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Abstract 
 
 
 Based on a previous WRRI funded project (WRRI # 50337) done in conjunction with the 
North Carolina Department of Environment and Natural Resources, Water Quality Division 
(Wilmington), no less than 18 toxic or potentially toxic species were discovered over a 2 year 
sampling period form the New River estuary, North Carolina.  The frequency of blooms, species  
identified and locations within the estuary were used to design a study involving a series of 
nutrient bioassays and HPLC pigment compositional analysis.  Over a 7 month period (March 
through September, 2003) surface water samples  (within the upper 1 meter) from Wilson Bay 
were collected, analyzed for nutrient content, salinity, species composition and Chlorophyll a 
content.  Aliquots of these samples were placed into 60 mL culture tubes in replicates of 4 and 
amended by the addition of single nutrients (nitrate, ammonia and urea) to which phosphorus, 
trace metals and vitamins were also added.  Each of these treatments were accompanied by 
another series called “bioassays by exclusion” where all nutrients minus one was added to 4 
replicate tubes.  These treatments included all (vitamins, trace metals), minus nitrate, minus 
phosphate and minus silicate.  All the treatments were incubated and assayed for growth at the 
same time.  Growth of phytoplankton within these tubes was monitored twice a day by 
measuring in vivo fluorescence and all treatments were compared to a replete control containing 
all nutrients and a second unenriched control consisting simply of sample water with no 
additions.  All treatments were incubated in a constant temperature water bath at temperatures 
nearest the ambient temperature taken at the time of sampling and illuminated by cool white light 
giving a 12:12 hour LD cycle.  Similar samples for July – Dec. 2004 were analyzed using HPLC 
to give an understanding of the accessory pigment signatures analyses as well as the composition 
of the populations from Wilson Bay.  The nutrient bioassay studies showed that nitrogen was 
limiting phytoplankton growth in Wilson Bay and despite recent abatement of permitted sewage 
effluent, nitrate and more importantly urea sustain blooms of the indigenous species.  
Phosphorus was found limiting only once.  The HPLC pigment composition, while informative, 
could not accurately predict the species response.  
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Introduction 

 
 
 Blooms of toxic or noxious phytoplankton, often referred to harmful algal blooms (HAB) 
appear to be increasing in frequency and duration in coastal areas throughout the world (Smayda, 
1997a; Hallagraeff, 1993).  Approximately 7% of all phytoplankton species considered harmful 
form episodic or transient blooms.  These species become permanent by virtue of resting stages 
or cysts.  The presence of these cells or their toxins can reduce competition by predators, inhibit 
the growth of non-harmful species (Smayda, 1997b) and result in threats to human health 
through direct contact with the bloom waters or ingestion of seafood exposed to them.  
 Approximately 60% of the world’s population lives within a few miles from the coast.  
This demographic drives increased pollution with associated eutrophication in coastal waters and 
presumably the rise in frequency and intensity of phytoplankton blooms.  Tolo Harbor (Hong 
Kong) is a good example where increased populations accompanied the rapid increase in “red 
tides” (Lam and Ho, 1989).  In addition, the stressors posed by increased population densities, 
mixing phenomena of the water bodies influencing the residence time in bays and estuaries as 
well as wind and tidal dispersion along with predation can affect the intensity of algal blooms.  
The one obvious factor influencing the inception and support of these blooms is the requisite 
availability of nutrients (Ault et al., 2000).  
 The New River Estuary and watershed (Fig. 1) is located midway on Onslow Bay 
between Cape Lookout and Cape Fear.  The total watershed area is estimated to be 462 square 
miles of which 9% is coastal plains estuary.  There are 223 stream miles feeding the estuary and 
15 miles of Atlantic coastline where the estuary discharges through a narrow opening known as 
the New River inlet.  The New River is a blackwater river influenced by cypress gum swamps, 
domed pine Pocosin habitat, forested wetlands, cultivated cropland, pasturelands and 
urban/suburban areas within the watershed. The City of Jacksonville, whose population was 
estimated in 2000 to be 116,000 inhabitants and Camp Lejeune Military Reserve are major large 
features of the watershed.  Until 1998, the city of Jacksonville released permitted treated waste 
water into Wilson Bay.  The USMC base Camp Lejeune, presently is permitted to discharge 
tertiary treated effluent into the mid river region near French’s Creek.  In addition to these inputs, 
registered animal operations in the watershed are the highest of any contiguous watershed with 
notably over 38 swine facilities summering over 150,000 head and poultry facilities of 
approximately 1 million birds.  Both activities are estimated to have an impact equivalent to a 
human population of 900,000.  The animal operations generate solid and liquid waste which is 
normally stored in anaerobic lagoons in both liquid and solid phases and ultimately applied on 
land within the watershed. 

  



 
Figure 1.  New River Estuary and Wilson Bay (expanded view), the study site. 

 
 North Carolina’s Department of the Environment and Natural Resources, Water Quality 
Division (NCDWQ) has maintained an active monitoring program at 6 – 12 sites within the New 
River (see Tomas, WRRI Final Report 03).  In the previous study funded by NC WRRI (project 
#  50337) monthly samples taken simultaneously with the NC DWQ over a 2 year period 
demonstrated the presence of no less than 18 toxic or potentially toxic phytoplankton bloom 
species.  There was no month during the study when at least one toxic species was not present at 
any of the 12 stations and the most active period for blooms began with the warmer months of 
Spring (May) and lasted through Fall (September/ October) when surface water temperatures 
were still elevated.  In the past, fish-kills reported from the New River (DENR Fish Kill Reports) 
specified mortalities with undefined origins.   The presence of toxic species accompanied by the 
presence of algal biotoxins (Tomas, 2006) including brevetoxins (neurotoxins) and hemolytic 
type toxins.  Among the predominant bloom formers were the species Prorocentrum minimum, 
Scrippsiells trochoidea, Gyrodinium instriatum, Karlodinium micrum (=Gymnodinium 
vinificum), Chattonella subsalsa, C. cf. verruculosa, Heterosigma akashiwo, Fibrocapsa 
japonica, Euglena sanguinea, Prymnesium parvum, Alexandrium spp. and numerous diatoms 
including species of the toxic genus Pseudo-nitzschia (Tomas, WRRI Report 2003).  Many of 
these species first appeared in the upper regions of the New river near Wilson Bay and spread to 
lower reaches of the river with time. 
 Given the dynamics of where bloom species first appeared and where blooms were 
formed and persisted for a period of time, Wilson Bay was considered a critical location in the 
northern river and became the focus of this experimental study.  Historical records of ambient 
nutrients added to the background needed to design nutrient bioassays. 
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Material and Methods 
 

 Natural algal populations were collected and used throughout these experiments from 
Wilson Bay, located at 34° 45’N, 77° 24’W (Fig. 1).  Surface water samples were taken from a 
public dock located at Wilson Bay in a two liter plastic bottle for a total of nine times from 
March through September 2003 (Table 1).  This time period was selected as the one having the 
majority of bloom events from the previous WRRI study. 
    
