment further investigated the #ffgchdded
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nitrogen had oi€. raciborskii’'ssalinity tolerance. This experiment showed that,

as suggested by the bioassay results, higher salinity can greadgsherr

raciborskii’'s growth potential, but that nitrogen inputs may have an effect, though
perhaps minimal, on its ability to withstand these conditions. These results, along
with the other results discussed above, suggest that conditions of low salinity and
increased nitrogen availability would favor the invasion or expansion of this
species, without considering other complicating factors like grazing peessdr

C. raciborskiigrowth regulation by physical processes.

These results have significant implications for the contr@.afciborskiiin
Currituck Sound. First, salinity appears to be a main factor in determining thatabi
which C. raciborskiican successfully grow. The results from this study suggest that during
periods when Currituck Sound experiences high salinity, like the period of severbtdroug
seen in North Carolina in 2007 and 2008, Currituck Sound may be protected from the
invasion or increased expansionfraciborskii simply because the high salinity is
prohibitive to its growth. This is particularly important in light of the clinctange
scenarios predicted for North Carolina in the coming decades, and what theynagghtor
the salinity regime in Currituck Sound.

The UNC Climate Change Committee Report predicts three main changesho Nor
Carolina’s climate due to global warming: higher temperatures resuitimgfter summers
and warmer winters, more extreme events, including heat waves, droughts, aed seve
storms, and sea level rise, which could result in the loss of coastal land, includeng larg

portions of the Outer Banks (Bland and Salvex@®0). All of these factors have the
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potential to effecC. raciborskiigrowth in North Carolina. Initially, rising temperatures may
favor its growth in Currituck Sound and other water bodies in North Caroliga, as
raciborskii has been shown to exhibit its optimal growth rate at 30°C (Shafik et al. 2001),
allowing it and other cyanobacterial species to outcompete other phytoplanktamalespe
eukaryotic species at this high temperature (Paerl and Huisman 2008, PaerlsandrHui
2009). However, these increased temperatures may also result in more exteatse The
increased frequency of both droughts and hurricanes may effectively rengiseraases in
C. raciborskiis growth potential brought about by higher temperatures by influencing the
salinity regime of Currituck Sound. As seen in this study, drought can have a armgnific
impact on the salinity in Currituck Sound, as it increased from 0 psu in June 2007 to 8.4 psu
in September 2008 due to the severe drought in North Carolina during this time. These were
salinity conditions that had rarely been seen in Currituck Sound before this studythoarn wi
increased frequency and intensity of droughts due to global climate cliaesg conditions
may become the norm in Currituck Sound, effectively prohibi@ngaciborskiigrowth.

The increased frequency and severity of hurricanes in North Carolina magrteve
of two effects on Currituck Sound salinity. First, these storms may redutih amounts of
precipitation and coastal flooding that may make Currituck Sound a fresher sty
environment. This would make Currituck Sound a more hospitable environméhnt for
raciborskii, especially if these events also delivered significant amounts of nitrtayen a
with the rain to the Sound. Hurricanes and intense storms, however, may also result in
events of ocean wash-over, in which oceanic water may be introduced to the Sound during a
storm, or, more significantly, the creation of new inlets along the Outer Banksen@yr

Currituck Sound maintains its low salinity due to the increased influence of averhe
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decreased influence of the ocean in this estuary. Currituck Sound is protectedédamic oc
influence by the Outer Banks, and this protection would be greatly decreased ihieisreni
the Outer Banks were created, as new inlets may flood both the Alberaarled’estuarine
system and Currituck Sound with ocean water. In addition to the creation of newrontets f
storm events, raising sea level may also result in the breach of Currituck Soursdbiz oc
water. As sea level rises, low lying coastal areas in North Caraiciading large portions
of the Outer Banks may be lost, potentially creating new inlets and exposingug8ound
to oceanic water. In both cases, the influx of oceanic water into Albemarlez@aml
Currituck Sound would significantly increase the salinity in these estuarighert$alinity
would, again, protect Currituck Sound from the expansidd. e&ciborskiiin this area.

While these climate changes scenarios suggestthatiborskiimay not pose a
significant threat to Currituck Sound in the future if high salinity conditions become
prevalent, it is important to remember that when faced with adverse conditions,
raciborskii and other species of cyanobacteria are able to produce akinetes. The$ikespore
reproductive structures could ensure survival ofaciborskiiduring inhospitable
conditions, and allow them to return to the phytoplankton community when favorable
conditions return (Moore et al. 2005). Although the salinity toleran€e cdciborskii
akinetes is not known, studies have shown that akinetes of similar species have bien able
withstand high salinities (up to 10,008 cm® for Anabaena circinalisBaker and
Bellifemine 2000). This suggests tl@traciborskiiand its N-fixing competitors may be
able to form akinetes when salinity conditions are high, following a drought or anoévent
ocean wash-over, and that these akinetes may germinate when favorable comditians r

Therefore, the ability to produce akinetes may provide a significant adyafurC.
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raciborskii and other diazotrophic cyanobacteria, allowing them to maintain a presence
within the Currituck Sound phytoplankton community even when salinity conditions are not
optimal. It is also important to remember that cyanobacterial specssnasof the planet’s
oldest known photosynthetic organisms (Schopf 2000), have persisted through millions of
years of environmental change, both natural and anthropogenic, displaying a remarkable
ability for adaptation (Paerl and Huisman 2009). As global climate changefieterikis
ability to adapt may help cyanobacteria, includihgaciborskij survive the challenges of
climate change. Itis important, therefore, to consider other strategiesnimizing the
invasion and proliferation . raciborskiiin Currituck Sound.

Another key result from this study was that nitrogen availability is anather
factor in determining how successil raciborskiiis in a particular habitat. The bioassay
results show that. raciborskiigrowth is positively influenced by nitrogen additions and that
access to bioavailable nitrogen may even allbwaciborskiito persist in high salinity
environments where its growth would otherwise be stunted. This suggests thahnitpage
limitation may be necessary to safeguard Currituck Sound and other water bmdi€s f
raciborskii.

