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Abstract 

Bioavailability and fate of organic nitrogen loading to Neuse River Estuary phytoplankton 

Eutrophication is a widespread problem affecting the structure and function of aquatic ecosystems 
and is often linked to anthropogenic nutrient enrichment, especially nitrogen (N) in estuaries, since it 
is the primary nutrient limiting algal production. In the Neuse River Estuary (NRE), recent trend 
analysis shows that despite management-driven decreases in nitrate-N loading, organic N loading has 
increased, resulting in little change for total N, and sections of the estuary remain impaired based on 
the state chlorophyll a standard. Since dissolved organic N (DON) is a major fraction of N loading to 
the NRE, nutrient addition bioassays were used to determine the bioavailability of river DON to 
primary producers and whether river DON promotes the growth of certain phytoplankton taxa, 
particularly HAB species. High molecular weight (HMW, >1 kDa) river DON was concentrated from 
NRE tributaries by tangential flow filtration and added to mid-estuarine water. Results from these 
experiments showed that HMW riverine DON additions produced no significant short (days) or 
longer-term (weeks) response in phytoplankton biomass and productivity and bacterial productivity, 
especially when compared with the effect of inorganic N additions. This was apparent when initial 
conditions were either N limited or replete. The DON additions did not appear to be utilized, 
although this cannot be confirmed from bulk DON measurements alone. Spectral slopes of 
chromophoric dissolved organic matter (CDOM) absorbance increased through time in all treatments 
indicating decreasing molecular weight or some other change in organic matter quality, probably 
from microbial and photo-oxidative degradation. River DON additions also produced little or no 
change in phytoplankton community composition (based on photosynthetic pigment concentrations) 
under bioassay conditions. Even longer, alternative assessments of riverine DON bioavailability will 
be required to fully understand this significant and dynamic component of the estuarine N cycle. 
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1. Introduction 
Eutrophication, or the increase in organic matter supply (Nixon 1995, 2009), is a widespread 
problem negatively affecting the structure and function of many aquatic ecosystems. It is often 
linked to anthropogenic nutrient enrichment in estuaries, especially nitrogen (N), since it is the 
primary nutrient limiting algal production (Ryther and Dunstan 1971; Paerl 2009). Over the past 
several decades, the Neuse River Estuary (NRE), North Carolina, has undergone nutrient-driven 
eutrophication and suffered from a range of disruptive symptoms including algal blooms, 
hypoxia, and fish kills (Paerl et al. 1998, 2007, 2010). These conditions led the North Carolina 
Department of Environment and Natural Resources-Division of Water Quality (NCDENR-
DWQ) to add the NRE to the 303(d) list of impaired waters in 1994 and later to implement a 
Total Maximum Daily Load (TMDL), prescribing a 30% reduction in total N (TN) loading 
(Deamer 2009). 

The required 30% reduction in TN has not been achieved so far and portions of the NRE remain 
impaired based on samples exceeding the state’s criterion of 40 µg L-1 chlorophyll a (Chl-a) 
(Deamer 2009). Recent trend analysis shows that despite decreases in nitrate-N loading, total 
Kjeldahl N (TKN = organic N plus ammonium) loading has increased, resulting in little change 
for total N loading (Deamer 2009; Lebo et al. 2012). That, combined with the lack of a trend for 
ammonia-N, suggests that the increase is due to the organic forms of N, either dissolved, 
particulate, or both. This “organification” also has been reported for several European and North 
American rivers and is thought to be due to changes in climate or hydrology (Fagerberg et al. 
2010).  

Dissolved organic N (DON) in aquatic systems is made up of a diversity of compounds with 
varying reactivity, bioavailability, and concentration (Bronk et al. 2007). The chemical species 
range from highly labile, low molecular weight (LMW) compounds, such as amino acids and 
urea, to highly refractory, high molecular weight (HMW) compounds such as humic acids. DON, 
along with inorganic N, supports the growth of phytoplankton and bacteria (e.g., Antia et al. 
1991; Carlsson et al. 1995; Peierls and Paerl 1997; Seitzinger et al. 2002; Bronk et al. 2007) and 
may differentially favor certain phytoplankton taxa, including harmful algal bloom (HAB) 
species (Fagerberg et al. 2009, 2010).  

Since organic N is a major and increasing fraction of N loading to the NRE, we focused on it by 
adding concentrated river organic matter (OM) in short- to medium-term nutrient addition 
bioassays as a way to determine riverine DON bioavailability and to investigate the role DON 
plays in maintaining impaired conditions in the estuary and in shaping phytoplankton community 
composition. The key questions and the focus of this project were: 1) What fraction of the DON 
load to the NRE is bioavailable for planktonic uptake? 2) Does the bioavailable DON directly 
stimulate primary producers, or is there indirect stimulation through bacterial metabolism and 
nutrient regeneration? 3) Does bioavailable DON promote the growth of specific phytoplankton 
taxa, particularly HAB species?  

2. Methods 
2.1 River DON concentration 

River water for DON concentrations and isolation was collected from three different sites in the 
Neuse River basin, including Contentnea Creek at Hookerton, NC, Neuse River at Streets Ferry 
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Bridge, and Trent River at Pollocksville, NC (Figure 1). Contentnea Creek and Trent River are 
both tributaries of the Neuse River. These different sites represent a range of land use types and 
sources of N within the basin. Samples were transported in carboys to the Institute of Marine 
Sciences (IMS) and either refrigerated before filtration or immediately pressure filtered (≤ 5 psi) 
through a pre-combusted, 142 mm Whatman GF/F filter and a 142 mm Millipore Express Plus 
0.22 µm porosity polyethersulfone membrane filter arranged in series. For the first three river 
samples, a Pall Acropak 500 capsule (polyethersulfone membrane) was used instead of the 
Millipore filter. Filtrates were processed immediately or stored refrigerated. 

 

Figure 1 Locations for river concentrate source water and estuarine test water (NR100 and 
NR120). Also shown is the USGS gage at Fort Barnwell, source of river discharge data.  