Table 1. Experimental number, date of collection, ambient temperature and salinity for Wilson 
Bay Bioassay studies. 
Experiment          Dates                       Temperature (°C)           Salinity (PSU) 
______________________________________________________________________________ 
 
1 11-17 Mar 2003 12 10 
2 28 Mar-3 Apr 19 3 
3 22-28 Apr 2003 22 4 
4 7-13 May 2003 26 4 
5 13-19 Jun 2003 28 1 
6 15-21 Jul 2003 29 0 
7 29 Jul-4 Aug 2003 29 0 
8 27 Aug-2 Sept 2003 31 0 
9 16-22 Sept 2003 26 6 
______________________________________________________________________________  
 
 Temperature was taken at the time of collection using a mercury thermometer and 
salinity measured with a hand held refractometer previously calibrated against standard seawaer.  
All samples were processed at the Tomas lab located at the University of North Carolina 
Wilmington’s Center for Marine Science.  The samples were prescreened through a 120 µm 
nitex mesh net to remove large phytoplankton grazers and detritus. 
 Aliquots of 40 mL of the net-screened sample water were placed into thirty two 60 mL 
Pyrex screw cap culture tubes to which specific nutrients were added for the bioassys (Table 2).  
 In addition, 250 mL aliquot of each sample was filtered through a rinsed 45 mm nucleopore 
filter (pore size 0.22 µm) and placed in plastic bottles and frozen at -20° C for subsequent 
nutrient analyses.  Sample water taken from the beginning and end of each experiment was 
filtered through a 25 mm GF/F Whatman filter under reduced light and frozen filters for 
subsequent Chl a analyses.  Forty mL aliquots of the net screened water was also taken from the 
beginning and end of the bioassay experiments and preserved in 2% Lugol’s solution for 
determining abundance and species composition.  
Table 2.  Nutrient additions (as µM/L) to natural populations from Wilson Bay for each 40 mL 
aliquot of the bioassay experiment 
     Treatment 
 _____________  Addition ____________                  _______ Deletion  ________ 
 
Added      Nitrate Ammonium       Urea     Complete     -N      -P     - Si     Unenriched 
NO3                12                     0                    0              12            0       12      12           0 
NH4            0                     12                   0              12            0       12      12           0 
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Urea            0                      0                    6               6             0        6        6            0  
PO4        4                      4                    4               4             4        0        4            0 
Si       12                    12                  12             12           12      12       0            0 
 
 Two types of bioassays were performed for each of the nine experiments.  These included 
assays by addition and by exclusion with the treatments shown in Table 2 above.  Bioassay tubes 
were incubated in a constant temperature water bath maintained within ± 0.5° C of the ambient 
temperature of the water taken at the time of collection.  Light was supplied by cool white 
fluorescent bulbs at a constant 100 µE/m2/s fluence flux for the duration of a 12:12  hour light 
dark period.  Solutions of sodium nitrate, ammonium chloride and urea were added to replicate 
tubes (n = 4 for each treatment) using an Eppendorf repeat pipetter.  Sodium phosphate, f/2 
vitamins and trace metals (Guillard, 1975) were also added to each tube.  The nitrogen levels 
added were selected to be ecologically realistic.  The assays by exclusion had replicate tubes in 
all nutrients except the one being tested.  An enriched control containing all additions and an 
unenriched control consisting of sample water only with no nutrients added were run with each 
assay. 
 Growth was measured from fluorescence reading using a Turner Designs 10 AU 
fluorometer recorded twice daily at six hour intervals (morning and afternoon) over a 7-day 
experimental period.  These in vivo fluorescence readings were used to determine growth rates of 
the linear portion of the growth curve according to Guillard (1973).  Species composition and 
abundance was determined at the beginning and end of each 7-day experimental period using a 
Nikon Diaphot inverted microscope and Utermöhl settling chambers (Sournia, 1978).  Each 
sample was examined for dominant species and usually identified to genus. 
 Three nutrient analyses were conducted on each sample.  Ammonium analysis, from each 
sample collected, filtered and stored at -20° C were run on thawed samples that were dispensed 
as 2.5 mL aliquots into triplicate precleaned liquid scintillation vials having Teflon caps.  
Reagents as described in Holmes et al. (1999) protocol B were used.  Reagents were added, 
mixed with a vortex mixer and placed in the dark for two hours.  Final reading were made using 
a Turner Designs TD-700 and converted into ammonium concentrations using a predefined 
calibration curve and regression. 
 Nitrate and phosphate from the thawed samples were determined using a Technicon 
Autoanalyzer II and standard methods established for the Nutrient Analysis Laboratory at the 
UNCW Center for Marine Science laboratory. 
 Urea was determined from triplicate twenty-five mL aliquots of the filtered sample that 
was placed into a 25 x 150 mm screw cap Pyrex test tube.  Reagent blanks consisted of 25 mL 
aliquots of reagent grade deionized water.  Standards were made in 100 mL volumetric flasks 
using a primary urea stock made up in reagent grade dionized water.  The 25 mL aliquots for 
each determination had 5.5 g of sodium chloride added  prior to the addition of reagents as 
described by the Koreleff method (Grasshoff et al., 1983).   Samples, salt and reagents were 
incubated at 70° C for 90 minutes prior to reading on a Shimadzu UV-1601 spectrophotometer 
set at 520 nm.  
 Chlorophyll analyses were conducted on samples prescreened to remove zooplankton and 
other detritus which were filtered onto a 25 mm Whatman GF/F glass fiber filter under reduced 
light.  After filtration, each filter was folded and placed in individual 1.8 mL cryogenic vials and 
frozen in liquid nitrogen.  The frozen samples were stored in a freezer at -80° C until analyses 
could be performed.  Upon analysis, frozen filters were individually placed into 15 mL Corning 
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centrifuge tubes along with 10 mL of 90% acetone.  Samples kept cool on ice during processing 
were sonicated with bursts of 20 seconds at 50 Hz and placed in a darkened refrigerator at -4° C 
for one hour.  The tubes were centrifuged for 10 minutes at 3000 rpm and the supernatant from 
each tube was read using a Turner Designs 10 AU fluorometer previously calibrated with a pure 
chlorophyll a standard following the procedure of Jeffrey et al., (1997). 
 Pigment composition by HPLC was determined from methanol extracts of each sample.  
Ten to fifty mL aliquots from each sample were filtered on a Whatmann GF/F filters and 
extracted using 5 ml of absolute methanol.  Methanol extracts were filtered and then injected as a 
300 µL sample into a C8 Suppelco HPLC column of an HP 1100 HPLC following the methods 
of Vidussi 1996.  The HPLC was previously calibrated by injecting known concentrations of the 
following pigments: Chlorophyll a, b, c2, c3, Fucoxanthin, Alloxantin, Anteraxantin, β carotene, 
Canthraxanthin, Diadinoxanthin, Diatoxanthin, Lutein, Peridinin, Prasinoxanthin, Violaxthin and 
Zeaxanthin.  In addition, the two prasinophte pigments 19’ hexanoylfucoxanthin and 19’ 
butanoylfucoxanthin were also used.   
 Observations of living organisms was accomplished by the use of a Nikon Diaphot 
inverted microscope from which 10 ml aliquots from each treatment that was previously 
preserved in Lugol’s iodine and allowed to settle in an Uttermöhl settling chamber.  Composition 
of the populations at the start and ending of the incubation was noted for each bioassay tube 
treatment.  Species identification to the genus level was accomplished using the taxonomic text 
by Tomas (1997). 

