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ABSTRACT 
 
There is concern that water quality has declined substantially in the Neuse River Estuary (NRE) 
during the past 30 years.  This concern peaked during the summer and fall of 1995 due to the 
occurrence of an unusually large number of significant fish kills.  In an attempt to reverse this 
decline, a 30% reduction in nitrogen loading to the Neuse was legislated by the State of North 
Carolina in 1997.  The NRE Modeling and Monitoring (ModMon) project was initiated in 1997 
to coordinate modeling and observational capabilities and assist in water quality management of 
the watershed and estuary.  The monitoring project initiated in 1997 was extended in Phase II of 
ModMon (1999-2000).    
 
This report describes the Phase II monitoring studies that were conducted to further enhance our 
fundamental understanding of the NRE and to help in the development and calibration of 
ecosystem and water quality models.  The objectives of Phase II were (1) to continue the 
development and analysis of a long term database of critical water quality variables in the NRE, 
(2) to quantify across-estuary circulation and upwelling processes, (3) to characterize and 
quantify phytoplankton physiological rates of nutrient uptake and growth, and (4) to investigate 
particulate organic matter (POM) input and dissolved exchanges at the sediment-water interface. 
This suite of information is being used in probability, network, and simulation models to 
examine the fate, transport, and utilization of externally and internally supplied nitrogen in the 
NRE.   
 
Chlorophyll was generally greatest in the middle reaches of the NRE, just above the bend at 
Minnesott Beach and was inversely related to the concentrations of inorganic nutrients.  The 
timing and location of chlorophyll maxima were similar to those for particulate carbon (PC) and 
particulate nitrogen (PN) in the water column.  Observed concentrations and patterns of nutrients 
and chlorophyll in the water column were similar to those previously reported for the NRE.  We 
are presently using cluster and cross-correlation analyses to examine the inter-station 
relationships between nutrients, chlorophyll, and water column POM.  Riverine discharge, 
frontal passages, and wind-driven barotropic seiches affected circulation in the NRE on weekly, 
daily, and hourly time scales, respectively.  Upwelling and downwelling of water and materials 
occurred at the north and south shores depending on wind direction, intensity, and duration.    
Primary production decreased with increased freshwater discharge because the phytoplankton 
were flushed from the estuary into Pamlico Sound.  Large and unpredictable storm events 
appeared to play a large role in the determination of phytoplankton community production in the 
NRE.  C/N ratios in the suspended sediments decreased with distance downstream, indicating 
that water column biological processing was more important than physical delivery of organic 
matter.  However, the suspended and settling pools in November 1999 reflected more terrigenous 
or degraded organic matter due to the inputs associated with post-hurricane flooding.   
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downstream from Streets Ferry Bridge.  The maximum, minimum, mean, standard 
deviation (sd), and sample size (N) are provided.   

SUMMARY AND CONCLUSIONS 
 
There is widespread concern that water quality has declined in the Neuse River Estuary (NRE) 
during the past 30 years.  In an attempt to reverse this decline, a 30% reduction in nitrogen 
loading to the NRE was legislated by the State of North Carolina in 1997. 
 
The Neuse River Estuary Modeling and Monitoring (ModMon) project was initiated in 1997 to 
coordinate modeling and observational capabilities and address the management question of how 
to best restore water quality in the NRE.  The primary objective of the Monitoring phase of 
ModMon was to build an observational database in the NRE to complement the ongoing water 
quality Modeling of the system. The goals were to (1) provide guidance for future management 
actions and (2) allow objective assessments of the ecological response to present and future 
management actions.  The monitoring project initiated in 1997 was extended in Phase II of 
ModMon (1999-2000).   Phase II monitoring consisted of mid-channel hydrography and water 
quality, cross-channel circulation, phytoplankton physiological processes, and sediment-water 
coupling.  These studies were initiated in January 1999 and continued through the end of 2000 
and are the focus of this report.   

 
Riverine discharge, nutrient loading, and general circulation in the Neuse River Estuary are 
controlled by highly variable meteorological forcing.  This high inter-annual variability makes 
the determination of ecological trends and the assessment of ecological status very difficult with 
only a few years of data.  Furthermore, the shallow water depth of the NRE makes sediment-
water column coupling an important component to both short and long term biogeochemical 
cycling.  It is possible that the large inventory of sediment organic N could mitigate any 
observable effects of reductions in external nutrient loading. 
 
Given these and the many other complexities that are inherent in any natural system, we believe 
that our ability to provide guidance for management actions will ultimately depend on two basic 
courses of action:  (1) the development of a process-based understanding of the fundamental 
linkages between basin-wide loading and ecosystem responses, and (2) the development of a 
long term database of critical water quality and ecological parameters that allows scientists 
and/or managers to calibrate and verify ecosystem models, to distinguish ecological trends from 
annual variability and to fully evaluate the effectiveness of management actions. 
 
One of the principal products of Phase I and II monitoring is a data set available on CD ROM 
that consists of data collected since 1994 and provides the basis for ongoing and future modeling 
and analysis in the NRE.  In addition, considerable process level understanding has been gained 
into various components of the system behavior that will guide assessment of model applicability 
as well as the development of new modeling capabilities for the NRE. 

 
Specific findings from Phase II monitoring are the following: 
 
• Comparison of cumulative discharge data (1994-00) demonstrated that 1997 was dry, 1998 

had a very wet winter and spring, and 1999 was very dry until the floods associated with 
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Hurricanes Dennis and Floyd in September.  1999 went from being one of the driest to one of 
the wettest years within a few months as freshwater input to the NRE was at 100- to 500-year 
flood levels. 
 

• We defined the longitudinal position of the 2 psu isohaline as the salt wedge location and 
used this value to examine changes in bottom water salinity relative to freshwater discharge 
at Kinston.  We explained 70% of the observed variance in the salt wedge location using the 
42 d moving average discharge at Kinston.   

 
• The salt wedge was within 20 km (downstream) of Streets Ferry Bridge (SFB) in 

approximately 70% of the samples and within 30 km of SFB over 90% of the time, or 
consistently upstream of station 100.  The entire NRE was fresh in late 1999 and the salt 
wedge was pushed into Pamlico Sound following the three successive hurricanes in that year.   

 
• The mean water column salinity ranged from 0.1-11.2 psu along the length of the estuary 

while vertical light extinction ranged from 2.0 to 1.5 m-1 between SFB and the mouth of the 
NRE.  

 
• Overall, average concentrations of NOx

- were inversely correlated to salinity.  
Concentrations ranged from 500-700 µg L-1 within 15 km of SFB but tapered off 
dramatically to near 100 µg L-1 at the furthest downstream location.   

 
• Ammonium concentrations reached a maximum of 105 µg L-1 approximately 15 km from 

SFB in the spring.  Concentrations generally decreased in the downstream direction over all 
seasons, although there was little significant spatial or seasonal variability in average water 
column NH4

+ concentrations between 25 and 35 km downstream of SFB.   
 
• Ortho-phosphate concentrations exhibited little spatial variability and ranged from 20-60 µg 

L-1 throughout the study period.  Concentrations in the spring were significantly lower than 
those recorded in the summer or fall/winter seasons.   

 
• Chlorophyll was generally greatest in the middle reaches of the NRE, just above the bend at 

Minnesott Beach and was inversely related to the concentrations of inorganic nutrients.  The 
timing and location of chlorophyll maxima were similar to those for PC and PN in the water 
column.   

 
• Water level along the north and south shores was dependent on wind with both high and low 

frequency responses.  The low frequency response was associated with synoptic weather 
patterns such as decreases in water level when winds from the southwest pushed the water 
out of the NRE and into Pamlico Sound. A higher frequency response was observed in the 
difference between the north and the south water levels and a direct dependence of cross-
channel water velocity on wind direction and speed was noted.     

 
• Our cross-channel circulation data suggest a direct negative relationship between low 

dissolved oxygen (DO) and high salinity water.  Often, low DO water was advected into the 
region by meteorological forcing with the direct response of downwelling of lower salinity, 
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higher DO water on the downwind side of the estuary and upwelling of higher salinity, lower 
DO water on the upwind side.  

 
• Water column production throughout the NRE was highly variable due to variable riverine 

discharge that translated to variable turbidity and vertical mixing.   
 
• During periods of very high riverine discharge when the salt wedge was flushed entirely from 

the system there was a high nutrient, freshwater environment that favored the growth of 
cyanobacteria, cryptophytes, chlorophytes, and freshwater diatoms.  

 
• It was evident that during the periods of elevated freshwater discharge, phytoplankton 

biomass and productivity were least.  These observations suggest that primary production in 
the NRE was largely influenced by freshwater discharge, which effectively flushed 
phytoplankton from the estuary into Pamlico Sound.   

 
• The trend of increased δ13C values in the downstream direction was likely due to the variable 

isotopic composition of assimilated dissolved inorganic carbon.  In the upper estuary near 
SFB, δ15N values of suspended particulate matter were lower than those found downstream 
of New Bern suggesting either the predominance of terrigenous sources or preferential 
uptake of isotopically light N. 

 
• Upstream C:N values were near 10 and became enriched in N with distance downstream 

indicating that water column biological processing was more important than physical 
delivery of organic matter.   

 
• The more terrigenous or degraded organic matter signals observed in November 1999 were 

due to a greater contribution from resuspended sediments and/or a residual effect of the 
terrigenous material that entered the system with the hurricane derived flood water.   

 
• Rates of sediment oxygen demand (SOD) increased with increased sediment carbon, 

nitrogen, and surface chlorophyll concentrations.   
 
• The rates of dissolved nutrient exchange across the sediment-water interface did not 

demonstrate any visible monthly trends, nor did they correlate statistically with rates of SOD 
or denitrification.  However, there were significant differences between NH4 and NO3 
exchange rates with station location.   

 
• The SOD was statistically different among the three stations and increased in the downstream 

direction probably because the terrigenous sediment organic matter in the upper estuary is 
much more refractory than the phytoplankton derived material found further downstream. 

 
• The lack of correlation between the denitrification data and the rest of the measured 

parameters could be due to methodological difficulties, or it could be that the denitrification 
in the system is extremely variable. We have ongoing efforts to measure dentrification rates 
using different methods.   
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RECOMMENDATIONS 

 
One of the strongest recommendations is the need to build at least a decadal database of critical 
water quality and ecological parameters to allow the calibration and verification of ecosystem 
models, to distinguish ecological trends from annual variability, and to fully evaluate the 
effectiveness of management actions.  It is very difficult to decipher ecological patterns using a 
few years of data because of the considerable inter-annual variability in meteorological forces, 
the variable flushing and circulation characteristics of the NRE in response to these forces, and 
the high nutrient storage capacity of the sediments.   
 
We now have over three years of mid-channel data for the whole estuary to link and compare to 
previous studies conducted over portions of the estuary or at different times.  In addition to the 
benefits listed above, these data serve as a baseline that can be used to develop monitoring 
studies at other locations (shoal areas of the NRE, Pamlico Sound, etc.) and specific, process-
based studies of physical circulation, biogeochemical cycling, and trophic transfer in the NRE.   
 
Additional priority areas for research are: 
 
• Further studies on sediment-water coupling to obtain a better understanding of the physical 

forces at the benthic boundary layer, sediment resuspension and settling processes, and the 
nature and reactivity of the sediment organic nitrogen reservoir. 

  
• Incorporation of more off-channel, shoal locations into the regular, biweekly assessment of 

hydrography and water quality.  It is possible that the increased proximity to the shoreline 
and decreased depth might indicate differences in nutrient availability and phytoplankton 
production.  Additionally, many mobile organisms seek refuge in shoal areas when mid-
channel bottom water experiences hypoxia or anoxia.   

 
• The composition, delivery rates, and utilization of groundwater derived nutrients are 

important processes that have not been addressed for the NRE.  Much attention is given to 
groundwater dynamics in the riverine portion upstream of SFB, but groundwater as a 
component to the overall nutrient budgets of the estuary has not been considered.  These 
studies could be coordinated with monitoring in the shoal areas.   

 
• The fate of phytoplankton derived organic matter in the water column remains largely 

unknown. We have addressed aspects of the phytoplankton detritus at the sediment-water 
interface, but the nature and rates of biological consumption of phytoplankton in the water 
column remains a mystery.  Additionally, it is possible that much of the decomposition and 
remineralization of the phytoplankton detritus and biological oxygen utilization occur within 
the water column before the material reaches the sediments.   
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DISSEMINATION OF RESULTS 
 
 Active dissemination of results of the Stage II Monitoring of the Neuse River Estuary 
have occurred via the ModMon web page (www.marine.unc.edu/neuse/ModMon), workshops, 
presentations to the North Carolina General Assembly, presentations at public meetings and 
forums, presentations at national scientific meetings, outreach efforts in the public schools and 
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report that have drawn on results obtained during this project include: 
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1.0 INTRODUCTION 
 
 
The Neuse River Basin has experienced unprecedented growth in the past 50 years.  Changing 
and diversifying land use practices that include forestry, agriculture, industry, wetlands and large 
urban areas have placed increasing pressure on estuarine and coastal habitats to accommodate 
human induced inputs.  It is widely believed that these pressures have resulted in a long-term 
degradation of water quality in the Neuse River Estuary. 

 
The State of North Carolina has recognized this problem and has designated water quality 
improvement as an issue of highest priority (e.g., the Neuse River Nutrient Sensitive Waters 
Management Plan, North Carolina Environmental Management Commission, June 1997).  As a 
first step toward improving water quality in the Neuse, the North Carolina General Assembly has 
enacted legislation requiring a 30% reduction in nitrogen loading to the estuary.  While the 
scientific/technical community generally believes this will yield noticeable water quality 
improvements, we have little basis for predicting either the extent of its effectiveness or optimal 
ways in which it should be implemented.  Even more disturbing is the likelihood that we may not 
be able to identify the effectiveness of these measures a posteriori due to the significant year to 
year variations in water quality that routinely occur in the Neuse. 

 
Success in predicting or even identifying the effects of significant management actions in a 
complex system like the Neuse River Estuary will require an understanding of the linkages 
between basin-wide loading and ecosystem response (at least to the level of fish in the trophic 
chain).  The next 5 – 10 years offers a unique opportunity in the Neuse River Estuary to study 
these linkages under conditions that resemble a manipulative scientific experiment, i.e., a 
documented reduction of nitrogen loading.   

 
The Neuse River Estuary Modeling and Monitoring (ModMon) project has consisted of a multi-
institutional team of investigators collaborating to understand the relationships between loading 
and ecosystem response and to develop models for use by state officials to assist future 
management decisions.  This report covers the Phase II Monitoring component of the ModMon 
project from January 1, 1999 through the end of 2000 for cross-channel circulation, 
phytoplankton physiology, and sediment-water coupling.  We included the mid-channel 
hydrography and water quality data from June 1997 through 2000.  Additional monitoring results 
from studies of the of benthic fauna and fisheries are reported respectively by Peterson et al. (in 
press) and Eby and Crowder (in press).     
 
The goal of the Monitoring portion has been to build an observational database in the Neuse 
River Estuary that can support and complement the ongoing water quality/ecosystem Modeling 
in the system to (1) provide guidance for future management actions and (2) allow objective 
assessments of the ecological response to present and future management actions.   
 