This fact is slightly counter-intuitive, given that many studies have showhfha
fixing cyanobacteria, since they can create their own nitrogen, are moremabiclin N-
deficient waterways where the ratio of total nitrogen to phosphorus (N:P) thd@s20
(Smith 1983, Smith 1990). In these cases, it has been suggested that either phosphorus or
dual nutrient input limitation is needed to control diazotrophic cyanobacterial blétaed (
1999). The results of this study, however, do not support these conclusions. In the filtered

treatments of the bioassag, raciborskii’'sgrowth was almost always limited by nitrogen,
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with phosphorus additions making little difference in €lbncentration or primary
production rates whe@. raciborskiiwas by itself. This could be due to the fact that
raciborskiiis very good at taking up phosphorus at very low concentrations and storing it,
which would minimize short-term phosphorus limitation for this species, makingetrthe
element limiting growth. In most cases, the nitrogen source, either nitratenoonium, did

not appear to matter, although ammonium emerged as the preferred source when salinity
stress was at its greatest in the final bioassay.

More significantly, when competing with other phytoplankton for resources in the
unfiltered treatment<;. raciborskiiabundance was highest in the treatments with nitrogen,
either as nitrate or ammonium, additions. It was within these treatmdreie competition
for nitrogen was eliminated, th@t raciborskiiwas most able to grow as well as the other
phytoplankton, including other diazotrophic cyanobacteria. When no nutrients were added or
when phosphate alone was added, other cyanobacterial speciésdbaenapp., were
able to out-compet€. raciborskiiwithin the phytoplankton community. In cases where
both nitrogen and phosphorus were added, other, non-diazotrophic phytoplankton, like green
algae, were most competitive, easily out-compef@ingaciborskii Complicating things
further is the effect that added nitrogen may hav€ oraciborskils salinity tolerance. The
bioassay results combined with the results from the salinity experimecdt@dnaC.
raciborskii abundance is influenced by salinity and that nitrogen availability may onatay
increase its ability to survive and maintain competitiveness in these conditiorse rébelts
suggest that when simply considering what nutrient conditions would pr&@naogeiborskii
growth within Currituck Sound, nitrogen inputs would be most beneficial. This is due to the

three main factors discussed above: that nitrogen litaciborskiigrowth, that nitrogen
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makesC. raciborskiimore competitive within the phytoplankton community, and that
nitrogen availability may or may not help raciborskiisurvive and recover from salinity
stress.

Another main goal of this study was to formulate long-term nutrient aret gaality
management strategies for Currituck Sound that can be used by NERRS and NE€E DENR
DWQ to minimize potential invasion and proliferation@fraciborskii. As C. raciborskiiis
already a member of the phytoplankton community in Currituck Sound under certain
conditions, these strategies should be aimed at limiting the expansion of this ggecie
maintaining conditions that ke€h raciborskiias a minor player and prevent it from
increasing its dominance. As the results from this study have shown, limitmgngut
particularly nitrogen, inputs should be a central strategy employed by eranaghis area.

In many ways, the current state of the phytoplankton community in Currituck Sound
is similar to that of the St. Johns River, FL a few decades ago, beforehhgpagenic
nutrient enrichment of this system triggered a shift in dominance within the pdoykéqh
community fromAnabaenaspp. toC. raciborskii(Chapman and Schelske 1990.
raciborskiiis an opportunistic species, and demonstrated in this case a remarkalyléoabilit
take advantage of human-induced environmental change to increase its dominance within the
phytoplankton community. The case@fraciborskiiin St. Johns River should serve as a
cautionary tale for the water quality managers of Currituck Sound, espaonaie, as shown
by the phylogenetic analysis is this study, the strairs. ehciborskiifrom both systems are
so closely related. While the water quality of Currituck Sound is currenyygeed and
nutrient enrichment has been minimal in this area, land development of the @xwiteri8

continuously increasing, and potential for nutrient enrichment of Currituck Sourahiggr
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The results of this bioassay suggest that limiting nitrogen inputs is necessasure that.
raciborskii does not increase its dominance within the phytoplankton community of
Currituck Sound, as it did in the St. Johns River following significant nutrient, particula
nitrate enrichment. Keeping nitrogen concentrations low would also protess@gai
raciborskii survival when salinity increases in Currituck Sound would normally prevent its
growth. AsC. raciborskiiin Currituck Sound has the potential to be toxic, limiting its
expansion is important to protect all those, both animals and humans alike, who live in or
around Currituck Sound. Additionally, limiting nutrient enrichment has an added benefit of
suppressing in onl¢. raciborskiigrowth, but phytoplankton growth in general, which is
necessary to maintain high water clarity and the SAV populations that make GuBatwed
important as an ecosystem for the fish and waterfowl species that rely on thieenwater
guality managers of Currituck Sound and other water bodies throughout the country with
similar salinity conditions limit or significantly reduce nitrogen aamtcations in their
systemC. raciborskiipopulations should be kept low enough to prevent severe problems

with this organism.
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VI. FUTURE WORK:

As is the case with many studies, the experimental results presergexpbe up
avenues for future work. There were, in fact, several experiments tleaplaaned for the
2008 field season that were not feasible because of the high salinity of Curotuak S
during that time, and the fact that raciborskiiwas no longer present in that estuary. These
experiments would have helped refine the salinity toleran€e ciborskiiand determine
how great the threat &. raciborskiiis in and around the Currituck Banks reserve.

The first experiment planned was a transect of Currituck Sound along itssnatth-
axis. This experiment was designed to determine how wides@raadiborskiiwas within
Currituck Sound, with the transition from the fresher north to more brackish south
presumably showing the threshold salinity level, above wkichaciborskiicould no longer
be a member of the phytoplankton community Toxin analysis along this transect warild ha
helped identify areas most at risk for toxin-related health problems. Tgesiment was
designed in 2007 under the assumption @hataciborskiiwould be present at some locations
within Currituck Sound, and was abandoned when this turned out to be false. | believe the
information gained from such an experiment would still be very relevant in terms of
addressing. raciborskiis growth potential in Currituck Sound.