River filtrates were concentrated by tangential flow filtration (TFF) using a Millipore PLAC 
(regenerated cellulose) 0.23 m2 Prep/Scale cartridge with a nominal cutoff size of 1 kDa. The 
cartridge was cleaned and flushed according to the manufacturer’s instructions and mounted in a 
Millipore Prep/Scale cartridge holder. Retentate (sample > 1 kDa) was recirculated through the 
cartridge using a peristaltic pump keeping feed pressures close to 20 psi and flow rates of about 1 
L min-1. Starting volumes of about 20 to 30 L were concentrated down to about 0.5 mL and the 
resulting permeate (< 1 kDa) was discarded, except for the April 2013 Neuse R. sample, which 
was kept as an experimental treatment. Diafiltration (diluting the retentate several fold with 
deionized water and repeating the concentration step) was done for each sample to reduce the 
inorganic N (DIN) concentration in the final concentrate. The TFF process was conducted under 
reduced light and the feed solution and the cartridge were kept refrigerated when the process was 
paused. The original peristaltic tubing (Masterflex L/S PharMed BPT) was found to release 
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particles (spalling) under the TFF conditions, causing the cartridge to clog. Low spallation tubing 
(Masterflex L/S PharmaPure) eliminated this problem and was used starting in October 2012. 
Final concentrated product (retentate) was subsampled for nutrient and dissolved organic matter 
(DOM) analyses and flash frozen at -80 °C in fluorinated ethylene propylene bottles. 

2.2 Nutrient Addition Bioassays 

Four nutrient addition bioassays (Paerl and Bowles 1987; Holmboe et al. 1999) were conducted 
to test the effect of HMW river DON on mid-estuarine microbial assemblages. All the 
experiments used Neuse River Estuary water collected at or six kilometers upstream of the bend 
in the river at Cherry Branch (Figure 1). In all cases, water was pumped from just below the 
surface through a 202 µm mesh (to remove large grazers) into pre-cleaned, acid rinsed 
polyethylene carboys using a non-destructive diaphragm pump. The estuarine water was returned 
to IMS within two hours and dispensed into 4-L transparent polyethylene Cubitainers (Hedwin, 
Baltimore, MD); final sample volume was about 4 L, including additions. Floating corrals held 
the Cubitainers in outdoor seawater ponds during each experiment to keep the water at in situ 
temperatures and irradiance. One layer of neutral density screening kept light levels below 
inhibiting levels. The containers were mixed once to twice daily and the bioassays lasted from 3 
to 22 days. 

Experimental treatments for each bioassay consisted of inorganic nutrients and river DON 
concentrates added to give the same final concentration of N (Table 1). A control treatment 
consisted of no additions. Inorganic N was added in the form of nitrate (NO3, as potassium 
nitrate) and inorganic P was added in the form of phosphate (PO4, as potassium dihydrogen 
phosphate) to prevent possible P limitation. Four replicate Cubitainers were used for each 
treatment and additions were made on the initial day (D0) and also after one day (D1) for June 
2012. 

Table 1 Experimental design for the nutrient addition bioassays. Treatments are the nutrient or 
river water concentrate added. MIS is a major ion solution. Values are final concentrations (N, P 
in µmol L-1) or dilution percentage. Additions were made at day 0 (D0), unless noted. Conc. = 
river DON concentrate and MIS = major ion solution.  

 Treatment Jun 2012 Bioassay 
Aug 2012           Nov 2012 May 2013 

Control yes yes yes yes 
PO4 1 (D0/D1) 1 1 1 
NO3 7 (D0/D1) 10   
NO3 + PO4 7, 1 (D0/D1) 10, 1 15, 1 10, 1 
Contentnea Cr. DON. + PO4  10, 1 15, 1  
Neuse R. DON. + PO4 7, 1 (D0/D1)   10, 1 
Trent R. DON. + PO4 7, 1 (D0/D1) 10, 1 15, 1 10, 1 
MIS    21% 
MIS+DIN+PO4    21%, 10, 1 
Neuse R. Permeate    10 (DIN), 1 
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For the May 2013 bioassay, we used TFF permeate as a treatment (Table 1). The permeate 
contained both DIN and DON and was added to yield the same final DIN concentration as other 
treatments. Control for the permeate treatment consisted of a major ion solution (MIS) added at 
the same volume as the permeate. An additional treatment, used to test the DON in the permeate, 
consisted of MIS plus DIN (NO3 and ammonium [NH4, as ammonium chloride]) and PO4. 
Concentrations of NO3 and NH4 in that treatment matched the permeate concentrations. The 
recipe for MIS was modified from Paerl and Bowles (1987) by reducing the sulfate and sodium 
final concentrations to match range found in Harned (1982). 

2.3 Chemical and Biological Analyses 

Samples were collected at the start of each bioassay (day 0) and then at 1 to 8 day intervals. At 
each time point, water was collected from each Cubitainer and either utilized immediately for 
productivity measurements or processed and stored for later analysis of dissolved and particulate 
variables. The processing step included separation of the sample into particulate and dissolved 
fractions by vacuum filtration (< 25 kPa) with Whatman GF/F glass fiber filters. The filters were 
pre-combusted (4 h at 450 °C) when the analyte was one of the organic matter variables. All 
samples were stored frozen before analysis, except for chromophoric dissolved organic matter 
(CDOM) samples, which were stored refrigerated. Storage containers for dissolved fractions 
depended on the analyte, with pre-combusted glass used for DOM samples and polypropylene 
centrifuge tubes used for nutrients. 