Much of the data described in this report is the direct result of a joint sampling program between 
the University of North Carolina Institute of Marine Sciences, the North Carolina Division of 
Water Quality, and the Weyerhaeuser Corporation. 
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2.0 FIELD SETTING 
 
The Neuse River Estuary (NRE) is a drowned river valley that has developed within the past 
18,000 years during the last post-glacial rise in sea level.  The average depth is 3.6 m while the 
length of the estuary extends over 70 km and has an average width of roughly 6.5 km (Figure 
2.1).  Land elevation surrounding the NRE is typically less than 8 m above sea level and the 
shoreline at the mouth has fringing wetlands (Robbins and Bales, 1995).  The region’s 
predominant wind directions are northeast and southwest.  Winds from the S and SW winds are 
most common from April to August while winds from the N and NE dominate the late fall and 
winter. 

 
The NRE might be characterized as a ‘partially-mixed’ estuary (Pritchard, 1955), although the 
intermittent nature of the primarily wind driven forcing allows the system to experience an 
extreme range of conditions ranging from ‘vertically homogenous’ to ‘highly stratified’.  The 
estuary receives run-off from approximately 11% of the state’s total surface area and is the 
principal freshwater contributor to Pamlico Sound (Kim, 1990; Stanley, 1992).  An average 
annual discharge rate at the mouth of the Neuse has been estimated at 150 m3 s-1 (Kim, 1990).  
Flow measurements collected at Kinston from 1977-1988 show peak flows typically occurring in 
the spring while the late summer and early fall are characteristically periods of lower flow. 
 
The Neuse River Estuary (NRE) in eastern North Carolina is a component of the Albemarle-
Pamlico Sound system.  The estuary was defined as the area between Streets Ferry Bridge and 
Pamlico Sound with a sharp bend in the NRE at Minnesott Beach.   All station and location 
distances were measured in km downstream from SFB.  It is approximately 40 km from SFB to 
the bend at Minnesott Beach (upper estuary) and about 35 km from Minnesott Beach to the 
mouth of the NRE at Pamlico Sound  (lower estuary; Fig. 2.1).   Approximately two-thirds of the 
total volume is in the lower estuary.   
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Figure 2.1.  The ModMon Phase II monitoring stations started at the upstream limit with 0 for 
Streets Ferry Bridge (SFB).  While hydrography was monitored at all stations, surface and 
bottom water samples were collected at 11 mid-channel and 3 lateral stations (95N, 95S, SR).  
The sampling locations for the NC Dept. of  Water Quality are shown for reference.  The transect 
line between 95N and  95S was the location of cross-channel circulation studies (Section 4). 
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3.0 MID-CHANNEL HYDROGRAPHY & WATER QUALITY 
 
 
Christopher P. Buzzelli 
Richard A. Luettich, Jr. 
Benjamin L. Peierls 
Luke Twomey 
Hans W. Paerl 
 
 
3.1 Introduction 
 
 
Many estuaries on the Atlantic coast of the United States have shallow, lateral sub-estuaries that 
are characterized by two-layer flow with significant freshwater input at the head, wind-driven 
circulation, and variable salinity at the mouth.   Subsequently, the time it takes to flush the 
freshwater and its constituents from the estuary increases as discharge declines.  Longer flushing 
times allow water column and sediment uptake and remineralization to occur while higher 
discharge rates can sweep plankton out of the estuary quicker than biological process rates 
(Malone et al., 1988; Boyer et al., 1994).  Reduced circulation stimulates trapping of 
phytoplankton biomass produced early in the year where it can fuel water column production at 
other times through remineralization of the autochthonous particulate organic matter (POM) 
Malone et al., 1988).   
 
The location, timing, and extent of phytoplankton biomass maxima are determined by 
meteorology, land use, and circulation on local and regional scales through the delivery of 
dissolved and particulate matter to the estuary (Gallegos et al., 1992; Harding, 1994; Malone et 
al., 1996; Pinckney et al., 1997; Sin et al., 1999).  In many estuaries, phytoplankton production in 
lower, polyhaline reaches is reliant upon NOx

- (nitrate + nitrite) from upstream sources (Malone 
et al., 1988; Rudek et al., 1991; Sin et al., 1999).  In the mesohaline Chesapeake Bay, chlorophyll 
concentrations were positively correlated to freshwater discharge lagged by 1 month, but the 
amount of time between the spring riverine nitrate peak and the phytoplankton biomass 
maximum increased with freshwater discharge rates (Malone et al., 1988).  However, under high 
freshwater flow phytoplankton productivity rates decrease because the cells are flushed from the 
system too rapidly (Boyer et al., 1994; Sin et al., 1999).  Additionally, high phytoplankton 
production in the summer is less correlated to riverine input and more reliant upon the supply of 
inorganic nitrogen regenerated from below the pyncnocline (Malone et al., 1986).  In fact, 
remineralization of previously deposited phytoplankton derived POM can account for up to 80% 
of the total nitrogen required for phytoplankton biomass in the summer (Fisher et al., 1982; 
Malone et al., 1988; Jordan et al., 1991).  While some estuaries can be characterized by in situ 
POM production, coarser scale biogeochemical processing regulates the transfer of terrestrially 
derived and autochthonous materials to the coastal ocean (Matson and Brinson, 1990; Malone et 
al., 1996).   
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Circulation and stratification in the estuaries of North Carolina respond rapidly to variations in 
freshwater discharge and wind mixing (Stanley and Nixon, 1992; Luettich et al., 2000).  
Although not tidally dominated, the Neuse River Estuary (NRE) usually exhibits typical estuarine 
circulation with downstream flow at the surface and the upstream movement of saline water near 
the bottom (Luettich et al., 2000).   Freshwater discharge at Kinston, NC ranges from 100-600 m3 
s-1 and the average freshwater flushing time (FFT) of the NRE is approximately 2 months (Kim, 
1990; Christian et al., 1991).  Predominant winds from the SW to the NE in the summer enhance 
estuarine circulation to promote stratification in the main channel.  While winds associated with 
strong frontal systems can cause seiching between the NRE and Pamlico Sound, shorter period 
winds (hours) can cause lateral seiching across the NRE.  Water column stratification limits 
vertical re-aeration leading to hypoxia and anoxia in the bottom water on scales of weeks to 
months over 10-100 km2 of benthic habitat (Tenore, 1972; Sanford et al., 1990; Matson and 
Brinson, 1990; Stanley and Nixon, 1992; Buzzelli et al., in press).   Reduced horizontal and 
vertical mixing creates redox interfaces in the water column and sediments where autochthonous 
POM undergoes intense biogeochemical cycling.  These processes occur intra annually as 
springtime riverine discharge declines and phytoplankton biomass from the spring bloom is 
deposited to the sediments (Christian et al., 1992).  In fact, there is considerable recycling of 
nitrogen among algal, detrital, inorganic, and sediment pools such that 40-50% of the total 
nitrogen is part of the sediment at some point in time (Christian et al., 1992).  It has been 
estimated that there is ample nitrogen in the upper 2 cm to fuel benthic NH4

+ flux for 1.2 years 
(Luettich et al., 2000).  Seasonal changes in freshwater flushing time influence the fate of 
nitrogen including denitrification, burial, or export pathways (Christian and Thomas, in press).  
The end results are spatial and temporal lags between the input of freshwater and nutrients, 
phytoplankton uptake and production, and POM remineralization and secondary blooms in the 
summer (Malone et al., 1996). 
 
The overall goal of this research component was to describe the relationships between freshwater 
discharge and hydrography, inorganic nutrients, POM, and chlorophyll from a 3-year water 
quality study of the NRE.  Our objectives were to identify a hydrographic variable that links 
freshwater discharge at the head to salinity distributions in the estuary and to assess the observed 
concentrations of inorganic nutrients and chlorophyll.   
 
 
3.2 Methods 
 

3.2.1 Sampling and Laboratory Analyses 
 
Hydrographic and water quality properties of the water column were sampled biweekly at mid-
river stations by University of North Carolina (UNC-IMS) from June 1997 through December 
2000.  Observations were made from near-surface to near-bottom at mid-river locations from 
Streets Ferry bridge to the mouth of the NRE (Figure 2.1).  Vertical profiles of conductivity, 
salinity, temperature, dissolved oxygen, and pH were obtained at 0.5 m intervals in the water 
column with a Hydrolab H20 datasonde probe coupled to a Surveyor 3 datalogger.  The 
datasondes were calibrated according to manufacturer protocols before and after each sampling 
trip.  Irradiance (photosynthetically available radiation, PAR) at 0.5 m intervals in the water 



ModMon Phase II Draft Report September 2001 

 6 

column was determined using a 4π quantum sensor (Li-Cor 192SA).  We collected water 
samples at 11 sites, (stations 0, 20, 30, 50, 60, 70, 100, 120, 140, 160, 180; Figure 2.1) near the 
water surface (0.5 m depth) and at depth (0.5 m from the bottom).  The water was transferred to 
acid-cleaned 20 L Nalgene containers and kept cool and shaded during transport to the 
laboratory.  Subsamples for nutrient, chlorophyll, and primary productivity analyses were 
removed from bulk water samples within 3 h of collection.  In the laboratory the water samples 
(50 - 100 mL) were filtered through pre-combusted (500°C, 16 h) 25 mm Whatman GF/F glass-
fiber filters before chemical analyses.  Nitrite + nitrate (NO2

- + NO3
- or NOx

-), ammonium 
(NH4

+), and dissolved inorganic phosphate (PO4
-3) were quantified in the filtrate with a Lachat 

AutoAnalyzer (Quikchem 8000) using standard protocols and calibration procedures (Lachat 
Quikchem methods 31-107-04-1-C, 31-107-06-1-A, 31-115-01-3-C, respectively).  Particulate 
organic carbon and nitrogen retained by the filters was determined by CHN analysis (Perkin-
Elmer model 2400 series II CHN analyzer). 
 
Stemming from the Phase I monitoring (1997-1998), concentrations of chlorophyll a were 
determined using the spectrophotometric method in Parsons et al. (1984).  A known quantity of 
raw NRE water was filtered onto glass fiber filters.  The filters were then extracted in 90% 
acetone for several days before the extracts were analyzed in cuvettes using a spectrophotometer.  
The extinction of the extracts at 665 and 750 nm, the volume of the acetone extract (ml), the 
volume of water filtered, and the path length of the cuvette (cm) comprised the equation to 
determine chlorophyll a concentrations in µg L-1 (Parsons et al. 1984).   
 
In August of 1999 the laboratory switched to fluorometric determination of chlorophyll 
concentrations because fluorometry is easier, more reliable, and to comply with the methods used 
by the NC Dept. of Water Quality.  Chlorophyll a concentration was measured using the non-
acidification fluorometric method of  Welschmeyer (1994).  Briefly, a model TD-700 Turner 
designs fluorometer with a very narrow set of bandpass excitation and emission filters was used.  
This set-up largely eliminates spectral interference caused by the presence of pheophytin a and 
chlorophyll b.  Subsamples (50-500 mL) were filtered onto 25 mm Whatman GF/F glass fiber 
filters and stored at 0° C.  The filters were placed in polypropylene centrifuge tubes and 10 mL of 
90% aqueous acetone solvent was added.  The filters were sonicated in a chilled water bath for 
20-30 min and extracted at -20° C for 12-24 h.  The extracts were decanted into cuvettes and the 
fluorescence was determined with the Turner instrument.   
 
 

3.2.2 Data Analyses 
 
Since the NRE is vertically stratified most of the time, we selected the upstream extent of saline 
water (defined by the 2 psu isohaline) as the hydrographic variable of interest.  The location of 
the 2 psu isohaline provides a length scale to examine the longitudinal salinity gradient, is a 
proxy for the boundary between fresh and salt water in the estuary, and is an in situ indicator of 
freshwater discharge, salinity intrusion, and habitat suitability (Jassby et al., 1995).  We defined 
the location of the 2 psu isohaline in km downstream from Streets Ferry Bridge as X2 and 
hypothesized that it would migrate downstream (increase) with increasing freshwater discharge.  
X2 was read from weekly longitudinal (depth vs distance downstream) profiles of salinity 
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generated from the mid-channel hydrographic data (Fig. 3.1A).  This activity provided us with 
170 sampling dates from 10 June 1997 to 27 December 2000.  We performed a series of linear 
regressions in order to relate X2 to the input of freshwater at the gauging station in Kinston, NC.  
A continuous record of average daily discharge rate at Kinston (m3 d-1) was filtered for the 170 
sampling dates.  We then tested the independent effects of different averaging intervals and lag 
times on the relationship between the discharge rate and X2.  The intervals were the average 
discharge rate over 1, 3, 7, 14, 28, 42, and 56 days prior to each sampling day.  Within each of 
these intervals we lagged the discharge rate by 0, 5, 15, 30, and 60 d prior to each sampling day.   

 
 
 
Figure 3.1  (A) Example of longitudinal salinity profile to locate the position of the 2 psu 
isohaline near 6 km downstream, and, (B) Percent of observations of the 2 psu isohaline position 
(n = 170) for a range of distances downstream.  
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Water column light attenuation (kd; m-1) and the average concentrations of salinity (psu), NOx
- 

(µg L-1), NH4
+ (µg L-1), PO4

-3 (µg L-1), particulate carbon (PC; µg L-1), particulate nitrogen (PN; 
µg L-1), and chlorophyll a (µg L-1) were analyzed using two-way ANOVA with season and 
location downstream as independent variables.  The data did not violate the assumption of 
homogeneity of variance according to Cochran's test.  We summarized the mean, median, and 
range of values for each variable at each location and used correlation and regression to examine 
the relationships among water quality variables over all 11 water sampling stations (Fig. 2.1).  
These analyses included average DIS42, X2, average water temperature, average salinity, average 
NOx

-, average NH4
+, average PO4

-3, average PC and PN, and average chlorophyll a.   
 
 
3.3 Results 
 

3.3.1 Freshwater Discharge and X2 
 
Examination of seven years of cumulative discharge data (1994-2000) revealed that 1997 was 
dry, 1998 had a very wet winter and spring, and 1999 was very dry until the floods associated 
with Hurricanes Dennis and Floyd in September (Fig. 3.2A).  1999 went from being one of the 
driest to one of the wettest years within a few months when freshwater input to the NRE was at 
100-500 year flooding levels (Paerl et al. 2000).  2000 was very close to the seven year average 
discharge (Fig. 3.2A).  The discharge rate at Kinston ranged from near 0 to over 1000 m3 s-1 over 
the study period (Fig. 3.2B).  While December 1997 to March 1998 had a lot of precipitation, the 
winter of 1998-99 had less freshwater input.  X2 was within 20 km downstream in approximately 
70% of the samples and within 30 km of SFB over 90% of the time, or consistently upstream of 
station 100 (Fig. 3.1B).  In most cases, X2 was < 10 km from SFB when the discharge rate was < 
200 m3 s-1 (Fig. 3.2B).  X2 jumped to 25-50 km during the winter of 1997-98 but hovered near 
15-20 km the following winter.  X2 decreased to near 0 km in August 1999 prior to the hurricane 
related flooding in the NRE basin.  The entire NRE was fresh in late 1999 and X2 was located in 
Pamlico Sound.   
 