In addition to addressing the extent@ofraciborskiis presence in Currituck Sound,
this transect could be used to determine whether or not the filaments arly gctweng in

a particular location, or if they are, in fact, growing further up in the rivetsfeed



Currituck Sound and being pushed into the Sound by the currents or wind. If it were the case
that the cells seen in Currituck Sound were effectively dead, having no potential for
production or growth in Currituck Sound, th€nraciborskiiwould ultimately present no
real threat to Currituck Sound after all. Although the bioassay results do intiatie
raciborskii growth is possible in Currituck Sound, there are two analytical tools that could be
used to answer this question.

The first tool is autoradiography, which can be used to determine whethersa cell
metabolically active (Paerl 1982). The process is as follows: radioacsiterial, like*Fe,
is added to a water sample containthgaciborskij it is incubated, filtered, the filter is fixed
to a slide, and the slide is dipped in emulsion. The slide is then developed like a photograph,
and the radioactive atoms that were added will have emitted some beta pieavieg
behind tiny black dots that are visible microscopically (Paerl 1982). The upfté#kese now
visible radioactive iron atoms by the vegetative portion of the cell and by thedyetisrcan
demonstrate that the cell is actively taking up nitrogen, and you careohtbat
photosynthesis or nitrogen fixation is occurring, as both of these processed natiligeéder|
1982). *C could also be used to more directly demonstrate active photosynthesis.
Tetrazolium salt reduction is another tool that can be used similarly to den®tistra
metabolic activity of a cell (Paerl and Bland 1982). In the current work, tatrazsélt
solutions could be added to a sample contaifingaciborskij it is incubated, formalin is
added to stop the reaction, and the cells are then visualized under the microscope. The
reduction of the tetrazolium salts will cause metabolically active tetarken, thereby
distinguishing live cells actively undergoing carbon and nitrogen fixation friimthat are

metabolically inactive and essentially dead. The use of these two toolsesrsamaples
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from Currituck Sound could show whether or not@heaciborskiicells observed there are
actually able to grow in that environment.

This study would have also benefited from more extensive salinity toleestoegt
of C. raciborskii As mentioned previously, a salinity experiment utilizing fresh (0 psu)
Currituck Sound water as its base would be the ideal experiment for comparison with the
results of the media salinity experiment performed in July 2088( E 18 andFI GURE
31). Salinity could be introduced as an additional variable in a nutrient addition lyioassa
where instead of utilizing different sample sites, different salinibefddoe used to show the
differing effects of nutrients 08. raciborskiifrom location exposed to different salinity
regimes. An experiment like this could provide useful insights not only into thesalinit
tolerance ofC. raciborskii but also on how nutrient availability may influence this tolerance.

There were also some limitations and pitfalls to this work that could be circugdvent
in future works. For instance, the bioassay experiments of this study relieel addition of
culturedC. raciborskii The culture used was isolated from a Florida lake and has been in
culture at least 5 years at IMS (Cyl L). Although the phylogenetigysisadf the niH gene
of C. raciborskiistrains found in Currituck Sound revealed that they were very similar to the
culture strain used in these experimeRISSURE 13), it is not known whether these strains
differed significantly in other genes influencing other aspects of grovdludimg salinity
tolerance or nutrient utilization. For this reason, it would be interesting ta tepsa
experiments utilizing a culture @. raciborskiiisolated from Currituck Sound. Based on the
sampling for this experiment, we now have access to mixed cultures of-theny
cyanobacteria of Currituck Sound, but the isolatio@ ofaciborskiifrom this mix will take

more time. Additionally, there is little research available clargythe effects keeping cells
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in culture over many years may have on their ability to adapt to environmentgechke
changes in nutrient, light or salinity regimes. For instance, some diagoigstient analysis

(by HPLC) ofC. raciborskiistrains in culture suggest that when kept in growth chambers for
many years, cells adapt by limiting the production of pigments assdeigih light capture

at low light levels and increase production of photo-protective pigments that phaeteetl’s
photosynthetic architecture in high light conditions. These changes may resuitiradl
raciborskii behaving very differently in experiments as compared. taciborskiigrowing

in situ. These differences need to be accounted for and qualified.

Finally, nutrient addition bioassays were one of the main experimental toaesdtil
in this study and although bioassays have been used successfully for marng getgemine
nutrient limitation of primary production and phytoplankton growth (D’Elia et al. 1986,
Howarth 1988, Kareiva 1994), other studies have questioned their effectiveness and
suggested that their results may be misleading (Healey and Hendzel 198ang&Iganmel
1985, Elser et al. 1990). Large-scale microcosm experiments and field studies of
raciborskiiin its native habitat (Carpenter 1996) may alleviate some of the limitatfons

traditional bioassay experiments and would help affirm these results.
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APPENDIX A: Abbreviations

ammonium treatment

analysis of variance

acetylene reduction

base pairs

control treatment

Cylindrospermopsis raciborskii

chlorophylla

cylindrospermopsin

dissolved inorganic carbon

Deoxyribonucleic acid

high performance liquid chromatography
media treatment

nitrate treatment

negative control

ratio of total nitrogen to phosphorus by weight
Department of the Environment and Natural Resources
Division of Water Quality

glass fiber filters, 0.6-0.8 pm porosity
Graduate Research Fellowship

National Estuarine Research Reserve

Neuse River Estuary
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P phosphate treatment

PCR polymerase chain reaction

PP primary productivity

SAV submerged aquatic vegetation

SJR St. Johns River, FL

UNC-IMS University of North Carolina at Chapel Hill's Institute of

Marine Science
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APPENDIX B: Figures

Figure 1. Cylindrospermopsis raciborskjiWoloszynska) Seenayya et Subba Raju shown in
both its straight and wavy morphologies. Also evident are the terminal hetisrasgd by
the filament for N fixation. Photograph by Pia Moisander.
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Figure2: The structure of the cylindrospermopsin (CYN) toxin molecule. Figure
reproduced from Wood and Stirling (2003).