Many of the analyses have been described elsewhere and will be covered in less detail here. 
Dissolved nutrient analyses (NO3, NH4, PO4) were measured on the filtrates using flow injection 
and colorimetric analyses using a Lachat Quikchem 8000 analyzer (Peierls et al. 2012). Values 
below the method detection limit were reported as one third of the limit. Total dissolved N 
(TDN) was measured on the same system using inline digestion and conversion to NO3 (Lachat 
method #31-107-04-3-B, detection limit = 12.3 µM); DON was calculated by difference between 
DIN and TDN concentrations. Dissolved organic carbon (DOC) was measured using high 
temperature catalytic oxidation and non-dispersive infrared analysis on a Shimadzu TOC-5000 
analyzer (Peierls et al. 2003). One way to determine CDOM concentrations and characteristics is 
through the use of ultraviolet-visible absorption spectra and their spectral slopes (Helms et al. 
2008). We measured the absorption spectra for particle-free DON concentrates and bioassay 
samples using quartz cuvettes and a Shimadzu PharmaSpec UV-1700 spectrophotometer zeroed 
to ultrapure deionized water (Barnstead Nanopure, Thermo Scientific). Spectral slopes between 
275 and 295 nm (S275-295) were calculated using linear regression of natural log-transformed 
absorption coefficients according to Helms et al. (2008).  

Phytoplankton biomass and community composition were determined from Chl-a and diagnostic 
photopigment concentrations (Peierls et al. 2003). Filters for Chl-a were disrupted in a tissue 
grinder and extracted in 90% acetone overnight. The fluorescence of the clarified extracts were 
measured on a calibrated Turner Designs Trilogy fluorometer. For photopigment concentrations, 
filters were sonicated and extracted in 100% acetone and individual pigments were quantified on 
a Shimadzu HPLC-photodiode array system detailed in Pinckney et al. (2001). Primary and 
bacterial productivity rates were determined using radiolabelled tracer uptake techniques. Light 
and dark uptake of 14C-bicarbonate over four hours under constant irradiance in 20 mL glass 
vials provided estimates of primary productivity (Paerl 2002). Dissolved inorganic carbon (DIC) 
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concentrations needed for the conversion to C units were measured using the TOC-5000 analyzer 
in IC mode. Radioactive leucine uptake in microcentrifuge tubes under dark conditions gave 
estimates of bacterial carbon production (details in Peierls and Paerl 2010). 

2.4 Statistics 

All plots and statistical tests were made using R version 3.0.1 (R Core Team 2013). Correlations 
were tested using the Spearman rank correlation test. Pairwise comparisons between source and 
concentrate characteristics were made using the Wilcoxon signed rank sum test. Group 
comparisons at specific time points were made using the nonparametric Kruskal-Wallis rank sum 
test, followed by nonparametric multiple comparisons for relative effects using the mctp or the 
nparcomp function in the nparcomp package for R (type of contrast: Dunnett, confidence Level: 
95%). 

3. Results 
3.1 River DON Concentrates 

A total of eight river water samples were collected and concentrated using the TFF process 
between May 2012 and April 2013, with two each from Contentnea Creek and the Neuse River, 
and four from the Trent River (Table 2). Water concentration factors (ratio of beginning to end 
sample volumes) for the TFF process ranged from 29 to 44. Source water DIN was diluted from 
below detection to about 26% of the original concentration. DON concentration factors (ratio of 
beginning to end DON concentrations) ranged from 6 to 21 and averaged 14.3. DON made up 
between 32 and 64% of the TDN in the river samples and of that, between 59 and 74% was 
greater than the filter cutoff size(1 kDa), based on the comparison between permeate (< 1 kDa) 
and whole water DON concentration. When mass balance calculations were possible, about 75-
80% of the original source DON was accounted for after the TFF process. 

Permeate collected from the April 2013 Neuse River sample was used as a bioassay treatment to 
test the effect of LMW DON. The permeate had the same DIN concentration as the river source 
water, but about one quarter of the DON concentration (Table 2). This yielded 1.8 µmol L-1 
LMW DON in the permeate treatments or about 15% of TDN added.  

DOC concentration factors were a little higher than for DON, ranging from 5 to 26 and 
averaging 18 (Table 2). Between 66 and 97% of the riverine DOC pools was greater than the 1 
kDa cutoff. Ratios of DOC to DON in the concentrates ranged from about 12 to 35, with 
concentrate C to N ratios higher than the source water, except for the July samples. The 
difference overall was significant (paired Wilcoxon signed rank sum test, p < 0.05) whether a 
two or one sided test was used. The opposite difference (concentrate lower than source) was seen 
for the spectral slopes (S275-295) and this was also significant using the same test. Despite those 
trends between sources and concentrates, the C to N ratio did not correlate with S275-295 
(Spearman’s rho, p > 0.05). The permeate C to N ratio was much lower and S275-295 was much 
higher than the values in the source water. There were no apparent patterns in C to N ratios and 
spectral slopes when examined by source location or season. 
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Table 2 River water source, concentrate, and TFF permeate characteristics. CF = concentration 
factor (ratio of beginning to end volume or concentration), BD = below detection.

 Date, Location 
 Sample Bioassay 

Water 
CF 

DIN 
(µmol L-1) 

DON 
(µmol L-1) 

DON 
CF 

OM 
C:N S275-295 

May 2012, Trent        
Source   43.4 35.2  24.7 0.0144 
Concentrate Jun 29 5.20 475 13.5 31.7 0.0135 

May 2012, Neuse        
Source   39.6 39.6  17.5 0.0138 
Concentrate Jun 33 2.45 662 16.7 28.8 0.0125 

Jul 2012, Contentnea        
Source   45.3 36.8  26.5 0.0145 
Concentrate Aug 32 5.53 344 9.34 24.5 0.0131 

Jul 2012, Trent        
Source   30.6 55.0  35.4 0.0131 
Concentrate Aug 32 3.87 313 5.69 33.0 0.0120 

Nov 2012, Trent        
Source   50.2 41.2  23.9 0.0139 
Concentrate Nov 38 BD 857 20.9 27.7 0.0133 

Nov 2012, Contentnea        
Source   66.1 31.0  15.7 0.0130 
Concentrate Nov 44 BD 598 19.3 21.5 0.0120 

Apr 2013, Neuse        
Source   47.9 25.6  12.5 0.0142 
Concentrate May 32 12.0 363 14.2 19.2 0.0132 
Permeate May  47.2 8.39  2.7 0.0204 

Apr 2013, Trent        
Source   45.0 22.9  21.3 0.0143 
Concentrate May 30 11.8 332 14.5 28.2 0.0134 