The 42 d averaging interval with no lag provided the best relationship (r2 = 0.62) between the 
discharge rate (independent) and X2 (dependent).  However, the degree of fit was similar for 
averaging intervals ranging from 28 to 56 days.  The degree of fit between the two variables 
generally increased with the averaging interval and decreased with increased lag time (Fig. 3.3).  
The 42 d moving average discharge rate (DIS42) accounted for both variations in discharge and 
lag effects and served to smooth the average daily discharge time series (Figs. 3.2B and 3.3).  We 
selected a hyperbolic relationship between DIS42 and X2 because there appear to be two 
possibilities for X2 under very high freshwater discharge rates.  One possibility happened when 
X2 was pushed entirely out the estuary, as in fall 1999.  The other possibility occurred because 
the NRE widens as the freshwater pushes X2 downstream, thereby relaxing the downstream 
pressure gradient.  In this case X2 approaches a downstream limit and the hyperbolic relationship 
explained 70% of the variance (Fig. 3.4A).  With this relationship we are able make daily 
predictions of X2 based upon continuously recorded discharge rates for comparisons to a 
simulation model and to relate to nutrient concentrations (Fig. 3.4B).   
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Figure 3.2  (A) Cumulative, annual freshwater discharge values from the gauging station at 
Kinston, NC for 1994-2000, and, (B) Time series of average daily and 42 moving average daily 
discharge rates with the 2 psu isohaline position for June 1997-December 2000.   
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Figure 3.3  Effects of averaging interval and temporal lags in discharge rate on relationship 
between discharge rate at Kinston and position of 2 psu isohaline.  At least a 28 d averaging 
interval is required to reach r2 = 0.6.   
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Figure 3.4   (A) Hyperbolic regression between 42 d moving average discharge rate at Kinston, 
NC and position of 2 psu isohaline, (B) Time series (points) and model (line) of 2 psu isohaline 
position.   
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3.3.2 Spatial and Temporal Patters of Water Column Variables 
 
The mean water column salinity ranged from 0.1-11.2 ppt along the downstream salinity gradient 
(Table 3.1).  Surface and bottom water salinity were relatively high from June-December 1997 as 
values of 5-15 psu were observed within 10 km of SFB (Fig. 3.5A).  As mentioned, most of the 
NRE was freshened during the winter of 1997-98.  Bottom water salinity was 5-20 psu between 
10 and 50 km downstream throughout most of 1998 and salt water encroached almost to SFB in 
the summer of 1999 (Fig. 3.5A).  Although a large pulse of hurricane derived floodwater reduced 
salinity to zero in the winter of 1999-2000, surface and bottom salinity increased to near normal 
levels throughout the first half of 2000.  Average water column salinity increased linearly with 
distance downstream and ranged from 0-13 psu over the three year study (Fig. 3.6A).  Salinity 
was consistently near 0 psu at stations 0, 10, and 20 and was overall reduced between February 
and April.   
 
Water column light extinction (kd) was < 2 m-1 in the second half of 1997 (Fig. 3.5B).  Light 
extinction ranged from 2.0 to 1.5 between the head and mouth of the NRE (Table 3.1).  Kd was  
> 2.0 m-1 in the winter 1997 and spring 1998 and in the winter of 1998.  It was low throughout 
the estuary in 1999 until October-December following the flood-water.  There was little spatial 
variability in kd between SFB and the bend in the NRE at station 120 (Fig. 3.6B).   The greatest 
values of 2.3 m-1 were observed October-January at stations 10, 20, and 140.  Light extinction 
was < 2 m-1 throughout the NRE in the summer, kd averaged 2.4 m-1 over all stations in the upper 
estuary in the spring, and dropped to < 1.75 m-1 in the lower estuary (Fig. 3.6B).   
 
Mean concentrations of water column NOx

- ranged from 577.2-27.5 µg L-1 along the length of 
the NRE (Table 3.1).  Overall, average concentrations of NOx

- were inversely correlated to 
salinity (Fig. 3.6C).  Concentrations ranged from 500-700 µg L-1 within 15 km of SFB but 
tapered off dramatically to less than 100 µg L-1 at the furthest downstream location.  NOx

-  
concentrations decreased linearly with distance from February to April and were generally greater 
than at other times of the year.  There was a steep decline in NOx

- concentrations from 500 to < 
50 µg L-1 between 15 and 30 km in the summer (Fig. 3.6C).  Patterns of NOx

-  between the 
surface and bottom water layers were similar (Fig. 3.7A).  Concentrations ranged from 200-1000 
µg L-1 within 10-15 km of SFB in the summer of 1997, but were generally below detection limits 
downstream the rest of the year.  A comparatively large pulse of NOx

-  was transported 
downstream in the wet spring of 1998, but concentrations > 200 µg L-1 were again confined to 
the upper 15 km of the estuary.  Some NOx

-  was pushed approximately 30 km during the winter 
of 1998-99 and a large lens of NOx

-  was observed in surface and bottom water in July 1999.  A 
large amount of NOx

-  reached the lower estuary (< 40 km downstream) in the winter of 1999-
2000 with the hurricane related flood-water (Fig. 3.7A).   
 
The relationships between the DIS42 and surface water NOx

- concentrations differed 
dramatically at the ends of the NRE.  As stated, NOx

- concentrations at 0.0 km (stn. 0) were 
consistently high (200-1200 µg L-1) over the study period (Fig. 3.8A).  Increased discharge had 
little effect on observed concentrations and may have decreased them slightly (Fig. 3.8B).  
Conversely, NOx

- concentrations at 57.1 km (stn. 160) were below laboratory detection limits for 
most of the study  
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Table 3.1.  Mean, median, and range of values (surface + bottom averages) for water quality 
variables sampled at 5 stations (0, 30, 70, 120, 160) at bi-weekly intervals in the Neuse River 
Estuary 1997-2000.    

Location (km from SFB)
Variable Statistic 0.0 13.1 25.9 41.9 57.1

Temp (C) Mean (SE) 19.0 (0.88) 19.2 (0.81) 18.8 (0.79) 18.4 (0.80) 18.4 (0.84)
Median 18.8 18.7 18.5 18.2 17.9
Range 2.8-32.0 3.4-30.4 3.4-30.0 3.3-29.4 3.5-30.0

Sal (psu) Mean (SE) 0.1 (0.01) 2.2 (0.31) 4.9 (0.45) 8.1 (0.47) 11.2 (0.54)
Median 0.1 0.4 4.0 7.7 11.4
Range 0.0-0.2 0.0-9.8 0.0-14.3 0.1-17.3 2.1-23.2

kd (m-1) Mean (SE) 2.0 (0.07) 2.1 (0.06) 2.1 (0.07) 1.9 (0.08) 1.5 (0.11)
Median 1.8 2.0 2.0 1.7 1.4
Range 1.1-3.2 1.2-3.7 1.0-4.0 0.9-4.1 0.7-3.0

DO (mg L-1) Mean (SE) 7.0 (0.23) 6.7 (0.24) 7.4 (0.25) 7.3 (0.28) 7.3 (0.27)
Median 6.7 6.9 7.4 7.4 7.5
Range 2.9-12.1 2.5-12.0 3.3-12.1 2.2-12.7 3.6-12.1

NOx (µg L-1) Mean (SE) 577.2 (32.2) 369.2 (25.9) 148.4 (21.0) 84.5 (15.7) 27.5 (6.3)
Median 636.0 386.9 27.0 7.6 6.8
Range 0.0-1255.5 0.0-867.1 0.0-726.2 0.0-638.4 0.0-247.1

NH4
 (µg L-1) Mean (SE) 51.3 (2.8) 80.3 (5.4) 37.6 (4.1) 38.7 (5.4) 39.6 (5.2)

Median 51.0 71.0 19.8 23.7 19.5
Range 0.0-104.2 0.0-225.7 0.0-185.6 0.0-283.4 0.0-215.7

PO4 (µg L-1) Mean (SE) 38.2 (2.2) 41.4 (3.0) 31.8 (3.1) 24.8 (2.7) 21.9 (2.2)
Median 36.8 36.0 24.4 17.6 20.4
Range 0.0-102.2 0.0-156.0 0.0-121.1 0.0-117.9 0.0-68.5

PC (µg L-1) Mean (SE) 652.4 (34.3) 1142.9 (71.7) 1853.9 (95.9) 2104.5 (113.2) 1780.2 (83.8)
Median 616.4 951.7 1807.6 1918.5 1689.5
Range 0.0-1502.5 0.0-3369.3 0.0-5079.6 0.0-5457.2 0.0-4683.7

PN (µg L-1) Mean (SE) 84.4 (4.2) 171.4 (13.4) 287.9 (16.0) 322.8 (16.4) 273.4 (13.2)
Median 81.4 126.6 305.7 322.7 260.8
Range 0.0-174.2 0.0-562.8 0.0-789.8 0.0-779.9 0.0-829.7

Chl (µg L-1) Mean (SE) 2.2 (0.28) 7.9 (1.1) 14.6 (1.7) 14.5 (1.5) 13.0 (1.4)
Median 1.2 3.6 11.2 10.7 8.7
Range 0.0-13.8 0.2-44.6 0.6-102.9 1.5-72.1 1.3-64.3
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Figure 3.5 (A) Space-time plots of surface (upper panel) and bottom (lower panel) salinity.  
The x-axis is time from June 1997-December 2000 while the y-axis is distance downstream of 
Streets Ferry Bridge (km).  The superimposed points in the upper panel represent the sampling 
locations and times for all hydrographic and light data.  (B) Surface water light extinction (kd).  
The graph layout is the same as for surface salinity.   
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Figure 3.6 Seasonal and spatial variations in average water column (A) salinity, (B) light 
extinction, (C) nitrate + nitrite (NOx

-), and (D) ammonium (NH4
+) concentrations. 
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Figure 3.7 (A) Space-time plots of surface (upper panel) and bottom (lower panel) NOx

-.  
The x-axis is time from June 1997-December 2000 while the y-axis is distance downstream of 
Streets Ferry Bridge (km). (B) Space-time plots of surface (upper panel) and bottom (lower 
panel) water NH4

+. 
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Figure 3.8 (A) Time series of  42 d moving average discharge rate at Kinston and NOx

- 
concentrations at station 0 (0 km from SFB). (B) linear regression between the two variables in 
A.   
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period except during times of high riverine discharge (Fig. 3.9A).  The relationship between 
NOx

- and DIS42 was positive and significant with r2 = 0.45 (Fig. 3.9B).   
 
Mean concentrations of water column NH4

+ ranged from 37.6-80.3 µg L-1 along the salinity 
gradient in the NRE (Table 3.1).  Ammonium concentrations reached a maximum of 105 µg L-1 
approximately 15 km from SFB in the spring (Fig. 3.6D).  Concentrations generally decreased in 
the downstream direction over all seasons, although there was little significant spatial or seasonal 
variability in average water column NH4

+ concentrations between 25 to 35 km.  Additionally, 
NH4

+ concentrations were greater downstream of the bend at Minnesott Beach in the fall/winter.   
Concentrations of NH4

+ were generally greater in the bottom water layer relative to surface water 
and in upstream locations within 25-30 km of SFB (Fig. 3.7B).  Concentrations of >150 µg L-1 
developed in these areas during the summers of 1997, 1998, 1999, and the fall of 1999.  Bottom 
water NH4

+ concentrations were > 200 µg L-1 at station 160 (57 km from SFB) in October 1999.  
This was well in excess of the median concentration of 19.5 µg L-1 at this station (Table 3.1).  
Surface and bottom water NH4

+ concentrations were highest throughout the NRE during times of 
greatest freshwater input (Fig. 3.7B).   
 
Mean concentrations of water column PO4

-3 ranged from 21.9-41.4 µg L-1 along the length of the 
NRE (Table 3.1).  Surface and bottom water concentrations of PO4

-3 increased above 50 µg L-1 
in the late summer/early fall of 1997, 1998, 1999, and 2000 (Fig. 3.10A).  PO4

-3 concentrations 
were greatest throughout the NRE in August of 1999 prior to the hurricanes and in the bottoom 
water in late summer 2000.  Ortho-phosphate concentrations exhibited little spatial variability 
and ranged from 20-60 µg L-1 throughout the study period (Fig. 3.11A).  Concentrations in the 
spring were significantly lower than those recorded in the summer or fall/winter seasons.   
 
Mean water column chlorophyll a concentrations ranged from 2.2-14.6 µg L-1 along length of the 
NRE (Table 3.1).  Chlorophyll concentrations were generally low above 13 km from SFB (Fig. 
3.11B).  Downstream of this location, concentrations recorded in the fall and winter were less 
than those from either the spring or summer seasons.  Overall, the greatest chlorophyll 
concentrations were past 35 km downstream in the spring (Fig. 3.11B).  The greatest summer 
concentrations of approximately 18 µg L-1 were from 26 km downstream or at station 100 just 
above the bend (Fig. 2.1).  Surface water chlorophyll a concentrations were patchy and varied 
from 0 to over 40 µg L-1 (Fig. 3.10B).  The highest concentrations were observed from 2-12 km 
in the summer of 1997, between 20 and 30 km downstream in 1998, near 50 km downstream in 
the winter of 1998, near 40 km downstream in the summer of 1999, and from 10-50 km in the 
spring of 2000.  The chlorophyll maxima appeared to correlate with measured rates of net 
primary production in most instances (Fig. 3.10B).  In fact, the timing and location of the 
maximum recorded rates of net primary production were similar to the chlorophyll patterns and 
both were influenced by freshwater discharge (Section 5).   
 
Mean water column concentrations of particulate carbon and nitrogen (PC and PN) ranged from 
652.4-1780.2 µg L-1 and 84.4-322.8 µg L-1, respectively (Table 3.1).  Over all seasons, PC and 
PN concentrations were least within 8 km downstream (Figs. 3.11C,D).  Beyond this location, 
PC and PN concentrations were variable and patchy (data not shown).  PC peaked near 2500 µg 
L-1 in the spring near 42 km downstream, although there were few seasonal or spatial differences  
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Figure 3.9 (A) Time series of  42 d moving average discharge rate at Kinston and NOx

- 
concentrations at station 160 (57.1 km from SFB). (B) linear regression between the two 
variables in A.   
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Figure 3.10 (A) Space-time plots of surface (upper panel) and bottom (lower panel) ortho-
phosphate (PO4

-3).  The x-axis is time from June 1997-December 2000 while the y-axis is 
distance downstream of Streets Ferry Bridge (km) (B) Space-time plots of surface water 
chlorophyll (upper panel) and net primary production rates (lower panel).   
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Figure 3.11 Seasonal and spatial variations in average water column (A) PO4
-3, (B) 

chlorophyll a, (C) particulate carbon (PC), and (D) particulate nitrogen (PN) concentrations.   
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Figure 3.12 Scatter plots of chlorophyll a concentrations (x) against concentrations of (A) 
NOx

-, (B) NH4
+, (C) PO4

-3, (D) PC, and (E) PN over all sampling dates and stations from June 
1997-December 2000. 
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among observed concentrations past 26 km (Fig. 3.11C).  PN peaked near 400 µg L-1 at 23 km 
downstream and concentrations were greatest in the summer (3.11D).   
 
Over all samples at all locations, chlorophyll concentrations were inversely related to NOx

-, 
NH4

+, and PO4
-3 (Fig. 3.12A-C).  These correlations were all significant (p < 0.01) and the 

coefficients  were -0.41, -0.38, and -0.23, respectively.  Chlorophyll concentrations were 
positively correlated to PC and PN concentrations in the water column with correlation 
coefficients of 0.57 and 0.60, respectively.   
 