R
cylindrospermopsin(CYN) OH
7-epicylindrospermopsin OH  epimerat C7
deoxycylindrospermopsin (do-CYN) H
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Figure 3: A Photosynthesis vs. Irradiance (PE) curve for a cultué odciborskii,Cyl L,
(isolated by P. Moisander and maintained at UNC-IMS for at least 5 yearsflatehare
fitted with a curve using the hyperbolic tangent function proposed by Jas$Rladt (1976)
and shows that thé’f, or maximum photosynthetic rate normalized for €hl
concentration (designated PB on figure), for Cyl L is reached at a lagvance of about 200
uEinsteins rif s™.
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Figure4: A) A satellite (Google Earth) image of eastern North Carolina, showirkgethe
locations for reference of Chapel Hill, NC, Morehead City, NC, and VirginialBa&&.
The red box denotes the location of Currituck Sound, north of the Albemarle-Pamlico

estuarine system.
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Figure 4 (continued):B) A zoomed-in view (from the red box Bf GURE 4A) of Currituck
Sound, with Corolla, NC, one of the northern-most towns of North Carolina’s outer banks as
a reference point.
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Figure5: The Currituck Banks reserve that served at the main study site fordjgstpr
The reserve encompasses 950 acres and is located between the town of Eomatid,the

Virginia border (map reproduced courtesy of NC NERRS).
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Figure 6: Map of eastern North Carolina showing the relationship between the bioassay
collection site in Currituck Sound, located near Corolla, NC, and location where the
bioassays were conducted, the University of North Carolina — Chapel Hilitsiieof

Marine Sciences (UNC-IMS), in Morehead City, NC.

) Corolla, North Carolina

/_arlne Sciences, Morehead City, NC
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Figure7: A) A satellite image (Google Earth) showing all the water cbbe sites

throughout North Carolina used for this project. These numbered sites correspond to those
listed INnTABLE 1. The sites within the red box are shown in the zoomed-in image in
FIGURE 7B.
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Figure 7 (continued): B) The water collection sites within Currituck Sound throughout the
course of this study. The numbered sites correspond to those liStaBLrE 1.
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Figure8: Examples of the phytoplankton community from collection site 1, in Currituck
Sound, NC, but outside the NERRS Currituck Banks res@&wvAnabaenopsispp. B)
Anabaenaspp. andC. raciborskii C) C. raciborskii(wavy morphology)D) C. raciborskii
(straight morphology). Photographs by Melissa Leonard.
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Figure9: Examples of the phytoplankton community from collection site 2, within NERRS
Currituck Banks reservé) Anabaenopsispp. B) Anabaenapp. C) C. raciborskii(wavy
morphology) D) C. raciborskii(straight morphology). Photographs by Melissa Leonard.
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Figure 10: The results from the PCR assay of the cyaifid-gene, used to determine the
presence or absence of-fiking cyanobacteria. The dark bands at 324 base pairs (bp) for
collection sites 1, 2, 3 and 6 confirmed the presence-fikMg cyanobacteria at these sites,
as previously shown by the microscopic analysis. There were also faint basitissfdrand

5 despite the absence of visible-fiking cyanobacteria in these samples.
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Figure11: The results from the PCR assay of the more specific cylimdélrogene, used to
determine the presence or absenc€.afciborskii The bands at 224 bp are clearly visible

for sites 1, 2, and 6, a faintly visible for site 3, and absent for sites 4 and 5 cdrtfiene
results from the microscopic analysis.
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Figure 12: The results of the PCR assays targeting three main genes in thayptiloreate
CYN. These three genes, when present in one sample, establish that that saaipkeC:ont
raciborskii capable of producing CYN. In this case, sites 1, 2, 3, and 6 are positive for all
three genes, establishing that Gieraciborskiiat these sites are capable of producing CYN.

A) The results from the PCR assaygf which, like the cylindraiifH gene, is specific for
C. raciborskii Sites 1, 2, 3, and 6 have bands at 308 bp.
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Figure 12 (continued): B) The results from the PCR assayp&s,which codes for a
necessary protein in CYN synthesis. Sites 1, 2, 3, and 6 have bands at 597 bp.
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Figure 12 (continued): C) The results from the PCR assaypsfwhich codes for a
necessary protein in CYN synthesis. Sites 1, 2, 3, and 6 have bands at 422 bp.
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68

Figure 13: A phylogenetic tree based uponbhsequences of the. raciborskiistrains. These samples include Currituck Sound
samples NC 1, 2, 3, 5, and 6 (corresponding to sitEsGURE 7 andTABLE 1), cultures ofC. raciborskiiisolated from Florida
(Cyl D, Cyl F, and Cyl L), and randomly selected samples locations throughout StRieéing-L (SJR 1-4). A culture é&nabaena
aphanizomenoidesas used as an out-group. The legend indicates the length of 0.1 substitutions per sitilartg between the
Florida and the North Carolina strains is apparent.
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Figure 14. Chla concentrations, used as a proxy for biomass, for the filtered treatments of
the June 2007 bioassay. Site 1 is located outside the Currituck Banks reserve and Site 2 is
within the reserveRl GURE 7B). The index shows the different time pointg, (T2, T4, T,

and Tg) of subsampling during the bioassay. The nutrient treatments are Z8 Média (

control C), nitrate addedN), phosphate adde®), and nitrate and phosphate addsdR®).
Nitrogen limitation of biomass is indicated by increasedadncentration in the treatments
with nitrogen added.
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Figure 15: Acetylene reduction rates, used as a proxy for nitrogen fixation, fhftéred
treatments of the June 2007 bioassay. The highest acetylene reduction ratesl act¢he
Z8 media, which has no bioavailable nitrogen, while the Currituck Sound watergrggatm
all had low fixation throughout the bioassay.