 

3.2 Nutrient Addition Bioassays 

Four bioassays were completed during the period from June 2012 through May 2013. Physical 
and chemical conditions of the water varied at the start of each of bioassay (Table 3). 
Temperature varied predictably with time of year, but salinity and dissolved constituents were 
more closely related to river discharge. The June bioassay was started after a period of higher 
than normal discharge (Figure 2), which led to the lowest salinity and the highest total N 
concentration of the four time periods (Table 3). Turbidity was elevated during this period as 
well. Lower and near median discharge prior to the August bioassay resulted in higher salinity, 
lower N concentration, and higher PO4 concentration (Figure 2, Table 3). The November 
bioassay water had similar conditions to August, except for lower turbidity and PO4, even 
though discharge was lower. The May bioassay took place after a lower than normal spring 
discharge and that was reflected in above average salinity and low nutrient conditions. 
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Table 3. Physical and chemical conditions for estuarine water used in each bioassay. 

Bioassay Station 
Temp. 
(°C) Salinity 

Turbidity 
(NTU) 

DIN 
(µmol L-1) 

DON 
(µmol L-1) 

PO4 
(µmol L-1) 

Jun 2012 NR100 24.5 5.0 5.1 9.9 28.6 0.59 
Aug 2012 NR120 27.0 14.0 1.9 1.6 21.2 2.9 
Nov 2012 NR120 12.5 13.5 0.2 1.6 26.9 0.22 
May 2013 NR120 18.4 9.5 2.8 1.8 19.5 0.17 

 

 
Figure 2 Neuse River daily mean discharge measured at the USGS gage #02091814 (Neuse 
River near Fort Barnwell, NC). Dashed line is median discharge by day of the year for 1996-
2012. Arrows indicate collection/start date for bioassay.  

Phytoplankton biomass, as measured by Chl-a concentration, showed a consistent response to the 
different N additions across the four bioassays (Figure 3). Additions of NO3, with or without 
PO4, caused increases of Chl-a over 1- to 4-day periods. Peak Chl-a concentrations ranged from 
about 26 to 70 µg L-1, which was significantly greater than the control (Table 4). No other 
treatment caused an increase in Chl-a, except at day 1 in the June bioassay when all treatments 
increased, including the control. For the rest of the time points and bioassays, Chl-a 
concentrations decreased or stayed the same; Chl-a in the NO3 treatments also decreased after 
reaching maximum levels. River DON concentrate treatments never resulted in Chl-a greater 
than the control (Table 4). The Neuse R. permeate addition in the May experiment yielded a 
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similar, although initially lower, Chl-a response (Figure 3). Chl-a in the permeate treatment was 
not significantly different from the dilution plus DIN control (MIS+DIN+PO4; Table 5) 

 
Figure 3 Time series of chlorophyll a concentration in the four nutrient addition bioassays. 
Points represent the means of four replicate measurements and error bars indicate standard 
deviation. Experimental treatment is distinguished by symbol color and shape. PO4 = phosphate; 
NO3 = nitrate; Contentnea, Neuse, Trent = river DON concentrates; DIN = dissolved inorganic 
N; MIS = major ion solution; NeusePerm = Neuse permeate. The permeate and concentrate 
treatments had PO4 additions as well. Note different x- and y-axis scales.  

The biomass response was mostly mirrored by the primary productivity response (Figure 4). 
NO3 additions resulted in higher primary productivity rates than the control or other treatments 
when biomass was greatest (Table 4). In the June and August experiments, all the post-addition 
rates were lower than the day 0 values, unlike the pattern for Chl-a. Maximum productivity did 
not occur on the same day as maximum biomass in the November bioassay, although it did in 
May; peak values across bioassays exceeded 200 µg C L-1 h-1. Primary productivity in the non-
NO3 treatments had more variability with time unlike the monotonic decrease seen for Chl-a 
(Figure 4). In May, both river concentrate treatments had primary productivity significantly 
greater than the control (Table 4), although the absolute difference was very small compared 
with the NO3 response (Figure 4). In the same bioassay, permeate additions and controls 
responded in a similar manner to the other treatments, namely an increase in rates with DIN 
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addition. The permeate treatment was significantly greater than the DIN alone and both were 
greater than the MIS treatment (Table 5).  

Table 4 Results of non-parametric multiple comparisons of variable responses to treatments at 
the peak Chl-a time point. Comparisons were made against the control treatment. Shown for each 
bioassay are the treatments that were significantly greater than the control treatment (p < 0.05) 
and the time point (day) used. MIS and permeate additions were not included in May bioassay 
comparison. NS = no significant difference.  

Variable Jun 2012, D1 
Bioassay, Peak Chl-a Day 

Aug 2012, D1       Nov 2012, D4 May 2013, D2 
Chl-a NO3, NO3+PO4 NO3, NO3+PO4 NO3+PO4 NO3+PO4 
PPR NO3, NO3+PO4 NO3, NO3+PO4 NO3+PO4, NO3+PO4, Neuse, Trent 

BP NS NS PO4, NO3+PO4, 
Contentnea NS 

POC NS NO3, NO3+PO4 All NO3+PO4, Neuse, 
Trent (p=0.051) 

PN NO3, NO3+PO4 NO3, NO3+PO4 
NO3+PO4, 

Contentnea, Trent NO3+PO4, Trent 

Peridinin NO3+PO4, 
Neuse, Trent NS PO4 NS 

Fucoxanthin NO3, NO3+PO4, 
Neuse, Trent NO3, NO3+PO4 NO3+PO4 NO3+PO4,  

Violaxanthin NO3, NO3+PO4 NS PO4, NO3+PO4 
NO3+PO4, Neuse, 

Trent,  

Alloxanthin NO3, NO3+PO4, 
Neuse, Trent NO3, NO3+PO4 

NO3+PO4, 
Contentnea NO3+PO4,  

Zeaxanthin NO3, NO3+PO4, 
Neuse, Trent NO3, NO3+PO4 PO4 NS 

Chlorophyll b NO3, NO3+PO4, 
Neuse, Trent NO3, NO3+PO4 NO3+PO4 NS 
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Table 5 Results of non-parametric multiple comparisons of variable responses for MIS and 
Neuse permeate treatments in the May 2013 bioassay at day 2. Day 2 was time of maximum Chl-
a. Shown are the treatments that were significantly different (p < 0.05) from the MIS+DIN+PO4 
treatment and the direction of the difference (where “−”indicates treatment is less than 
MIS+DIN+PO4 treatment). NS indicates no significant difference.  