 
3.4 Discussion 
 
 
The NRE experienced three large freshwater discharge events related to storm activity between 
June 1997 and December 2000.  The winter of 1997-98 brought significant rain, the winter of 
1998-99 was less severe but freshwater input was considerable, and the extreme input of 
hurricane derived flood-water in the fall of 1999 provided the final event.  The position of the 
freshwater-saltwater interface, or X2, moved in the longitudinal direction proportional to the 
discharge rate.  Salinity and light penetration decreased substantially following these discharge 
events.  Conversely, concentrations of inorganic nitrogen and phosphorus increased immediately 
after the freshwater inputs.  NOx

- decreased monotonically down-estuary most of the time and 
concentrations rose above undetectable levels in the lower estuary only after periods of high 
freshwater input (Christian et al., 1991; Rudek et al., 1991).  While NH4

+ exhibited variability at 
the most upstream and downstream sampling locations, PO4

-3 showed little spatial variability.   
Both NH4

+ and PO4
-3 were greatest in the bottom water in the summer due to decreased vertical 

mixing and increased rates of decomposition (Rizzo and Christian, 1996).  Increased rates of 
primary production and concentrations of chlorophyll usually occurred sometime after the 
nutrient inputs and in most cases downstream of 20 km in the NRE.   Chlorophyll was generally 
greatest in the middle of the NRE, just above the bend and was inversely related to the 
concentrations of inorganic nutrients.  The timing and location of chlorophyll maxima were 
similar to those for PC and PN in the water column.   
 
The observed concentrations and patterns were similar to those previously reported for the NRE 
(Christian et al., 1991; Pinckney et al., 1997; Paerl et al., 1998).  Our study demonstrated that 
concentrations of dissolved inorganic nitrogen decreased down-estuary (Christian et al., 1991).  
As in previous studies, the fraction of the total water column nitrogen was largely NOx

- at the 
head but NH4

+ and PN increased in the downstream direction (Christian et al., 1991).  In fact, 
inorganic nitrogen concentrations exhibited great spatial and seasonal variability while inorganic 
phosphorus only varied temporally (Malone et al., 1996; Sin et al., 1999).  Phytoplankton 
biomass correlated highly to PC and PN concentrations and autochthonous algal production 
appeared to be a major source of POM in the water column.  These results are similar to those of 
Matson and Brinson (1990) and Christian et al. (1991) who suggested that phytoplankton 
produce approximately an order of magnitude more POM than accounted for by terrestrial run-
off in the Neuse and Pamlico River Estuaries.  These findings are re-iterated in Section 6 of this 
report.   
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Relative to these previous studies, it appears that concentrations of inorganic nutrients and 
chlorophyll have changed little in the NRE.   This underscores the value of long term data sets in 
monitoring estuarine water quality.   At least ten years of data are required to track both chronic 
and episodic events in estuaries (Sin et al., 1999; Glasgow and Burkholder, 2000).  Present 
results suggest that overall water column concentrations of nitrogen, phosphorus, and chlorophyll 
have not changed dramatically in the NRE over the past 15 years, a result previously observed in 
the Pamlico River Estuary (Stanley, 1993).  In fact, concentrations of NO3

- and NH4
+ decreased 

and PO4
-3 remained unchanged in the Pamlico River Estuary from 1967-1991 (Stanley, 1993).  

Additionally, nitrogen loading to the NRE has not increased despite a proliferation of potential N 
sources in the watershed, and phosphorus loading has decreased since the mid 1980's (Stowe et 
al., 2001).  Despite these observations, the relationships between riverine supply of nitrogen, 
phytoplankton productivity and transport, and nutrient recycling remain complex in time and 
space in both the water column and sediment environments.  Inter-annual meteorological and 
hydrodynamic variability along with the large sedimentary pool of organic matter make it very 
difficult to discern direct linkages and trends even with long term data sets.   
 
There are many studies and analyses that are still required to better understand the connections 
between watershed material inputs and estuarine biogeochemical processing.  We are using 
statistical approaches to relate net primary production and chlorophyll to different groups of 
environmental variables.  Previous studies have shown that biomass and surface irradiance 
explained 66% of the measured variance in daily primary production (Boyer et al., 1993) while 
related variables such as salinity, light, and inorganic N explained 71% of the observed 
variability in total chlorophyll a in the NRE (Pinckney et al., 1997).  Phytoplankton are the key 
primary producers and organic production is highly regulated by physical processes, light, and 
nutrient availability.  Fisher et al. (1982) reported that increased chlorophyll concentrations in 
North Carolina estuaries were directly related to increased rates of nitrogen uptake by 
phytoplankton, which were influenced by light availability.  We are pursuing these issues in the 
phytoplankton physiology component to our research (Section 5).  Biomass and primary 
production are often linked in time and space and display similar seasonal patterns (Pinckney et 
al., 1997; Sin et al., 1999).   The lag time between the deposition and remineralization of 
phytoplankton derived POM varies with riverine input of freshwater and nutrients (Malone et al., 
1988).  This has implications for the fate of externally supplied N to the estuary because the 
utilization of new and regenerated sources of N depend upon temporal and spatial lags between 
nutrient production and uptake processes relative to the turnover time of the phytoplankton 
(Malone et al., 1988).  These properties are particularly apparent for the NRE because the 
average freshwater flushing time of the NRE is two months (Christian et al., 1991).  Therefore, 
future analyses will focus on the composition, timing, and location of phytoplankton biomass 
maxima using both the new and accumulated data from the NRE.   
 
We are presently using cluster and cross-correlation analyses to examine the inter-station 
relationships between nutrients, chlorophyll, and water column POM.  Using these methods we 
hope to resolve the spatial and temporal associations inherent in the bi-weekly water quality data.  
We possess intensive circulation data (Section 4), information on the nature and magnitude of 
phytoplankton carbon and nitrogen uptake (Section 5) and the partitioning of total algal biomass 
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among several dominant taxa (Pinckney et al. 1997), and the fate and remineralization of 
phytoplankton derived POM at the sediment-water interface (Section 6).  This suite of 
information is being used in probability, network, and simulation models to examine the fate, 
transport, and utilization of externally and internally supplied nitrogen in the NRE (Bowen and 
Hieronymus, 1998; Borsuk et al. 2001; Christian and Thomas, in press).  These efforts include 
analysis of estuarine responses to a variety of N loading scenarios to determine appropriate total 
maximum daily loading (TMDL) to the NRE.   
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Cross-Channel Hydrography and Circulation 
 
Janelle V. Fleming 
Richard A. Luettich, Jr. 
Christopher P. Buzzelli 
 
4.1 Introduction 
 
A key element to assessing the complex factors that influence water quality is knowledge 
of circulation and hydrography. Net circulation in the NRE can be upstream, downstream 
or in opposite directions between surface and bottom water masses (Luettich et al., 2000). 
Hydrodynamic residence time will determine whether nutrients and/or algal cells are 
processed internally or swept downstream into Pamlico Sound (Boyer et al., 1994). 
Vertical density stratification is a critical ingredient in the development of low oxygen 
conditions (Stanley and Nixon, 1992; Buzzelli et al., in press). Thus understanding and 
developing the capability for accurately representing the hydrography and circulation will 
be critical to successful process-based modeling of the potential impacts of nutrient 
inputs on the biogeochemical cycling in the NRE. 
 
Previous studies have shown that the NRE is a wind-driven estuary having low flows that 
are spatially and temporally complex, and an extremely variable salt-wedge (Jarrett, 
1966; Woods, 1969; Knowles, 1975, Pietrafesa et al., 1986; Lung, 1988; Wells and Kim, 
1991; Robbins and Bales, 1995; Lenihan and Peterson, 1998). Although these studies 
provide a foundation, our understanding of the hydrography and circulation of the NRE is 
far from complete. For example, none of the previous studies have included time series 
data from moored current meters deployed for weeks-months. Additionally, there is 
minimal information on cross-channel circulation and the role of wind forcing in moving 
the salt wedge along and across the estuary versus mixing and stratification. At the same 
time we need to investigate the dynamic processes and establish a physical database that 
can be used to calibrate and verify water quality models. 
 
Our previous research has demonstrated that longitudinal water exchange in the NRE is 
principally driven by fresh water discharge and low frequency (e.g. 2-4 day duration) 
meteorological forcing of the lower NRE and Pamlico Sound (Luettich et al., 2000). 
Winds blowing toward the northeast move water out of the NRE and into Pamlico Sound 
while winds blowing toward the southwest move water into the NRE from Pamlico 
Sound. While astronomical tides are minimal in the NRE, significant changes in water 
level (>0.5m) occur in response to changes in wind velocity within a matter of hours. A 
standing wave like seiche in the semi-diurnal range constitutes the majority of the 
longitudinal velocity signal but is relatively ineffective at displacing significant volumes 
of water (Luettich et al, 2001). Estuarine flow and vertical stratification are most 
prevalent during periods of calm winds or winds blowing toward the northeast but are 
reduced during periods of winds blowing towards the southwest. 
 
There were five reported fish kills in the NRE during 1998, of which four occurred 
upstream of Cherry Point (Fig. 2.1). Salinity data from moored sensors close to the 
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northern shore at station 120 (41.9km) indicated that a strong upwelling event occurred at 
this location at approximately the time of the most significant fish kill of 1998. Since 
stratification and wind are largely responsible for creating and redistributing hypoxic 
bottom water, we hypothesize that a combination of physical factors makes the section of 
the NRE upstream of Cherry Point a region of chronic fish kills. Periods of high 
freshwater discharge, calm winds or winds blowing towards the northeast lead to vertical 
salinity stratification and the encroachment of the salt-wedge into this region. Mid-
channel bottom water becomes hypoxic (≤ 2 mg L-1 dissolved oxygen or DO) typically 
when the difference between surface and bottom salinity is 3 psu and the water 
temperature is greater than 20 C (Buzzelli et al., in press). Strong NE or SW winds or 
rapid changes in winds blowing towards the NE to winds blowing towards the SW can 
cause upwelling of low oxygen bottom water along a shoreline that had previously 
contained an oxygenated water column. These physical processes can occur within a few 
hours and the short physical response time may be capable of trapping fish in upwelled, 
hypoxic water near the shoreline. 
 
4.2 Methods 
 
Two bottom-mounted, upward facing ADCPs were installed near the north and south 
shores of the NRE at stations 95N and 95S (Fig. 2.1) semi-continuously from June 13, 
1999 to September 27, 2000. The ADCPs, 1200kHz RDInstruments with high 
resolution/low flow enhancements, were deployed in approximately 4 m of water. They 
provided along and across channel velocities at a 20 cm vertical spacing throughout the 
water column, except for blanking regions of approximately 0.4 m near the surface and 
0.8 m near the bottom. Attached to each ADCP stand was a SeaBird Microcat 37-SM, 
which recorded conductivity, temperature and depth (CTD) at a fixed point near the 
bottom. Both sets of instruments were serviced (data downloaded, cleaned, batteries 
replaced) every month during the summer high bio-fouling period and otherwise every 2 
months during the remainder of the year. Two vertically profiling Hydrolab Datasonde 
4as with CTD and DO sensors were deployed approximately 25 m shoreward of the 
ADCPs. The vertical profiling was accomplished by attaching each Hydrolab to a 
computer-controlled winch that ran the Hydrolab down and up every 15 minutes. The 
winch controller clock was synchronized with the Hydrolab clock so that it only 
measured and recorded data during a profile. The Hydrolab was lowered at a speed of 2.5 
m per minute and recorded samples at 1.0 Hz yielding a vertical resolution of 4 cm 
(Reynolds-Fleming et al., in press). During the summer of 1999 the winch/controller 
assembly plus a battery to operate the winch was located on a small stand installed 
specifically for this purpose. However, hurricanes Dennis and Floyd destroyed the stands. 
As a result, two floating platforms were designed and installed for the 2000 field season. 
The CTD/DO units were serviced approximately every 5 days to minimize the impact of 
bio-fouling on the DO measurements. Data from both platforms were collected from June 
to August, 2000. Wind direction, speed, and air temperature were collected at hourly 
intervals at the Meteorological Station of the Cherry Point Marine Corp Air Station 
(CPMCAS). Finally, we continued to maintain a Coastal Leasing pressure gauge (to 
determine water level) at Marker 1AC at the mouth of Adams Creek. 
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4.3 Results 
 
Monthly time series of water depth from marker 1AC and near the north (95N) and south  
(95S) shores of the upper estuary for the year 2000 (Fig. 4.1-4.12) indicated a water level 
variation of approximately 1.5 m at each location. There was a strong correlation between 
all three data sets as represented by cross correlation values of 0.94 between marker 1AC 
and 95S, 0.986 between marker 1AC and 95N and 0.995 between 95N and 95S. Strong, 
positive, and linear relationships existed between the data as linear regression analysis 
provides an r2 value of 0.97 between 1AC and 95S, 0.97 between 1AC and 95N, and 0.99 
between 95N and 95S (Fig. 4.13). The water level data from marker 1AC has been used 
as a downstream boundary condition and model input for both the Neuse Estuary 
Eutrophication Model (NEEM) and the U. S. Environmental Protection Agency’s 
Environmental Fluid Dynamics Code (EFDC/WASP).  
 
The moored ADCP data suggest a direct dependence of across channel water velocity on 
wind direction and speed (Fig. 4.14). Figure 4.14 represents a five-day period that began 
June 22, 1999. The wind data is presented as a vector plot in figure 4.14A. Here the wind 
transitions from blowing towards the SW to blowing towards the NE. An apparent sea 
breeze effect is noted as wind speeds decrease during the night and then increase in the 
afternoon. At the beginning of this time period, winds are light and blow towards the S, 
but increase in speed and change direction towards the SW by JD 173.5. Southward 
across channel flow is dominant near the north shore through this time period and appears 
along the south shore before the wind shifts and increases speed. A lag in flow response 
to the wind can be seen as velocity along the north shore responds faster than velocity at 
the south shore site with a wind that blows towards the SW. Between JD 173.5 and 175, 
the wind is predominately towards the SW and the speed decreases at night and increases 
during the day.  The general trend in the flow field is towards a two-layer flow with 
southward velocity near the surface and northward return flow near the bottom. However, 
because of the variability in the wind field, the flow field oscillates to adjust to decreases 
in wind speed or slight changes in direction. As the wind shifts towards the N/NE, the 
flow fields also shifts towards a regime whereby surface flow is northward with a bottom 
return flow southward. A lag in the flow response is evident in that velocities near the 
south shore respond faster to wind forcing than those at the north shore. Here again, as 
the surface shear due to the wind decreases, possibly as a result of the sea-breeze effect, 
velocities adjust quickly and may decrease in speed or reverse entirely. 
 