Site 1 - Filtered

200 ¢

— 1000
=

m

5 a0 b

= I 0
< BO0}

= I T
£ I T
= 400t R
cE I -
[k}

| O

o

=

o

[}

=T

a
1 2 3 4 5

Mutrient Treatment (1=M, 2=C, 3=N, 4=F, 5=N+F)

Site 2 - Filtered

200 ¢

= 1000
=

m

5 a00 |

-t

o [ R
< BO0¢ I T
E I T
= 400t R
i [ BE
[k}

| O

o

=

o

[}

=T

a
1 2 3 4 5

Mutrient Treatment (1=M, 2=C, 3=N, 4=F,k 5=N+F)

91



Figure 16: Primary production for the filtered treatments of the June 2007 bioassay.
Nitrogen limitation of production is indicated by increased primary productios iratbe
treatments with nitrogen added.
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Figure 17: Chla concentrations, used as a proxy@maciborskiibiomass, for the filtered treatment of the September 2007
bioassay. Only one sampling site was used, located within the reSee/& £I GURE 7B). The index shows the different time
points (To, T2, T4, Te, and &) of subsampling during the bioassay. The nutrient treatmenk$,afeN, ammonium addedy), P,

N+P, ammonium and phosphate addad®), nitrate and ammonium added+A), and nitrate, ammonium, and phosphate added
(N+A+P). Unlike the June 2007 bioassay, here the a@dedciborskiiadded did better iM than the Currituck Sound water
treatments. Nitrogen limitation of biomass is indicated by increased €ricentration in the treatments with nitrogen added.
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Figure 18: Primary production rates for the filtered treatment of the September 2088dyod1ere the add€l raciborskiiadded
initially did better inM than the Currituck Sound water treatments, but recovered in these treatmentshewadidf the
experiment, especially in the treatments with nitrogen added, indicatingemtliogtation.
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Figure 19: Chla concentrations, used as a proxy@maciborskiibiomass, for the filtered treatment of the June 2008 bioassay.
Only one sampling site was used, located within the res8rne25, FIGURE 7B). The index shows the different time points, (T

T,, Ta, Ts, and &) of subsampling during the bioassay. The nutrient treatmenk$,a28 media with added nitratt(N), C, N, A, P,
N+P, A+P, N+A, andN+A+P. Initially, the addedC. raciborskiiadded did better in the media treatments than the Currituck Sound
water treatments, but recovered in these treatments by the end of the expespemially in the treatments with nitrogen added,
indicating nitrogen limitation.
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Figure 20: Chla concentrations, used as a proxy@maciborskiibiomass, for the filtered treatment of the September 2008
bioassay. Only one sampling site was used, located within the reSee/26( FIGURE 7B). The index shows the different time
points (To, T2, T4, Te, and ) of subsampling during the bioassay. The nutrient treatmenk$,avieN, C, N, A, P, N+P, A+P, N+A,
andN+A+P. The added. raciborskiiadded did better in the media treatments than the Currituck Sound water tredtroegtsout
the bioassay, though the nitrogen treatments did have higher biomass tharirttentseaithout added nitrogen. Overall, biomass
was very low throughout, suggesting salinity stress.
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Figure21: Growth rates for the filtered treatments of all 4 bioassays, showing thatgras lowest in Fall 2008, when salinity
stress was at its greatest (8.4 pSABLE 2).
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Figure 22: Primary production rates for the filtered treatment of the June 2008 bioassdyct®n rates were low throughout the
bioassay across all treatments. The results suggest that production ioabsapimay have been limited not by nitrogen but by
ammonium, as ammonium additions triggered a stronger response than nitrate additicneased production. This is shown by the
higher production rates in ti#g A+P, N+A, andN+A+P treatments.
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Figure 23: Primary production rates for the filtered treatment of the September 2268&&y. Production rates were low throughout
the bioassay across all treatments, with the media treatments doingHaettére Currituck Sound water treatments, suggesting
salinity stress. Like the June 2008 production results, these results suggesidiinetiqr in Currituck Sound may have been limited
not by nitrogen but by ammonium, as ammonium additions triggered a stronger reBpans&ate additions in increased

production.
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Figure24: Chla concentrations, used as a proxy for biomass, for the unfiltered treatments
of the June 2007 bioassay. Site 1 is located outside the Currituck Banks reserve ansl Sit
within the reserveRl GURE 7B). The index shows the different time pointg, (T2, T4, T,

and Tg) of subsampling during the bioassay. The nutrient treatments are c@)inoitate
added ), phosphate adde@), and nitrate and phosphate adddét). Biomass is initially
limited by nitrogen, but becomes phosphorus limited by the end of the bioassay.
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Figure 25: Primary production for the unfiltered treatments of the June 2007 bioassay.
Nitrogen limitation of production in the first two subsampling points is indicated by
increased primary production rates in the treatments with nitrogen addeevraéier
production becomes phosphorus limited.
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Figure 26: C. raciborskiiflament counts for dfor the unfiltered treatments of the June
2007 bioassayC. raciborskiiwas the most competitive in the nitrate added treatments,
shown by the higi€. raciborskiiabundance.
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Figure 27: C. raciborskiifilament counts for g for the unfiltered treatments of the
September 2007 bioassa§. raciborskiiwas the most competitive in the nitrogen added
treatments, shown by the high raciborskiiabundances in these treatments.
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Figure 28: C. raciborskiifilament counts for gfor the unfiltered treatments of the June
2008 bioassayC. raciborskiiwas the most competitive in the nitrogen added treatments,
shown by the higI€. raciborskiiabundances in these treatments.
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Figure29: C. raciborskiifilament counts for g for the unfiltered treatments of the
September 2008 bioassa§. raciborskiiwas the most competitive in the nitrogen added
treatments, shown by the high raciborskiiabundances in these treatments.
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Figure 30: C. raciborskiifilament counts for gfor the unfiltered treatments of all 4
bioassays. The comparison betweenGheaciborskiiabundances in the 2007 bioassays and
the 2008 show the effect of increased salinityComaciborskils ability to survive and grow.
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Figure 31: Chla concentrations for 1f of the salinity experiment. The results indicate that
C. raciborskiibiomass is significantly limited by salinity and that nitrogen increises
ability to recover from salinity stress.
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APPENDIX C: Tables

Table1l: A summary of the water collection sites throughout North Carolina utilizdwisin t
study to determine how widespre@draciborskiicurrently is in the state. The site numbers
correspond to the map FHGURE 7.