Comparison vs. 
MIS+DIN+PO4: 
 

Variable MIS NeusePerm+PO4 
Chl-a − NS 
PPR − + 
BP − NS 
POC − + 
PN − NS 
Peridinin + NS 
Fucoxanthin − NS 
Violaxanthin − NS 
Alloxanthin − − 
Zeaxanthin − − 
Chlorophyll b − NS 
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Figure 4 Time series of primary productivity in the four nutrient addition bioassays. Details are 
as in Fig.3.  

Bacterial productivity, estimated by the leucine uptake method, showed a variety of responses to 
the nutrient and DON additions with fairly high variability (Figure 5). Rates varied from about 1 
to over 15 µg C L-1 h-1. Productivity measured in the June and August bioassays decreased from 
the relatively high initial rates, whereas rates increased from the initial value in the other two 
experiments. None of the comparisons against the control treatment at peak Chl-a were 
significant, except for in the November bioassay, where PO4 and Contentnea Cr. concentrate 
were slightly higher and the NO3 treatment was more than double the control rate (Table 4, 
Figure 5). Peak bacterial productivity in November occurred after the Chl-a peak on day 7. 
Contentnea concentrate additions also generated significantly higher than control productivities 
at days 1, 2, and 14, although never as high as the NO3 treatment. In the May bioassay, the LMW 
DON in the permeate addition had no significant impact on bacterial productivity at day 2 (Table 
5), although the permeate treatment was significantly greater than the MIS+DIN+PO4 treatment 
at day 7. All treatments increased to their highest values by day17 in May. 
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Figure 5 Time series of bacterial productivity in the four nutrient addition bioassays. Details are 
as in Fig. 3.  

Particulate organic matter (POM) concentration time series displayed a different pattern from 
that for phytoplankton biomass. All of the treatments either showed no change from day 0 or 
showed an increase followed by a plateau or a decrease (Figure 6). Concentrations ranged from 
75 to over 450 µmol L-1. N additions, particularly NO3, tended to yield higher POC and PN 
overall. When river concentrates had an effect on POM (i.e., greater than the control at peak Chl-
a, Table 4), the magnitude of the effect was less than from the inorganic N additions. Peak POC 
concentrations appeared later than peak Chl-a concentrations, except in the November bioassay 
when they occurred simultaneously. Permeate additions led to greater POC concentrations than 
the MIS+DIN+PO4 treatment at the time of peak Chl-a (Table 5) and at two other time points in 
the middle of the May experiment (Figure 6). In the same experiment, POC and PN 
concentrations in all treatments showed a conspicuous decrease at the last day. Particulate C to N 
molar ratios generally increased from initial values of 6 to 8 to an asymptote of about 8 to 14, 
with lower values occurring in the 1 or 2-day NO3 additions (data not shown).  
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Figure 6 Time series of particulate organic carbon (POC) and nitrogen (PN) in the four nutrient 
addition bioassays. Details are as in Fig. 3.  



15 
 

Nutrients and DOM had distinct temporal patterns in response to the different additions. DIN 
concentrations were uniformly low except for brief peaks at day 0 in June, and day 1 in 
November and May (Figure 7); concentrations rarely exceed about 2 µmol L-1. There was a 
slight DIN concentration increase in the N addition treatments at the end of the May bioassay. 
The pattern for PO4 was somewhat different with greater differences between treatments. In 
August, PO4 concentrations began and remained higher than in the other bioassays (starting 
concentration = 3 µmol L-1). The November bioassy was distinctive in that the PO4 
concentrations in the PO4 and river concentrate treatments remained high after additions and 
slowly declined over the 22 days. Finally, in May the PO4 concentrations in all but the control 
treatments increased two to three-fold starting at about day 7. Molar DIN to PO4 ratios were 
mostly low and rarely exceeded 16 (data not shown). 

DOC and DON displayed similar time series patterns for all four bioassays (Figure 8). 
Concentrations remained relatively constant (600-800 µmol L-1 DOC; 20-30 µmol L-1 DON) 
throughout each bioassay, but were elevated in the river concentrate treatments (800-1200 µmol 
L-1 DOC; 30-40 µmol L-1 DON). In the later two bioassays, DOC showed some changes with 
time that happened for all of the treatments, for example the increase at the end of the May 
experiment. Parallel shifts in DON across all treatments were not seen, except for the first three 
time points in May. Molar DOC to DON ratios were fairly constant as well, hovering around 25 
to 30 in all bioassays, with occasional high variability.(standard deviation ca. 15, data not 
shown). 

The slope of absorption spectra between 275 and 295 nm (S275-295) provided a concentration-
independent measure of CDOM quality. Time series patterns for S275-295 were very similar 
between experiments (Figure 9). In all cases, the slopes increased with time. Slope values for 
river concentrate additions were almost always lower than other treatments. The June bioassay 
was unique in that initial values were lower than the other three time periods and concentrate 
additions caused little change in the slope magnitude. Day 4 of the May bioassay was left off of 
the plot due to absorption spectra analysis problems; additional fluorometric CDOM 
measurements confirmed that the trend in S275-295  would have been maintained on that day. 
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Figure 7 Time series of dissolved inorganic nitrogen (DIN) and phosphate (PO4) in the four 
nutrient addition bioassays. Details are as in Fig. 3. 
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Figure 8 Time series of dissolved organic C (DOC) and N (DON) in the four nutrient addition 
bioassays. Details are as in Fig. 3.  
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Figure 9 Time series of S275-295, the absorption spectra slope between 275 and 295 nm, in the 
four nutrient addition bioassays. Details are as in Fig. 3.  