Salinity and water level data are also graphed from the same time period (Fig. 4.15). Both 
respond to wind forcing at low and high frequencies. An example of a low frequency 
response in water level can be seen here as winds blowing towards the SW push water 
into the NRE from Pamlico Sound and winds blowing towards the NE push water out of 
the NRE into Pamlico Sound. This is evident in figure 4.15C as demeaned water levels 
are higher than the mean during winds toward the SW and demeaned water levels are 
lower than the mean during winds toward the NE.  This was previously identified by 
Luettich, et al. (2000) with water level data from marker 1AC, but it has now been 
documented in the upper NRE as well with this study.  An example of a higher frequency  
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Figure 4.1 January 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.2 February 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.3 March 2000 time series of water level from marker 1AC (solid), near the south 
shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly correlated. 
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Figure 4.4 April 2000 time series of water level from marker 1AC (solid), near the south 
shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly correlated. 
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Figure 4.5 May 2000 time series of water level from marker 1AC (solid), near the south 
shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly correlated. 
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Figure 4.6 June 2000 time series of water level from marker 1AC (solid), near the south 
shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly correlated. 
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Figure 4.7 July 2000 time series of water level from marker 1AC (solid), near the south 
shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly correlated. 
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Figure 4.8 August 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.9 September 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 



 38 

 
 
Figure 4.10 October 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.11 November 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted ··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.12 December 2000 time series of water level from marker 1AC (solid), near the 
south shore (95S, dotted··), and near the north shore (95N, dashed --) appear highly 
correlated. 
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Figure 4.13 Strong, positive, and linear relationships exist between water level data of 
95N, 95S, and marker 1AC. 
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Figure 4.14 A five-day snapshot of wind (A) and across-channel velocity near the north 
shore (B) and near the south shore (C) shows the direct dependence of flow velocity to 
wind direction and speed. 
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Figure 4.15 A five-day snapshot of wind velocity (A), salinity (B), and water level (C) 
data from the upper NRE study shows a dependence on wind direction and speed.
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water level response can be seen at both a diurnal and semi-diurnal time scale. The 
salinity data (Fig. 4.15B) show the possibility of wind-driven advection of saline waters 
as wind blowing towards the SW moves saltier water along the bottom towards the north 
shore and wind blowing towards the NE moves saltier water along the bottom towards 
the south shore. 
 
Investigation of a high frequency response of velocity and water level was conducted 
using power spectral analysis. This analysis assumes that a time series for any variable 
can be represented as the sum of sine and cosine functions of different frequency and 
strength. The power spectrum provides a summary of the strength (energy) of the variable 
as a function of frequency and thus serves as a basic tool for diagnosing periodicity in the 
time series. Considerable further detail on this method can be found in standard data 
analysis texts, (e.g. Bendat and Piersol, 1986; Emery and Thomson, 1997). Figure 4.16 is 
an example of the power spectral density for vertically averaged cross-channel velocity 
and water level. Most of the spectral energy is at low frequencies, however this analysis 
isolated a spectral peak at approximately 2.0 cycles h-1 (cph) in both sets of data. Since 
both data sets revealed a similar spectral peak, coherence tests between the data were 
done in order to determine a relationship between the variables. These tests revealed 
significant coherence between cross-channel velocity and water level at a frequency 
range between 1.8-2.0 cycles h-1 (~30 min period, Fig 4.17A,C) with a phase lag of 
approximately 90 degrees (Fig 4.17B,D). This approximates the relationship for a 
standing wave. 
 
As noted in figure 4.15C, the wind appears to advect saltier water from the channel 
toward the shores and may lead to upwelling and downwelling events. A clearer example 
of this movement is presented in figure 4.18. This 20-day record shows several shifts in 
the wind record as the wind alternates between blowing towards the NE (J.D. 175-181, 
184-187,191-193) to wind blowing towards the SW (J.D. 180-184,187-191,193-195). 
Generally, as winds blow toward the NE, the fresher surface water is blown towards the 
north and downwelled along the north shore and relatively saltier water encroaches on the 
south shore and may ultimately be upwelled along the south shore. The reverse is true for 
winds blowing toward the SW as fresher surface water is downwelled along the south 
shore. The sea-breeze effect is more prevalent in this time series as decreases in wind 
speed correspond to a “see-sawing” in the near-bottom salinity record. As wind speeds 
decrease, the flow characteristics of the water column adjust in order to return to a steady 
state and as a consequence, saline water is advected into or out of the region. Coherence 
tests between salinity along the north shore and salinity along the south shore show a 
significant coherence at a frequency of 0.04-0.045 cycles h-1 (22-24 hr period, Fig 4.19A) 
and are approximately 180° out of phase (Fig. 4.19B). Figure 4.20 is a contour plot of the 
coherence between the wind component in varying orientations around the compass and 
salinity along the north (4.20A) and south (4.20B) shores. Both salinities showed 
significant coherence with the winds at a frequency between 0.04-0.05 cycles h-1 as the 
wind is rotated counterclockwise from east by at least 50 degrees. This rotation is aligned 
parallel to the lower estuary and perpendicular to the upper estuary and represents the 
NE/SW wind regime. The period of this relationship is consistent with a summer sea-
breeze effect in the wind component that blows across the upper NRE. The “salinity see-  
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Figure 4.16 Example power spectral density plots from June 13 to July 14, 1999 of 
vertically averaged cross-channel velocity (A) and water level (B) show a peak in 
spectral energy at approximately 2 cph.  
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Figure 4.17 Example coherence tests from July 16 to August 12, 1999 between water 
level and vertically averaged cross-channel velocity on the north shore (A) and the south 
shore (C) show significant coherence between 1.8-2.0 cph. The corresponding phase 
angle of approximately 90º in the north shore (B) and -90º in the south shore (D) at that 
same frequency indicates a barotropic standing wave. 
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Figure 4.18 A 20-day time series of wind (A) and salinity along the north and south 
shores (B) from June 2000 clearly shows the wind-driven advection and upwelling of 
saltier water. 



 48 

 
 
Figure 4.19 Significant coherence between salinity from June 16 to September 23, 2000 
along the north and south shores (A) with a phase angle of approximately -180º (B) 
indicate that there are simultaneous variations in these salinities at a period of 22-24 hrs. 
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Figure 4.20 Contours of coherence between north shore (A) and south shore (B) salinity 
and wind rotated in 5-degree increments from June 16 to September 23, 2000 data show a 
significant coherence between 0.04-0.05 cph and wind rotated by at least 50 degrees in a 
counter-clockwise manner. This rotation aligns the along channel wind parallel to the 
lower estuary and the SW/NE wind regime. 
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saw” effect may have interesting applications for the benthic fauna that experience large 
(~4 psu) changes in salinity at diurnal periods.  
  
The vertically profiling CTD/DOs provided data on the effect of wind-driven 
upwelling/downwelling on dissolved oxygen as well as salinity. Figure 4.21 represents a 
5-day period of dissolved oxygen contours from the north (Fig. 4.21B) and south (Fig. 
4.21C) shore compared with the wind (Fig. 4.21A). Salinity contours during the same 
time interval are presented in figure 4.22. It is noted from this data that low dissolved 
oxygen water occurs simultaneously and to the same vertical extent as high salinity 
water. In fact, linear regression analysis was completed with near bottom salinity and DO 
as well as near bottom salinity and density in the form of sigma-t (Fig. 4.23). This 
analysis shows a positive correlation between salinity and density (R2>0.99) and a 
negative correlation between salinity and DO (R2>0.67). From the contour data, it is clear 
that as wind blows toward the SW, low DO/high salinity water is upwelled along the 
north shore (JD 189-190) and higher DO/low salinity water is downwelled along the 
south shore. As the wind switches direction and increases speed, the low DO/high salinity 
water is upwelled along the south shore (JD 190.5-192.5) and the higher DO/low salinity 
water is downwelled along the north shore.  
 

 
4.4 Discussion 
 
Luettich, et al. (2000) demonstrated that the primary drivers of circulation in the NRE are 
freshwater discharge and meteorological forcing. The effect of meteorological forcing is 
complicated by the orientation of the estuary to prevailing winds (NE/SW direction). 
Winds set up an along channel barotropic seiche with a period of ~13 hrs in Pamlico 
Sound which then effects longitudinal circulation in the upper and lower portions of the 
NRE. These same winds create an across channel seiche in the upper portion of the 
estuary with a period of approximately 30 min. This corresponds well with the theoretical 
surface seiche period calculated from T=2L/C where L in this case is the width of the 
estuary (5.5 km) and C is the shallow water wave speed, gHC = , based on H, the 
height of the water column (4m). Perhaps of greater interest is that meteorological forcing 
influences lateral variability of salinity and dissolved oxygen. 
 
Moored CTD data were used to show that winds blowing toward the NE create 
downwelling of lower salinity water along the north shore and upwelling of higher 
salinity water along the south shore. The reverse was true for winds which blow towards 
the SW. Significant coherence between salinities at both shores and between salinity and 
wind confirmed that diurnal oscillations in salinity were related to diurnal oscillations in 
the wind field probably due to the summer sea-breeze effect. 
 
The autonomous profilers, designed specifically for this project, captured time series 
profiles of DO and salinity every 15 minutes and is the first vertically intensive time 
series of hydrographic data to be collected in the NRE.  There was a strong, negative 
relationship between low dissolved oxygen and high salinity water, suggesting that at  
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Figure 4.21 Wind vectors (A), dissolved oxygen contours from the north shore (B) and 
south shores (C) show the wind-driven upwelling of low DO. 
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Figure 4.22 Wind vectors (A), salinity contours along the north shore (B) and the south 
shore (C) exhibit the wind-driven upwelling of higher salinity waters. 
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Figure 4.23 Linear regression analysis between near bottom salinity and density (σt) for 
the north shore (A) and the south shore (C) show a high correlation (R2>0.99) of salinity 
with density. Linear regression analysis between near bottom salinity and DO for the 
north shore (B) and the south shore (D) show a high correlation (R2>0.67) of high salinity 
with low DO. 
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these locations, low DO water is often advected into the region directly by meteorological 
forcing or indirectly as a result of the reduced wind speed at diurnal periods instead of  
generated locally by microbial degradation and respiration. The data also show instances 
when anoxic conditions persisted throughout the water column for periods of half a day.  
 
The direct response of meteorological forcing whereby low salinity, high DO water is 
downwelled on the lee side of the wind and high salinity, low DO water is upwelled on 
the windward side, has an immediate effect on the organisms that are subjected to it. If 
pelagic animals are caught unaware, they may not have enough time to move from the 
area and are thereby caught in a hypoxic zone and suffocated. The indirect 
meteorological response of the estuary, whereby reductions in wind speed allow a salinity 
and DO “see-saw”, exposes fauna to extreme changes in salinity and DO on a fairly 
regular basis. This may ultimately stress organisms leaving them in a weakened state and 
vulnerable to microorganisms. Additionally, in their weakened state, they may not have 
the necessary energy to evade even a minor low DO upwelling event causing their 
suffocation. 
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5.0 PHYTOPLANKTON PHYSIOLOGY 

 
 
Luke Twomey 
Christopher P. Buzzelli 
Hans W. Paerl 
 
 
5.1 Introduction 
 
Phytoplankon production is the primary source of organic carbon in the water column of the 
NRE (Matson and Brinson, 1990; Section 6).  The distribution and concentrations of algal 
derived chlorophyll a and accessory photopigments provide an indication of overall trophic 
status in the estuary (Malone et al., 1996).  Chlorophyll biomass varies in time and space 
depending upon riverine nutrient inputs, transport, and loss processes such as grazing and 
vertical settling.  In order to understand and represent algal dynamics in the NRE, we need 
essential phytoplankton rate process data.  Modeling the relationships between variable 
hydrodynamics, suspended material and submarine light attenuation, and nutrient availability 
requires specific knowledge of phytoplankton carbon and nitrogen assimilation rates.    
 
The overall objective of this component of the Phase II monitoring was to determine rates of 
phytoplankton growth and nutrient acquisition in the NRE.   The specific objectives of this 
component were to measure integrated daily rates of phytoplankton photosynthesis, to describe 
the spatial and temporal distribution of gross photosynthesis of the phytoplankton community, 
and to characterize the relationship between photosynthesis (P) versus irradiance (I), as 
expressed by the P-I curve on a seasonal basis.  Additionally, we conducted preliminary 
experiments to determine both absolute and the spatial and temporal variability in phytoplankton 
community uptake rates of nitrate (NO3

-) and ammonium (NH4
+) to predict the uptake 

parameters Ks and Vmax.  Initial experiments to determine whether nitrate or ammonium is the 
preferred inorganic nitrogen species have also been initiated.  
 
5.2 Methods 
 
Chlorophyll concentrations and the rate of daily-integrated water column productivity were 
estimated from surface water samples collected from 11 stations on the NRE (0, 20, 30, 50, 60, 
70, 100, 120, 140, 160, and 180; Fig. 2.1; Section 3).  Estimates of gross photosynthetic rates for 
the natural phytoplankton community were conducted using the 14C assimilation technique 
(Steeman-Nielsen, 1952).  Samples were incubated at the IMS pond system to maintain constant 
temperature while water column mixing was imitated using a field light simulator (see Mallin 
and Paerl, 1992).   
 

These data were supplemented with “photosynthetron” incubations, which determined the 
photosynthetic rates of phytoplankton at 21 different light levels using a small-volume, short 
incubation time 14C technique (Lewis and Smith, 1983).  The photosynthesis versus irradiance 
(P-I) relationship was measured once a month at the freshwater station (0) and at the mesohaline 
station (100).  P-I parameters were estimated from the field data using a non-linear curve fitting 
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routine (Jassby and Platt, 1976).  Phytoplankton production was estimated by fitting the 
productivity and light data to the models of either Webb et al. (1974; Eq. 1) or Jassby & Platt 
(1976; Eq. 2) depending upon the fit as determined by assessing residual plots.   

(1)  P = Pmax(1-expαI) + c  

(2)  P = Pmax tanh (I/Ik)     

where P is primary production in mg C m-3 h-1, Pmax is maximum primary production, α is the 
initial slope of the P-I relationship, I is irradiance, c is the x-axis intercept, and Ik is the light 
saturation parameter. 

Uptake kinetics experiments for nitrate and ammonium were conducted at station 70 in the NRE 
on 11 October 2000.  The full suite of in situ physico-chemical water column parameters 
(temperature, salinity, dissolved oxygen, nutrient analysis, light attenuation, productivity, and 
chlorophyll) accompanied each uptake experiment. 

Triplicate 100-mL estuary water samples were added to chemically inert polyethylene incubation 
containers and inoculated with 15N tracer (98.5-99.6 atom %15N) in the form of ammonium 
chloride (15NH4Cl) and potassium nitrate (K15NO3).  Incubation containers were amended with 
either NO3

- or NH4
+ at incrementing concentrations (0.1, 0.2, 0.5, 1, 2, 5, and 10 µg-atoms N L-

1).  Incubations were conducted at IMS in an outdoor pond system through which running 
seawater was circulated to maintain ambient temperature.  To avoid problems related to isotope 
dilution, which may occur during long (>12 h) incubations, bottom and surface samples were 
incubated for 4 hours (Dugdale and Wilkerson 1986).  Experiments were terminated by filtration 
(maximum 10 min duration, with maximum pressure of 250 mm of Hg) onto pre-combusted 
glass fibre filters (Whatman, GF/F).  Filters were placed into pre-combusted foil envelopes and 
dried overnight at 60°C.  Samples were sent for analysis at the Stable Isotope Facility, 
Department of Agronomy and Range Science, University of California at Davis.  A Europa 
Scientific Integra Micromass Spectrophotometer was used to measure the fraction of 15N in the 
assay gas.  The amount of 15N incorporated into the phytoplankton was determined by comparing 
the ratio of 15N:14N with low enrichment standards. 

Nitrogen uptake rates were obtained using the 15N method outlined by Dugdale and Goering 
(1967).  The uptake rates for ammonium may be underestimated because corrections were not 
made for isotopic dilution by regeneration, but given the short incubation times isotopic dilution 
would be expected to be relatively small (Dugdale and Wilkerson, 1986). 