Site # Site L ocation Latitude/Longitude | Date Collected | Salinity
1 Currituck Sound, N 36.37283° 6/22/07 0 psu
outside reserve W 75.83529°
2 Currituck Banks, N 36.39212° 6/22/07 0 psu
at duck blind W 75.85087°
3 Currituck Banks, front N 36.39545° 6/22/07 0 psu
of marsh W 75.84138°
4 Currituck Banks, N 36.39010° 6/22/07 0 psu
behind marsh W 75.83477°
5 Currituck Banks, front N 36.39473° 6/22/07 0 psu
of forest W 75.83854°
6 Currituck Banks, N 36.39212° 9/14/07 4.7 psuy
at duck blind W 75.85087°
7 Pamlico River, N 35.54095° 5/31/08 0 psu
at Washington, NC W 77.06342°
8 Roanoke River, N 35.85981° 5/31/08 0 psu
at Williamston, NC W 77.04091°
9 Chowan River, N 36.05458° 5/31/08 0 psu
at Edenhouse Bridge W 76.68387°
10 Edenton Bay, N 36.05755° 5/31/08 0 psu
at Edenton, NC W 76.61228°
11 Perquimans River, N 36.18554° 5/31/08 4 psu
at Hertford, NC W 76.46536°
12 Little River, N 36.22033° 5/31/08 4 psu
at Nixontown, NC W 76.27652°
13 Pasquotank River, N 36.30029° 5/31/08 4 psu
at Elizabeth City, NC W 76.21805°
14 Conjock Bay, N 36.38747° 5/31/08 5 psu
at Barco, NC W 75.97060°
15 Currituck Sound, N 36.28722° 5/31/08 6 psu
at Poplar Branch, NC W 75.88365°
16 Currituck Banks, N 36.39002° 5/31/08 4 psu
behind marsh W 75.83647°
17 Kitty Hawk Bay, N 36.06453° 5/31/08 9 psu
at Kitty Hawk, NC W 75.72331°
18 Roanoke Sound, N 35.89433° 5/31/08 15 psu
at Roanoke Island W 75.63760°
19 Croatan Sound, N 35.92626° 5/31/08 13 psu
at Roanoke Island W 75.72263°
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20 East Lake, N 35.92826° 5/31/08 1 psu
at Marshes, NC W 75.81487°
21 Alligator River, N 35.89732° 5/31/08 12 psu
at East Lake Landing W 75.97051°
22 Scuppernong River, N 35.91528° 5/31/08 3 psu
at Columbia, NC W 76.25456°
23 Cashie River, N 35.99297° 6/1/08 0 psu
at Windsor, NC W 76.94241°
24 Lake Phelps, N 35.78972° 5/31/08 0 psu
at Pettigrew State Park W 76.41141°
25 Currituck Banks, N 36.38718° 6/20/08 7.4 psuy
at duck blind W 75.84788°
26 Currituck Banks, N 36.38699° 9/12/08 8.4 psu
at duck blind W 75.84828°
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Table2: The changes in the salinity regime at the main Currituck Banks sampéing si
utilized in all 4 bioassays, throughout the course of the study period.

Date Sampled Experiment Salinity
6/22/07 Bioassay 1 0.0 psu
9/14/07 Bioassay 2 4.7 psu
6/20/08 Bioassay 3 7.4 psu
9/12/08 Bioassay 4 8.4 psu
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Table 3: The initial chlorophylla concentrations, before filtering or aBy raciborskii
additions, of the sites used in the bioassays.

Date Sampled Site Experiment Chlorophyll a
Concentration
(ng/L)
6/22/07 1 Bioassay 1 17.8
6/22/07 2 Bioassay 1 14.5
9/14/07 2 Bioassay 2 43.5
6/20/08 2 Bioassay 3 17.0
9/12/08 2 Bioassay 4 22.3
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Table4: Chlorophylla concentrations for jlfor the filtered treatments for both sampling
sites of Bioassay 1, performed in June 2007. The results indicat taaiborskiibiomass,
as indicated by CH, is limited by nitrogen at both sites. The P value for nitrogen additions

across both sites was 0.0071.

A) Site 1
Treatment Chlorophyll a Concentration SD
(ng/L)
Media 0.12 0.07
Control 2.46 0.12
Nitrate 29.7 1.2
Phosphate 2.67 0.25
Nitrate + Phosphate 28.1 3.2
B) Site 2
Treatment Chlorophyll a Concentration SD
(ng/L)
Media 0.12 0.07
Control 1.97 0.14
Nitrate 9.69 1.00
Phosphate 2.24 0.30
Nitrate + Phosphate 14.8 1.60
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Table5: Growth rates, calculated using the formula suggested by Slater 1988, for the
filtered treatments for both sampling sites of Bioassay 1, performed ir200ie The
results indicate thak. raciborskiigrowth is limited by nitrogen at both sites. The P value for

nitrogen additions across both sites was 0.0012.

A) Site 1
Treatment Growth Rate (d™) SD
Media -0.13 0.16
Control 0.25 0.06
Nitrate 0.79 0.21
Phosphate 0.26 0.16
Nitrate + Phosphate 0.61 0.26
B) Site 2
Treatment Growth Rate (d™) SD
Media -0.13 0.16
Control 0.29 0.04
Nitrate 1.03 0.10
Phosphate 0.21 0.12
Nitrate + Phosphate 0.98 0.05
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Table6: Primary production rates for,Tor the filtered treatments for both sampling sites of
Bioassay 1, performed in June 2007. The results indicat€thatiborskiiproduction is
limited by nitrogen at both sites. The P value for nitrogen additions acrosstesttvas

0.0348.