Phytoplankton diagnostic photopigments were also measured throughout the four bioassays and 
6 out of 21 chlorophyll and carotenoid pigments commonly detected in the Neuse River Estuary 
were selected for time series and statistical comparison. Those included the diagnostic (of 
phytoplankton taxonomic groups) pigments peridinin (dinoflagellates), fucoxanthin (diatoms, 
raphidophytes, and other classes), violaxanthin (raphidophytes and others), alloxanthin 
(cryptophytes and others), zeaxanthin (cyanobacteria and others), and chlorophyll b 
(chlorophytes) (Hoek et al. 1997). In all of the bioassays, the fucoxanthin time series mirrored 
the Chl-a pattern, which was essentially a bloom response to NO3 additions followed by a 
gradual decline (Figure 10, Table 4). Other pigments showed a similar pattern, including 
alloxanthin, violaxanthin, and chlorophyll b, although in November, alloxanthin and chlorophyll 
b began declining in the NO3 treatment before Chl-a, fucoxanthin, violaxanthin peaked (see 
Appendix 3). Other pigments developed somewhat different patterns through the course of each 
bioassay. For instance, peridinin at times did not always respond positively to NO3 additions and 
may have even been suppressed (Figure 10). Zeaxanthin showed in some cases a delayed 
response to NO3 and less of a decline than other pigments (Appendix 3). At peak Chl-a, river 
concentrate treatments occasionally yielded pigment concentrations greater than control (Table 
4), but never as large as the effect from NO3 and often not lasting more than a day or two.  



19 
 

 
Figure 10. Time series of fucoxanthin and peridinin in the four nutrient addition bioassays. 
Details are as in Fig. 3. 
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4. Discussion 
4.1 River DON Concentrates 

The presence of high DIN concentrations in river water makes the testing of river DON 
bioavailability for N-limited phytoplankton a challenge because we are looking for an effect of a 
relatively small, labile organic N pool against the backdrop of a very large and very bioreactive 
inorganic N pool. The TFF-diafiltration process proved to be an effective way to concentrate a 
large portion of river DON and dilute inorganic nutrients to inconsequential levels so that the 
samples could be used as additions in nutrient addition bioassays. The samples were 
concentrated 30 to 40 times, although the DON and DOC concentration factors were less than 
that because of the LMW DON and DOC passing through the TFF filter. Other similar studies 
concentrated river water by a factor of 50 or more for bioavailability testing (Seitzinger et al. 
2002; Fagerberg et al. 2010), although the concentration method in Seitzinger et al. (2002) 
resulted in DIN being a part of the product. Reaching such high concentration factors may have 
to be reconsidered, since it was found that permeate DON began to increase as retentate volume 
got smaller (data not shown), suggesting either changes in the retentate DON size or HMW DON 
passing through the filter. The TFF filtration was not completely efficient and some DON (20-
25%) was lost during the process, perhaps adsorbed to the filter. Still, the method produced 
samples that were highly enriched with riverine DOM and without much DIN, which meant 
small volumes could be used as experimental additions causing minimal dilution of estuarine 
water. 

The samples used for the river concentrates were collected at three sites, each with watersheds 
differing in dominant land use. The Contentnea Creek watershed is dominated by agricultural 
land uses, while the Trent River watershed is made up of more forested and wetland areas 
(Deamer 2009). The Neuse River site watershed is the combined Contentnea, Upper Neuse, and 
Middle Neuse basins, which include urban land uses as well as agricultural and forested areas. 
River water originating from the different basins was predicted to have different quality DOM 
because of land use, soil characteristics, and seasonal differences (Wiegner and Seitzinger 2004; 
Stedmon et al. 2006). We used DOC to DON ratios and CDOM absorbance spectra as proxies 
for DOM quality. The Trent River samples, whether concentrated or not, tended to be more 
carbon rich than the other two sites and the likely explanation is the predominance of forests and 
wetlands in this part of the Neuse basin (Seitzinger et al. 2002). Also, DOC to DON ratios were 
higher at warmer temperatures, which could be a function of greater soil microbial activity 
(Stedmon et al. 2006). The spectral slope S275-295 is negatively correlated with molecular size 
(Helms et al. 2008), but the only obvious trend was that slopes decreased (and molecular size 
increased) after the concentration step, which merely confirmed the molecular separation of the 
TFF filter. 

The permeate (LMW, <1 kDa) generated during the TFF process was mostly discarded, but one 
permeate sample was collected and used as an experimental addition. Since the permeate also 
contained essentially the same concentration of DIN as the source water, the test of the LMW 
DON had to be made by comparison against a DIN treatment without DON. These treatments 
also required a control for the dilution of the estuarine water with the permeate solution (21% for 
the Neuse permeate used in the May 2013 bioassay). We used a solution containing typical 
riverine concentrations of major ions (MIS) so that ionic conditions would be similar to the 
permeate addition. The Neuse permeate DON was only 15% of the added TDN, which meant 
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any effect from LMW DON would have to be considerable to be detectable above the response 
to 10 µmol L-1 DIN. Few variables, in fact, showed any significant difference between the 
permeate (DIN + DON) and the DIN (without DON) treatments. In the case of alloxanthin and 
zeaxanthin, the permeate addition appeared to suppress these pigment concentrations (see 
below), although it is not clear what mechanism might cause this negative effect.  

4.2 Nutrient Addition Bioassays 

In this study, the bioavailability of river water DON was assessed by estuarine plankton 
responses to DON and DIN under nutrient addition bioassay conditions (e.g., Peierls and Paerl 
1997). For phytoplankton, the response variables were Chl-a (a proxy for biomass) and primary 
productivity. The NRE has long been recognized as a N-limited system (Rudek et al. 1991; Paerl 
et al. 1998), and several studies have shown positive phytoplankton responses (i.e., increase in 
biomass or productivity) to N additions (Rudek et al. 1991; Paerl et al. 1995; Paerl 2009). DON 
utilization by phytoplankton has been measured in a wide range of species and assemblages in 
both cultures and natural systems (Antia et al. 1991; Peierls and Paerl 1997; Seitzinger et al. 
2002; Berman and Bronk 2003; Boyer et al. 2006; Fagerberg et al. 2010; Liu et al. 2011). For 
this work, we tested the effect of river water concentrates containing HMW DON when added to 
mesohaline estuarine phytoplankton assemblages over short (days) to longer (weeks) time scales. 