 
5.3  Results 
 
The estimates of photosynthesis from the field light simulator suggest that Neuse phytoplankton 
primary productivity was variable in both space and time (Fig. 5.1B).  In 1997, high production 
at the freshwater head was evident during summer and mid fall.  Productivity decreased 
dramatically in the upper stations during the winter of 1997-98, however, a region of high 
productivity remained in the lower estuary.  Productivity was severely diminished in early spring 
1998 due to increased tributary flow induced by high rainfall during a period of several weeks  
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Figure 5.1 Space-time plots surface water chlorophyll (A) and net primary production rates 
(B).  The x-axis is time from June 1997-December 2000 while the y-axis is distance downstream 
of Streets Ferry Bridge (km)  
 
 
 
(Fig. 5.1B).  In mid to late spring 1998, phytoplankton production increased rapidly in the lower 
estuary and elevated productivity gradually intruded upstream during the summer.  By late 
summer, productivity in the entire NRE was high, with localized regions of very productive 
waters between 13 and 50 km downstream.  Productivity remained high throughout the fall 1998, 
but was abruptly reduced following increased freshwater discharge in early winter 1998-99 (Fig. 
5.1B).  Again this resulted in low productivity throughout the estuary.  Reduced production was 
limited to only a few weeks in the winter but phytoplankton community production increased 
rapidly after this time in the lower estuary.  Similar to the previous year, productivity spread 
from the lower estuary to the upper stations thereby generally increasing the system wide 
productivity by early summer of 1999.  The summer and fall of 1999 was greatly influenced by 
three hurricanes (Floyd, Dennis and Irene), which had a marked influence on the phytoplankton 
production in the NRE.  Hurricane Dennis (24 Aug-5 Sept) significantly increased riverine 
discharge and effectively flushed phytoplankton from the system, thereby severely retarding 
biomass production.  In the following weeks, a dinoflagellate bloom in the middle estuary 
increased production, however this was short lived due to the influence of Hurricane Floyd (14-
17 Sept).  Again the riverine discharge increased and reduced productivity throughout the NRE.  
There was only a 3-4 week period between Hurricanes Floyd and Irene (13-16 Oct), which 
effectively suppressed productivity in the NRE throughout this period due to high rainfall and 
increased tributary discharge.  In the following winter and spring of 1999-2000, phytoplankton 
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productivity was high throughout the estuary, largely due to the high biomass of freshwater 
cyanobacteria (blue-green algae) and cryptophytes. 
 
P-I curves were generated for the NRE phytoplankton community at the surface and bottom of 
the water column from May 2000 to November 2000 (Table 5.1).  At the freshwater head, Pbmax 
estimates ranged from 0.4 mg C mg chla-1 h-1 in June to 7.9 mg C mg chla-1 h-1 in September.  
Pbmax estimates at station 100 ranged from 0.13 mg C mg chl a-1 h-1 in April to 6.3 mg C mg chl 
a-1 h-1 in September.  At station 100 in March the phytoplankton community production did not 
display a hyperbolic relationship with irradiance, thus no data is given for this period.  The initial 
slope of the P-I curve (α) ranged from 0.002 to 0.03 at station 0 and 0.001 to 0.015 at station 
100.   
 
Table 5.1.  P-I parameters for Neuse River phytoplankton during 2000. 
 

  station 0   station 100 

  surface  bottom  surface  bottom 

date  Pbmax αb  Pbmax αb  Pbmax αb  Pbmax αb 

14 Mar 00  * *  * *  1.7 0.006  1.1 0.007 

24 Apr 00  7.9 0.03  5.4 0.025  0.13 0.001  0.18 0.001 

23 May 00  1.4 0.004  1.65 0.007  2.2 0.007  1.4 0.007 

20 Jun 00  0.84 0.004  0.4 0.002  3.7 0.015  0.275 0.002 

18 Jul 00  2.1 0.005  1.6 0.007  0.238 0.001  1.34 0.007 

29 Aug 00  0.65 0.003  1.25 0.005  1.65 0.006  1.5 0.006 

13 Sep 00  3.05 0.01  0.7 0.003  NS NS  NS NS 

27 Sep 00  1.7 0.007  NS NS  6.3 0.02  NS NS 

27 Oct 00  3.6 0.013  NS NS  4.4 0.014  NS NS 

20 Nov 00  0.95 0.004  NS NS  1.9 0.008  NS NS 

 *did not display a P-I relationship  NS = not sampled 
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5.4 Discussion 
 
NRE phytoplankton productivity was highly variable in space and time.  It was evident that 
during the periods of elevated freshwater discharge, phytoplankton biomass and productivity was 
lowest (Fig. 5.1A & B).  These observations suggest that primary production in the NRE was 
largely influenced by freshwater discharge, which greatly reduced water residence time and 
effectively flushed phytoplankton from the estuary into Pamlico Sound.  In 1997 primary 
production was greatly affected by increased total annual freshwater discharge.  Similarly in 
1998, heavy winter rainfall increased flow, and in 1999 with the influence of three major 
hurricanes, productivity was severely restricted due to high flow.  It was likely in the months 
following these large discharge events that high phytoplankton production rates were caused by 
an elevation of water column nutrient availability.  In periods of very high freshwater input the 
salt wedge was pushed entirely from the system and was replaced by a high nutrient, freshwater 
environment that favored the growth of cyanobacteria, cryptophytes and chlorophytes and 
freshwater diatoms.  This was indeed the case in the spring of each year in the present study.  
These observations are in agreement with (Mallin et al., 1991) where phytoplankton productivity 
and community composition in the NRE were greatly influenced by dynamic meteorological 
events.   
 
In the freshwater upper reaches of the NRE, productivity rates were typically much lower than 
the mesohaline areas of the mid and lower estuary.  These differences were largely attributed to 
the freshwater influence on the phytoplankton community, selecting for freshwater species in 
areas of close proximity to freshwater input.   Pinckney et al. (1999) demonstrated that NRE 
phytoplankton responded differently to variable environmental conditions, with species 
succession largely controlled by nutrient availability and turbidity.  This was the likely cause of 
phytoplankton community patchiness in late spring, summer, and early fall from 1997 to 2000.  
It was possible that nutrient regeneration from the sediments during prolonged periods of bottom 
water hypoxia and anoxia contributed to localized regions of high productivity in the middle and 
lower NRE.  Patchy nutrient availability may also cause changes in phytoplankton species 
succession, where species that are better adapted to nutrient pulses are favored over those that are 
not (Mallin et al., 1991; Pickney et al., 1999).  This type of phytoplankton community response 
could account for some of the spatial heterogeneity observed during the monitoring period. 
 
Seasonal variability in the P-I parameters for NRE phytoplankton was also noticeable throughout 
2000.  The low values for α indicated sustained productivity even under conditions of 
diminishing light.  This would result in greater water column phytoplankton community 
production.  Conversely, high values of α  suggested low water column productivity and possible 
light limitation.  Therefore, the current monitoring results indicate that water column production 
throughout the NRE was highly variable due to variable turbidity and vertical mixing.  The 
highest Pmax values observed in the summer and spring were expected due to the increasing 
water temperature, increasing water column stability, salinity stratification, and greater 
availability of dissolved inorganic nutrients. 
 
Marked interannual variability of phytoplankton community composition, biomass and 
productivity have been previously described for the NRE (Mallin et al., 1991; Boyer et al., 1993; 
Boyer et al., 1994; Pinckney et al., 1997; Pinckney et al., 1998).  Observed interannual 
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differences in phytoplankton productivity appeared to be influenced by rainfall and the 
associated increase in freshwater discharge.  The elevated rainfall in winter 1997- 1998 and 
influence from three major hurricanes in 1999 resulted in increased NRE flushing and particulate 
material flux.  When freshwater discharge rates elevated, phytoplankton were flushed from the 
system.  At the same time large quantities of inorganic nutrients and particulate material were 
washed into the estuary, which increased turbidity and nutrient availability.  Therefore, the large 
unpredictable storm events appeared to play a large role in the determination of phytoplankton 
community production in the NRE.  Similar results have been reported in previous studies, which 
suggest that large rainfall events can greatly affect the seasonal phytoplankton community 
production (Mallin et al., 1991; Boyer et al., 1993; Pinckney et al., 1997; Pinckney et al., 1998; 
Pinckney et al., 1999). 
 
Preliminary results are only available in the form of raw atom% composition of 15N incorporated 
by the phytoplankton community.  From the experiment conducted on 11 October 2000 it 
appears that ammonium was preferentially taken up over nitrate. 
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6.0 SEDIMENT-WATER COUPLING OF PARTICULATE AND DISSOLVED MATTER 
 
 
Erika Clesceri 
John Fear 
Chistopher Buzzelli 
Marc Alperin 
Chistopher Martens 
Hans Paerl 
 
 
6.1 Sediment-Water Coupling of Particulate Organic Matter 
 
6.1.1  Introduction 

 
In a shallow (average depth ~ 3 m), drowned-river estuary like the NRE, the water column and 
sediments are in continuous interaction via exchange of particulate and dissolved matter.  
Deposition of biogenic organic matter fuels the macrofaunal and microbial communities resident in 
the sediments.  The degradation of organic matter in the benthos can in turn have a profound effect 
on the redox and nutrient conditions of the overlying water.  However, given the relative 
compositional stability of sediments and, at times, the ambiguous connection with the overlying 
water column, sediments are often not fully recognized for their role in controlling overlying water 
quality. 

 
Algal-derived material is expected to be the most important fraction of total particulate organic 
matter (POM) driving oxygen consumption and nitrogen cycling in both the water column and 
surface sediments.   In this shallow, highly productive estuary, a considerable fraction of the net 
primary production is likely to be deposited to the sediments.  Sediment processing of overlying 
water primary productivity can ultimately represent a significant fate of water column derived 
carbon and nitrogen.   
 
The overall objective of this component was to determine the seasonal variability in suspended, 
settling, and sedimented particulate organic matter composition to assess the efficiency of sediment 
processing of overlying water primary productivity.  We hypothesized that the water column pool of 
POM or seston can be traced from its production in the water column to its deposition in the 
sediments and that sediments and seston can be coupled by material collected in sediment traps. 
 
6.1.2  Methods 
 
The sediment-water coupling of particulate organic matter was investigated at stations 30, 70, 100, 
and 120 (Fig. 2.1) by deployment of sediment traps and collection of water column and surface 
sediment samples.  Sediment traps offer a unique capability to capture the flux of fresh and detrital 
particulate material from the water column to the sediments.  All particulate organic samples were 
analyzed for carbon and nitrogen elemental plus stable isotope analyses for cooperative tracing of 
particulate deposition.   
 
Surface and bottom water samples were collected at 11 mid-channel stations in the NRE as 
described in Section 3 (Figure 2.1).  The samples were stored at ambient temperature and out of 
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direct sunlight.  The water was transferred from the large containers into distilled water washed 
bottles (Nalgene, 500 ml, wide mouthed) after pre-washing with the ambient water from each 
station.  Well mixed samples (200-500 ml) were filtered under a gentle vacuum (< 50 kPa) though 
filter funnels (Gelman, 25 mm polysulphone, 200 ml capacity) onto pre-weighed, pre-combusted 
(350° C for 5 h) glass fiber filters (Whatman GF/F, 25 mm diameter).  Suspended sediment filter 
samples were removed from filter funnels with forceps, folded once, placed in glass vials, and dried 
overnight at 60° C.  
 
Cylindrical and plate traps were deployed by SCUBA divers twelve times from summer 1999 to 
summer 2000 (period of exposure at least 5 days).  Cylindrical sediment traps (40 cm x 10 cm i.d.) 
were constructed of 4 inch schedule 40 PVC piping.  Plate sediment traps made of heat-tempered 
plexiglass were manufactured by Umwelt-Geräte-Technik (Müncheberg, Germany) with an inner 
collection plate diameter of 15 cm.  Traps were attached to a 40 lbs concrete anchor moored to the 
sediment with three 5 ft sections of concrete reinforcing rod.  The traps were located approximately 
15 m from markers and each other.  
 
Primary sample processing took place within 3 h of collection.  The material from both the cylinder 
and plate sediment traps were transferred to a 1L graduated cylinder to settle overnight in a 
refrigerator. The supernatant was decanted and the particulate material was transferred into 250 ml 
centrifuge tubes, centrifuged (1000 rpm, 5 min), decanted, and frozen for isotopic analyses.  Surface 
and bottom water samples were collected as described above before and after trap deployments to 
correct for ambient particulate input to the traps.  
 
Surface sediment samples were collected in an undisturbed area near the traps using a hand-
deployed polycarbonate core liner.  The core was extruded onboard and subsampled twice for the 
upper 0-3 mm by siphoning with a 60 ml catheter tip syringe while the remaining 0-2 cm section 
was sectioned with a stainless steel plate and spatula.  The sediment was stored in combusted 
(450°C, 5 h) glass jars with Teflon© lined lids.  Water and sediment samples were stored out of light 
in an ice chest until further processing.   Sediment samples were frozen within 24 hours and then 
freeze dried at the laboratory in Chapel Hill, North Carolina. 
 
Oven-dried filters were stored in a desiccator until weighed on a microbalance (Cahn C-30 
Microbalance).  To remove the carbonate fraction, filtered samples were placed in open glass vials 
that were exposed to HCl vapor for 12 h in an enclosed, organic-free, glass desiccator.  Residual 
acid vapor was removed from the filters in a 70° C oven for 0.5 h.  Acid-free filters were 
encapsulated in solvent washed 30 mm tin foil discs (Elemental Analysis Limited) and loaded into 
the elemental analyzer autosampler. 
 
Freeze-dried sediments were ground in an agate mortar, and homogenized to reduce fine scale 
variability.  Sediment porosity was calculated based on mass lost on drying, assuming a constant 
sediment density of 2.4 g cm-3 (Benninger and Wells, 1993).  The sediment was weighed out into 
tared combusted silver boats (5x9 mm; Costech Analytical; Valencia, CA) on a Cahn C-30 
Microbalance.  Inorganic carbon was removed by exposing the weighed sample loaded on a Teflon 
tray to HCl vapor for 12 h in a organic-free, glass desiccator (Hedges and Stern, 1984).  Following 
carbonate removal, the samples were placed in a 70°C oven for 0.5 h to remove residual acid prior 
to analysis.  The silver boats were then crimped and formed for loading onto the elemental analyzer 
autosampler. 



ModMon Phase II Draft Report September 2001 

 63 

 
Sediment and seston samples were analyzed for carbon and nitrogen using a Carlo Erba NA 1500 
elemental analyzer outfitted with an autosampler.  Atmospheric contaminants were removed in 
preparation for combustion with a constant stream of dry helium (research grade, National Specialty 
Gases; Durham, NC).  The samples were dropped into a quartz tube packed with silvered cobalt (II, 
III) chloride at 1050°C through which a constant flow of helium was maintained.  Combustion 
began when samples were introduced into the helium stream temporarily enriched with pure oxygen 
(ultra pure, 99.98%, Sunox, Charlotte, NC).  Combustion oxygen and nitrogen oxides were removed 
by transfer over heated (650°C) reduced copper wires (Costech Technologies; Valencia, CA).  After 
removal of combustion water by magnesium perchlorate (Costech Technologies; Valencia, CA), 
CO2 and N2 gases were resolved on a packed gas chromatographic column and measured with a 
thermal conductivity detector (Pella and Colombo, 1973).  Peak areas were recorded on a Shimadzu 
CR501 Chromatopac integrator.  TOC and TN values are expressed on a percent dry weight basis.  
Quantification was performed using external calibration curves of acetanilide (C8H9ON). 
 