Results 
Precipitation and Temperature 
 The pattern as observed for temperature and precipitation (Fig. 2A,B) showed some 
differences for the years 2002-2003.  Temperature for the two years more or less followed the 
same pattern with the maxima occurring in July/August at 26 ° C and declining in winter to 
values below 6.  Slight temperature deviations occurred in the March/April and September/ 
November periods.  Rainfall patterns had marked differences from one year to the next.  In 2002 
peak precipitation occurred in March, June and November while low values (<15 cm) occurred 
for the remainder of the year.  The 2003 pattern had rainfall in excess of 40 cm in July and 
October during a period when blooms normally form.  The impact of the rainfall as seen in Table 
1, clearly shows that salinity for the 9 experimental dates at Wilson Bay never exceeded 10 PSU 
and for 7 of the 9 dates was at or below 4 PSU (Fig. 3).  In this regard, the year of this study was 
very different from that of previous years perhaps reflecting this in the species responses seen.  
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Figure 2A.  Monthly temperature fluctuation for Wilson Bay during 2002 and 2003. 
 
 

 
Figure 2 B.  Monthly rainfall (cm) for Wilson Bay during 2002 and 2003. 
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Figure 3.  Ambient temperatures and salinity values during the 9 bioassay experiments for 
Wilson Bay. 
 
The near mirror images of temperature and salinity for the 9 experiments clearly indicated the 
strong influence of this rainy year.  The previous years when blooms formed were less dramatic.  
The low salinities, particularly for the summer months, heavily influenced the species 
composition as well as the ambient nutrient conditions.  While no attempt was made to correct 
for tidal differences, this area of the New River tends to fluctuate around relative values as seen 
in Fig. 3.  For the most part, the high temperature low salinity environment was one where 
blooms of phytoplankton appeared in the past. 
Nutrients: 
 Historically, the nutrient environment of Wilson Bay clearly indicated the level to which 
the anthropogenic sources influenced nutrient standing stocks (Fig. 4).  Nitrogen, measured as 
nitrate+nitrite and ammonium was chronically elevated through the past decades.  Since the 
abatement of permitted sewage effluent release in 1998, the nitrogen content has been declining.  
Prior to that time, the combined levels of nitrate, nitrite and ammonium commonly exceeded 100 
µM/L with ammonium values often exceeding those of nitrates.  After 1998 and a 3 year 
refractory period, the ammonium levels were strongly reduced but still occurred at the 10 µM/L 
level.  Nitrate, however remains high exceeding ~30 µM/L, frequently throughout the 3 year 
period from 2003-2005.(Fig.4).  Phosphorus continued at elevated levels with mean levels 
nearing 3.0 µM/L but reaching as high as 10 µM/L.  No effect in nitrate was seen after the 
abatement of the sewage release into Wilson Bay. 
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Figure 4.  Historical nutrient data for Wilson Bay, North Carolina.  Data courtesy of NC 
DENR Water Quality archives. 
 