In all cases, Chl-a increased with inorganic N additions, but did not change relative to the control 
after enrichment with riverine DON. The presence of any bioavailable N should have elicited an 
increase in Chl-a given the mostly N-limited nature of the estuary. In the June bioassay, the 
increase in phytoplankton biomass in the control treatment suggests that surplus nutrients were 
initially available for phytoplankton growth (Phlips et al. 2002). This was confirmed by the high 
initial DIN concentration in the estuarine water, presumably caused by elevated antecedent 
discharge. N was probably limiting by the second day in June and during all of the other three 
experiments, given the significant response to NO3 and the consistent Chl-a decrease for all 
other treatments.  

The same lack of response to river water DON was evident in primary productivity rates, 
although Trent River DON did cause one significant (greater than control), yet minor, increase in 
May primary production. The effect of NO3 additions, however, completely overwhelmed any 
other productivity increase. Over all, the phytoplankton evidence suggests minimal 
bioavailability of HMW riverine DON to estuarine primary producers given the study conditions 
and time frame. One possibility is that the riverine HMW DON was dominated by hydrophobic 
humic substances, which have been reported as having limited bioavailability to algae (Liu et al. 
2011). On the other hand, humic substances have been shown to support phytoplankton growth 
in some cases (Carlsson et al. 1995, 1999; See et al. 2006). Still, even when extending the 
experimental time to three weeks, which was thought to allow time for bacterial remineralization 
of riverine DON, essentially no phytoplankton biomass or productivity response was observed in 
our experiments.  

This is counter to the findings of Seitzinger et al. (2002), Boyer et al. (2006), and Fagerberg et al. 
(2010), which did provide evidence for significant stimulation of estuarine phytoplankton by 
concentrated river DOM. The Seitzinger et al. (2002) study used daily additions of DON (for 10 
days ranging from 4 to 17 µmol L-1 d-1, which is a much greater DON loading than used in this 
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study and could explain the positive findings. Also, Seitzinger et al. used low level, artificial 
light, unlike the present study’s natural sunlight incubations, although the effect of ultraviolet 
light on DON bioavailability is complicated (Obernosterer et al. 1999). The Florida Bay system 
studied in Boyer et al. (2006) is quite oligotrophic compared with the NRE, but their reported 
phytoplankton responses to DOM were low relative to inorganic nutrient additions. Aside from 
using larger incubation containers, little was different between the Fagerberg et al. (2010) study 
and this study, so we have to conclude that differences among studies in initial estuarine 
community, water quality, and chemical composition of the river DON caused the divergence in 
results. 

We also used changes in bacterial productivity as a measure of river DON utilization. As was 
seen in the phytoplankton community, the bacterial community showed little response to the 
HMW riverine DON. Bacterial productivity in the DON additions exceeded the rates in the 
control treatment at several time points in November, but this difference was smaller than the 
overall variability; at one point the control treatment rate became higher than that for the DON 
treatments. In the same experiment, bacterial productivity showed a large peak in the NO3 
treatment that lagged the phytoplankton biomass response. This suggests that the bacteria were 
utilizing labile compounds released as the NO3-enhanced biomass senesced. It is possible that in 
bioavailability assays conducted in the dark and without natural microbial assemblages (e.g., 
Seitzinger and Sanders 1997), microbial taxa are pushed to C and N limited conditions and 
activate the enzymatic machinery necessary to utilize more refractory compounds (Arnosti 
2011). Our results suggest that labile C and N may be replete in the bioassays and therefore 
bacteria do not utilize the HMW riverine DON.  

Another method to determine DOM bioavailability is based on monitoring changes in DOC and 
DON over time, with decreases assumed to be due to microbial uptake (Seitzinger and Sanders 
1997; Bronk et al. 2007). The percent DOC or DON removed is often reported as a measure of 
bioavailability. These experiments have often been conducted using isolated bacterial 
communities in the dark and over long (days to months) time scales (Wiegner and Seitzinger 
2001). If the bioavailable fraction of DON is small, monitoring bulk DON concentrations may 
not reveal any uptake, especially if DON regeneration is significant (Bronk et al. 2007). Such 
might have been the case for this study, since DON and DOC concentrations showed little 
change over time after the experimental additions. In all the experiments, the spectral slope 
parameter S275-295 increased over time suggesting photochemical weathering of the DOM, where 
larger slopes indicate smaller molecular weight pools. We cannot, however, rule out the 
possibility that microbial processing caused some or all of the change in CDOM characteristics. 
The increase in particulate C and N concentrations seen with the DON additions could be 
construed as a conversion of DON to bacterial biomass (Vähätalo and Järvinen 2007), but it 
could also be the river DOM flocculating out of solution in the higher ionic strength brackish 
water; the elevated particulate C to N ratios support the latter possibility. 

The TFF permeate was used to test the bioavailability of LMW river DON. Two of the measured 
variables, primary productivity and POC, showed an increase with the permeate addition beyond 
that for the DIN control at day 2. Bacterial productivity also showed greater rates than the 
control, but later in the experiment at day 7. The low concentration of LMW DON in the 
permeate probably limited the potential of this test, but still the results are suggestive that some 
fraction of river DON is in fact bioavailable to phytoplankton and bacteria. This not surprising as 
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plenty of LMW DON compounds have been proven to be utilized by phytoplankton as a N 
source (Antia et al. 1991; Bronk et al. 2007). 