Dual stable carbon and nitrogen isotopic analyses were performed on the particulate samples 
simultaneously with the TOC and TN analyses by coupled elemental analysis/ continuous flow/ 
isotope ratio mass spectrometry (EA/CF/IRMS).  Particulate samples were separated into CO2 and 
N2 gases on the elemental analyzer as described above.  Helium carrier gas, CO2, and N2 were 
transferred though an open split on the Finnigan MAT (Bremen, Germany) Continuous Flow 
(ConFlo II) interface to a Finnigan MAT 242 magnetic sector isotope ratio mass spectrometer 
(IRMS).  Helium dilution of the larger CO2 peak via the ConFlo interface open split allowed 
simultaneous measurement of both carbon and nitrogen isotopic ratios on a single sample. The 
stable isotopic ratio was calculated as:  
 
δNX = [(Rsample - Rstd)/Rstd] x 103 
 
in units of parts per thousand (‰). The coefficient NX is the heavy stable isotope of the element 
(13C or 15N). R is the ratio 13C/12C or 15N/14N of both sample and standard. The standard for carbon 
isotopic measurements is Pee Dee Belemnite (0.0‰) and for nitrogen is atmospheric nitrogen 
(0.0‰). A correction factor accounting for isotopic fractionation inherent in the transfer of N2 and 
dilution of CO2 was applied to all samples. The correction factor was calculated by subtracting the 
average carbon and nitrogen isotopic ratios for that sample run from the isotopic values determined 
by traditional vacuum line isotope ratio mass spectrometry.  Instrument specified standard 
deviations for δ13C and δ15N analyses were 0.2 and 0.3‰, respectively. 
 
6.1.3 Results 
 
The patterns of stable isotopes in suspended sediment varied thoughout the length of the study area 
from summer 1999 to spring 2000.   During summer 1999, δ13C values ranged from –33 to –19‰. 
More negative δ13C values were measured at the head of the estuary and became progressively 
positive downstream.   Summertime values of δ15N averaged 8.0 ± 2‰ and were lowest upstream at 
stn. 0 (ca. 4‰) with a mid-estuarine maximum of 11‰ observed near 20 km downstream on 19 
July 99 (Fig. 6.1.1A).   Isotope values in the surface and bottom waters were similar, suggesting a 
tight coupling between the two pools.  At this time the δ15N values of suspended particulate matter 
at the upstream limit near SFB were lower than those found 20-30 km downstream, suggesting 
either the predominance of terrigenous sources upstream or preferential uptake of isotopically light 
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N.  Molar C:N values averaged at 8.0 ± 1.5, indicating that most of the suspended organic matter 
was of  
 

 
Figure 6.1.1 δ15N values of suspended sediments vs. distance downstream of SFB (km) for 6 
dates in 1999 and 2000 (A-F).   
 
 
algal origin (Fig. 6.1.2A & D).  Suspended sediment C:N values were approximately 10.0 at SFB 
but became enriched in N with distance downstream in August 1999 (Fig. 6.1.2D).   The seston 
elemental and isotopic composition observed in summer 1999 were similar to longitudinal profiles 
observed in the previous year (Clesceri et al., unpublished data). 
 
In the fall of 1999 a series of three hurricanes made landfall on the North Carolina coast.  During 
the recession of the hurricane-derived flood waters, δ13C values became nearly uniform (SD < 1 ‰) 
at about –27 ‰.  After the storms nitrogen isotopes became significantly depleted in 15N with an 
average value of 4.8 ± 1.5 ‰ indicative of the significant input of terrigenous particulate matter 
from the flood waters (Fig. 6.1.1C-F).  Seston C:N increased to a mean of 11.0 ± 1.5 and a plume of 
>10.0 C:N material extended 50 km downstream from the upstream fresh water end-member (Fig. 
6.1.2A-E).     
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In mid December 1999 the δ13C values of the suspended sediments continued to be spatially 
uniform at an average of –28.0 ± 0.8 ‰, suggesting that estuarine processing was still minimal.  
The spatial variability in δ15N returned with values as high as 13.0 ‰ by March 2000 (Fig. 6.6.1F).  
Upstream C:N values reached 15.0 while the lower half of the estuary had seston C:N values 
ranging 8-10 in December.  By early spring 2000 the δ13C longitudinal distribution was similar to 
that observed in the previous summer (–31 to –20 ‰).  Throughout the sampling period, TOC and 
TN in seston averaged about 15 % and 2 %, respectively, without any significant spatial trends.  
 
The average daily rate of particulate matter caught by cylindrical traps ranged from 1-10 mg  
cm-2 d-1 with values increasing with distance downstream.  The plate traps collected much less 
material than the cylindrical traps and average maximum plate trapping rates were a factor of 10 
lower.  Overall, trapping rates did not vary greatly over time except during likely resuspension 
events.  Annually averaged particulate organic carbon trapping rates using the cylinders ranged 
from 82 µg cm-2 d-1 to 350 µg cm-2 d-1.   These trapping rates represent the total particulate organic 
carbon that was collected during the exposure period (avg 5 days).  This material is a combination 
of newly produced reactive organic matter of algal origin as well as old refractory organic carbon 
from the water column and sediment resuspension.   
 
At 8 km downstream in August 1999, the settled material had δ15N and δ13C values that were near 
10 ‰ (Fig. 6.1.2B) and –27 ‰, respectively.  After the hurricanes, the δ15N values of the suspended 
sediment at 20 km downstream decreased to about 6 ‰ (Fig. 6.1.1E) and the δ13C values decreased 
to about –28‰.  Molar C:N values of the settled material increased to about 15 (Fig. 6.1.2E).  The 
organic content of the settled material ranged from 3-13% in the cylinder and plate traps with 
highest values observed furthest upstream.  The organic carbon content after the hurricanes became 
less variable thoughout the estuary.   The δ15N in surface sediments among the four sites ranged 
from 2 to 6‰ (Fig. 6.1.2C), while δ13C ranged from –24.0 to –28.0 ‰.   A large range in isotopic 
composition of individual samples was observed near 40 km downstream as the sediments at this 
site were sandy with lower organic content.  The C:N ratios ranged from 8.0 to 18.0, were highest 
upstream (ca. 18), and decreased progressively downstream.   
 
In August 1999, we observed the coupling of high δ15N material between the suspended and settled 
pools in the furthest upriver station (Fig. 6.1.2A & B). This coupling was observed with the C:N 
tracer as well (Fig. 6.1.2D & E), but to a lessor extent with the δ13C data. The δ15N values of the 
suspended sediment were enriched over surface sediments by about 2-6 ‰ in the 15 to 30 km  
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Figure 6.1.2 δ15N and C:N values of suspended material, settled material, and surface sediments 
in August and October 1999.  (A) δ15N of suspended material, (B) δ15N of settled material, (C) δ15N  
of sediments, (D) C:N of suspended material, (E) C:N of settled material, (F) C:N of sediments.   
 
 
region of the estuary. Because the compositional variability (δ15N, C:N) measured in the water 
column and settling pool was not measured in the surface sediments in the late summer, rapid 
remineralization via microbial heterotrophy or zooplankton grazing must have occurred in the water 
column at this time.  
 
In the fall of 1999, an estimated 4000 Mt of particulate nitrogen entered the NRE as a result of the 
three hurricanes (Alperin et al., unpublished data).   This loading was a substantial percentage (ca. 
65%) of the 1999 particulate nitrogen load and an estimated 70-170% of the loading between 1996 
and 1998.  This input of particulate nitrogen represented as much as 50% of the sediment N 
inventory in the upper 2 cm which equated to approximately 5 years of deposition.  As a result of 
the hurricanes, we observed the transfer of primarily terrigenous material from the suspended pool 
to the settling pool.   However, we did not observe any indication of this hurricane input to the 
sediments.  As a result of degradative processes, the seston composition was somewhat decoupled 
from expected sediment values.  Additionally, the material that was loaded into the system via the 
hurricanes was of a similar elemental and isotopic composition as is typically found in NRE 
sediments.  Therefore, in a two end member mixing analysis, it is difficult to distinguish the 
addition of even a substantial amount of material when the two members are compositionally equal. 



ModMon Phase II Draft Report September 2001 

 67 

 
6.1.4 Discussion 
 
The trend of increased δ13C values in the downstream direction was likely due to the changing 
isotopic composition of assimilated dissolved inorganic carbon rather than a strict conservative 
mixing of terrestrial and marine particulate material (Matson and Brinson, 1990).   The mid-
estuarine maximum δ15N of 11‰ has been observed in the Delaware Bay in spring and was 
suggested to be related nitrogen incorporation without fractionation because the algae were N 
limited (Cifuentes et al., 1988).   In the upper estuary near SFB, δ15N values of suspended 
particulate matter were lower than those found downstream of New Bern, suggesting either the 
predominance of terrigenous sources or preferential uptake of isotopically light N.  In estuarine 
reaches where dissolved inorganic nitrogen is not limiting, such as near SFB, the incorporation of 
nitrogen into proteins is the limiting step and high isotopic fractionation occurs (Mariotti et al., 
1984; Wada and Hattori, 1991).   
 
Upstream C:N values were near 10.0 and became enriched in N with distance downstream, 
indicating that water column biological processing was more important than physical delivery of 
organic matter.  The isotopic and elemental tracers were all mutually supportive of a greater algal 
fraction in the settled material in summer as compared to the fall.  Longitudinal profiles of the δ13C, 
δ15N, and C:N ratio of estuarine POM have been used to study the mixing of terrestrial and marine 
particulate matter (Peters et al., 1978, Thornton and McManus, 1994, and others.)   These studies 
were based on the assumption that local autochthonous inputs are low and can therefore be 
neglected.   In a weakly flushed estuary, like the NRE, algal derived organic matter likely shows a 
significant contribution to total suspended matter.   Percent total nitrogen in suspended particulate 
matter collected in the summer and fall was significantly enriched in nitrogen (>6 %) as compared 
to surface (0-2 cm) sediment N concentrations.  This concentration differential was attributed to 
degradation of N-rich plankton over the upper 2 cm and dilution of water column-derived 
particulate material by N-poor, lithogenic, clay-sized quartz grains.  Sedimentary C:N ratios were 
consistently higher than in surface and bottom water suspended particulate matter.  Suspended 
particulate C:N values near 8 suggested a large contribution by planktonic material.   The relative C 
enrichment in sediments was likely due to N loss during remineralization at the sediment-water 
interface.  
 
The more terrigenous or degraded organic matter signals observed in November 1999 were due to a 
likely reduction in productivity, a greater contribution from resuspended sediments, and/or a 
residual effect of the terrigenous material that entered the system during the recession of flood 
water.  Longitudinally, the isotopic tracer data suggested a reduction in the terrestrial component 
with distance down the estuary.  However, we observed greater temporal than spatial variability in 
all tracers of the trapped material, suggesting that before and after the hurricanes the mesohaline 
reach of the estuary was well mixed with similar organic matter sources and processing.  The 
comparatively low standard deviations observed post hurricanes suggest that a uniform and 
isotopically depleted source was a larger fraction of the seston organic matter pool than 
autochthonous production which usually generated greater isotopic shifts on the resultant biomass 
during nutrient uptake.  We did not observe any of the putative hurricane shifts in organic matter 
composition of the surface sediments that was observed in the suspended and settling pools.  In 
general, the deposited organic matter in the upper 2 cm was diluted by an overwhelming amount of 
more refractory and terrestrial-like material that became relatively enriched via diagenesis as the 
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more labile algal material was decomposed.  There was some indication of hurricane impact in the 
upper most millimeters that were sampled from the sediment cores, but the effect was rather subtle.  
 
We observed that the variability in the distribution of POM in the water column transferred to the 
settling pool during the summer and fall, but was not observed in the surface sediments of the NRE.   
The settling pool represents the connection between the suspended sediment pool with time scales 
of days to weeks while sedimentation occurs on a scale of years.  Even with the hurricane driven 
loading of as much as 50% of the upper sediment nitrogen inventory to the water column over only 
about a month, we were not able to observe the deposition of this material using this approach.  The 
hurricane landfall served as a useful experiment to definitively assign a terrestrial isotopic signal for 
the particulate matter loaded to the NRE from its watershed.  However, no long-term sedimentary 
record of these extreme events will be discernible for future studies utilizing these stable carbon and 
nitrogen isotopic tracers. 
 
 
6.2 Sediment-Water Exchange of Oxygen and Dissolved Nutrients 
 
6.2.1 Introduction 
 
Understanding the relationships between oxygen and nutrient exchanges at the sediment-water 
interface is vital to the investigation of potential estuarine responses to nutrient loading.  Sediment 
oxygen demand (SOD) and dissolved nutrient flux out of the sediments are mainly the result of the 
degradation of POM.  Deposited phytoplankton material represents a major source of the POM 
within estuaries such as the NRE (Suess, 1980; Nixon, 1981).  This provides a direct link between 
water column phytoplankton communities and benthic fluxes.  Similarly, the degradation of POM 
returns nutrients previously incorporated in the POM and these nutrients are then available for 
phytoplankton utilization.  This provides a positive feedback loop where increased phytoplankton 
production can lead to increased SOD and inorganic nutrient release, which fosters phytoplankton 
growth and contributes to increased internal (autochthonous) POM loading.   
 
Previous research in the NRE and similar estuaries demonstrated that denitrification is an important 
factor in N cycling (Thompson, 1994; Barnes and Owens, 1998; Cornwell et al., 1999).  
Denitrification reduces internal nutrient loading by converting NO3 to N2 gas which escapes to the 
atmosphere.  Denitrification is an anoxic process that is controlled in part by the depth of O2 
penetration within the sediments.  The depth of the oxic-anoxic interface in the sediments depends 
on several factors, including SOD.  In an effort to determine the coupling between SOD and 
denitrification this study monitored both processes simultaneously using newly available 
techniques. 

 
The overall objective of this component was to determine the linkages between water column 
processes and sediment fluxes of oxygen and nutrients, especially N.  This was accomplished via 
two approaches.  The first approach measured rates of SOD, denitrification, and inorganic nutrient 
exchange across the sediment-water interface at monthly intervals.  The second approach used 
manipulative experiments in which POM derived from filtered NRE water was added to the surface 
of intact sediment cores.   
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6.2.2 Methods 
 
We collected cores at three sites in the NRE (stations 30, 70, 120; Fig. 2.1) at monthly intervals.  
The sediment cores were collected with a hand-operated gravity coring device.  The device allowed 
the cores to be collected directly into incubation chambers that served to minimize sediment 
disturbance.  Cores with uneven sediment surfaces, signs of smearing, or with cloudy overlying 
water were discarded and replaced by re-sampling.  Cores were sealed at both ends, secured in 
transportation racks, and returned to the laboratory upright in coolers.  Water was collected from 0.5 
m above the sediment surface with a submersible impeller pump, stored in plastic carboys shielded 
from direct sunlight, and transported to the laboratory. 
 
SOD and denitrification rates were determined using laboratory core flux incubation chambers (Fig. 
6.2.1).  These chambers consisted of 10 cm diameter PVC pipe cut into 35 cm lengths.  Cores were 
stored overnight submerged in water from the respective stations.  Gentle circulation was 
maintained to prevent overlying water stratification and redox interfaces in the incubators prior to 
the start of the experiment.  Incubations were started the morning following collection.  The 
incubation chambers were fitted with a sampling top, which included ports for sample withdrawal 
and introduction of replacement water (Fig. 6.2.1).   
 

 
 
Figure 6.2.1 Schematic diagram of core incubation assembly to determine rates of dissolved 
exchange across the sediment-water interface.  A variable speed DC motor turns a set of magnets 
that induce stirring of the overlying water in the adjacent core tube.  The top has ports for sampling 
and replacement of water.   
 