Chlorophyll a level were continuously elevated with values above 10 µg/L for nearly all of the 
period from 2002-2005.  Eutrophic levels well above 20 µg/L occurred for the majority of the 
period mentioned.  It was during the 2002-2004 period when numerous HAB blooms were 
observed.   
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 The nutrient environment of the bioassays reflected a similar pattern from those of the 
historical data (Fig. 5).  Nitrate plus nitrite was by far the most abundant nitrogen moiety in the 
Wilson Bay waters at the time of collection. This pattern persisted throughout the study period 
with ammonium the next most abundant nitrogen source but rarely representing more than 50% 
of the inorganic nitrogen.  Of particular importance was the persistent presence of urea at times  
Figure 5.  Ambient standing stock of nutrients for Wilson Bay, North Carolina during 
      the bioassay studies from March through September 2003.  
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exceeding 3.0 µM/L representing twice that amount in gram atoms of nitrogen.  While not 
commonly reported before, urea was a constant nitrogen substrate in Wilson Bay.  It appears that 
urea has be an overlooked but significant nitrogen source to these coastal waters.  Phosphorus as 
phosphate was present in abundance throughout the study period.  At no times did phosphorus 
appear to be limiting.  A summary of the actual values appears in Table 3.  Nitrate plus nitrite 
values always exceeded ammonia and except for the very last sampling where a bloom occurred 
at 67.8 µg/L Chl a, did the DIN values ever fall below 35 µm/L.  In all but one case (6/13) did 
the N: P ratios indicate phosphate limitation and here it was close to the balanced Redfield ratio 
of 16 (Redfield, 1958).   Although silica was not measured in this study, previous measurements 
(Tomas, unpublished data) indicated that silica would rarely be limiting to diatoms in Wilson 
Bay. 
Table 3.  Ambient nutrient concentrations in Wilson Bay for the period from March through 
September 2003.  Nutrients as N03+N02, NH4, Urea, PO4  (as µM/L), DIN, N:P (atoms) and Chl 
a as µg/L. 
Experiment      Date     NO3+N02       NH4        Urea       PO4     DIN*       N:P         Chl a 
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 1 3/11 36.5 15.6 2.9 0.8 52.1 62.0      7.6 
 2 3/28 35.1 19.8 3.3 2.2 54.9 24.6    19.6 
 3 4/22 18.0             8.2 2.0 0.9 26.2 30.5    39.9 
 4 5/7 26.0 10.7 2.6 1.8 36.7 21.0    23.3 
 5 6/13 27.8             9.3 1.5 2.4 37.1 15.4    57.4 
 6 7/15 50.3 13.6 1.8 1.8 63.9 34.7    30.6 
 7 7/29 49.1             8.3 1.2 1.7 57.4 33.8    31.9 
 8 8/27 27.7             7.8 1.4 1.5 35.5 23.4    34.3 
 9 9/16   4.8             6.0 0.7 0.1 10.3 79.1    67.8 
*DIN = NO2+NO3+NH4 
  

Summarizing this information, Figure 5 and Table 3 clearly shows that nitrate + nitrite 
exceeded all other nitrogen sources for all but one time with ammonium, the next abundant 
nitrogen source rarely exceeded one half that of nitrate + nitrite and that urea and phosphorus 
were present at all samplings. 
 The chlorophyll a biomass (Table 3) clearly indicates a continuation of the trend of  the 
historical data (Fig. 4) noting that values for each sample date clearly indicated the eutrophic 
nature of this site with values rarely less than 70.0 µg/L.  The highest value of 67.8 µg/L 
occurred during the final sampling date when a dinoflagellate bloom occurred.  
 The nutrient bioassay studies indicated that both growth rate and terminal biomass as Chl 
a  (Fig. 6) were strongly influenced by the nutrient addition.   With the exception of experiments 
4, 5 and 7, nutrient additions resulted in greater growth as terminal chlorophyll a with nitrogen 
additions.  Experiment 9, a period of bloom formation, had declining populations throughout the 
nutrient experiments.  In this regard, this sampling was unusual in that the abundant 
phytoplankton bloom appeared to nearly consume all nutrients needed and that either tight 
recycling was needed to sustain that population or that the population was in senescence and not 
requiring nutrients for rapid growth. 
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                   Figure 6.  Terminal Chlorophyll a values expressed as percent of initial values for nutrient 
                   addition bioassay experiments conducted on Wilson Bay, New River, NC, experiments 1-9.  
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                          Figure 7.  Terminal density as Chl a for the nutrient exclusion experiments conducted on  
                          Wilson Bay, New River, NC experiments 1-9. 

 
Ammonium additions gave the next greatest stimulation to growth.  Only in one experiment, number 8, 
did the complete control compare closely to the other nitrogen treatments (Figure 5). 

For the nutrient exclusion experiments, those done in experiments 1, 2 and 4 showed the 
exclusion of nitrogen did not impede the assay for producing a higher chlorophyll a biomass than 
other additions (Figure 6).  Phosphorus appeared to be abundant throughout the experimental 
period giving terminal chlorophyll a values at or above the complete control.  For all but 
experiment 9, the lack of silica did not impede the growth of the populations.  Experiment 9 
again showed a diminished response in relation to the others and was unusual in that it occurred 
at a time when a dinoflagellate bloom dominated Wilson Bay. 

When terminal chlorophyll a was expressed as percent change from the initial, the 
greatest percent change was observed in experiment 1 and 2 where all additions exceeded 400% of the 
initial (Figure 7).  Experiments 3, 6 and 8 were observed with uneven increases between 100 and 200%.  
Experiment 9 was the least responsive of them all.  When comparing the terminal  chlorophyll a density 
of each treatment to the complete control, five of the nine experiments (1, 2, 6, 7, and 9) showed increases 
greater than 100% of the complete control.  Only experiment 8 had less than 50% of the control.  Seven of 
the nine experiments showed values greater than 100% of the complete control for at least one nitrogen 
addition (Figure 7, 8).   
 Growth rates measured under the three different nitrogen treatments showed marked 
effects.  Three typical growth curves for the 7 day experiments are shown in Figures 8-10 where 
the greatest stimulation occurred with the 28 March sample where pronounced growth occurred 
after a short lag phase reaching stationary phase by day 5 (Fig. 8).  An example of moderate 
stimulation by nitrogen was seen in experiment 3 (22 April) where a log phase existed from day 
1.5 to 3.5 reaching stationary phase by day 5 (Fig. 9).  Sample 9 (16 Sept) taken at a time of a 
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phytoplankton bloom, had the least stimulation due to nitrogen addition with no discernable log 
phase and a long, declining stationary phase (Fig. 10).  The bioassay responses were not only 
dependent on the nutrient supplied but also on the biomass exposed to the treatments.   
 The actual maximum growth rate measured as relative fluorescence during log phase was 
calculated for both the nutrient enrichment and nutrient exclusion experiments (Tables 4 and 5). 
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Figure 8.  Growth curves for experiment 2 having nitrogen additions 
exhibiting rapid growth.  A) Nitrate, B) Ammonium, C) Urea. 
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Figure 9.  Growth curves for experiment 3 having nitrogen additions 
exhibiting intermediate growth as compared to experiment 2.  A) Nitrate; 
B) Ammonium; C) Urea. 
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Figure 10. Growth curves for experiment 9 having nitrogen additions exhibiting low or 
no growth as compared to experiment 2.  A) Nitrate; B) Ammonium; C) Urea. 
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All three nitrogen substrates (nitrate, ammonium and urea) were able to support growth of the 
natural Wilson Bay community to exceed 1.0 div/day on the 28 March sample.  Intermediate 
rates of 0.8 to 0.9 were found during July for nitrate and during April – July for ammonium and 
urea.  All growth rates were calculated from regressions data taken during the log phase portion 
of the growth curve.  Except for the last sample (16 Sept) where growth was very low, regression 
coefficients were in the order of 0.92 or greater.  Nitrate additions at  7 May and Ammonia and 
Urea on 16 Sept. have r2 values below 0.88 (Table 4). 
 