A) Site 1
Treatment 2C Assimilated (mg C m~ h™) SD
Media 0.02 0.18
Control 34.3 16.7
Nitrate 542 209
Phosphate 38.9 12.7
Nitrate + Phosphate 406.4 251
B) Site 2
Treatment 2C Assimilated (mg C m~ h™) SD
Media 0.02 0.18
Control 11.4 7.09
Nitrate 84.9 194
Phosphate 16.0 2.40
Nitrate + Phosphate 124 42.4
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Table 7. Chlorophylla concentrations for glfor the filtered treatment of Bioassay 2,
performed in September 2007. The results indicateheiciborskiihad a higher biomass
in the Z8 media, and that in the Currituck Sound w&eraciborskiibiomass, as indicated
by Chla, is limited by nitrogen (The P value for nitrogen additions was 0.0458).

Treatment Chlorophyll a SD
Concentration (ug/L)

Media 78.7 25.5

Control 2.35 0.54
Nitrate 33.0 12.3
Ammonium 18.7 5.18

Phosphate 1.48 0.43

Nitrate + Phosphate 11.9 3.25
Ammonium + Phosphate 10.8 2.79
Nitrate + Ammonium 22.3 6.59
Nitrate + Ammonium + Phosphate 22.8 6.67
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Table8: Primary production rates forgTor the filtered treatment of Bioassay 2, performed

in September 2007C. raciborskiiproduction was limited by nitrogen and, to a certain

extent, by phosphorus as well. Though production rates were lower in the Currituck Sound
water treatments that the media treatment earlier in the biodd<ayRE 18), by Tg

production is highest in the nitrogen treatments (P value for nitrate additions was 0.0213, P
value for ammonium additions was 0.0066).

Treatment °C Assimilated SD
(mgC m3h?)

Media 66.8 47.3

Control 8.45 3.62
Nitrate 101 52.1
Ammonium 108 53.0

Phosphate 7.31 5.94

Nitrate + Phosphate 24.4 13.9
Ammonium + Phosphate 66.4 19.6
Nitrate + Ammonium 152 42.1
Nitrate + Ammonium + Phosphate 154 75.0
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Table 9: Chlorophylla concentrations for glfor the filtered treatment of Bioassay 3 (A) and
4 (B), performed in June and September 2008.

A) In June 2008, thougB. raciborskiibiomass was lower in the Currituck Sound water
treatments than the media treatment earlier in the bioaSEaYRE 19), by Ts the
addedC. raciborskiihad recovered and Calconcentration was highest in the
nitrogen treatments, but this was not statistically significant.

Treatment Chlorophyll a SD
Concentration (ng/L)
Media 12.7 8.75
Media + Nitrate 14.1 2.95
Control 3.64 0.74
Nitrate 42.7 3.96
Ammonium 40.8 6.06
Phosphate 5.36 1.68
Nitrate + Phosphate 42.2 2.60
Ammonium + Phosphate 49.9 6.10
Nitrate + Ammonium 35.0 6.37
Nitrate + Ammonium + Phosphate 43.2 17.3
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Table 9 (continued): B) In September 200&;,. raciborskiibiomass was highest in the media
treatments throughout the course of the bioadsH3URE 20). In the Currituck Sound
water treatments, Clalwas very low throughout, not even reachingi@0. in any of the
treatments by & The ammonium treatments did have higher biomass than the treatments

without added ammonium (P value 0.0058).

Treatment Chlorophyll a SD
Concentration (ng/L)
Media 49.5 11.8
Media + Nitrate 40.9 30.2
Control 1.83 0.38
Nitrate 4.85 0.41
Ammonium 16.1 2.74
Phosphate 1.22 0.27
Nitrate + Phosphate 8.19 0.73
Ammonium + Phosphate 15.8 2.79
Nitrate + Ammonium 13.6 3.55
Nitrate + Ammonium + Phosphate 13.6 5.76
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Table10: Growth rates for the filtered treatment of Bioassay 3 (A) and 4 (B), psgtbin
June and September 2008.

A) In June 2008, growth rates in general were very low. These results show that the
nitrogen treatments, with the exception of A +P treatment, appeared to have

higher growth rates than both the media treatments and the treatments with no
nitrogen added, but this was not statistically significant.

Treatment Growth Rate (d) SD

Media 0.16 0.07

Media + Nitrate 0.28 0.02

Control 0.75 0.07

Nitrate 0.90 0.08

Ammonium 0.87 0.07
Phosphate 0.57 0.11
Nitrate + Phosphate 0.89 0.06
Ammonium + Phosphate 0.88 0.02

Nitrate + Ammonium 0.93 0.10
Nitrate + Ammonium + Phosphate 0.70 0.07
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Table 10 (continued): B) In September 2008, growth rates were the lowest of all 4 bioassay,
indicating significant salinity stress in water, which was 8.4 p&wreal nutrient limitation
was indicated by these results. Three treatm@&sB, N+A, andN+A+P, were slightly

higher than the other treatments, but this was not statistically signifitageneral, GR was
very low.

Treatment Growth Rate (d™) SD
Media 0.11 0.02
Media + Nitrate 0.02 0.19
Control 0.35 0.03
Nitrate 0.39 0.08
Ammonium 0.38 0.02
Phosphate 0.03 0.09
Nitrate + Phosphate 0.29 0.08
Ammonium + Phosphate 0.53 0.10
Nitrate + Ammonium 0.47 0.08
Nitrate + Ammonium + Phosphate 0.41 0.06
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Table 11: Primary production rates forsTor the filtered treatment of Bioassay 3 (A) and 4
(B), performed in June and September 2008.

A) In June 2008, there was a response in primary production rates to ammonium
additions (P value 0.0437), suggesting that nitrogen is limiting, but that the energetic
cost of reducing nitrate to ammonium may be too gredt feaciborskiiwhen

already stressed by high salinity (7.4 psu).