 
While core water stirring speeds were carefully adjusted to maintain water column mixing without 
sediment disturbance, no attempt was made to adjust stirring speeds to in-situ current velocities.  
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Samples were collected every 3 h for 12 h and analyzed immediately on a membrane inlet mass 
spectrometer (MIMS) for N2 and O2 concentrations (Kana et al., 1998).  Inorganic nutrient samples 
(NH4

+, NO3
-, and PO4

-3) were collected at the beginning of the incubation and at the final time 
point.  Nutrient samples were filtered though GF/F filters and stored frozen until analysis with a 
Lachat QuickChem automated ion analyzer.  At the end of the incubations, water volume and 
visible benthic macrofauna content were recorded for each core. 
 
The exchange rates of oxygen and nutrients across the sediment-water interface were calculated for 
each core.  The concentration of each constituent (O2, NOx

-, NH4
+, PO4

-3 ) was plotted over the 
incubation time.  We used a linear regression to derive the slope of the relationship that provided 
units of mass L-1 h-1.  This rate was multiplied by the core water volume and divided by the surface 
area to derive units of mass m-2 h-1.  Finally, the rates of nutrient change in the water blank cores 
were subtracted from the sediment-water exchange rates to account for water column processes.  A 
negative rate denotes a net flux of material into the sediment while a positive rate indicates an 
increase in concentrations in the overlying water.   
 
The POM addition experiments were conducted using the same sediment-water flux chambers.  In 
this series of experiments cores in the treatment group received one days worth of POM three hours 
before the beginning of the incubation.  POM material was obtained by filtering NRE water from 
station 70 during an active phytoplankton bloom.  The collected material was then freeze dried, 
analyzed for C and N contents, and then stored in a dessicator until the experiments.   Then the 
cores were amended with an amount of POM based on the areal flux estimates derived in Section 
6.1.   
 
Sediment carbon (%C), and nitrogen (%N) content as well as sediment chlorophyll a were obtained 
from parallel cores.  Samples for all of the above parameters were obtained by removing 1.0 cm 
deep sections of sediment from the cores using a cut off 10 ml syringe.  Samples were stored frozen 
until analysis.  Upon thawing, %C and %N samples were homogenized using mortar and pestle, 
dried for 24 h at 70 °C, fumed under an HCl atmosphere to remove precipitated carbonate, and 
stored in a dessicator until analyzed.  The C and N contents were determined using a Perkin Elmer 
model 2400 series II CHN analyzer.  The sediment chlorophyll samples were thawed, extracted in a 
40:40:10 methanal:acetone:water solvent, sonicated for 30 s, and stored overnight at 4 °C.  The 
following day chlorophyll concentrations were determined using a Turner model TD-700 
fluorometer. 

 
 
6.2.3 Results 

The SOD for the study sites varied both in time and space (Table 6.2.1 and Fig. 6.2.2).  The rates 
for all study sites ranged from 0.0 to -2.25 mmoles O2 m-2 h-1 and had an average of -1.02 + 0.5 
mmoles O2 m-2 h-1.  This range of data was similar to rates previously reported for the NRE 
(Luettich et al., 2000).   One way ANOVA with a post hoc Bonferroni test revealed that the rates 
from 8 km downstream (station 30) were statistically different from those from 17 or 42 km 
downstream (Fig. 6.2.2).  The rates at these two locations were statistically indistinguishable from 
each other (Fig. 6.2.2).  SOD rates at 8 km ranged from 0.0 to –1.66 mmoles O2 m-2 h-1 and had an 
average of –0.75 + 0.4 mmoles O2 m-2 h-1.  Rates from M-15 ranged from –0.53 to –2.09 mmoles 
O2 m-2 h-1 and had an average of –1.16 + 0.4 mmoles O2 m-2 h-1.  Furthermore, there appeared to be 
a slow increase in the SOD at 17 km downstream during the study period (Fig 6.2.3).  The rates at 
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42 km ranged from –0.40 to –2.25 mmoles O2 m-2 h-1, with an average of –1.18 + 0.57 mmoles O2 
m-2 h-1.  Pearson Correlation Coefficients showed that SOD was positively correlated with %C, %N, 
and sediment chlorophyll concentration (results not shown).   
  
The denitrification rates did not display any statistically significant correlation with any other 
measured parameter.  The range of values from this analysis was extremely large and varied 
considerably.  A recently discovered problem with the MIMS system could explain some of the 
variability observed.  The problem arose during the measurement of N2 inside the mass 
spectrometer.  A high voltage current that produces oxygen radicals was used to ionize the gas 
stream.  These radicals attack N2 molecules forming NO.  If oxygen concentrations remained 
constant this effect would not be a problem.  However, during the incubation the oxygen tension in 
the overlying water changes from 100% to about 50% saturation.  As a result, the formation of 
oxygen radicals is not constant throughout the incubation.  This creates a situation in which N2 
increases can be recorded during the incubation that are from entirely non-biological processes.  
This can lead to over estimation of denitrification rates, and increased variability (Fig. 6.2.4). 
 
Denitrification rates for all study sites ranged from 0 to 7454 µmoles N m-2 d-1 with an average of 
2081 + 2082 µmoles N m-2 d-1 (Table 6.2.2 and Fig. 6.2.5).    The values at 8 km ranged from 1.0 
to 7454 µmoles N m-2 d-1, and averaged 1839 + 2164 µmoles N m-2 d-1.  The rates 17 km 
downstream ranged from 0.0 to 7197 µmoles N m-2 d-1, and averaged 2355 + 1992  
 
 
Table 6.2.1.  Rates of sediment oxygen demand (SOD; mmoles O2 m-2 h-1) over all experiments 
from 1999-2000. Stations 30, 70, and 120 were approximately 15, 25, and 40 km downstream from 
Streets Ferry Bridge.  A negative rate value indicates flux into the sediment.   
 

rate All stn 120 stn 70 stn 30 
     maximum 0 -0.40 -0.53 0 

minimum -2.25 -2.25 -2.09 -1.66 
mean -1.02 -1.18 -1.16 -0.75 

sd 0.49 0.58 0.40 0.45 
N 47 12 19 15 

 
 
Table 6.2.2.  Rates of denitrification (µmoles N m-2 d-1) over all experiments from 1999-2000. 
Stations 30, 70, and 120 were approximately 15, 25, and 40 km downstream from Streets Ferry 
Bridge.   
 

rate All stn 120 stn 70 stn 30 
     maximum 7455 6594 7197 7455 

minimum 0 0 0 1 
mean 2082 1925 2355 1840 

sd 2083 2403 1992 2165 
N 38 10 16 11 
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Figure 6.2.2 Sediment oxygen demand (SOD; mmoles O2 m-2 h-1) vs distance downstream of 
SFB (km) over all experiments 1999-2000.   
 

 
Figure 6.2.3 Monthly average SOD at three locations in the NRE from May 1999 to December 
2000.   
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Figure 6.2.4 Relationships between the O2:Ar ratio and the N2:Ar ratio (left axis) and  NO 
production (right axis).   

Figure 6.2.5 Denitrification (µmoles N2 m-2 d-1) vs distance downstream of SFB (km) over all 
experiments 1999-2000.   
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µmoles N m-2 d-1.  Denitrification rates at 42 km downstream ranged from 0.0 to 6593 µmoles N m-2 

d-1 and averaged 1924 + 2402 µmoles N m-2 d-1. 
 
The nutrient flux values did not demonstrate any visible monthly trends, nor did they correlate 
statistically with SOD or denitrification.  However, there were significant differences between NH4

+ 
and NOx

- exchange rates with station location.  The magnitude of NH4
+ flux was proportional to the 

sediment %C, %N, and surface chlorophyll concentration.  Tables 6.2.3 and 6.2.4 represent the 
averages for the NH4

+ and NOx
-  flux data for the stations.  The most upstream site had the lowest 

NH4
+ flux and the highest NOx

-   flux.  The fluxes between 17 and 42 km were not distinguishable 
statistically.  The PO4 flux did not correlate with any measured parameter (data not shown). 
 
 
Table 6.2.3.  Rates of NH4

+ exchange (µg N m-2 h-1) across the sediment-water interface over all 
experiments from 1999-2000. Stations 30, 70, and 120 were approximately 15, 25, and 40 km 
downstream from Streets Ferry Bridge.  The maximum, minimum, mean, standard deviation (sd), 
and sample size (N) are provided.   
 

rate All stn 120 stn 70 stn 30 
     maximum 4844.74 3836.30 4844.74 1486.33 

minimum -10276.51 -163.42 -146.57 -10276.51 
mean 826.25 1266.84 1569.95 -535.13 

sd 2077.08 1134.95 1281.55 2982.70 
N 47 12 19 14 

 
 
Table 6.2.4.  Rates of NO3

- + NO2
- (NOx

-) exchange (µg N m-2 h-1) across the sediment-water 
interface over all experiments from 1999-2000. Stations 30, 70, and 120 were approximately 15, 25, 
and 40 km downstream from Streets Ferry Bridge.  The maximum, minimum, mean, standard 
deviation (sd), and sample size (N) are provided.   
 

rate All stn 120 stn 70 stn 30 
     

maximum 5885.30 1024.61 2123.65 5885.30 
minimum -5482.55 -5482.55 -4237.83 -1517.79 

mean -38.96 -520.07 -374.40 850.11 
sd 1592.52 1663.97 1325.97 1715.96 
N 47 12 19 14 
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Table 6.2.5.  Sediment carbon content (100* g C gdw-1) over all sampling from 1999-2000. Stations 
30, 70, and 120 were approximately 15, 25, and 40 km downstream from Streets Ferry Bridge.  The 
maximum, minimum, mean, standard deviation (sd), and sample size (N) are provided.   
 

% Carbon All stn 120 stn 70 stn 30 
     maximum 8.85 8.42 8.85 7.38 

minimum 2.99 5.70 5.45 2.99 
mean 6.47 6.93 7.24 5.13 

sd 1.42 0.87 0.90 1.36 
N 43 11 17 13 

 
 
The C and N contents of the sediments were tightly coupled (Tables 6.2.5 and 6.2.6).  The %N at 17 
km increased during the study period as it started near 0.4% and approached 0.8% by the end.  %C 
levels have remained relatively stable.  This increase in N content was very similar to the increase 
in SOD observed at 17 km downstream (Fig. 6.2.3).  Sediment chlorophyll concentrations increased 
during the summer of 2000 and reached a peak in the fall of 2000 (Table 6.2.7). 
 
 
Table 6.2.6.  Sediment nitrogen content (100* g N gdw-1) over all sampling from 1999-2000. 
Stations 30, 70, and 120 were approximately 15, 25, and 40 km downstream from Streets Ferry 
Bridge.  The maximum, minimum, mean, standard deviation (sd), and sample size (N) are provided.   
 

% Nitrogen All stn 120 stn 70 stn 30 
     maximum 0.86 0.74 0.86 0.61 

minimum 0.18 0.46 0.36 0.18 
mean 0.53 0.64 0.58 0.36 

sd 0.16 0.08 0.12 0.13 
N 43 11 17 13 

 
 
Table 6.2.7.  Surface sediment chlorophyll a concentration (mg C m-2) over all sampling from 1999-
2000. Stations 30, 70, and 120 were approximately 15, 25, and 40 km downstream from Streets 
Ferry Bridge.  The maximum, minimum, mean, standard deviation (sd), and sample size (N) are 
provided.   
 

chl a All stn 120 stn 70 stn 30 
     maximum 73.69 49.30 73.69 51.38 

minimum 1.05 2.30 1.83 1.05 
mean 19.20 14.84 25.49 14.86 

sd 20.26 13.76 25.13 17.27 
N 47 12 19 14 
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The POM additions did not reveal any effect upon rates of SOD or denitrification.  This could be 
due to several factors.  First the POM used was NRE phytoplankton captured from an active bloom, 
but the filtering and freeze drying could have yielded a POM that was refractory in nature and not 
rapidly usable.  Dissolved organic carbon (DOC) samples were obtained during the experiment to 
determine if the POM was being transformed into DOC.  Analysis of these samples revealed no 
difference between the treatment and control cores.  This lends evidence to the case that the POM 
was refractory in nature.  In the estuary, the POM is biogeochemically processed several times prior 
to its deposition in the sediments (Luettich et al., 2000).  This repackaging, which did not occur 
with the POM used in these experiments, could enhance the susceptibility of the POM to 
degradation.  The second effect could be related to the short incubation times.  This was a 
requirement of the denitrification measurement, which needs oxygen levels to remain above 50% 
saturation.  With average SOD this gives an incubation time between 9-12 hours if the incubation 
starts at 100% saturation.  This might have not been sufficient time for the bacteria to utilize the 
added POM.  A better experimental design would be to use a flow through system with incubation 
times on the order of weeks instead of hours.  Several studies have applied this technique and 
observed increases in SOD due to POM additions (Kelly and Nixon, 1984; Hanson and Blackburn, 
1992; Enoksson, 1993).  This would give the bacteria time to utilize the added POM and give the 
added POM time to be transformed into a usable form. 
 
6.2.4 Discussion 
 
The SOD was statistically different between 8 km and the other two downstream stations and the 
correlation between SOD, %C, %N, and sediment chlorophyll provides insight into this 
relationship.  The trend was most likely due to the quality and quantity of POM in the sediments at 
each location.  The upstream sediments contained large amounts of terrestrial detritus (Section 6.1).  
This material is more refractory than the phytoplankton derived POM usually observed at 
downstream locations in the NRE.  Subsequently, the sediments at 17 and 42 km did not contain 
this terrestrial signal and were composed mainly of POM containing silt particles.  Sediment C and 
N contents were very similar at 17 and 42 km.  This was probably due to the fact that these were the 
locations of frequent phytoplankton chlorophyll maxima.  The sediment chlorophyll concentrations 
further support this notion as the chlorophyll recovered from the sediments was likely derived from 
water column algae.  Sediment chlorophyll and carbon content were greatest at the station that was 
17 km from SFB.  The 17 km location also had sediment N content and rates of SOD which 
suggests increased POM deposited in this section of the NRE.   
 
The lack of correlation between the denitrification rates and the rest of the measured parameters 
could be due to the previously described method problem, or it could be that the denitrification in 
the system was extremely variable. We have ongoing efforts to measure dentrification using 
different methods including MIMS, acetylene block, and isotope pairing.  Although initial results 
indicate that the MIMS method overestimates denitrification rates, the acetylene block and isotope 
paring both tend to underestimate rates.  Continued work will hopefully decipher the actual rates of 
denitrification at different locations and times in the NRE. 
 
The sediment-water exchanges of NH4

+ and NOx
-  varied among the stations probably due to the 

differences in POM.  The sediments from 8 km downstream had less organic C and N contents than 
the other stations.  As a result the measured nutrient release rates were lower at the upstream site 
than for the two other stations.  However, the sediments at 8 km had the greatest rates of NOx

- 
sediment-water exchange which were probably due to the nitrification/denitrification cycle because 
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the downstream water column usually contained very low concentrations of NOx
- (Section 3).  

Consequently, the denitrification process is tightly coupled to the supply of NOx
- .  This greater 

abundance of NO3
- at the upstream site suggests that the NOx

- produced by nitrifiers may not be 
scavenged within the sediments.    Accurate denitrification measurements may help expand our 
knowledge of this interaction. 
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