Table 4.  Growth rate (k) for log phase nutrient addition bioassays for March through September 2003 for 
Wilson Bay, N.C. 
     Date                Nitrate                        Ammonium                               Urea                      Complete 
                                   k             r2                                   k             r2       k             r2        k             r2  
    11/3 0.59        0.92       0.57         0.96              0.56        0.95       0.47      0.98 
    28/3 1.08        0.95    1.12         0.97     1.12        0.97            1.15      0.97 
    22/4 0.77 0.98 0.83  0.99  0.79        0.99      0.83    0.99 
      7/5 0.70    0.88 1.00        0.96     0.94        0.94   0.99    0.94 
    13/6 0.39       0.96 0.46  0.99  0.43        0.98   0.41    0.98 
    15/7 0.81       0.98    0.98        0.99     0.97        0.99   0.95    0.99 
    29/7 0.38        0.99    0.56        0.99     0.48        0.99            0.55    0.99 
    27/8 0.30        0.99              0.36        0.99     0.18        0.99   0.34    0.99 
    16/9 0.23 0.97    0.30         0.82              0.15     0.84   0.17    0.79 
 
 During the exclusion bioassay experiments, the lack of nitrogen addition was able to 
support growth of 0.87 to 1.0 div/day in samples taken at 28 March and 15 June respectively 
confirming the nitrogen limitation of the natural population for nearly all of the study period.  
Similarly, the lack of phosphorus did not impede growth (~0.84 and 1.14 div/day) on those same  
 
Table 5.  Growth rate (k) for log phase nutrient exclusion bioassays for March through September 2003 
for Wilson Bay, N.C. 
     Date               Minus N               Minus P                             Minus Si                 Unenriched 
                                   k             r2                                   k             r2  k             r2           k             r2  
11/3             0.61        0.99  0.48 0.98  0.55 0.96     0.41   0.95  
28/3   1.00      0.93 1.14 0.98  1.16 0.97      0.63   0.96  
22/4     0.65        0.99  0.65 0.99  0.70 0.99      0.57   0.99  
7/5    0.76      0.98  0.94 0.95  0.94 0.95      0.52  0.95  
13/6       0.25        0.96  0.46 0.99  0.52 0.99      0.36   0.93  
15/7       0.87      0.99  0.84 0.97  0.95 0.99      0.81   0.96  
29/7        0.53        0.97 0.50 0.99  0.55 0.99      0.42   0.99  
27/8       0.39        1.00 0.11 0.97             0.21 0.97      0.73             -----  
16/9           0.05        0.99            0.07      0.99               0.12   0.73        0.60             ----- 
 
days as the minus nitrogen experiment (Table 5).  Silica exclusion limited growth to values <1.0  
div/day for all but one date (28 March) indicating the importance of the diatom component of 
this community and the potential effect of silica limitation at a time when nitrogen and 
phosphorus were abundant.  Except for 15 June, the unenriched control failed to support growth 
above 0.8 div/day for all but one day.  In general, the pattern of the exclusion experiments 
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confirmed the limitation seen in the addition treatments.  Again the sample from 16 September 
having the extensive dinoflagellate bloom was aberrant with no growth occurring in any of the 
exclusion treatments. 
 The species composition of each bioassay was somewhat variable depending on the original 
community and the potential for them to utilize the nutrients added.  For the 11 March experiment (Table 
6) three major freshwater species were observed and grew abundantly with the nitrogen sources.  Both 
Selenastrum and Chlorococcum, highly freshwater tolerant species dominated and grew abundantly even 
with the exclusion of nutrients.  The diatom genus Cyclotella was common for this and again grew in the 
same vigorous proportion as the others.  Of particular interest was the presence of the ciliate grazers of 
the group Tintinnids indicating a strong micrograzing component in the bioassay potentially skewing the 
results towards the larger species not available to them as food.  In any case, this does serve to show the 
tight coupling between these two components (e.g., phytoplankton and micrograzers) for this region and 
the role of the grazers to influence the plankton community. 
 
Table 6.  Abundant species as cells/mL for bioassay addition experiment 1 of Wilson Bay sample taken 
on March 11, 2003. 

Treatments  Selenastrum Cyclotella Chlorococcum Tintinnids 
Initial 754 1491 2094 0 
NO3 14745 15014 18231 0 
NH4 7239 12668 15617 197 
Urea 11931 11461 13204 0 

Complete 7373 13003 18566 219 
- Nitrogen 7440 15014 17429 177 

- Phosphate 4985 14612 17628 175 
- Silicate 8445 15215 18097 151 

Unenriched 7440 11194 15483 172 
 
 
 During the second bioassay (Table 7) of 28 March, the initial community was dominated 
by the dinoflagellate species Heterocapsa that did not respond positively to any of the addition 
or exclusion treatments.  The freshwater tolerant flagellate genera Cryptomonas was abundant 
and remained dominant in each of the bioassay treatments.  Also present was a population of 
small flagellates, difficult to identify and generally >5 µm in size that responded positively to the 
urea and total amendment treatments.  Like the previous bioassay, members of the genus 
Selenastrum grew heavily with all nitrogen sources as did the Euglena species with the complete 
nutrient addition. 
Table 7.  Cell counts (cells/mL) for bioassay experiment 2 of Wilson Bay water taken on March 28, 2003. 
 