The last question that this study was to address was whether river DON might favor the growth 
of certain phytoplankton taxa, including harmful (HAB) species. As was seen for the other 
phytoplankton variables in these experiments, photopigments did not often show a significant 
response to river DON. When there was a difference from the control, the magnitude was usually 
small and much less than the change due to NO3 addition. The exception to that was peridinin 
(indicating dinoflagellates) in the June bioassay, which reached concentrations three times the 
control treatment one day after the DON addition, although absolute concentrations were small 
and peridinin disappeared in all treatments by the second day. Fagerberg et al. (2009) found that 
HMW DON stimulated a harmful dinoflagellate species, although this was under laboratory 
conditions. In a neighboring estuary, Altman and Paerl (2012) also reported on significant 
peridinin increases in response to river water additions that included DON and DIN. Contrary to 
those results, all N treatments caused a reduction in peridinin in our November bioassay. This 
could have been a direct suppression of dinoflagellates or more likely, the enhancement of other 
taxa that competed with and reduced dinoflagellate abundance. The LMW permeate may have 
also had a negative effect on some taxa, since alloxanthin and zeaxanthin concentrations were 
lower with permeate than with the DIN control. The results of our bioassays using natural 
assemblages did not produce sufficient evidence for the selective stimulation of HAB species by 
DON. 

5. Conclusions 
The major conclusion from these experiments is that the HMW riverine DON did not produce 
significant short or longer-term responses in phytoplankton or bacteria under the specific nutrient 
addition bioassay conditions. This was apparent whether N was or was not limiting at the start of 
the experiments. DON additions did not appear to be utilized, although this is difficult to 
determine from bulk DON measurements alone. Thus, we could not determine the fraction of 
riverine DON that is bioavailable. The DOM quality appeared to be changing during these 
bioassays, but we were unable to determine whether it was due to photochemical or microbial 
processes or some combination of the two. There was some evidence that LMW riverine DON 
was available to primary producers and maybe bacteria, but like the HMW additions, the effect 
was small and short-lived. Even if the LMW DON fraction did contain bioavailable compounds, 
the permeate DON concentration was mostly too low to induce a significant signal beyond the 
DIN response. DON additions did produce a few small differences in photopigment 
concentrations, but those changes were not strong evidence for any particular taxa being favored 
under DON enrichment. The results of these bioassays are not the definitive answer to the fate of 
watershed-derived DON in estuarine ecosystems. The negative effects of experimental 
enclosures limits the methods used here to adequately explore the long-term fate of riverine 
DON as it travels through the highly retentive NRE and Pamlico Sound system. Alternative 
methods will be required to address the microbial and photochemical transformations to this 
large and dynamic component of the estuarine N cycle. 

6. Recommendations 
It would be easy to suggest that this work shows watershed DON to be inconsequential in terms 
of the NRE TMDL. That would be premature, since the methodology used in this study only 
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allowed the testing of HMW compounds. The bioavailability of the LMW fraction of river DON 
should be tested in more detail. Also, the HMW fraction could be examined over longer time 
frames, with exposure to more weathering and microbial processing as might be seen in a system 
with a long residence time (several months) such as the NRE or the even longer residence time 
(~ 1 year) downstream Pamlico Sound. Finally, other individual, quantitatively important DON 
sources, such as waste water effluent and agricultural runoff, should be tested in a similar 
fashion.  

7. Summary 
Tangential flow filtration was used to isolate and concentrate DON more than tenfold from three 
river locations within the Neuse River basin using. The effect of this HMW riverine DON on 
estuarine phytoplankton and bacteria was tested using a seasonal series of nutrient addition 
bioassays. Overall, phytoplankton and bacteria did not significantly respond to the HMW DON, 
even at time scales of two to three weeks. When increases in productivity and biomass did occur, 
it was quite small compared with the response to DIN. Bulk DON and DOC concentrations 
changed little, suggesting that bioavailable compounds added in the experimental treatments had 
low concentrations and were turned over quite rapidly. Phytoplankton taxa, as measured by 
diagnostic photopigments, did not appear to be selectively enhanced by the HMW DON 
additions. Even longer-term bioavailability studies will be needed to adequately address the fate 
of watershed DON in estuarine ecosystems. It is hoped that by addressing the fate of different N 
fractions, this research has added to the understanding of estuarine N cycling and eutrophication 
and will aid in the continued TMDL assessment and water quality management of the nutrient 
sensitive NRE. 
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Appendix 1: Abbreviations 
BD: below detection 
C: carbon 
CDOM: chromophoric dissolved organic matter 
Chl-a: chlorophyll a 
DIN: dissolved inorganic nitrogen 
DIC: dissolved inorganic carbon 
DOC: dissolved organic carbon 
DON: dissolved organic nitrogen 
HAB: harmful algal bloom 
HMW: high molecular weight 
IMS: Institute of Marine Sciences 
LMW: low molecular weight 
kDa: kilodalton 
N: nitrogen 
NCDENR-DWQ: North Carolina Department of Environment and Natural Resources-Division 
of Water Quality 
NH4: ammonium 
NO3: nitrate 
NRE: Neuse River Estuary 
NS: no significance 
NTU: nephelometric turbidity units 
PN: particulate nitrogen 
PO4: phosphate 
POC: particulate organic carbon 
psi: pounds per square inch 
TDN: total dissolved nitrogen 
TKN: total Kjeldahl nitrogen 
TN: total nitrogen 
TFF: tangential flow filtration 
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Appendix 2: Presentations and Communication of Results 

Paerl, H.W. 2012. Controlling nutrient over-enrichment along the freshwater to marine 
continuum will likely require both nitrogen and phosphorus reductions: Lessons learned from 
North Carolina and around the world. Presentation at The North Carolina Forum On Nutrient 
Over-Enrichment, 29 May, Durham, NC. 

Peierls, B.L. and H.W. Paerl. 2013. Bioavailability of riverine organic nitrogen to Neuse River 
Estuary phytoplankton and bacteria. Oral presentation at WRRI Annual Conference, 21 March, 
Raleigh, NC. 

Dr. Paerl presented some of the bioassay results to NCDENR-DWQ personnel in April 2013 and 
to members of the Lower Neuse Basin Association/Neuse River Compliance Association in 
September 2013. 

  



30 
 

Appendix 3: Additional time series of phytoplankton photopigments measured in the nutrient 
addition bioassays. Details as in Figure 3. 
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