Treatment 2C Assimilated SD
(mgC m3h?
Media 39.5 20.0
Media + Nitrate 37.4 7.13
Control 60.7 6.27
Nitrate 225 77.9
Ammonium 1040 92.4
Phosphate 23.6 3.19
Nitrate + Phosphate 242 159
Ammonium + Phosphate 1270 210
Nitrate + Ammonium 490 35.0
Nitrate + Ammonium + Phosphate 424 131
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Table 11 (continued): B) In September 2008, primary production rates were very low
throughout the course of the bioassay. As in June 2008, there was a response in primary
production rates to ammonium additions (P value 0.0062), again suggesting that nitrogen i
limiting, but when already faced with high salinity conditions (8.4 psu), the eineopst of
reducing nitrate would be too great, resulting in a strong preference for annmoni

Treatment °C Assimilated SD
(mgC m3h?)
Media 80.6 20.5
Media + Nitrate 75.3 64.0
Control 6.09 0.98
Nitrate 10.5 4.25
Ammonium 79.7 7.48
Phosphate 5.20 0.76
Nitrate + Phosphate 28.1 2.45
Ammonium + Phosphate 78.7 184
Nitrate + Ammonium 64.4 8.11
Nitrate + Ammonium + Phosphate 50.0 0.37
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Table 12: Chlorophylla concentrations for jIfor the unfiltered treatments for both

sampling sites of Bioassay 1, performed in June 2007. The results indic&te that

raciborskii biomass, as indicated by Ghhlwas limited by nitrogen at both sites at this time
point, although phosphorus becomes limiting later in the bioassay. The P value for nitrogen
additions across both sites was 0.002.

A) Site 1
Treatment Chlorophyll a Concentration SD
(ng/L)
Control 33.7 1.23
Nitrate 42.2 2.63
Phosphate 37.0 3.49
Nitrate + Phosphate 44.8 2.58
B) Site 2
Treatment Chlorophyll a Concentration SD
(ng/L)
Control 23.7 2.48
Nitrate 35.1 2.52
Phosphate 23.2 6.49
Nitrate + Phosphate 32.5 4.34
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Table 13: Primary production rates for, Tor the unfiltered treatments for both sampling
sites of Bioassay 1, performed in June 2007. The results indica@. tfaatiborskii
production was limited by nitrogen at both sites at this time point, although phosphorus
becomes limiting later in the bioassay. The P value for nitrogen additimss doth sites

was 0.0031.

A) Site 1
Treatment 2C Assimilated SD
(mgC m3h?)
Control 343 194
Nitrate 502 67.0
Phosphate 354 59.3
Nitrate + Phosphate 495 31.4
B) Site 2
Treatment 2C Assimilated SD
(mgC m3h?)
Control 201 13.5
Nitrate 303 13.7
Phosphate 168 40.3
Nitrate + Phosphate 250 32.3
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Table 14: C. raciborskiicounts for § for the unfiltered treatments for both sampling sites of
Bioassay 1, performed in June 2007. The results indicat€tlatiborskiiabundance is
highest in the nitrate treatment, making it most competitive in this treatment

A) Site 1
Treatment C. raciborskiiConcentration SD
(filaments/mL)
To 910 200
Tg Control 470 150
Tg Nitrate 1700 340
Tg Phosphate 301 170
Tg Nitrate + Phosphate 790 240
B) Site 2
Treatment C. raciborskiiConcentration SD
(filaments/mL)
To 1090 260
Tg Control 680 190
Tg Nitrate 1400 301
Tg Phosphate 720 180
Tg Nitrate + Phosphate 510 150
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Table 15: C. raciborskiicounts for F for the unfiltered treatments for Bioassay 2,
performed in September 2007. The results indicatehegciborskiiabundance is highest

in the nitrogen added treatments. No nutrient additions and phosphorus additions favored
other members of the phytoplankton community.

Treatment C. raciborskii SD
Concentration
(filaments/mL)
To 1500 250
Tg Cyl Control 1200 204
Tg Control 1600 130
Tg Nitrate 2300 260
Tg Ammonium 2000 120
Tg Phosphate 1500 120
Tg Nitrate + Phosphate 1500 120
Tg Ammonium + Phosphate 1200 150
Tg Nitrate + Ammonium 2500 100
Tg Nitrate + Ammonium + 1100 120
Phosphate
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Table 16: C. raciborskiicounts for § for the unfiltered treatments for Bioassay 3,
performed in June 2008. The results indicate Ghatciborskiiabundance is highest in the

nitrogen added treatments. No nutrient additions and phosphorus additions favored other
members of the phytoplankton community.

Treatment C. raciborskii SD
Concentration
(filaments/mL)
To 0.0 0.0
Tg Cyl Control 0.0 0.0
Tg Control 62 48
Tg Nitrate 330 82
Tg Ammonium 310 180
Tg Phosphate 42 48
Tg Nitrate + Phosphate 540 150
Tg Ammonium + Phosphate 590 150
Tg Nitrate + Ammonium 820 150
Tg Nitrate + Ammonium + 310 100
Phosphate
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Table 17: C. raciborskiicounts for § for the unfiltered treatments for Bioassay 4,
performed in September 2008. The results indicatehegciborskiiabundance is highest

in the nitrogen added treatments. No nutrient additions and phosphorus additions favored
other members of the phytoplankton community.

Treatment C. raciborskii SD
Concentration
(filaments/mL)
To 0.0 0.0
Tg Cyl Control 0.0 0.0
Tg Control 73 61
Tg Nitrate 300 190
Tg Ammonium 340 150
Tg Phosphate 47 29
Tg Nitrate + Phosphate 560 120
Tg Ammonium + Phosphate 620 88
Tg Nitrate + Ammonium 860 210
Tg Nitrate + Ammonium + 330 120
Phosphate
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Table 18: Chla concentration for 1 of the salinity experiment, performed in July 2008.
The results indicate th&t. raciborskiibiomass is significantly limited by salinity and that
nitrogen increases its ability to recover from salinity stress.

Treatment Chl a Concentration (ug/L) SD
0 psu Control 703.7 43.1
0 psu + Nitrate 992 120.0
3 psu Control 100.0 36.2
3 psu + Nitrate 279 75.4
6 psu Control 1.02 0.55
6 psu +Nitrate 1.13 0.65
9 psu Control 0.35 0.14
9 psu + Nitrate 0.61 0.88
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