 Treatments Heterocapsa Cryptomonas Small Flags.* Selenastrum Euglena 

Initial 1977 1776 0 0 0 
NO3 0 8657 5932 3418 0 
NH4 0 6479 0 3552 0 
Urea 0 0 5898 3586 0 

Complete 0 0 1170 2592 166 
- Nitrogen 0 7574 0 1492 0 

- Phosphate 0 7138 0 778 0 
- Silicate 0 6066 0 2419 0 

Unenriched 0 0 0 935 0 
* Small Flags = small flagellates > 5 µm. 
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 For the experiment of 22 April (Table 8), the initial community was dominated by the 
diatom genus Pseudo-nitzschia and the ciliated protozoan of the group Tintinnids.  Both these 
groups failed to continue in the bioassay experiment such that by the end, the freshwater 
Selenastrum and Scenedesmus species dominated and persisted even in the unenriched control.  
The other green algal taxa Chlorococcum and the diatom Rhizosolenia occurred in lesser 
abundance but responded to the bioassay treatments.  Again, all three forms of nitrogen were 
readily utilizable. 
Table 8.  Cell counts (cells/mL) for bioassay experiment 3 of Wilson Bay water taken on April 22, 2003. 

Treatments  
Pseudo-

nitzia     Tintinnid Selenastrum Scenedesmus Chlorococcum Rhizosolenia 
Initial 169 122 0 0 0 0 
NO3 0 0 3240 2472 880 885 
NH4 0 0 3645 1068 5027 1152 
Urea 0 0 2995 3142 2325 963 

Complete 0 0 3980 3749 670 817 
 Nitrogen 0 0 3205 2199 0 2409 

- Phosphate 0 0 1194 0 4390 0 
- Silicate 0 0 2935 1574 2239 1158 

Unenriched 0 0 1204 886 0 529 
 
 During the 7 May bioassay (Table 9), the initial population was dominated by the diatom 
Pseudo-nitzschia,  and the green alga Chlorococcum.  Also present was a second smaller 
Tindinnid that was absent in the initial but very abundant in the later stages of the experiment as 
was the genus Scenedesmus.  The nutrient response was particularly strong for the ammonium 
and urea additions and less so for nitrate.  The diatom was the only species that persisted in the 
unenriched control. 
Table 9.  Cell counts (cells/mL) for bioassay experiment 4 of Wilson Bay water taken on May 7, 2003. 
 

 Treatments Pseudo-nitzia Chlorococcum
Large 

Tintinnid 
Small 

Tintinnid Scenedesmus 
Initial 691 858 377 0 0 
NO3 1215 3561 0 1634 0 
NH4 3058 4893 1005 1089 2095 
Urea 1047 2367 1697 754 1822 

Complete 1927 1068 1990 964 1759 
- Nitrogen 2199 838 1110 670 1780 

- Phosphate 0 2514 2723 566 3414 
- Silicate 1424 1320 0 481 0 

Unenriched 2283 0 901 607 0 
 
 The initial community for the 13 June experiment was dominated by the diatom Pseudo-
nitzschia and the genus Selenastrum and both species persisted throughout the experimental 
treatments.  In addition to these two phytoplankton species, the diatom Rhizosolenia appeared in 
the nitrogen and phosphorus exclusion experiments.  Surprisingly good growth was observed in 
the unenriched treatment.  Along with the phytoplankton, the ciliated protozoans and small 
flagellate were abundant suggesting that a small component of the phytoplankton community 
may have been consumed during the incubation period of the bioassay.  Again all three nitrogen 
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species were utilized by the phytoplankton.  The particularly strong growth of Selenastrum  in 
the minus silicate treatment may suggest a competitive advantage against the diatoms that 
normally require silica for growth. 
 
Table 10.  Cell counts (cells/mL) for bioassay experiment 5 of Wilson Bay water taken on June 13, 2003. 
 

 Treatment Tintinnid 
Pseudo-

nitzia Scenedesmus Selenastrum 
Small 

Flagella 
Small 

Tintinnid Rhizosolenia 
Initial 0 788 0 439 0 0 0 
NO3 2723 956 0 0 0 0 0 
NH4 0 0 3079 2513 3456 0 0 
Urea 0 1906 1612 0 0 2304 0 

Complete 0 0 1031 0 0 147 0 
- Nitrogen 838 817 0 0 3037 0 3645 

- Phosphate 879 234 4677 2675 0 785 231 
- Silicate 699 986 0 4451 1134 657 0 

Unenriched 4532 1197 368 3337 2122 440 0 
 
 The 15 July bioassay began with an initial community dominated by the genus Euglena 
that disappeared in all treatments by the end of the experiment.  The genera Scenedesmus, 
Chlorococcum, Rhizosolenia, Kirchneriella and Synedra all grew in the bioassay (Table 11).  
Abundant by the end of the assay was the presence of both small and large Tintinnids suggesting 
that their presence had modified the community favoring the less palatable or difficult to eat 
larger diatoms.  Nitrate and ammonium were particularly effective for the phytoplankton species 
and the capacity of the original water to maintain growth was observed in the nutrient exclusion 
treatments.  The lack of silicate did not inhibit the phytoplankton species as did the lack of 
nitrogen and phosphorus. 
 
Table 11.  Cell counts (cells/mL) for bioassay experiment 6 of Wilson Bay water taken on July 15, 2003. 

 Treatment Euglena 
Large 

Tintinnid Scenedesmus Chlorococcum Rhisosolenia 
Small 

Tintinnid Kirchneriella Synedra 
Initial 1529 0 0 0 0 0 0 0 
NO3 0 1257 1424 1382 1487 0 0 0 
NH4 0 1948 2639 1780 2388 0 3791 0 
Urea 0 1927 0 0 0 1592 0 0 

Complete 0 1382 1990 1655 0 1822 2073 0 
- Nitrogen 0 922 1613 0 0 0 0 2534 

- Phosphate 0 628 1404 0 0 0 1822 3016 
- Silicate 0 712 0 2074 0 691 2723 12802 

Unenriched 0 6074 1571 0 0 0 1592 1089 
 

 The 29 July bioassay (Table 12) had four phytoplankton species dominating throughout 
the incubation period.  Initially, the diatom Synedra was abundant as was Tintinnid sp.   At the 
end of the incubation, Scenedesmus, Chlorococcum and Kirchneriella were abundant.  Again all 
nitrogen sources stimulated growth.  While this stimulation was noted for most nitrogen species, 
the unenriched control showed good growth for two (Snyedra and Scenedesmus) species.  The 
ciliate tintinnid did not grow particularly strongly as in the past experiments. 
Table 12  Cell counts (cells/mL) for bioassay experiment 7 of Wilson Bay water taken on July 29, 2003. 
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 Treatment Synedra Tintinnid Scenedesmus Chlorococcum Kirchneriella 
Initial 1047 545 0 0 0 
NO3 10858 0 8001 1927 20024 
NH4 4256 796 6116 1718 12802 
Urea 6996 1718 1822 0 1885 

Complete 2911 1341 5467 1529 2576 
- Nitrogen 7876 0 5739 2765 3665 

- Phosphate 14913 587 2765 1843 0 
- Silicate 10724 796 3959 0 3582 

Unenriched 4692 922 1969 0 0 
 During the 27 August experiment (Table 13) when the highest temperatures were 
recorded, the initial population was dominated by a heterotrophic dinoflagellate of the genus 
Protoperidinium, the autotrophic dinoflagellate Gyrodinium (probably G. instriatum), Synedra 
and a large tintinnid.  Later in the incubation period, two ameba types appeared.  The first was a 
species having long slender pseudopodia (stellate) while the second type had larger, flattened 
pseudopodia (lobate) types.  While these are heterotrophs and can potentially be life cycle stages 
of other forms, their presence only suggested that they became dominant once the nutrients had 
stimulated other forms as potential prey items.  The actual prey of these amebae was not 
determined.  The absence of Gyrodinium that normally grows rapidly from some nutrient 
addition treatments suggests that this species may have been a potential prey.  Again, these 
results suggest that the heterotrophic component of these micro-grazers play a very important 
role in this location. 
 
Table 13. Cell counts (cells/mL) for bioassay experiment 8 of Wilson Bay water taken on August 27, 
2003.  

Treatment  Protoperidenium Gyrodinium Synedra 
Stellate 
Ameba 

Small 
Tintinnid 

Lobate 
Ameba 

Large 
Tintinnid 

Initial 1026 964 3749 0 0 0 1068 
NO3 1571 0 5027 4294 880 1026 0 
NH4 0 0 3330 0 0 1424 670 
Urea 1382 0 2618 2911 0 3917 0 

Complete 0 0 9652 0 0 1508 0 
- Nitrogen 0 0 943 3205 984 0 0 

- Phosphate 0 0 4064 0 0 2178 0 
- Silicate 1655 0 0 1947 0 1906 0 

Unenriched 0 1026 11126 1361 0 1864 587 
 

 In the last bioassay experiment of 16 Sept. (Table 14), the community in Wilson Bay was 
dominated by two dinoflagellate species (e.g., Protoperidinium and Gyrodinium), Synedra, two 
amebae and two tintinnids.  As a heterotroph, Protoperidinium, persisted throughout the 
experiment and with different nitrogen sources, although these most likely were not absorbed 
directly but may have stimulated smaller prey items.  The Gyrodinium results are interesting in 
that for the second time this normally fast growing dinoflagellate species disappeared in the 
nutrient addition and exclusion experiments.  The concomitant increase in both ameba species at 
first suggested that they were involved in the demise of this species that grew well in the 
unenriched control.  However, the presence of the two amebae in the unenriched control with the 
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presence of Gyrodinium indicated that they had dynamics independent of the dinoflagellate 
population.   
Table 14.  Cell counts (cells/mL) for bioassay experiment 9 of Wilson Bay water taken on September 16, 
2003. 
Treatment Protoperidenium Gyrodinium Synedra Lobate 

ameba 
Stellate 
ameba  

Small 
Tintinnid 

Large 
Tintinnid 

Initial 1026 964 3749 0 0 0 1068 
NO3 1571 0 5027 4294 880 1026 0 
NH4 0 0 3330 0 0 1424 670 
Urea 1382 0 2618 2911 0 3917 0 

Complete 0 0 9652 0 0 1508 0 
- Nitrogen 0 0 943 3205 984 0 0 

- Phosphate 0 0 4064 0 0 2178 0 
- Silicate 1655 0 0 1947 0 1906 0 

Unenriched 0 1026 11126 1361 0 1864 587 
 
Pigment Studies:  
The second portion of this study deals with the HPLC pigment signatures from natural 
populations of Wilson Bay.  Originally intended to be done at the time of the nutrient bioassays, 
these analyses for technical reasons were not conducted during that period but later in 2004.  The 
Chl a and accessory pigments as determined by the HPLC method used was compared to the 
general species composition of the sample.  Normally the phytoplankton community is described 
by its species composition.  The skills needed for this however, are difficult to acquire and time 
consuming.  The HPLC signature method offers some promise.  To assess this accuracy, a series 
of parallel measurements were made for Wilson Bay. 
 For July 2004, (Fig. 11) at a time when the phytoplankton composition showed a bloom of 

marine phytoplankton that was dominated by marine 
raphidophytes of the genus Chattonella and an 
unusual xanthophyte of unknown taxa.  The pigment 
signature indicated that Zeaxathin as the most 
abundant pigment consisting of 27.2% of the non 
chlorophyll pigments.  Next most common was 
Fucoxanthin at 22.9 and Diadinoxanthin at 15.1%.  
Peridinin, usually indicative of dinoflagellates  
Figure 11.  Accessory pigments from the Wilson 
                Bay sample during July 2004. 
occurred at 7.9 % .  The presence of Chl b at 6.6 % 
indicated the presence of chlorophytes and Chl c2 at 
8.2% represents a sizable contribution from other 
flagellate species.  Other pigments like Lutein, 
Alloxantin and Violoxanthin were present in lesser 

amounts.     
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 During August 2004 (Fig. 12) the pigment composition consisted again mainly of 
Zeaxanthin and Fucoxanthin at 19.5 and 17.7 % respectively.  Chlorophyll b at 13.8 indicated a 
sizable contribution by the Chlorophytes.  The photo protective pigments of Diatoxanthin, 
Diadinoxanthin and Violaxanthin were present in relatively equal amounts (6.4-7.9%) 
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The other pigments present in this sample consisted of  β carotene, small amounts of Peridinin  
Again during this time, Raphidophytes, 
Dinoflagellates and Xanthophytes dominated the 
community.  The presence of Euglenids most likely 
were the source of the Chl b observed and diatoms 
and other flagellates contributed to the Chl c2 peak.   
 In September 2004 (Fig. 13) Wilson Bay 
pigment composition consisted of mainly of 
Fucoxanthin followed by Chl b.  This time 
Zeaxanthin remained low and was only a small 
portion (6.2 %) of the pigment composition.   
 were alloxanthin, β carotene and Chl c2.  The photo 

protective pigments, Violaxanthin, 
Diadinoxanthin were at 9.8 and 6.0% respectively 
with alloxanthin present at 10.2 %.  Lutein 

occurred at 8.8 %.   The species composition at this 
time was dominated by Chlorophytes and diatoms 
agreeing with the substantial amounts of Fucoxanthin 
and Chl b present.  Small flagellates such as the 
cryptomonads found in the previous bioassay 
experiments fit well into this pigment signature.  
Absent from the pigments but not in the phytoplankton 
were dinoflagellates that normally have a significant 
Peridinin component.  
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The pigment profile for October 2004 (Fig. 14) 
consisted of three major components, e.g., Chl c2, 
Peridinin, Fucoxanthin, and Alloxanthin. at 18, 14 13.5 
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y.   
Diadinoxan

thin, β carotene,  and Chl b were the 
next most common pigments with 
Zeaxanthin, Lutein and Violaxanthin 
forming the remainder of the pigment 
complex.  The Wilson Bay 
phytoplankton community was 
dominated by the dinoflagellate 
Gyrodinium instriatum consistent with 
the strong Peridinin peak observed.  
Other taxa common were diatoms, 
small flagellates and a few Chlorophytes.  The Alloxanthin was from an unidentified source of 
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Figure 13.  Accessory pigments from the 
Wilson  Bay sample for September 2004. 

Figure 14.  Accessory pigments from the Wilson  
Bay sample for October  2004. 
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 The November 2004 sample from Wilson Bay (Fig. 15) was strongly influenced by three 
accessory pigments.  Peridinin at 31.8%, Chl c2 at 21.6 and Diadinoxanthin at 21.4% were the 
major accessory pigments. Fucoxanthin was present at 12.8% and was the third most abundant 

lloxanthin, Zeaxanthin, Lutein, and β carotene were at 5%
less.  The phytoplankton composition at this time was heavily 
dominated by a bloom of the unarmored dinoflagellate 
Gyrodinium instriatum that persisted from the last month a
site.  All other species occurred at a lesser extent and  
     represented a minor portion o
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Figure 15.  Accessory pigments from the Wilson  
Bay sample for November  2004. 

fractionation as done here has 
some utility but will not be 
able to define an any  refined 
form the species forming
bloom nor  their effects on 
other coexisting species. 
     T
W n Bay sample (Fig.  
  16) contained the largest 
amount of  Alloxanthin  
  at 42.6% followed by C

  Peridinin at
7.2 and 5.1 % respectively while all others remained below 3% 
and at trace levels.  The unusual pigment spectrum was in part 
due to the continuing bloom of unarmored dinoflagellate 
in the source of the Alloxanthin remained unknown.  A po

source could be the common Tintinnids that were present during a portion of the late fall and 
early winter.  These ciliated predators of the nannoplankton played an important role in the 
pervious nutrient bioassay experiments.  Although not proven unequivocally, the occurrence
abundant Alloxanthin and the ciliated protozoa could explain this distinctive pattern. Further 
studies are definitely needed to clearly define the relationship of this pigment and the plankton
component associated with it. 
 

Figure 16.  Accessory pigments from the Wilson  
Bay sample for December  2004. 
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Discussion 

The major findings of the nutrient bioassays from Wilson Bay clearly support the notion from 
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• ration within the Wilson Bay system to help define the 

• eir physiological state and 

• mass measurements to estimate 

• n transport (e.g. nitrate transferases) for the 

• s 
of the phytoplankton nutrient dynamics under ambient conditions of the coastal estuaries. 

 

the N:P ratios that nitrogen is the limiting nutrient in this region.  Phosphorus was hardly ever 
limiting.  Despite the best efforts to reduce nitrogen loading of this region, blooms expressed in
terms of Chl a biomass or cell densities persisted throughout the year.  The present study period 
deviated from previous ones in that the rainfall patters were different making the Wilson Bay 
station more freshwater in nature and influencing the surviving species as well as those who 
expressed greatest growth.  The disappearance of species from the initial sample during the 
bioassay incubation period suggested that this method was not suitable for estimating growth
all species found in the natural samples.  Competition was mediated by micro grazers that 
influenced the successful populations.  While these species are present in natural waters an
represent a component of top down control, to properly evaluate the relative degree to which 
is a controlling factor in situ will require a different experimental design.   
 The observation of blooms occurring under apparent limiting nutrient
requires an estimation of the coupling of processes in this system.  If nutrient regeneration is 
occurring at the same rate as consumption, the standing stock of nutrients will not give an 
accurate image of the extent or the specific nutrient causing the limitation.  Therefore a mo
dynamic approach is needed where processes are directly measured in situ to define the uptake
and utilization of nutrients by indigenous phytoplankton populations.  Biochemical markers like
key assimilative enzymes(nitrate reductase, nitrite reductase, glutamine synthetase) may 
monitored from the phytoplankton to indicate precisely what nutrient is being utilized and
what rate.  Here again, heavy isotopic (N15) labeled substrates could provide insights for uptak
rates and help answer some of these questions.  Finally, a measurement of functioning of 
transport systems, like the presence and activity of genes for nitrogen transferases would g
further insights to functioning and nutrient utilization.  Eventually, when available, microarray 
technology would be essential to indicating what systems are expressed and how they may be 
important to the ambient phytoplankton in forming blooms.    
 While nutrient bioassays are informative, further studies 
required.  In addition to this, an essential element lacking is the skill and ability to accurately 
identify the phytoplankton bloom community and to use that information to further explore th
nutrient strategies needed for survival. 
 
 
• Understanding of the coupling

the bloom forming phytoplankton. 
An understanding of nutrient regene
fluxes in addition to the loadings measured from steam input data. 
Biochemical markers (enzymes) of the phytoplankton to indicate th
ability to take up and utilize different nutrients. 
Heavy isotope labeled uptake measurements along with bio
turnover time for nutrients considered limiting. 
The presence and activation of genes for nitroge
whole phytoplankton community for indicating the status of the phytoplankton community. 
Development and utilization of molecular probes and micro array systems to define the statu
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